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Abstract

We estimate residential energy use and C'O, emissions for single-family homes
using administrative data from approximately 45 million property appraisals, or
1.8 billion property-month observations. First, we find that from 2013 to 2021,
CO5 emissions decreased by 11.5 percent in aggregate in our sample. Emissions
from electricity use decreased by 20.8 percent, while emissions from natural gas
use for home heating increased by 11 percent over the same time. Second, we
estimate that the majority of the decline in C'Oy emissions from properties in
our sample can be attributed to the greening of US energy generation, rather
than changes over time to property-level characteristics. Third, we show that
aggregate emissions estimates from the property-level data closely align with
aggregate emissions estimates using publicly available state-level data in 2020,
providing validation of our approach using property-level data and demonstrating
that for aggregate estimates, state-level data is sufficient.
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1. Introduction
The US Environmental Protection Agency (EPA) estimates that 30% of total US greenhouse

gas emissions are from energy use in the commercial and residential sector (EPA 2023). Re-
cently, there has been a push in the US to “green the grid” by encouraging energy generation
to transition from relatively more carbon-intensive fuels to low- or no-carbon fuel sources
such as natural gas and renewables. For example, as of November 2022, 36 states have set
minimum requirements for energy generation using renewables.! At the same time, energy
efficiency and home-electrification programs have become increasingly popular with expen-
ditures on such programs in North America reaching 8.9 billion dollars in 2020.2 Other
policy changes, such as the US rejoining the Paris Agreement in 2021 and the passage of the
Inflation Reduction Act (IRA) in 2022, further commit the US to decrease its greenhouse gas
emissions (National Climate Task Force 2021).> For emissions from residential energy use,
this opens the question of the relative importance of greening the grid versus property-level

energy-efficiency upgrades and electrification.

Residential energy use and the associated emissions will be a key component of the US’
ability to achieve its green house gas emissions reductions goals. From 2010 to 2020, the
Energy Information Administration (EIA) estimates that C'Oy emissions from residential
energy use have decreased by 26.5 percent (from 1210.145 MMT to 889.89 MMT) (Energy
Information Administration 2023c). In this paper, we explore the drivers of that decrease
in emissions from residential energy use. We do so by first estimating property-level energy
use for a sample of single-family homes in the US by leveraging rich data on property-level
characteristics. Second, we convert these property-level energy use estimates into expected
CO, emissions.This exercise enables us to understand: (a) how much energy is used by
single-family homes in our sample, (b) the associated C'O, emissions at a finely disaggregated
geographic level, and (c) how changes in electricity generation versus changes in property

characteristics over time influence changes in C'O, emissions. To answer this third question,

'EIA 2022

2CEE 2020

3The IRA combines grants, loans, rebates, incentives, and other investments to build a new clean energy
economy (Cleanenergy.gov 2022). Among other goals, programs from the IRA will support clean energy
development and production, improvements to the US transmission and distribution network, as well as
funding for property-level energy efficiency and electrification upgrades. The US’ energy generation facilities,
transmission and distribution network, and housing are all durable goods where current investments in such
upgrades will last for years to come. The stated goal of the US in the Paris Climate Agreement is to reduce
its net greenhouse gas emissions by 50-52 percent below 2005 levels by 2030.
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we calculate counterfactual energy use and emissions under alternative electricity generation
and property-characteristics scenarios. Last, we compare estimates of C'Oy emissions using
the property-level data to estimates of C'Os emissions using publicly available state-level
data from the EIA.

We estimate property-level energy use and associated C'Oy emissions from approximately 45
million appraisal records from 2013 to 2022Q2 for single-family homes?, leading to a sample
of around 1.8 billion property-month observations. The appraisal data includes a standard
set of property attributes collected at the time a property is appraised in the mortgage
origination or refinancing process. These property attributes include information on square
feet, number of bedrooms, number of bathrooms, home heating fuel, and home heating and
cooling equipment. We develop a simple model of energy use using data from the EIA’s
Residential Energy Consumption Survey (RECS) from 2015. The RECS is a household
survey administered by the EIA that collects data on property attributes as well as monthly
electricity, natural gas, fuel oil, propane, and kerosene use. We use this detailed data to
estimate the relationship between weather and property attributes and energy use. We apply
these estimates to predict expected energy use for 1.8 billion property-month observations

given local weather and individual property characteristics.

This property-level data enables us to take into account variation in sources used for elec-
tricity generation across the US as well as variation in property-level characteristics both
across the US and over time. This allows us to capture changes in physical attributes of
homes that change over time (for example, changing from a furnace to a heat pump) that
drive end-use energy demand. The appraisal data contains newly built single-family homes,
allowing us to capture how new construction affects the energy consumption and emissions
of US SF housing units over time. We conduct a similar exercise using publicly available,
state-level, data from the EIA and the Census American Community Survey (ACS). How-
ever, this geographically aggregated data only enables us to take into account changes in
the number and location of housing units over time, rather than the characteristics of those

housing units.

We have three main findings. First, we show that C'O, emissions from residential energy
use in single-family homes decreased by 11.6 percent from 2013 to 2021 (from 669 MMT

4We start with approximately 49 million appraisal records from the Uniform Appraisal Dataset.
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to 591.6 MMT). Emissions from electricity use make up the majority of emissions from
residential energy use, at 61.8 percent in 2021, followed by emissions from natural gas at
31.2 percent, and emissions from other fossil fuel sources (fuel oil, kerosene, and propane)
making up the remainder. Emissions from electricity use have decreased by 20.8 percent
from 2013 to 2021 (from 461.577 MMT to 365.797 MMT), which is impressive given that the
number of single-family homes grew by 5.6 percent over the same time period. In contrast
to emissions from electricity use, emissions from natural gas use increased by 11.0 percent
(166.4 MMT to 184.76 MMT) and emissions from other fossil fuel use are virtually unchanged
(41.02 MMT to 41.0 MMT). Emissions from residential electricity use have decreased over
time as the sources used for electricity generation have become less carbon intensive while
the carbon intensity of natural gas, fuel oil, propane, and kerosene has remained relatively
unchanged. These results show that much of the decrease in reducing carbon emissions result
from changes in electricity generation. They also show that while emissions from electricity
use are decreasing, emissions from natural gas used in homes have increased. To continue
decarbonizing energy use for US single-family homes, transitioning away from fossil fuel

heating will be important.

Second, we complete two counterfactual estimation exercises to compare C'O, emissions
under alternative electricity generation and property-characteristics scenarios. In the first
counterfactual, we hold grid-level electricity generation emissions factors constant to their
2010 levels. This exercise asks: what if there had been no changes to the fuel sources used
for electricity generation since 20107 We find that had there been no changes to energy
generation from 2010 to 2021, emissions would have been 1.27 times higher (749.8 MMT in
the counterfactual versus 591.6 MMT in our estimation). This finding suggests that during
this time period, switching from high carbon content fuel sources to relatively lower carbon
content fuel sources contributed substantially to decreases in C'O, emissions from residential
energy use. In the second counterfactual, we hold property-level attributes fixed to the
first time a property is appraised. This allows new appraisals to enter into the dataset,
but each time a property is re-appraised if its attributes change, we do not update them.
This exercise asks what would have happened to emissions had property-level characteristics
been unchanged. In this case, we find that emissions would have been .99 times less than
emissions were in reality (590 MMT versus 591.6 MMT). This finding suggests that changes

in property-level attributes slightly increased emissions over the same time period.® Together,

50n average, houses are increasing in size over the sample.
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these results suggest that changes in the fuel sources generating electricity during this time
period are driving the majority of the decrease in C'Oy emissions from residential energy use

rather than changes in property attributes.

Third, we compare the findings under the property-level approach to estimates using pub-
licly available, state-level data. We find that in 2020, the property-level estimates and
the state-level estimates closely align. Using the publicly available data, we can calculate
counterfactual emissions had the grid not changed, but we cannot calculate counterfactual
emissions had property-level attributes not changed. We find a similar result that changes in
fuel sources for electricity generation contribute substantially to decreases in C'Os emissions
during this time period. We also show that had there been no growth in the number of
housing units during this time period, emissions would have decreased by even more than
they did in reality. However, this second approach only enables us to take into account ag-
gregate changes in the number of housing units, rather than changes in underlying property

characteristics.

This paper makes three contributions. First, it estimates property-level energy use and C'O,
emissions for single-family homes in the US. We decompose emissions into electricity and
other fuels used for home heating. We find that emissions from electricity use decreased by
far more than emissions from fossil fuels used for home heating. National Renewable En-
ergy Laboratory (NREL) has developed several estimates of property-level energy use using
prototype housing and has leveraged these estimates to determine where energy efficiency
upgrades or electrification may have the biggest impact on C'O; emissions (Reyna et al.
2022). Goldstein, Gounaridis, and Newell (2020) estimates property-level emissions from
residential energy use using data from Corelogic’s tax assessor records. They also estimate
correlations between demographic characteristics and expected energy use, finding that the
highest income households tend to have the highest energy use, and thus emissions, per
capita. However, they use a one-time snapshot of properties in 2015 which does not enable
them to account for changes in housing characteristics over time in their sample. Estiri
(2014) also uses RECS data from 2009 to estimate the effects of property characteristics
versus household characteristics on energy use, finding that household characteristics matter
little in comparison to property-level characteristics for end-use energy demand. However,
the authors note that certain household types select into certain housing times, which is an

important factor in driving energy use at the property level. Our paper focuses on prop-
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erty characteristics rather than household characteristics and focuses on a larger sample of

properties over time.

Second, these results provide insight on the relative importance of changes in fuel sources
for electricity generation over the last 10 years is an important driver of decreases in C'O,
emissions from residential energy use. We also show that changes in property-level attributes
in our sample do not contribute meaningfully to decreases in emissions over time. But, as
electricity generation becomes relatively less carbon intensive, it becomes critically impor-
tant to electrify home heating given that emissions from home heating have been increasing.
Goldstein, Gounaridis, and Newell (2020) also shows that for the US to meet its Paris Agree-
ment targets, it must be the case that the US invests both in changes in energy generation
sources as well as changes in property-level attributes. Berrill, Gillingham, and Hertwich
(2021) estimates greenhouse gas emissions from primary energy demand leveraging RECS
data from 1990 to 2015, finding that at the property-level, population growth, reductions in
household size, and increases in conditioned space are the primary drivers of energy use and
greenhouse gas emissions. They also find that the dominant drivers of primary energy and
greenhouse gas emission reductions over time are improvements in the efficiency of electricity
generation and reductions in the greenhouse gas intensity of electricity generation. However,
given the relatively limited sample size of the RECS, the authors are not able to distinguish
the importance of relative changes in property-level attributes within the US. Hojjati and
Wade (2012) also decompose end-use energy using RECS data from 1990 to 2005, finding
that aggregate energy intensity in the US declined over this time period, providing sugges-
tive evidence that home energy-efficiency programs were beginning to reduce property-level

energy demand.

Third, we compare our results using publicly available, state-level, data versus, administra-
tive, property-level data. We find that in 2020, there is only a 1.1 percent gap in aggregate
C'O4 emissions estimates between the property-level approach and the state-level approach.
Using the state-level data, we also find decreases in property-level emissions over time. We
find that the majority of these decreases are a result of the greening of the energy grid,
qualitatively similar to the property-level results. However, using the aggregate, state-level,
data we are unable to evaluate the importance of changes in characteristics of single-family

homes.

5 Brolinson et al. — Tracking Our Footprint: C O Emissions from US Single-Family Homes



The remainder of this paper is organized as follows. Section 2. details the property-level
approach and the results of this analysis. Section 3. provides details regarding the state-level

approach and the results of this analysis. Finally, Section 4. provides concluding remarks.

2. Property-Level Energy and CO, Estimates

The first approach we take estimates residential C'Oy emissions using property-level energy
consumption data and characteristics to generate predicted energy use and C'O, emissions

for each property.

2.1 Property-Level Data

The property-level approach uses four sources of data. The first is data from the Energy
Information Administration’s Residential Energy Consumption Survey Data (RECS). The
second is the Uniform Appraisal Dataset (UAD) from Fannie Mae and Freddie Mac’s Uniform
Mortgage Data Program (UMDP). The third is from NOAA’s Global Historical Climatology
Network Daily (GCHNd). The fourth is data on the total number of housing units and
single family detached housing units from the five year ACS estimates at the county level
from 2013 through 2021 (Census Bureau ACS 5-Year Estimates 2022).

The first data source is the RECS. The RECS is a survey dataset produced by the EIA.
The survey is administered to “a nationally representative sample of housing units” and
is produced every 4-5 years. The data used for the property-level approach represent the
data collected in the 2015 RECS. The RECS first surveys households to collect information
regarding the energy features of their home such as age, square footage, and appliance
information. Next, the EIA contacts the households’ utility companies to collect detailed
monthly billing data for the households’ electricity, fuel oil, kerosene, propane, and natural
gas use. The version of the data we use includes both property-level characteristics as well

as monthly energy use data.

The second source of data is the UAD. The UAD defines and collects all fields required for
an appraisal submission for a property (Fannie Mae 2017). Appraisers fill out a form known
by Fannie Mae as Form 1004 and Freddie Mac as Form 70. The forms are designed to collect
data on one-unit properties or one-unit properties with accessory units.® The form collects

detailed property-level characteristics such as location, square footage, number of bedrooms,

6See the form for Fannie Mae here and Freddie Mac here.
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number of bathrooms, air conditioning existence and type, and home heating equipment and
fuel type. As we explain in more detail in the next subsection, we standardize this set of

variables across the UAD and the RECS so that the variables of interest are comparable.

The third source of data is NOAA’s Global Historical Climatology Network daily (GHCNA)
data. This data includes daily maximum and minimum temperatures for a network of
stations across the US. We aggregate the daily data to the monthly level and calculate
heating degree days and cooling degree days by taking the average between daily maximum
and minimum temperatures. We take the difference from 65 degrees to estimate the monthly
heating degree days (HDD) and cooling degree days (CDD) experienced at each property in
a month. We link data from the RECS and the UAD to NOAA’s weather data by locating
each property’s nearest weather station. We assign each property in the RECS and the UAD

the monthly weather data of its nearest, active, weather station during the sample period.

The fourth source of data is from the census ACS data on the total number of housing
units and single-family detached housing units at the census-tract level. We use this data to
compare the number of housing units we have from appraisals to the number of housing units
in the census data as well as to scale the per-residence emissions estimates to the aggregate
level (Census Bureau ACS 5-Year Estimates 2022).

2.1.1 Cleaning and Combining the Data

The property-level dataset leverages information from two primary datsets: the 2015 RECS
and the UAD. First, we describe the process of cleaning the RECS data and second the
process of cleaning the UAD data.

The 2015 RECS data contains observations for 5,687 households. We link each household
to its monthly billing data for electricity, natural gas, propane, fuel oil, and kerosene. Each
household’s billing cycle does not necessarily align with a calendar month.” For example,
some billing cycles start on the 15th of the month and end on the 14th of the subsequent
month. To prepare the RECS data for linking to monthly weather data from NOAA, we
calendarize the data by redistributing energy use and bills to the calendar month.® Next,
we link each household in the RECS to its nearest active weather station from NOAA’s

"The EIA has published statistics on the completeness of the monthly billing data in their 2015 Consump-
tion and Expenditures Technical Documentation Summary (Energy Information Administration 2023b).

8In practice, this means calculating average daily energy use and bills within a billing cycle, and assigning
the portion of that bill that falls within a month to that calendar month.
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GHCNd dataset. For each household we observe property-level attributes, monthly energy
billing data, and monthly weather data.

Next, we limit the RECS sample to only single-family detached homes and drop observations
in the top and bottom one percent of the distribution for electricity use and or natural gas
use. This leads to a sample of 3,750 households and 62,736 observations. We then standardize
variable definitions between the RECS and the UAD dataset. The common variables and
our standardization process are described in Appendix Section A.2. These variables include
physical attributes of the property such as square feet, number of bedrooms, number of
bathrooms, and year built, as well as energy features of the home such as home heating fuel,

home heating equipment, and home cooling equipment.

Table 1 reports summary statistics for the 2015 RECS. The average single-family detached
home sampled in the RECS in 2015 used 1,013 kWh per month, used 65 Therms of natural
gas per month, used 7,410,060 BTUs per month, and experienced 374 HDD and 98 CDD per
month. The typical home was 2,782 square feet and had 3.3 bedrooms and 1.9 bathrooms.
Around 50 percent of households use natural gas for heating and 33 percent use electricity
for home heating. The EIA notes that in the 2015 RECS, over 50 percent of residential
energy consumption is for space heating and cooling (Energy Information Administration
2021). Important drivers of residential energy consumption are structure type, home size,
and equipment and fuels used. For this reason, we focus on these physical attributes of the

property in understanding the drivers of home energy consumption.

The UAD data contains approximately 49 million appraisals for single-family detached hous-
ing units from 2013 to 2022Q2. After data cleaning, we are left with about 45 million ap-
praisals.” We link each appraisal record to its nearest active weather station from NOAA’s
GCHNd dataset using the same process as for the RECS data. We standardize all variables
to the RECS data, described in Appendix Section A.2. This yields about 45 million unique

appraisal records for single-family detached homes in the US, hereafter referred to as the

9We drop records without precise location information, without this information we cannot link a prop-
erty to its nearest weather station. We further drop records that contains data anomalies such as missing
appraisal values.
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property-level sample.'® When we expand the dataset to include monthly weather data, this

leads to 1.8 billion month-property observations.

Table 2 reports summary statistics for the property-level sample. We only include property-
level characteristics here rather than the month-property data due to computing limitations.
There are 45 million appraisals for single-family detached homes represented from 2013 to
June 2022. The typical home in the appraisal data is 2,008 square feet, has 3.3 bedrooms
and 2.08 bathrooms, and was built in 1984. Almost 70 percent of records heat with natural

gas and around 25 percent heat with electricity.

2.2 Estimating Property-Level Energy Use

Here, we estimate home energy consumption based on the features and local weather con-
ditions of a given property. We first use the RECS data to develop a model of monthly
energy consumption. Second, we use these coefficients to estimate predicted home energy

consumption for each property in the main sample.

Figures 1 (a)—(c) show scatter plots of monthly BT Us relative to the home’s decile of square
feet, HDD, and CDD respectively. Panel (a) shows that there is a strong positive relationship
between the decile of square footage of the home and the home’s monthly energy consump-
tion. Panel (b) shows the relationship between HDD and monthly energy consumption. As
a home experiences more HDD, the home tends to use more total energy. Panel (c) shows
the relationship between CDD and monthly energy consumption. This relationship exhibits
a U-shape. For homes that experience CDD in the bottom and top decile use more energy
that homes that experience the median amount of CDD. This is because homes in the most

moderate climates require the least amount of cooling.

Weather, square footage, and home heating and cooling fuel type and equipment are all
important drivers of home energy consumption and will be included in our residential energy
demand model. We use a simple regression to estimate the relationship between weather,

property-level characteristics, and monthly energy consumption:

10G¢trictly speaking, if a property has been appraised multiple times during our study period 2013-2022, it
will be included multiple times in the sample. Therefore, the observations are at the appraisal-level, rather
than the property-level. However, for simplicity and to distinguish the property-level and the state-level
approach we employ in this paper, we call this sample the property-level sample.
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Table 1: Summary Statistics: 2015 RECS

RECS 2015
Monthly kWh 1013.14
(648.20)
Monthly NG Therms 64.73
(60.38)
Monthly Propane (gal.) 44.13
(48.71)
Monthly Fuel Oil/Kero (gal.) 56.11
(45.90)
Monthly Total BTU (1000s) 7410.06
(5682.69)
Monthly HDD65 374.21
(391.14)
Monthly CDD65 98.48
(153.88)
Square Feet 2782.70
(1322.81)
No. Bedrooms 3.28
(0.89)
No. Bathrooms 1.92
(0.76)
Year Built 1973.61
(29.36)
1[NG Heat] 0.50
(0.50)
1[Propane Heat] 0.05
(0.22)
1[Fuel Oil Heat| 0.05
(0.22)
1[Elec. Heat] 0.33
(0.47)
1[Steam Heat] 0.04
(0.19)
1[Central Furnace] 0.65
(0.48)
1[Heat Pump] 0.15
(0.36)
1[Oth. Electric Heat] 0.05
(0.22)
1[0il Heat] 0.02
(0.15)
1[Pellet Stove Heat] 0.03
(0.18)
1[Fireplace Heat] 0.01
(0.09)
1[Portable Heat] 0.02
(0.13)
1[Central AC] 0.74
(0.44)
1[Heat Pump AC] 0.22
(0.41)
1[Window AC] 0.20
(0.40)
1[Evap AC] 0.03
(0.17)

N 62736

Standard deviations are reported in parenthesis. Each column

reports the average and the standard deviation in the 2015 RECS.

10 Brolinson et al. — Tracking Our Footprint: C'Oy Emissions from US Single-Family Homes



Table 2: Summary Statistics: UAD 2013 - 2022

Appraisal

Square Feet 2008.41
(974.62)
No. Bedrooms 3.30
(4.10)
No. Bathrooms 2.08
(0.79)
Year Built 1984.13
(29.54)
1[NG Heat] 0.69
(0.46)
1[Propane Heat] 0.03
(0.17)
1[Fuel Oil Heat| 0.04
(0.20)
1[Elec. Heat) 0.25
(0.43)
1[Wood Heat| 0.00
(0.03)
1[Other Heat| 0.00
(0.04)
1[Steam Heat] 0.08
(0.28)
1[Central Furnace] 0.85
(0.35)
1[Heat Pump] 0.04
(0.21)
1[Oil Heat] 0.00
(0.05)
1[Pellet Stove Heat] 0.00
(0.04)
1[Fireplace Heat] 0.00
(0.00)
1[Portable Heat] 0.00
(0.00)
1[Other Heat| 0.01
(0.09)
1[Central AC] 0.84
(0.37)
1[Heat Pump AC] 0.04
(0.21)
1[Window AC| 0.02
(0.14)
1[Evap AC] 0.01
(0.08)

N 45738493

Standard deviations are reported in parenthesis. Each column
reports the average and the standard deviation in the UAD.

11 Brolinson et al. — Tracking Our Footprint: C'Oo Emissions from US Single-Family Homes



Figure 1: Deciles of Square Feet, HDD65, and CDD65 and Monthly Average Energy Use

(a) Square Feet (b) HDD
15000 15000
14000 14000
13000 13000
—_ —_ .
& 12000 & 12000
3 8
< 11000 <. 11000
s - .
5 10000 &5 10000
=2 . 2
£ o000 £ 9000
g ¢ 5 .
= 8000 . . = 8000
g . g .
z o0 " . z 7000
6000 . 6000 .
L]
5000 5000 .
L] . .
4000 4000
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 [ 7 8 9
Decile of Square Feet Decile of HDD65
(c) CDD
15000
14000
13000
g 12000
[=]
(=
< 11000
2
5 10000
>
£ 9000
5
c
=]
= 8000
o .
g
Z 7000
-
6000 .
. ]
5000 . » .
. .
4000

Decile of CDD65

Note: Each sub figure shows a scatter plot of the decile of the home’s square footage, HDD, and
CDD relative to average monthly BTUs (1000s).

Eit = Qg + o * HDD65zt + Qg * CDD65115 + Xzﬁ —+ 7+ (51 + €t (1)

where Fj; is the energy use of house ¢ in month-of-sample t. We estimate the above spec-
ification for total BTUs, electricity, natural gas, propane, and fuel oil/kerosene. HDDG65
represents heating degree days experienced by house ¢ in month ¢; C'D D65 represents cooling
degree days experienced by house ¢ in month ¢; X; represents property-level characteristics

such as square footage, number of bedrooms, number of bathrooms, home heating fuel type,
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home heating equipment, and home cooling equipment. These variables have been selected
both because of their importance in driving residential energy use as well as the overlap
in variables between the RECS data and the appraisal data. 7; is a month-of-sample fixed
effect; 9, represents IECC climate zone fixed effects, and ¢; is an error term with mean zero.

All specifications are weighted by the inverse probability weights in the RECS.

The results from equation (1) are reported in Table 3 for BT'Us, Table 4 for electricity, Table
5 for natural gas, and Table 6 for other fuel sources. Column 1 in all tables shows the results
from including only HDD, CDD, month-of-year fixed effects, and IECC climate zone fixed
effects. Column 2 adds square feet, number of bedrooms, number of bathrooms; column 3
adds home heating fuel type, and column 4 adds in heating and cooling equipment. In Table
4, households with their fuel source as electricity and electric heat (not including heat pumps)
are the baseline category. For natural gas, we limit the sample to only households that heat
with natural gas and central furnaces are the baseline category. For fuel oil, kerosene, and
propane again we limit the sample to only the households that heat with those fuels and the

baseline category is households with central furnaces.

The regressions show that energy use is positively correlated with more square feet, number
of bedrooms, number of bathrooms, HDD, CDD, as expected. The correlations between fuel

type and heating and cooling equipment depend on the fuel used for home heating.

2.3 Property-Level Energy Use and C'O, Emissions
We predict property-level energy use for each property in the property-level sample separately

for BTUs, electricity, natural gas, and fuel oil/propane and kerosene using the estimates from
column 4 in Tables 3, 4, 5, and 6. Figure 2 shows average annual energy consumption for
the appraised single-family detached properties in our data set. Our estimates show that
total energy use is relatively constant, if not slightly increasing over time. The average SF
detached home in our sample used 83.88 MMBtu per year per house in 2013 to 84.76 MMBtu

per year per house in 2021."

We take the estimates of energy consumption and multiply the predicted energy use of each

1We complete the same calculation for electricity, natural gas, and other fuels. The average household
used 10,615 kWh in 2013 and 10,892 kWh in 2021. The average household with natural gas heating used
620 therms in 2013 and 645 in 2021. Similarly, the average household with fuel oil, propane, or kerosene
heat used 537 gallons in 2013 and 557 in 2021.
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Table 3: Monthly BTUs (1000s) Use

(1) (2) (3) (4)
Monthly BTU (1000s) Monthly BTU (1000s) Monthly BTU (1000s) Monthly BTU (1000s)
Monthly HDD65 7.922% 7.736™* 7.746™ 7.742%*
(0.269) (0.261) (0.231) (0.230)
Monthly CDD65 5.744* 6.232™ 6.411* 6.332™
(0.422) (0.413) (0.416) (0.420)
Square Feet 0.489** 0.521** 0.518**
(0.074) (0.060) (0.060)
No. Bedrooms 754.234** 649.805* 620.401*
(100.699) (84.536) (83.239)
No. Bathrooms 554.903™ 541.003** 550.630™
(130.020) (117.351) (116.720)
Year Built —9.425* —12.003** —11.075**
(3.642) (2.253) (2.292)
1[NG Heat] 2499.605** 2245.593*
(135.989) (171.563)
1[Propane Heat] —612.691* —787.882*
(311.154) (339.417)
1[Fuel Oil Heat] 521.498 838.635*
(343.589) (366.075)
1[Wood Heat) —2591.870** —2240.936**
(281.207) (822.731)
1[Other Heat] —4943.362** —4936.071**
(335.609) (975.785)
1[Steam Heat] 1240.335*
(505.160)
1[Central Furnace] 202.507
(212.121)
1[Heat Pump] —369.584
(253.908)
1[0il Heat] —464.720
(425.128)
1[Pellet Stove Heat] —413.682
(872.698)
1[Fireplace Heat] 79.509
(726.732)
1[Portable Heat] 475.889
(314.156)
1[Other Heat] 92.023
(1056.653)
1[Central AC] 712.626**
(195.219)
1[Heat Pump AC] —46.090
(202.537)
1[Window AC] 765.316*
(182.725)
1[Evap AC] 340.097
(306.831)
Constant 4073.466™ 17840.544* 22011.660** 19611.381*
(91.032) (7043.563) (4304.584) (4471.301)
Month-of-Year FE Y Y Y Y
IECC Climate Zone Y Y Y Y
N 58616 58616 58616 58616
Adj. R-Squared 0.36 0.41 0.47 0.47

* p<0.05 ** p<0.01. The standard errors reported in parenthesis have been clustered at the individual level.
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Table 4: Monthly Electricity Use

(1) () (3) (4)
Monthly kWh  Monthly kWh Monthly kWh Monthly kWh
Monthly HDD65 0.157* 0.142* 0.190* 0.203*
(0.028) (0.027) (0.025) (0.025)
Monthly CDD65 1.227* 1.267* 1.157* 1.124*
(0.075) (0.072) (0.070) (0.071)
Square Feet 0.040* 0.045* 0.042*
(0.009) (0.008) (0.008)
No. Bedrooms 66.159* 78.240* 75.680*
(12.528) (11.761) (11.506)
No. Bathrooms 108.119* 108.490* 107.099*
(17.705) (16.000) (16.006)
Year Built 0.041 —0.440 —0.260
(0.403) (0.340) (0.340)
1[NG Heat] —395.711* —325.931*
(21.877) (26.980)
1[Propane Heat] —205.702* —130.634*
(37.920) (41.505)
1[Fuel Oil Heat] 320.780* 236.087*
(44.372) (47.544)
1[Wood Heat] —190.625* —176.786
(43.642) (87.943)
1[Other Heat] 102.380 358.394*
(87.456) (137.533)
1[Steam Heat] —154.657*
(56.941)
1[Central Furnace] 25.136
(39.339)
1[Heat Pump)] 45.760
(45.800)
1[0il Heat] —40.551
(57.793)
1[Pellet Stove Heat] —84.743
(101.785)
1[Fireplace Heat] 45.550
(97.368)
1[Portable Heat] 74.306
(78.091)
1[Other Heat| —224.948*
(111.134)
1[Central AC] 97.300*
(26.594)
1[Heat Pump AC] 102.188*
(28.602)
1[Window AC] 181.713*
(26.935)
1[Evap AC] —13.977
(42.583)
Constant 822.128* 216.018 1345.369* 846.478
(12.008) (780.192) (662.397) (662.527)
Month-of-Year FE Y Y Y Y
IECC Climate Zone Y Y Y Y
N 58616 58616 58616 58616
Adj. R-Squared 0.19 0.24 0.31 0.33

* p<0.05 ** p<0.01. The standard errors reported in parenthesis have been clustered at the individual level.
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Table 5: Monthly Natural Gas Use (Therms)

(1) (2) (3)
Monthly NG Therms Monthly NG Therms Monthly NG Therms
Monthly HDD65 0.094* 0.094* 0.094*
(0.003) (0.003) (0.001)
Monthly CDD65 —0.002 —0.001 0.000
(0.005) (0.005) (0.002)
Square Feet 0.005* 0.005*
(0.001) (0.000)
No. Bedrooms 4.979* 4.641*
(1.000) (0.342)
No. Bathrooms 3.788* 4.271*
(1.135) (0.402)
Year Built 0.149* 0.124*
(0.028) (0.010)
1[Steam Heat] 22.852*
(1.415)
1[Heat Pump)] —9.458*
(1.312)
1[Oil Heat] —5.946*
(1.326)
1[Pellet Stove Heat] 0.000
()
1[Fireplace Heat] —15.021*
(3.163)
1[Portable Heat] 0.000
0
1[Other Heat] —12.219*
(3.133)
1[Central AC] 0.965
(0.754)
1[Heat Pump AC] 3.145*
(0.801)
1[Window AC] 2.705*
(0.791)
1[Evap AC]| 1.366
(1.030)
Constant 30.191* 285.372* 236.328"
(1.123) (53.594) (19.327)
Month-of-Year FE Y Y Y
IECC Climate Zone Y Y Y
N 27263 27263 27263
Adj. R-Squared 0.68 0.70 0.71

* p<0.05 ** p<0.01. The standard errors reported in parenthesis have been clustered at the individual level.

16 Brolinson et al. — Tracking Our Footprint: C'Oo Emissions from US Single-Family Homes



Table 6: Monthly Propane/Fuel Oil/Kerosene (gal.)

(1) 2) 3)
Monthly P/FO/K (gal.) Monthly P/FO/K (gal.) Monthly P/FO/K (gal.)
Monthly HDD65 0.042* 0.039* 0.039*
(0.011) (0.010) (0.010)
Monthly CDD65 0.038* 0.028 0.022
(0.016) (0.016) (0.017)
Square Feet 0.002 0.003
(0.002) (0.002)
No. Bedrooms 8.247* 7.362*
(2.662) (2.510)
No. Bathrooms 0.963 1.062
(4.521) (4.440)
Year Built 0.118 0.081
(0.073) (0.063)
1[Steam Heat] 6.030
(6.231)
1[Heat Pump] 17.327"
(8.790)
1{Oil Heat] 0.221
(5.037)
1[Pellet Stove Heat] 0.000
()
1[Fireplace Heat] —27.132*
(7.661)
1[Portable Heat] 0.000
0
1[Other Heat| —18.602
(14.622)
1[Central AC] 1.440
(6.647)
1[Heat Pump AC] —17.136*
(6.313)
1[Window AC] 2.710
(5.773)
1[Evap AC| 9.467
(18.296)
Constant 40.018* —226.039 —156.035
(5.575) (140.888) (120.043)
Month-of-Year FE Y Y Y
IECC Climate Zone Y Y Y
N 3259 3259 3259

* p<0.05 ** p<0.01. The standard errors reported in parenthesis have been clustered at the individual level.
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property by the emissions factor for that energy source. For electricity, we use data from
the EIA’s state energy profiles (Energy Information Administration 2023a). These estimates
represent the average C'O, emissions per mWh of electricity consumed in that state, taking

into account the grid mix and network. For all other fuels, we use emissions factors from the
EPA’s emissions factors hub (US EPA 2015).

Figure 2’s second y-axis shows average annual household C'Oy emissions from all energy
consumed at the property. The figure shows that on average, over time, per property COq
emissions have decreased from around 7.9 metric tons per house per year in 2013 to 6.8

metric tons per house per year in 2021.

Figure 2: Average Residential Energy Use and C'Oy Emissions
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Note: This figure was generated using data from the EIA RECS, UAD, EIA, and EPA emissions
factors. Source: Authors’ calculations.

These estimates demonstrate that average energy use has remained relatively constant during
this time period but that C'Oy emissions per house are decreasing over time. There is also
substantial geographic heterogeneity in both residential energy use and C'Oy emissions per
household. Figures 3, 4, and 5 show predicted property-level monthly energy use in 2021
for MMBtus, electricity (kWh) and natural gas (therms), respectively. These county-level

estimates were generated by taking within-county property-level averages. The figure for
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total energy in MMBtus shows that the Upper Midwest uses the most energy, on average,
per month. The figure for electricity shows that on average, households in the southeastern
US tend to use the most electricity, in particular in Florida, Georgia, Alabama, Mississippi,
Texas, South Carolina, and North Carolina. The reverse is true for natural gas. The figure
shows average natural gas use for homes that heat with natural gas. Homes in the North
East, Upper Midwest, Appalachia, and the Mountain West tend to use the most natural gas,

on average.

Figure 3: Average Monthly MMBtu per County (2021)
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Note: This figure was generated using data from the EIA RECS, UAD, EIA, and EPA emissions
factors. Source: Authors’ calculations.

Of course, fuels used for energy generation across the US vary widely, so high average elec-
tricity use does not necessarily correspond to high C'Oy emissions. The emissions factor is
the same for fossil fuels burned at home for home heating no matter where the household is
located. Thus, the penetration and use of fossil fuels for home heating influences emissions
from residential energy use. Figure 6 shows average property-level monthly metric tons of
CO, emissions for energy consumed. Properties located in states with more dependence on
coal for energy generation, such as West Virginia, Kentucky, Indiana, Ohio, and Missouri,
tend to have more C'O, emissions per house than properties located in states with other
sources of electricity generation. And last, these figures show average emissions per house,
however, they do not show total emissions. While states like Kentucky and West Virginia

tend to have high energy emissions per house, these states have relatively fewer homes.
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Figure 4: Average Monthly kWh per County (2021)

3 Mapbox © reeth:

Note: This figure was generated using data from the EIA RECS, UAD, EIA, and EPA emissions
factors. Source: Authors’ calculations.

Figure 5: Average Monthly Therms per County (2021)
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Note: This figure was generated using data from the EIA RECS, UAD, EIA, and EPA emissions
factors. Source: Authors’ calculations.

Aggregate emissions per county will depend on: property-level energy use, generation mix,

penetration of fossil fuels for home heating, and the number of housing units in a given
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location. Figure 7 shows average C'O5 emissions per property multiplied by the number of
single-family detached units in that county in the ACS 5-year estimates. This figure shows
much more geographic heterogeneity in total county-level COy emissions. Emissions from
residential energy use are concentrated in places that tend to have larger populations and /or
a more emissions intensive generation mix. For example, San Bernardino county in Califor-
nia has relatively high aggregate emissions at 1.91 MMT per month, while California has a
relatively clean energy generation mix, San Bernardino has a relatively large concentration
of single-family detached homes, leading to a large population and relatively large aggregate
emissions. Population centers across the country tend to have higher aggregate emissions
such as South Florida, Houston, Chicago, Detroit, and the tri-state area around New York

City, for example.

Figure 8 shows aggregate emissions from single-family homes, decomposed into emissions
from electricity use, natural gas use, and fuel oil, propane, and kerosene use. We generated
these estimates using average annual county-level emissions (as shown in Figure 6) and
multiply by the county-level ACS 5-year estimates of total single-family detached homes.
Figure 8 shows that aggregate emissions from single-family detached homes decreased by
11.6 percent from 2013 to 2021 (from 669 MMT in 2013 to 591.6 in 2021). Emissions from
electricity use have decreased by 20.8 percent from 2013 to 2021 (from 461.577 MMT to
365.797 MMT). Whereas emissions from natural gas have increased by 11.0 percent (166.4
MMT to 184.76 MMT) and emissions from other fossil fuels are virtually unchanged (41.02
MMT to 41.0 MMT). This finding demonstrates decreases in emissions from residential
energy use are primarily driven by decreases in emissions from electricity generation. And,

in fact, emissions from natural gas have increased over the same time period.

2.4 Housing Stock or Changes in the Grid

In this section, we estimate two counterfactual scenarios for aggregate emissions. We in-
vestigate the relative importance of the greening of the US energy grid versus changes in
property-level attributes. First, we will hold emissions rates constant to their 2010 levels and
allow for changes in housing characteristics. Second, we will allow for changes in the grid,
but hold property characteristics fixed to the first appraisal that we observe in the appraisal
data.

First, we assume that state-level emissions factors have been constant since 2010. We use

2010 as the base year, rather than 2013, so that the results here are directly comparable to
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Figure 6: Average Monthly COs (mt) per County (2021)
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Note: This figure was generated using data from the EIA RECS, UAD, EIA, and EPA emissions
factors. Source: Authors’ calculations.

Figure 7: Total Monthly CO2 (mmt) per County (2021)
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factors. Source: Authors’ calculations.

the results in Section 3.3.1. Figure 9 shows the outcome of this exercise. Had there been no

changes to the grid from 2010, emissions would have increased by 5.5 percent from 2013 to
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Figure 8: Total CO2 Emissions by Fuel Source
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Note: This figure was generated using data from the EIA RECS, UAD, EIA, and EPA emissions
factors. Source: Authors’ calculations.

2021 (from 710.4 MMT to 749.79 MMT). In reality in 2021, emissions were 591.6 MMT. In
other words, emissions would have been 1.27 times greater than they were had there been

no changes to the grid.

Second, we assume that state-level emissions factors could change, but that property-level
characteristics do not change over time. We allow new appraisals to enter into the sample
over time, but for any property re-appraisals we keep the characteristics constant to the first
time the property is appraised. Figure 10 shows the outcome of this exercise. If property
characteristics had remained fixed during this time, emissions would have decreased by 11.8
percent from 2013 to 2021 (from 669 MMT to 590 MMT). These results suggest that emis-
sions would have decreased by slightly more had property characteristics remained constant
to the first appraisal. Over this time period, on average, properties are getting larger in the
sample, these results show that had properties remained slightly smaller, emissions would
have been slightly lower than they otherwise were. Taken together, these results suggest
that the greening of the grid is primarily responsible for the decline in C'Oy emissions from

residential housing stock in the US.
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Figure 9: Total MMT CO2 Holding Emissions Factors to 2010 Levels
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Note: This figure was generated using data from the EIA RECS, UAD, EIA, and EPA emissions
factors. Source: Authors’ calculations.

3. State-Level Approach

The second approach we use in this paper uses state-level data to estimate “per-residence”

CO5 emissions from energy consumption for the average housing unit within a state.

3.1 State-Level Data

We combine several publicly available data sets from the Energy Information Administration
to generate measures of the C'Oy emissions from residential energy consumption. The first
source is the EIA’s Annual Electric Power Industry Report, Form 861, data. The ETA-861
data provides annual information at the state level for total electricity sales (consumption),
revenue, and prices to ultimate consumers from 1990-2020 (Energy Information Adminis-
tration 2022a). The second source is the EIA’s state-level estimates of COy energy-related
emissions for the residential sector from 1970-2020 (Energy Information Administration
2022b).12 The third source is the EIA’s state-level estimates of fuel-specific emissions by

state from 1970-2020. This data provides information on the C'O, emissions from energy

12This data was downloaded in October, 2022 from https://www.eia.gov/environment /emissions/state/
under the table “Electricity energy-related carbon dioxide emissions.”
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Figure 10: Total MMT C' Oy Holding Property Characteristics Fixed
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Note: This figure was generated using data from the EIA RECS, UAD, EIA, and EPA emissions
factors. Source: Authors’ calculations.

consumed directly by residential consumers at home. For example, this includes estimates
from fuels used directly by the household, typically for home heating, such as natural gas,
distillate fuel oil, and propane (Energy Information Administration 2022b).!3

The fourth source is state-level energy consumption data from the EIA’s State Energy Data
System (SEDS). The SEDS contains state-level energy consumption information by fuel type
from 1960-2020 (Energy Information Administration 2022c). This additional information
enables us to generate estimates of CO, emissions from fuel consumed at home to compare
to those the EIA produces in the third data set described above. To do so, we download
emissions rates by fuel type from 1973-2020 (Energy Information Administration 2022d).1
The estimates of direct C'O, emissions that we generate using this approach are equivalent
to the residential estimates published by the EIA in the third dataset described above.

13This data was downloaded in October, 2022 from https://www.eia.gov/environment /emissions/state/
under the table “Residential energy-related carbon dioxide emissions”.

4These data represent the detailed emissions factors developed by the Environmental Protection Agency
Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2020, Tables A-22, A-27, A-34, and A-230
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We also use information contained in the survey data produced by the EIA, the Residential
Energy Consumption Survey (RECS). The RECS represents a series of nationally represen-
tative household surveys regarding energy consumption, energy bills, home energy charac-
teristics, and demographic information. We use information from survey years 1990, 1993,
1997, 2001, 2005, 2009, 2015, and 2020. The finest level of geographic information for most
survey years are the nine census divisions, and ten in some years when the mountain divi-
sion is split between the north and the south.!®> However, in 1993, 1997, 2001, and 2005, the
survey reports data for the four largest states: Florida, California, Texas, and New York. In
2009, the survey reports information for 27 “reportable domains” which represent individual
states or groupings of states. And in 2020, the survey reports information at the state-level.
We use this data to estimate the typical number of household members in owner-occupied

housing.

3.2 State-Level Empirical Approach

We combine these data sets to generate an estimate of state-level C'O, emissions from res-
idential energy consumption from 1990-2020. Figure 11 below shows total electricity con-
sumption across five sectors: residential, commercial, industrial, transportation, and other.
The figure shows that on average, electricity consumption has increased over time until
growth begins leveling off around 2005. From 1990 to 2020 the total share of electricity
consumed by the residential sector increased from 31.4 percent to 39.4 percent. The relative
increase in energy consumed by the residential sector suggests that there are opportunities to
decrease emissions associated with energy consumption by targeting emissions from energy

consumption in the residential sector.

15New England Census Division (CT, MA, ME, NH, RI, VT); Middle Atlantic Census Division (NJ, NY,
PA); East North Central Census Division (IL, IN, MI, OH, WI); West North Central Census Division (TA,
KS, MN, MO, ND, NE, SD); South Atlantic Census Division (DC, DE, FL, GA, MD, NC, SC, VA, WV);
East South Central Census Division (AL, KY, MS, TN); West South Central Census Division (AR, LA, OK,
TX); Mountain North Sub-Division (CO, ID, MT, UT, WY); Mountain South Sub-Division (AZ, NM, NV);
Pacific Census Division (AK, CA, HI, OR, WA)
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Figure 11: Total Electricity Use by Sector
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Note: This figure was generated using data from EIA Form-861 on annual energy consumption by
sector from 1990-2020. Source: Authors’ calculations and EIA Form-861

Next, we generate state-level C'O, emissions from residential energy consumption. We start
with information on total state-level energy emissions. Then, multiply those state-level
emissions by the share of energy within the state used by the residential sector, and add in
emissions from energy used directly in the home. Figure 12 shows total residential energy
consumed within the US from 1990-2020 and total C'O, emissions associated with that
energy consumption. Starting in 2007, the figure shows the relative decoupling of residential
energy consumption from C'Os emissions. Berrill, Gillingham, and Hertwich (2021) notes

that this change is the result of the decarbonization of the electricity supply.
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Figure 12: Total Electricity in Residential Sector and C'Oy Emissions
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Note: This figure was generated using data from EIA Form-861 on annual energy consumption by
sector from 1990-2020. Source: Authors’ calculations and EIA Form-861

After generating state-level residential energy emissions, we scale these estimates by the
population in each state. This yields a per-capita estimate of C'Os emissions in each state.
The total population estimates we use are those from the SEDS data for each state from
1990-2020. Berrill, Gillingham, and Hertwich (2021) notes there is an important difference
between thinking about residential electricity use per residence versus per resident. For
the purposes of this paper, we would generate a per residence estimate to understand C'Oq

emissions for the typical residential property within a state.

To obtain a per residence estimate, the per capita estimates must be scaled by the typi-
cal number of householders within a given housing unit. To obtain the typical number of
householders in a given housing unit, we use data collected from the 1990, 1993, 1997, 2001,
2005, 2009, 2015, and 2020 RECS on the number of householders. We generate estimates for
owner-occupied housing using the finest geographic level available in the given RECS survey
year by applying the survey weights provided in the RECS. The resulting estimates are a

weighted average representative of a housing unit within a given geographic unit. Appendix
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Figure A.1 shows an example of the resulting estimates for four example states: California,
Florida, New York, and Texas. The estimates update when new RECS years become avail-
able and show that for these states, the typical number of individuals within a home ranges
from 2.4 up to almost 3 depending on the year and the state. We merge these at the state
level to the per-capita emissions estimates and multiply by the number of householders to

obtain a typical per residence estimate for each state from 1990 to 2020.

Figure 13 shows the outcome of this exercise: state-level per-residence estimates of metric
tons of C'Oy emissions ordered from most to least based on 1990 emissions. The figure
shows that on average, C'O, emissions per residence are decreasing over time, especially for
coal-heavy, and cold, states such as North Dakota, Wyoming, and West Virginia. As of
2020, the state with the largest per residence C'Oy emissions was Wyoming and the least was
Washington, DC. Appendix Tables A.1 and A.2 show the average metric tons of COy from
energy consumption per residence from 1990-2020 by state. These tables show the estimates

displayed in Figure 13.

Figure 13: C'Oy per Residence by State
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Note: This figure shows metric tons of C'Os per residence by state from 1990 — 2020. This figure
was generated using data from EIA RECS, EIA SEDS, and EIA Form-861 on state-level emissions,
total residential customers, and number of householders. Source: Authors’ calculations, EIA RECS,
SEDS, and Form-861.
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Next, we use data on the total number of housing units and single-family detached housing
units from the five-year ACS estimates at the county level from 2010 through 2020 (Census
Bureau ACS 5-Year Estimates 2022). We multiply the state-level CO, emissions estimates
by the total number of housing units in each county in each state to estimate aggregate

emissions from single-family homes in the US.

Figure 14 below shows the single-family housing stock estimates from the ACS data. As
we do not have precise estimates prior to 2010, all estimates for years before 2010 use the
estimates of housing stock from 2010 (in other words, from 1990-2009, housing stock is held
constant at 2010 levels). Total housing stock increased by 6.5 percent from 2010 to 2020
(from 130,038,080 units in 2010 to 138,432,751 in 2020).1°

While single-family housing stock in the US increased from 2010 — 2020, total C'O, from
energy consumption at these units decreased. Figure 15 shows trends in aggregate C'O,
emissions for all US housing and single-family detached homes. Emissions from residential
energy consumption have decreased by 30.1 percent (from 1334.19 MMT in 2010 to 923.58
MMT in 2020).'7

3.3 Comparison to Property-Level Results
3.3.1 Housing Stock or Changes in the Grid

In this section, we investigate the relative importance of the greening of the US energy
grid versus changes in US housing stock and energy consumption in driving the decrease
in emissions from residential energy consumption. We do so by first holding state-level
emissions and energy consumption patterns constant at their 2010 levels, and allowing for
changes in housing stock. Second, we do the opposite and hold housing stock constant at its

2010 levels and allow for changes in state-level emissions rates and energy use patterns.

For the first case, we assume that state-level emissions rates per housing unit remained
constant at their 2010 levels. It is important to note that these state-level emissions factors
per housing unit reflect both the greening of the grid as well as changes in energy use per
house. The C'O, emissions per house are a function both of how much energy is used at a

given house as well as the emissions factor of those energy sources. Figure 12 shows that

16Gingle family detached housing increased by 6.6 percent (from 80135946 in 2010 to 85438643 in 2020
1"Emissions from US single-family detached homes have decreased by 31.2 percent (from 849.65 MMT in
2010 to 584.7 MMT in 2020; or by 23.7 percent from 2013 (766.45 MMT) to 2020).
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Figure 14: Aggregate Housing Stock

140000000

120000000

Housing Units

100000000

e = = Tokal Units

— — 8F Defached Units

80000000 - —
2010 2012 2014 2018 2018 2020

Note: This figure shows the total number of housing units from 2010 to 2020 using data from the
ACS 5-Year Estimates. Source: Authors’ calculations, Census ACS 5-Year Estimates.

residential energy consumption has increased slightly from 2010 to 2020, but Figure 13 shows
that average emissions per house are decreasing over time. Thus, changes in per-residence
CO, emissions are primarily driven by less carbon-intensive energy generation. Holding the
per-residence C'Oy emissions factor constant primarily asks: what role does the greening of

the grid play in decreasing C'O, emissions from housing?

Figure 16 shows the results of this exercise holding per-residence emissions constant to 2010
levels but allowing housing stock to grow over time. This exercise suggests that if the per-
residence emissions factors had remained at their 2010 levels from 2010-2020, that C'O,
emissions from housing would have increased by 6.5 percent, from 1334.19 MMT in 2010
to 1420.26 MMT in 2020.* Or, CO, emissions from housing were 53.8 percent lower in
reality than they would have been had there only been growth in the housing stock, but no

underlying changes in the energy grid or energy demand.

18For single-family detached housing this would have represented a 6.6 percent increase from 849.7 MMT
to 905.6 MMT.
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Figure 15: Total MMT C'O4 for US Housing Stock
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Note: This figure shows million metric tons of C'Os emissions in aggregate for the whole of the
US from 2010 — 2020. This figure was generated using data from EIA RECS, EIA SEDS, and
EIA Form-861 on state-level emissions, total residential customers, number of householders, and
number of housing units from the ACS. Source: Authors’ calculations, EIA RECS, SEDS, Form-
861, Census ACS 5-Year Estimates.

For the second case, we assume that housing stock remained constant at 2010 levels, but
allow per-residence C'O2 emissions to vary over time. This version asks: what role does the

increase in housing stock play in changing C'O; emissions?

Figure 17 shows the outcome of holding housing stock constant but allowing per-residence
CO4 emissions rates to vary over time. Emissions would have decreased by 34.9 percent, from
1334.19 in 2010 to 868.81 in 2020.* Or, CO, emissions from housing were 6.3 percent higher
in reality (923.58 MMT versus 868.81 MMT) than they would have been had there been no

growth in housing stock, but underlying changes in the energy grid or energy demand.

These results suggest that if housing stock had been constant from 2010 to 2020, that we

would have had 6 percent fewer emissions relative to the baseline case. And, if the per-

YFor single family detached units only, emissions would have decreased by 35.3 percent from 849.65 MMT
to 549.36 MMT.
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Figure 16: Total MMT CO5 for US Housing Stock: Grid Emissions Constant
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Note: This figure shows million metric tons of COy emissions in aggregate for the whole of the US
from 2010 — 2020. This figure was generated using data from EIA RECS, EIA SEDS, and EIA
Form-861 on state-level emissions, total residential customers, number of householders, and number
of housing units from the ACS. This figure holds the emissions rate per household constant since
2010 Source: Authors’ calculations, EIA RECS, SEDS, Form-861, Census ACS 5-Year Estimates.

residence emissions had remained constant from 2010 to 2020, we would have had almost 54
percent more carbon dioxide emissions from housing. Taken together, these findings indicate
that the greening of the grid and changes in in energy demand during this time period played

a more influential role in decreasing overall C'O; emissions than did changes in housing stock.

4. Conclusion

This paper uses two alternative approaches to estimate C'O, emissions from residential energy
use. In the first approach, we use administrative data at the property-level from appraisals
of single-family detached homes in the US. This data enables us to take into account local
weather and property-level attributes that are correlated with residential energy use such as
square footage, home heating fuel, home heating equipment, and home cooling equipment.
Using this approach, we find that emissions from residential energy use decreased by 11.6
percent from 2013 to 2021 (669 MMT to 592 MMT). To compare across approaches, we
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Figure 17: Total MMT CO4 for US Housing Stock: Housing Stock Constant
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Note: This figure shows million metric tons of COy emissions in aggregate for the whole of the US
from 2010 — 2020. This figure was generated using data from EIA RECS, EIA SEDS, and EIA
Form-861 on state-level emissions, total residential customers, number of householders, and number
of housing units from the ACS. This figure holds the emissions rate per household constant since
2010 Source: Authors’ calculations, EIA RECS, SEDS, Form-861, Census ACS 5-Year Estimates.

use estimates for single-family detached housing from 2013 to 2020, which represents the
overlapping sample and time period. Emissions would have decreased by 23.7 percent (from
766.45 MMT in 2013 to 584.7 MMT in 2020) using the state-level approach. Emissions
would have decreased by 13.6 percent (from 669 MMT in 2013 to 578.2 in 2020). In the
earlier years of the sample, the appraisal data is not as representative of US housing stock as
it is in 2020. For this reason, the property-level estimates from more recent years are more

reliable than in earlier years.

Then, we estimate two alternative counterfactuals to determine the relative importance of
the greening of the energy grid versus changes in property attributes. We calculate emissions
under two counterfactual scenarios: (1) no change in the grid since 2010 and (2) no change
in property-level characteristics after a property’s first appraisal. (1) Answers the same
question as the state-level approach, but (2) asks what role property attributes play in the

overall change in CO, emissions from 2013 to 2021. The qualitative conclusion of part (1)
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is the same: the greening of the grid plays an important role in decreasing emissions during
this time period. For part (2) we find that keeping property characteristics constant to the

first appraisal, relatively little change in aggregate C'Oy emissions.

In the second approach, we use publicly available data at the state-level from the EIA, the
EPA, and the Census ACS to estimate state-level COsy emissions from 2010 to 2020. We
estimate state-level C'O, emissions per property per year and find that in 2020, these range
from 2.6 mt per house per year in California to 29.6 mt per house per year in Wyoming.
Next, we aggregate these estimates using the ACS 5-year estimates of housing stock. We
find that from 2010 to 2020, emissions decreased by 30.1 percent (from 1334 MMT to 923
MMT) for all US housing stock, and by 31.2 percent for all single-family detached housing
stock from 850 MMT in 2010 to 585 MMT in 2020.

Then, we do a simple exercise to calculate two counterfactual scenarios: (1) no change in
the grid emissions factors from 2010 to 2020 and (2) no growth in housing stock from 2010
to 2020. We find that had the grid not changed from 2010 to 2020 emissions would have
increased by 6.5 percent, or that emissions in reality were 53.8 lower than they otherwise

would have been had their been no change in the energy grid during this time period.

Overall, our results demonstrate that aggregate C'O emissions have decreased over the last
decade, primarily driven by changes in electricity generation rather than changes in housing

stock.
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A Appendix

A.1 Tables and Figures
Figure A.1: Typical Number of Householders by State (for Four States)
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Note: This figure was generated using data from EIA RECS on number of householders using the
survey years: 1990, 1993, 1997, 2001, 2005, 2009, 2015, and 2020. Source: Authors’ calculations
and EIA RECS

Brolinson et al. — Tracking Our Footprint: COy Emissions from US Single-Family Homes



SOWOH AIUR-0[SUIS §f] WO SUOISSIW ¢(),) JuLIdjooq () SUpri], — ‘€ 30 UOSUI[OIL]

Table A.1: Metric Tons of Carbon Dioxide per-Residence 1990 — 2020

State 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
AK 12.68 11.95 11.70 11.44 11.81 11.93 11.99 11.36 10.99 1238 11.73 12.05 11.18 11.10 11.58 12.96
AL 13.51 14.24 14.51 1597 14.67 1592 17.27 1538 1594 1586 17.32 16.37 17.41 16.93 16.47 17.05
AR 13.19 13.19 12,56 11.78 11.94 12.67 13.59 10.48 1095 11.20 11.24 11.72 11.19 11.19 11.07v 10.63
A7 10.65 10.59 10.82 10.77 1096 875 862 891 957 981 10.99 11.27 10.84 11.08 12.00 11.39
CA 3.77 364 361 362 38 328 316 326 3.7 378 364 389 356 351 3.64 323
60) 1293 1297 12.66 12.79 1230 12.20 1249 11.98 11.74 11.83 12.69 1298 1296 13.01 12.50 12.55
CT 9.70 941 1001 9.24 887 852 9.18 9.8 860 898 9.71 9.07 858 955 10.10 9.31
DC 417 407 445 455 421 466 512 448 376 417 408 370 423 457 458 4.10
DE 13.84 14.15 1292 13.89 13.18 12.28 1254 980 942 9.08 9.19 934 922 10.20 1045 10.68
FL 894 938 9.02 930 927 940 9.70 9.18 10.09 943 956 918 936 962 936 9.19
GA 11.76 10.68 10.30 11.12 10.59 11.22 11.19 10.51 10.62 10.34 11.33 10.41 11.26 11.13 11.27 11.72
HI 492 398 479 456 464 477 496 473 488 499 501 494 536 48 501 5.67
IA 13.67 14.59 13.24 14.34 13.83 14.65 14.92 14.62 14.66 14.86 15.20 14.42 14.74 14.64 14.25 13.50
ID 222 243 210 253 221 239 257 255 251 311 327 331 293 295 355 341
IL 993 1038 9.72 10.75 1047 1092 11.76 11.85 10.72 11.24 11.74 10.81 11.69 11.64 11.54 11.16
IN 18.61 19.23 18.08 19.06 18.78 19.18 19.66 20.36 19.57 20.48 21.09 19.30 19.96 20.20 19.66 19.28
KS 14.37 14.61 1249 1537 14.62 14.34 16.44 14.71 15.18 15.60 16.81 15.34 16.94 16.67 15.79 15.05
KY 16.17 17.24 16.10 1856 17.24 18.02 18.59 18.05 18.12 18.68 19.65 18.68 18.27 17.94 18.01 18.89
LA 9.99 993 10.03 1048 10.35 10.62 965 882 944 919 979 941 991 959 9.62 10.19
MA  10.25 10.00 10.69 10.35 10.25 937 9.11 968 9.15 919 9.44 937 9.47 10.00 9.27 9.00
MD 896 896 880 955 951 919 978 874 884 925 921 883 863 905 931 921
ME 783 749 740 736 748 893 924 910 9.83 10.25 10.07v 11.34 10.97 12.64 13.13 11.21
MI 12.31 1254 12.22 1243 1254 1275 13.22 13.15 1248 1293 12.85 1242 1283 12.64 12.39 12.15
MN 10.35 10.59 10.04 10.60 10.41 10.64 11.29 10.65 9.80 9.87 10.59 10.07 10.48 11.23 10.58 9.95
MO  13.74 1424 13.14 13.07 13.84 15.02 15.89 16.06 16.14 1590 16.21 16.76 16.83 17.85 17.74 17.15
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Table A.2: Metric Tons of Carbon Dioxide per-Residence 1990 — 2020

State 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
AK 1493 12.65 1256 0 10.37 10.54 1064 9.17 9.14 959 887 9.68 885 852 997
AL 17.34 17.60 16.65 14.08 16.60 15.00 12.74 1255 1297 13.29 11.95 10.55 11.86 10.64 7.86
AR 1092 11.31 11.73 12.85 14.29 1449 13.80 1494 15.09 11.30 11.88 11.85 14.45 1247 8.57
A7 1149 11.84 11.89 11.02 11.29 10.73 10.23 10.81 991 805 721 710 747 7.05 6.80
CA 336 343 345 342 330 315 327 319 282 270 255 254 252 262 270
CO 12.28 1280 12.23 9.16 9.35 9.07 859 897 854 1016 983 946 954 983 834
CT 829 810 78 840 837 769 749 78 795 768 659 653 7.84 7.66 7.56
DC 312 354 351 332 339 292 270 3.01 296 3.02 223 257 290 253 186
DE 9.10 10.07 9.51 6.89 7.82 68 699 6.78 652 649 6.25 537 560 4.67 4.04
FL 877 869 802 763 842 751 704 683 711 726 703 669 654 6.09 574
GA 11.36 11.87 11.20 10.77 1199 9.80 789 789 88 758 770 687 732 6.71 5.70
HI 5.61 554 524 480 463 440 404 371 362 3.60 357 359 370 373 4.26
IA 12.86 14.03 14.84 14.13 14.93 13.67 1201 1248 1253 990 894 888 10.67 945 6.87
ID 3.26 330 360 397 370 386 3.63 441 3776 338 338 370 356 4.04 3.59
IL 10.43 11.16 11.44 11.76 1191 1156 10.36 11.78 11.96 9.61 887 855 9.61 9.08 7.67
IN 18.04 18.83 19.07 1741 18.05 16.67 14.66 15.31 16.01 13.78 13.37 1291 1491 12.87 10.93
KS 13.77 1518 14.72 1550 1547 14.84 12,53 13.76 13.40 1033 9.62 855 9.8 913 9.77
KY 1835 18.76 1841 16.58 18.35 17.66 1551 16.79 1848 17.77 17.09 14.56 16.25 14.29 11.14
LA 935 930 9.62 10.06 1146 11.65 10.14 995 956 887 787 710 779 699 6.27
MA 707 826 808 804 808 741 632 663 6.78 659 566 594 592 586 5.54
MD 821 866 810 733 754 651 563 579 641 599 562 453 579 471 4.01
ME 9.10 892 736 790 762 725 612 6.09 672 688 681 644 6.64 6.15 5.49
MI 10.73 11.39 11.37 12,51 1219 11.77 10.74 11.77 11.76 10.33 9.55 9.53 10.50 10.19 8.92
MN 929 958 952 931 860 850 733 831 909 742 730 719 801 756 7.57
MO 16.16 16.06 16.21 15.88 16.65 16.75 14.88 16.10 15.95 13.28 12.91 13.71 14.51 13.02 12.09
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Table A.3: Metric Tons of Carbon Dioxide per-Residence 1990 — 2020

State 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
MS 703 648 6.01 708 700 735 823 788 857 864 935 1220 972 951 9.80 9.89
MT 1859 19.73 19.11 17.93 19.29 1843 17.06 20.51 18.64 19.32 18.62 22.90 20.08 22.36 2241 22.09
NC 890 896 999 10.71 954 10.06 11.41 10.52 10.37 10.05 10.83 10.43 10.87 10.95 10.99 10.98
ND 51.89 54.15 55.13 56.02 54.54 53.90 57.27 53.33 53.80 50.61 51.73 49.57 50.85 49.53 46.50 47.36
NE 1256 13.35 11.89 14.15 13.02 13.85 14.25 14.45 14.58 13.98 14.55 1547 14.93 1499 14.14 13.83
NH 990 955 98 9.79 973 9.65 980 1040 9.76 951 9.50 880 882 1211 12.72 11.83
NJ 715 711 757 751 833 7.6 816 7.06 629 667 711 716 7.03 763 742 7.21
NM  16.84 14.81 15.84 1551 15.05 14.31 14.77 1525 15.23 15.60 16.07 16.15 15.23 1593 16.02 16.05
NV 1594 16.55 1590 15.23 1531 12.78 13.44 12.45 13.15 1248 14.15 1348 11.44 1218 12.76 12.48
NY 831 798 821 78 770 770 783 699 6.69 708 764 759 716 770 758 8.69
OH 12.33 1297 1293 13.60 12.79 13.14 14.03 13.77 13.22 13.53 14.03 1299 1448 14.92 14.28 14.28
OK 16.46 17.00 16.15 17.97 16.98 17.52 1837 15.14 1542 14.48 1538 15.73 16.70 16.46 15.16 16.70
OR 248 322 313 351 367 266 3.01 266 368 403 413 450 386 426 417 4.87
PA 14.06 14.11 14.36 14.86 14.37 14.27 14.99 12.89 1222 12.72 13.56 13.18 13.79 14.47 14.40 14.45
RI 6.60 749 926 879 890 828 10.11 9.72 9.05 850 8538 9.08 856 876 843 830
SC 708 721 684 78 749 739 843 762 798 843 910 875 9.09 907 982 9.66
SD 1040 991 853 912 936 898 939 10.04 88 948 9.8 926 891 921 894 7.37
TN 11.25 10.71 11.10 12.79 11.84 12.14 1268 11.96 11.50 11.25 12.24 11.37 11.17 10.34 10.56 10.85
X 1298 1277 12.09 13.10 1224 12.09 12.70 1297 13.27 13.10 13.74 13.26 13.66 13.32 12.87 12.66
UT 1789 1743 16.82 1750 17.04 15.56 15.66 15.87 15.65 1592 15.79 1544 16.25 16.13 16.24 15.74
VA 6.57 685 714 795 745 756 832 779 776 791 884 855 848 870 857 844
VT 643 702 725 718 6.67 6.17 655 649 6.19 598 693 6.66 621 659 739 6.66
WA 3.27 340 350 392 412 341 413 366 390 397 445 506 446 459 446 5.05
WI 11.21 11.82 11.11 11.49 11.31 11.60 12.34 1243 11.50 12.11 1237 11.62 12.03 11.94 11.68 11.51
WV 3756 36.40 37.33 38.33 40.87 40.82 44.12 4284 42.64 4495 44.85 41.55 4872 48.71 46.73 47.43
WY  40.78 42.19 43.36 43.76 44.18 45.16 46.39 43.50 48.31 46.21 46.91 45.15 45.79 45.89 44.50 42.87
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Table A.4: Metric Tons of Carbon Dioxide per-Residence 1990 — 2020

State 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
MS 989 10.34 9.78 884 1032 865 805 794 890 969 981 875 10.19 9.69 9.54
MT  21.61 20.79 21.79 24.09 26.92 24.10 21.64 23.01 23.65 20.20 18.65 1896 18.26 19.37 12.94
NC 10.06 10.64 10.17 9.24 10.61 869 758 7.67 800 711 687 6.16 6.66 6.19 4.82
ND 4341 4417 4526 46.30 41.98 39.00 35.74 35.62 33.36 28.71 26.90 2545 27.54 25.14 2271
NE 13.37 13.27 14.14 1528 15.15 1594 1391 15.88 15.26 1259 1142 1097 13.43 1283 11.17
NH 10.29 10.15 994 987 943 925 741 757 836 780 6.52 6.61 714 695 6.60
NJ 6.22 691 6774 681 691 643 584 647 722 6.62 622 596 6.64 6.50 5.50
NM 1559 15.17 15.02 1545 13.99 14.37 13.21 1329 11.39 10.33 9.82 941 826 9.14 8.50
NV 8.63 843 860 833 790 7.04 688 731 694 581 57 547 561 570 5.59
NY 730 797 743 642 644 6.13 592 599 646 6.04 537 520 6.02 580 5.13
OH 13.20 13.71 13.50 12.73 13.14 1219 10.36 11.56 11.70 10.31 9.86 9.60 10.23 9.27 &8.14
OK 16.41 16.14 16.60 17.44 17.15 17.28 15.18 15.09 14.30 12.45 11.01 9.67 11.08 9.43 8.23
OR 422 522 549 475 464 391 381 453 390 381 370 395 386 454 3.55
PA 13.36  13.92 14.23 1235 1293 1226 11.23 11.79 11.66 11.02 10.07 9.50 10.19 9.74 881
RI 706 781 7.67 9.00 896 916 894 873 858 845 682 703 861 771 7.69
SC 929 9.60 9.62 9.22 1036 9.02 748 658 T7.66 6.63 641 566 6.69 575 5.09
SD 753 681 847 810 793 659 639 7.07 674 453 551 532 635 690 5.59
TN 10.81 10.81 1037 856 9.67 868 746 732 813 729 736 649 6.16 560 4.25
TX 11.82 11.75 11.51 10.66 11.04 11.55 10.22 10.32 10.04 891 826 805 816 7.55 7.04
UT 15.92 16.20 16.24 17.57 16.83 16.24 14.67 16.25 14.93 12.33 11.06 10.98 11.22 11.45 11.99
VA 717 789 697 6.8 734 611 516 632 639 599 58 511 571 499 4.80
VT 585 585 507 659 570 569 482 569 6.14 563 525 564 6.05 646 4.99
WA 418 466 493 442 414 340 297 386 3.70 336 328 379 346 415 3.54
WI 10.08 10.35 10.71 940 953 949 822 996 962 9.7 930 958 997 945 8.03
WV 4287 43.58 4232 36.29 41.17 38.60 34.52 36.47 38.64 35.28 36.66 33.07 32.65 30.02 2491
WY  41.12 41.50 40.70 44.69 43.39 42.65 42.64 46.63 42.70 36.40 36.16 36.45 36.39 34.29 29.64




A.2 UAD and RECS Variable Standardization
The RECS and the UAD share a number of common variables to describe physical char-

acteristics of single-family detached properties. We take a number of steps to standardize

these variables. The variables include:

e Exterior Wall Type — brick, wood, siding, stucco, shingle, stone, concrete, other
e Roofing Type — ceramic, wood, metal, slate, shingles, concrete, other

e Window Frame Type — wood, metal, vinyl, composite, fibreglass, mixed, other
e Window Glass Type — single pane, double pane, triple pane

e Heating Fuel — natural gas, propane, fuel oil, electric, wood, other

e Heating Equipment Type — steam, central furnace, central heat pump, electric, gas/oil,

stove, fireplace, portable, other

e Air Conditioning Equipment Type — central ac, central heat pump, ductless, win-

dow /wall, portable, evaporative
e Square Feet
e Number of Bedrooms
e Number of Bathrooms

e Year Built

We harmonize the names and categories of these variables across the two datasets to ensure

consistent defintions of each variable.
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