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As the frequency and severity of extreme heat increases with global climate change,

residential buildings play a key role in defining personal temperature exposures. In recent

decades, residential buildings have become the focus of energy efficiency and cost

savings programs and initiatives. Residential buildings can also mitigate high indoor

temperatures and heat-related health impacts, but these heat adaptation interventions

have not been fully evaluated for their potential energy, climate, and health benefits.

We aimed to quantify the health and climate benefits of energy and indoor temperature

reductions that result from heat adaptation strategies applied to residential (specifically

single-family detached built between 1990 and 2010) buildings in 10 U.S. cities. Building

energy models were used to simulate energy reduction retrofits, including changing

roof reflectivity, adding window overhangs, improving window properties, and roof/wall

insulation, as well as the addition of shade trees and indoor phase change materials.

We used the building simulation results to estimate attendant reductions in greenhouse

gas (GHG) and criteria air pollution (AP) emissions from the electrical grid, and used

the damage estimates to evaluate the resulting climate and health benefits. Under light

and deep retrofit scenarios, respectively, we estimate that the simulated heat adaptation

retrofits in this subset of relatively new buildings have the potential to yield $1.10 or $1.57

billion in direct utilities savings. There is an additional $462.9 million ($301.3–$909.9

million) or $692.8 million ($442.6 million–$1.385 billion) in climate and health benefits,

due to avoided GHG and AP emissions. Put simply, the climate and health benefits may

account for an additional 42–44% of the direct utility savings, on average. Climate and

health benefits were generally highest for adaptations simulated in hot climates (Dallas,

TX and Houston, TX) or in areas with dirtier fuel mixes (Chicago, IL and Philadelphia, PA).

When climate and health savings are included, the payback periods of these interventions

can decrease by nearly half. We also discuss the potential additional health benefits

of reducing indoor temperatures during extreme heat. These significant savings from

avoided climate and public health damages should be factored into climate change

adaptation decision making by stakeholders and policymakers.
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GRAPHICAL ABSTRACT | The study assessed the financial benefits due to health and reduced greenhouse gas emissions, in addition to the utility cost savings, of

energy efficiency and heat adaptation strategies in housing.

INTRODUCTION

Extreme heat is one of the leading causes of death among
meteorological phenomenon (National Weather Service, 2017)
and contributes to morbidity due to cardiovascular, respiratory,
renal, diabetes, cerebrovascular, and gastrointestinal disease
(Melillo et al., 2014; Campbell et al., 2018; Mayrhuber et al., 2018;
Reidmiller et al., 2018), declining productivity and cognition
(Park, 2016a,b; Cedeño Laurent et al., 2018), poor sleep
(Obradovich et al., 2017; Williams et al., 2019), and thermal
discomfort (Synnefa et al., 2007; van Loenhout et al., 2016).
The frequency, duration, and severity of heatwaves and the
resulting heat-related mortality and morbidity are expected to
increase with climate change (Melillo et al., 2014; Reidmiller et al.,
2018).

In the U.S., people spend upwards of 90% of their time indoors
(Klepeis et al., 2001), and a large percentage of this time is
spent at home. Elderly populations, young children, and those
with preexisting medical conditions are particularly vulnerable
to extreme heat and may spend more time at home than the
general public. Thus, buildings, especially residential buildings,
play a key role in defining indoor heat exposure during periods
of extreme heat (Samuelson et al., 2020). As a result, factors
such as floor of residence, insulation level, air conditioning (AC)
system availability and type, roof type, and constructionmaterials
can impact occupants health during heatwaves (Naughton, 2002;
O’Neill, 2005; Keller, 2013; Quinn et al., 2014; Taylor et al., 2015;
Alam et al., 2016; Holmes et al., 2016). Therefore, residential
buildings provide a place of intervention to mitigate heat-related
health impacts.

One of the primary adaptation strategies used to date in the

U.S. to combat extreme heat has been the use of mechanical
cooling (e.g., AC). AC is not a sustainable solution on its
own to protect public health in the face of more frequent
and intense extreme heat events. During widespread power
outages, which are projected to occur more frequently in the U.S.

(Reidmiller et al., 2018), buildings may not be passively habitable
without AC (Holmes et al., 2016; Baniassadi et al., 2018; Sailor
et al., 2019). This puts many people at risk for severe morbidity
or mortality. There are also severe inequities in AC ownership
and use (O’Neill, 2005). Those of lower socioeconomic status are
frequently less likely to own and afford to operate AC, and older
adults have physiologic systems that delay the ability to perceive
overheating (Kenny et al., 2018). Further, AC is a carbon intensive
technology, and contributes to the same mechanisms that are
making cities warmer (Krayenhoff et al., 2018).

Buildings consume 40% of the energy in the U.S., nearly
half of which is for residential buildings and more than a
third used for space heating, ventilation and AC (US DOE,
2012). Cooling energy demands are projected to increase with
climate change (U.S. Global Change Research Program, 2014).
Throughout the world, 59.5% (50.4% in the U.S.) of electricity
is generated through the burning of fossil fuels (International
Energy Agency), which releases climate-forcing greenhouse gas
(GHG) emissions and health-harmful air pollutants (AP) that
can cause 3.3 million premature deaths annually (Lelieveld
et al., 2015). Buildings are responsible for 30% of energy-
related GHG emissions globally (Ürge-Vorsatz et al., 2015).
Electricity production and resulting GHG, such as carbon dioxide
(CO2), and AP emissions, such as sulfur dioxide (SO2) and
nitrogen oxides (NOx) tend to peak on hot days to meet cooling
demands. Abel et al. (2017) found that as electricity generation
increased in the easternU.S., emissions fromCO2, SO2, andNOx,
also increased by 3.32, 3.35, and 3.60%/◦C, respectively (Abel
et al., 2017). Mid-century simulations found that as summer
mean temperatures increase 1–5◦C in the eastern U.S., there is
projected to be a 32% increase in peak energy demand that could
result in 16% increase in NOx and an 18% increase in SO2, using
current energy generation sources (Meier et al., 2017).

For the past four decades, there has been a significant effort
by governments, as well as building designers, homeowners,
and constructors to reduce the energy demand of buildings.
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The development and implementation of building energy codes
such as ASHRAE 90.1, IECC, and non-mandatory systems
such as LEED in the U.S. (ASHRAE, 2016; International Code
Council, 2018; USGBC), have resulted in a push toward more
efficient buildings. While reducing building energy demand (and
utility cost) has been the main target of these efforts, regional
climate and health benefits accrue from reductions in GHG
and AP emissions (Buonocore et al., 2016, 2019; MacNaughton
et al., 2018). Further, these energy reduction measures can also
enhance resiliency of buildings to extreme heat through indoor
temperature reductions (Silvero et al., 2019b). The climate and
health benefits that accumulate vary depending on the type
of fuel being displaced, emissions rates, regional population
downwind, local meteorology, and atmospheric chemistry of
each region (Buonocore et al., 2016; Heo et al., 2016). However,
these regional and indoor climate and health benefits are often
not factored into the decisions to implement residential heat
adaptation strategies. The additional benefits from reducing both
GHG and air pollutant emissions from consumption of electricity
for AC, and additional wintertime benefits of reduced heating
fuel consumption are also often not considered.

In this paper, we quantify the health and climate benefits of
energy and indoor temperature reductions that result from heat
adaptation strategies applied to residential buildings (specifically
a subset of single-family housing) in 10 cities across the U.S using
building performance simulations. We then used the simulated
energy reductions to estimate climate and health benefits from
avoided regional GHG and AP emissions.

MATERIALS AND METHODOLOGY

Building Simulations
We used whole-building energy simulations to estimate the
impacts of interventions on energy demand, and thermal comfort
on a subset of buildings in each city. We created model baseline
buildings and compared themwith two improved cases (light and
deep retrofits). This section describes the methodology of our
building stock analysis.

Building Energy Simulations
Whole-building energy models are physics-based tools used by
researchers, engineers, and architects for conducting thermal
comfort and energy analysis of buildings. Current state-of-the-
art tools are a result of four decades of research and development;
and can reliably simulate buildings given an accurate input.
For this study, we used EnergyPlus V9.1, a tool developed and
extensively validated by U.S. Department of Energy (Crawley
et al., 2001). The input to EnergyPlus includes details that
define building shape, construction materials, occupant behavior,
system characteristics, and accompanying weather data.

Model Buildings
When assessing the entire building stock of a geographical
area, modeling and simulating individual buildings is not
feasible. More importantly, the level of detail in data that
allows for distinguishing individual buildings is often not
available. Therefore, building science researchers commonly use

archetypical building models as representative samples (Swan
and Ugursal, 2009; Caputo et al., 2013; Reinhart and Cerezo
Davila, 2016). Given the prevalence of detached single-family
homes in U.S. metropolitan areas (US EIA, 2015; US Census
Bureau, 2017), we limited our analysis to this type of building.
In addition, because reliable data on construction properties of
buildings built prior to 1990’s was not available, we focused on
buildings built between 1990 and 2010. By the 1990’s, most city
governments in the U.S. were enforcing building codes. As a
result, the thermal properties of buildings built in this period are
subject to the local energy code at the time. In contrast, for older
buildings, there is no reliable data on envelope properties (e.g.,
insulation level) at the time of their construction, and possible
later retrofits. This seriously limits the ability to create reliable
models of older buildings. Notably, the houses simulated in this
study would provide a conservative estimate of potential utility,
climate, and health benefits, given the relative enhanced energy
performance of newer buildings to older buildings.

With the scope of our analysis defined, we used American
Housing Survey data (US Census Bureau, 2017) and extracted
the number of single-family detached units built in this period
in each of our test cities, and extracted their characteristics from
the census data. For each city, our archetype reflected the most
common number of floors, floor area, basement type, and heating
fuel. Table 1, lists the selected cities, building characteristics of
typical detached single-family homes, as well as climate types.

We used the 1998 version of International Energy
Conservation Code for envelope properties (wall, ceiling,
and floor insulation, as well as window properties) for each
climate zone, and set the roof type (attic space vs. flat roof) based
on archetypes provided by the U.S. Department of Energy (US
DOE, 2019). We followed Building America Housing Simulation
Protocols that sets forth a procedure for creating energy models
of U.S. residential buildings (Wilson et al., 2014). For each city,
in addition to the baseline model, we also created two improved
cases. Our light retrofit case includes common interventions
that are generally affordable and relatively easy to implement.
The deep retrofit case includes measures that are generally
more expensive and require more effort (such as replacing the
windows) (see Table 2 for base and retrofitted properties).

Weather Data
EnergyPlus requires hourly weather data to estimate the
building’s heating, cooling, and lighting demands. When
observed meteorological data is not available, simulated data
has been found to be a reliable option for building energy
simulations (Silvero et al., 2019a). Because of the annual
variations in climate, common practice in building science uses
a Typical Meteorological Year (TMY) which is generated using
an amalgamation of 30 years of data. However, to include the
impacts of climate change, we used morphed, “future” weather
data. Details are available elsewhere (Troup and Fannon, 2016),
but briefly, the data is created by starting with TMY data,
and shifting data based on predictions from Global Circulation
Models (GCM). We used typical weather (from WeatherShift),
predicted using this technique (Troup and Fannon, 2016), for the
years 2025–2045 for our analysis. For further details on TMYdata
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TABLE 1 | Characteristics of typical single family residential buildings in each city.

City Foundation type Heating fuel Number of floors Floor area [m2 (ft2)] ASHRAE

climate zone

Boston Unheated basement Piped gas 2 186 (2,000) 5A (Cool-Humid)

Chicago Heated basement Piped gas 2 177 (1,900) 5A (Cool-Humid)

Dallas Concrete slab Electricity 1 184 (1,980) 3A (Warm-Humid)

Denver Heated basement Piped gas 2 204 (2,200) 5B (Cool-Dry)

Houston Concrete slab Electricity 1 195 (2,100) 2A (Hot-Humid)

Los Angeles Concrete slab Piped gas 1 158 (1,700) 3B (Hot-Dry)

New York Heated basement Piped gas 2 186 (2,000) 4A (Mixed-Humid)

Philadelphia Heated basement Piped gas 2 192 (2,070) 4A (Mixed-Humid)

Phoenix Concrete slab Electricity 1 177 (1,900) 2B (Hot-Dry)

Seattle Crawl space Piped gas 2 186 (2,000) 4C (Mixed-Marine)

TABLE 2 | Characteristics of the model buildings and the improved cases.

Building and site-level Base building Light retrofit Deep retrofit

characteristics values values values

Infiltration, sq cm (sq in) 962 (149) 360–600 (55.8 - 93) 360–600 (55.8 - 93)

Roof Albedo 0.7 0.3 0.3

Overhang, m deep (ft) Not present 0.3 (1) 0.3 (1)

Projection Factor (PF) PF = 0.2 PF = 0.2

Shade Trees, m high (ft) Not present 2.45–6.70 (8–22) 2.45–6.70 (8–22)

Insulation roof R, m2
·K/W (h·ft2·F/BTU) 3.35–6.69 (19–38) 6.69–8.63 (38–49) 6.69–8.63 (38–49)

Insulation walls R, m2
·K/W (h·ft2·F/BTU) 1.94–3.17 (11–18) 1.94–3.17 (11–18) 2.29–3.52 (13–20)

Glazing U, W/m2
·K (BTU/h·ft2·F) 1.99–5.11 (0.35–0.9) 1.99–5.11 (0.35–0.9) 1.70–2.27 (0.3–0.4)

Phase change material Not present Not present Installed

and the morphing technique used to create the weather files we
used, refer to Hall et al. (1978) and Troup and Fannon (2016).

Simulations and Outputs
EnergyPlus directly outputs annual energy demand of the
building by fuel type and end use, as well as hourly indoor
temperature and relative humidity. For each city, we modeled
a baseline and two improved cases (Table 2). Using simulation
best practices (ASHRAE, 2016), we then repeated each simulation
three more times, rotating the building’s orientation 90 degrees
each time and averaging the outputs, to cancel any anomalies due
to a specific solar orientation.

A properly sized and fully functional AC system can
comfortably regulate the temperature of interior spaces at all
times, even under a warming climate. Nevertheless, we were
more interested in scenarios where AC is not functioning. This
can be due to energy poverty, system failure, power outage, or
inability to sense and react to heat (Baniassadi, 2019). Therefore,
we ran each case with and without AC. We used the models
with AC for energy saving calculations and models without
AC for our discussion on indoor heat mitigation potential. In
total, this resulted in 12 simulations for each city. The electricity
and natural gas savings were multiplied by the total number of
residential units (see section Model Buildings) and were then

incorporated into the health and climate benefits analyses (see
Section Benefits of Residential Energy Retrofits).

Benefits of Residential Energy Retrofits
This analysis employs several publicly available tools and follows
similar methodology and model framework as other research
on the topic (Buonocore et al., 2016, 2019; MacNaughton
et al., 2018). We translated energy reductions output from the
building simulations into GHG emission (CO2, CH4, and N2O)
and criteria AP emission (PM2.5, SO2, and NOx) reductions
using the Environmental Protection Agency’s (EPA) Emissions
and Generation Resource Integrated Database (eGRID) which
provided emissions factors for GHG’s and AP’s of interest (US
EPA, 2018). These emissions factors are based on the mass of
each pollutant released for the fuel mix in each sub-region.
For emissions reductions from natural gas (for heating), we
used EPA’s WebFIRE (US EPA) to determine the AP and GHG
emissions factors based on stational, residential fuel combustion
from natural gas.We then determined the quantity of avoided AP
and GHG emissions within each eGRID sub-region (Figure 1).

To estimate the human health damages from AP emissions,
we used Estimating Air Pollution Social Impact Using Regression
(EASIUR) model (Heo and Adams, 2015) as described by
Heo et al. (2016). EASIUR is a reduced complexity model
(RCM) derived from a suite of simulations using a complex
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FIGURE 1 | Map of eGRID sub-regions with each of the 10 cities of interest highlighted.

computational atmospheric chemistry and transport model that
provides estimates of the marginal social cost or marginal
damage ($/metric ton) from emissions of PM2.5, SO2, and NOx

at county-resolution (Heo and Adams, 2015). We evaluated
total nationwide impacts of emissions for each source county,
summarized by state, and assigned average annual health damage
estimates for each eGRID region to each city. We estimated
damages from elevated point sources using $11.2 2017 USD
million as the value of a statistical life (VSL) (Dockins et al.,
2004) and used a concentration-response curve with a slope
of 1.29%/µg/m3, following findings from a meta-analysis of 53
research articles on the association between PM2.5 and mortality
(Vodonos et al., 2018) as our estimate of the relationship between
ambient PM2.5 concentrations and increased mortality risk.

We used the social cost of carbon (SCC) to evaluate the
average health damage estimates from CO2 emissions. The SCC
is a monetary measure of the long-term damages that result
from emitting CO2 within a given year (US EPA, 2016). We
also used the social cost of atmospheric release (SCAR) to
evaluate the average health damage estimates from CH4 and
N2O emissions. These values were adjusted for inflation to 2019
US dollars (USD), resulting in a SCC of $39.17/ton of CO2

($11.97/ton–$114.24/ton), $14,143.64/ton of N2O ($3,046.32–
$38,079.03), and $1,087.97/ton of CH4 ($489.59–$3,046.32).
Low-range estimates assumed a 5% discount rate, mid-range
estimates assumed a 3% discount rate, and high-range estimates
account for a high-impact scenario with a 3% discount rate (US
EPA, 2010, 2016). Results are reported as the total climate and
health benefits from avoided GHG and AP emissions in January
2016 USD.

The average price of electricity for residential uses was
determined for each state for January 2016 (US EIA, 2016), as
well as the annual price of natural gas for each state in 2016

(US EIA, 2020), both available from the US Energy Information
Administration. The total utility savings from light and deep
retrofits were calculated based on the total MWh of on-site
electricity and therms of natural gas reduced.

Costs of Residential Energy Retrofits
We estimated the costs of the building and site-level retrofits
using several sources. We used 2011 RSMeans Construction Cost
Data for the assemblies and unit price sample estimates of several
interventions: caulking/sealing the windows (air infiltration),
installing window overhangs, planting trees, and adding wall
and roof insulation. We referred to a guideline by the U.S.
DOE (Urban and Roth, 2010) for the cost of increasing roof
albedo of an existing non-cool roof. For glazing costs, we used
the National Residential Efficiency Measures Database (Roberts,
2012), which is also referred to in the U.S. DOE guideline for the
selection of energy-efficient windows (Carmody and Haglund,
2012). The cost of the microencapsulated phase change materials
was provided by regional distributors. All costs were adjusted for
inflation to 2016 USD.

To account for the accrued benefits of the interventions
over time, we calculated their simple payback periods, measured
in years, and their net present values (NPVs), quantified in
US dollars (2016 USD). These are financial metrics that help
determine the profitability of an investment or project. The
simple payback period refers to the amount of time that it takes
to recover the cost of an investment. The NPV is the difference
between the initial cost and the annual savings over the useful
life of the project converted to a single present value. The latter
is a more sophisticated measurement, since it factors in the
time value of money. If the NPV is positive, the intervention
is considered profitable over the project time frame. A 30-years
period and a discount rate of 3% were assumed.
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TABLE 3 | Simulated indoor temperatures [◦ Celsius] (without AC) under light and deep retrofits by city.

Daily maximum temperature [◦ Celsius] Daily mean temperature [◦ Celsius]

City Base Light Deep Base Light Deep

building retrofits retrofits building retrofits retrofits

Boston, MA 36.8 33.3 27.8 25.3 24.5 25.00

Chicago, IL 36.2 32.9 29.6 27.2 26.2 26.4

Dallas, TX 42.8 39.7 35.9 31.9 31.0 30.5

Denver, CO 37.3 31.8 28.8 27.7 26.4 26.7

Houston, TX 42.1 39.0 35.1 31.3 30.6 30.2

Los Angeles, CA 31.5 28.3 27.2 26.2 25.5 25.5

New York, NY 35.3 32.4 30.7 27.5 26.7 26.8

Philadelphia, PA 37.4 33.3 30.0 27.7 26.7 26.9

Phoenix, AZ 47.9 44.8 41.1 37.9 36.5 35.5

Seattle, WA 33.7 29.2 26.5 23.9 22.5 23.1

RESULTS

Building Simulations
On average, there was 3.6◦C (range: 3.0–5.5◦C) reduction in daily
maximum temperature (over the entire summer) from baseline
under light retrofit scenarios, and a 6.8◦C (range: 4.3◦F−8.9◦C)
reduction under deep retrofit scenarios (Table 3). The amount
of reduction in indoor temperature varied with climate, with
the greatest reduction in indoor maximum temperature found
in Denver, CO under light retrofits and Philadelphia, PA under
deep retrofits, as compared to the base building, while New York,
NY (light retrofits) and Los Angeles, CA (deep retrofits) had
the least reduction. Both light and deep retrofits were found
to mitigate daily maximum temperature more than daily mean
temperature indoors.

Figure 2 lists the cumulative electricity savings (Figure 2A)
and natural gas savings (Figure 2B) by city. Across these cities
alone, there is upwards of 14.9 million MWh in electricity and
982.5 million therms in natural gas savings possible with these
residential heat adaptation retrofits in this subset (built in 1990–
2010) of single-family homes. These buildings represent 13–49%
of single-family residential buildings in these cities.

The electricity reductions vary significantly across different
eGRID sub-regions, largely due to the baseline energy intensity of
single-family homes, difference in envelope properties, structure
type, and heating fuel (electricity vs. natural gas), as well as the
differences in climate. The three cities with the greatest potential
regional electricity savings are Dallas, TX, Houston, TX, and
Phoenix, AZ, which are the hottest cities in this analysis. Boston,
MA, Seattle, WA, and Denver, CO were estimated to have the
least electricity savings. Of those cities that utilize natural gas for
heating, Chicago, IL, New York, NY, and Philadelphia, PA had
the greatest reductions in natural gas.

Benefits of Residential Energy Retrofits
Under light and deep heat adaptation retrofits, we found a total
mid-range estimate of $1.57 billion (low-range estimate, $1.41–
high-range estimate, $2.01 billion) and $2.26 billion ($2.01–
$2.95 billion) in total annual benefits (climate, health, and
utility), respectively.

Utility Savings
There was a total of $1.10 billion and $1.57 billion in direct
savings from avoided utility costs under light and heavy retrofits,
respectively. This resulted in an average savings of $110.4 million
(light retrofits) or $156.5 million (deep retrofits) per city. Direct
benefits from utility savings accounted for ∼77% of possible
benefits on average under either retrofit scenario. Chicago, IL,
Dallas, TX, Houston, TX, and New York, NY experiencing
the greatest magnitude of utility savings. Since many of the
building retrofits reduce both heating and cooling costs the
financial returns tended to be greatest in harsh cold climates
and least in climates with warm winters, such as Los Angeles
and Phoenix. In addition, utility savings tended to be greater
in cities with electric, not natural gas, heating, such as Dallas
and Houston.

Climate and Health Benefits
Climate-change-related benefits of residential heat adaptation
retrofits result from reductions in GHG emissions. Health
benefits accruing from these avoided GHG emissions as
well as decreased emissions of criteria APs. These indirect
benefits consisted of ∼23% of all calculated benefits. There
was an average of $46.3 million and $69.3 million in climate
and health benefits per city under light and deep retrofits,
respectively. These cities would accumulate ∼$462.9 million
($309.3–$909.9 million) in annual climate and health benefits
under light retrofits in single-family homes built from 1990
to 2010 (Figure 3). Under deep retrofits in these same
buildings, ∼$692.8 million ($442.6 million–$1.39 billion) in
climate and health benefits would be possible (Figure 3). These
climate and health benefits are largely due to the removal
of 5.7 billion tons of CO2 (8.8 billion tons of CO2 under
deep retrofits) from the atmosphere, and the reduction of
8,400 tons of health-harmful APs (13,00 tons of APs under
deep retrofits).

The majority of differences in climate and health benefits is
driven by differences in climate and the electricity grid, such that
those regions that are hotter or with more polluting and carbon-
intensive grids (i.e., generally those with more coal) have greater
climate and health benefits that would result from these heat
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FIGURE 2 | (A) Modeled electricity (million MWh) and (B) natural gas (million therms) savings for each of the 10 US cities simulated with light (relatively easy) vs. deep

(more difficult) heat adaptation retrofits of single-family detached homes built from 1990 to 2010. In Phoenix, Dallas, and Houston, our archetypical building model had

electric resistant heating instead of a natural gas furnace or boiler.

FIGURE 3 | Total estimated climate and health benefits (million 2016 USD) from light (white) or deep (gray) heat adaptation retrofits applied to detached single-family

residential buildings built from 1990 to 2010. Error bars indicate low- and high-range estimates.
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FIGURE 4 | Total estimated benefits (climate, health, and utility) (million 2016 USD) from light (white) or deep (gray) heat adaptation retrofits applied to detached

single-family residential buildings built from 1990 to 2010. Error bars indicate low- and high-range estimates.

adaptation retrofits. Under scenarios with light retrofits, Dallas,
TX ($145.9 million), Houston, TX ($104.5 million), and Chicago,
IL ($69.4 million) were estimated to have the greatest amount
of climate and health benefits (Figure 3). Under deep retrofits,
Dallas, TX ($250.3 million), Houston, TX ($175.3 million), and
Phoenix, AZ ($96.8 million) had the greatest climate and health
benefits; these same cities had the greatest electricity reductions.
While Chicago, IL did not have the largest energy reductions
from the light or deep retrofitting, it did have large savings from
reductions in natural gas demand and also has a dirtier electricity
grid. Boston, MA had the least amount of climate and health
benefits under either retrofit scenario (light: $3.28 million; deep:
$3.51 million).

Total Benefits
When considering both direct benefits from utility savings
and indirect savings from climate and health benefits under
these retrofit scenarios, Dallas, TX (light: $350.5 million; deep:
$601.4 million), Houston, TX (light: $251.1 million; deep:
$421.2 million), and Chicago, IL (light: $214.2 million; deep:
$229.5 million) accrued the greatest magnitude of benefits.
Denver, CO (light: $74.9 million; deep: $68.9 million), Los
Angeles, CA (light: $53.7 million; deep: $87.4 million) and
Seattle, WA (light: $54.1 million; deep: $77.6 million) had

the least amount of total benefits (Figure 4). On average, the
climate and health benefits were equivalent to 42.1% (light)
and 44.1% (deep) the value of the utility savings (Figure 5).
Under either retrofit scenario, the climate and health benefits
accrued as a percentage of utility savings were largest in Dallas,
TX and Houston, TX and were smallest in Boston, MA and
Seattle, WA.

On average, there were $205.3 million (range: $180.4
million- $274.3 million) in total benefits per MWh of
energy reduced. The greatest total benefits per unit energy
savings were in Chicago, IL ($281.1 million/MWh) and
Philadelphia, PA ($243.1 million/MWh), with the least in
Phoenix, AZ ($171.2 million/MWh) and Seattle, WA ($136.2
million/MWh). There were $73.5 million in climate and
health benefits per MWh of energy saved. The greatest
climate and health benefits per the amount of energy reduced
from implementing these heat-adaptation retrofit strategies
in 1990–2010 single family detached homes occurred in the
cities with the dirtiest energy mixes: Chicago, IL ($166.9
million/MWh) and Philadelphia, PA ($104.4 million/MWh).
The cities with cleaner electricity grids, Los Angeles, CA
($37.1 million/MWh) and New York, NY ($39.4 million/MWh),
had the least climate and health benefits per MWh saved
(Figure 6).
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FIGURE 5 | Total estimated climate and health (gray) or utility (white) benefits (million 2016 USD) under light (top) or deep (bottom) heat adaptation retrofits applied to

detached single-family residential buildings built from 1990 to 2010.

When comparing the benefits in respect to the simulated
energy reductions and number of single-family detached homes
built from 1990 to 2010 (Figure 7), trends emerge between cities.
A positive trend is evident when comparing the benefits/MWh
reduced per home and the amount of energy reduced per home
(Figure 7), with the greatest electricity savings and benefits per
home inDallas, TX, Houston, TX, and Philadelphia, PA. Phoenix,
AZ had moderate electricity savings and benefits per housing
unit, while Seattle, WA had the least.

Costs of Residential Energy Retrofits
Table 4 lists the total costs of both light and deep retrofit
interventions. It is important to consider these benefits in the

context of the cost of these interventions. In the full residential
stock of single-family detached homes built from 1990 to 2010
that were simulated in this study, we estimate the light and
deep retrofits would cost $25.09 billion and $212.65 billion,
respectively. The total costs of these retrofit strategies are 16
and 94 times larger than the annual accrued climate, health,
and utility benefits of these retrofit strategies, for light and deep
retrofits, respectively. The costs of the light retrofits exceed the
annual utility savings by 23 times and the regional annual climate
and health benefits by 54 times.

For all cities, the cost estimates of these strategies range from
∼$5,100–$8,600 per unit for light retrofits and $52,000–$67,000
per unit for deep retrofits for the single-family detached homes
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FIGURE 6 | Total climate and health (gray) and utility savings (white) benefits per MWh (2016 USD/MWh) of energy reduced from heat adaptation retrofits applied to

detached single-family homes built from 1990 to 2010.

that were simulated. Under either retrofit strategy, Philadelphia,
PA accrues the most total benefits per housing unit with the
cheapest retrofit cost. Boston, MA also demonstrated moderate
benefits per housing unit for a relatively cheaper cost. Under the
current modeling assumptions, this housing archetype represents
the fewest number of units in Boston, MA. While Dallas, TX
and Houston, TX experienced large benefits per housing unit,
the average cost was more expensive. In the other cities that were
analyzed, the association between the total benefits per and the
cost of retrofits vary more widely (Figure 8).

We assessed the payback periods and NPVs of these
interventions for light and deep retrofits twice. First, we included
the utility savings only, and second, we considered the total
savings (utility, climate, and health) (Table 5). When all savings
are included, light retrofits have payback periods ranging from
6 to 40 years, with an average of 18.5 years, and have an
average total benefit of $2,128 per house across all 10 cities
over the 30-years period. Accounting for either all savings, or
only utility savings, can have a substantial impact on these
metrics. This impact can be especially large in certain cases.
For example, the utility-only payback periods for light retrofits

of houses in Dallas, TX and Houston, TX are 26 years and
32 years, respectively. When climate and health savings are
included, these payback periods decrease to almost half (15 and
19 years, respectively). In contrast to light retrofits, deep retrofits
are not economically attractive, with long payback periods and
negative NPVs.

DISCUSSION

In this study, energy reductions within single-family detached
homes built from 1990 to 2010 were simulated across 10U.S.
cities, which allows us to estimate the resulting health
and climate benefits. We estimate that the simulated heat
adaptation retrofits in this subset of residential buildings
have the potential to yield $1.57 billion ($1.41–$2.01 billion)
or ∼$2.26 billion ($2.01 –$2.95 billion) in total annual
benefits that result from light or deep retrofits, respectively.
Utility savings comprise about 77% of these benefits, and
are responsible for $1.10 billion of the total benefits under
light retrofits and $1.57 billion under deep retrofits. Indirect
regional benefits to climate and health, from avoided health
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FIGURE 7 | Total electricity savings per single-family detached home (1990 to 2010) and total benefits per MWh of electricity reduced from heat adaptation retrofits

2010.

harmful AP and GHG emissions would contribute $462.9
million ($301.3–$909.9 million) in annual benefits under light
retrofits and $692.8 million ($442.6–$1.39 billion) under deep
retrofits. Climate and health benefits were equivalent to 42.1%
(light) and 44.1% (deep) the value of the utility savings
on average.

To fully understand the economic implications of the heat
adaptation retrofits, we factored in the initial investment costs
of the interventions. If all savings (utility, health, and climate)
are included in the analysis, light retrofits yield an average
total benefit of $2,128 per house across all 10 cities over a 30-
years period, with an average payback period of 18.5 years.
Notably, a revised list of retrofit options, i.e., one that eliminates
some of the least profitable investments, could be chosen for
each city to improve the financial returns. However, the list
of retrofits studied here, serves the purpose of allowing us to
compare direct and indirect benefits. It is important to note
that accounting for either all savings, or for utility savings only,
can considerably impact these results. For instance, the payback
period of light retrofits decreases from an average of 25–18.5

years when all savings are included. Deep retrofits have much
longer payback periods and are not attractive from a strictly
financial standpoint.

In recent decades, governments, building designers, and
homeowners have paid particular attention to reducing energy
demands of buildings. Because of its focus on reducing energy
consumption for utility savings, much of this work has been
classified as climate change mitigation since it reduces energy
consumption and resulting AP and GHG emissions from
electricity generation, rather than climate change adaptation.
However, climate change adaptation solutions, like retrofits to
residential buildings to mitigate extreme heat, can also result
in reductions in energy demand. These reductions have direct
benefits to landlords, homeowners, and residential occupants
through reduced utility costs.

Given that many people in the U.S. spend a large majority
of their time at home, residential buildings play a significant
role in enhancing resilience and preparedness to extreme
heat events and safeguarding the occupants during harmful
heat events. To date, residential buildings in the U.S. have
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TABLE 4 | Estimated costs (2016 USD) of light and deep retrofits for single family detached homes built from 1990 to 2010 for city.

City Retrofit cost per house Number of houses (thousands) Total retrofit costs

Light Deep Light Deep

Boston, MA $5,228 $53,971 131 $684,886,000 $7,070,200,000

Chicago, IL $5,116 $52,539 413 $2,113,106,000 $21,698,595,000

Dallas, TX $8,212 $64,287 645 $5,296,824,000 $41,465,392,000

Denver, CO $5,474 $56,324 213 $1,166,011,000 $11,996,989,000

Houston, TX $8,607 $62,077 543 $4,673,362,000 $33,707,616,000

Los Angeles, CA $7,529 $59,492 285 $2,145,642,000 $16,955,166,000

New York, NY $5,140 $53,127 366 $1,881,156,000 $19,444,350,000

Philadelphia, PA $5,290 $55,065 214 $1,132,150,000 $11,783,991,000

Phoenix, AZ $8,033 $58,137 560 $4,498,614,000 $32,556,474,000

Seattle, WA $6,343 $67,394 237 $1,503,215,000 $15,972,302,000

Total 3,607 $25,094,967,000 $212,651,074,000

FIGURE 8 | Total annual cost (2016 USD) of deep (top) and light (bottom) heat adaptation retrofits per single-family detached housing unit (1990–2010) and total

benefits (climate, health, and utility savings) from heat adaptation retrofits per detached single-family homes built from 1990–2010.
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TABLE 5 | Simple Payback (years) and Net Present Value (2016 USD) of light and deep retrofits for single family detached homes built from 1990 to 2010 for city,

considering the utility savings only, or the total savings (utility, climate, and health).

City Simple payback in years Net present value in 2016 USD

Utility savings Total savings Utility savings Total savings

per home per home per home per home

[Utility, climate, and health] [Utility, climate, and health]

Light Deep Light Deep Light Deep Light Deep

Boston, MA 10 92 9 88 $5,280 ($42,526) $5,772 ($42,001)

Chicago, IL 15 138 10 95 $1,753 ($45,083) $5,049 ($41,648)

Dallas, TX 26 118 15 69 ($1,993) ($53,618) $2,440 ($46,012)

Denver, CO 22 208 17 160 ($642) ($51,015) $862 ($49,432)

Houston, TX 32 137 19 80 ($3,316) ($53,200) $456 ($46,872)

Los Angeles, CA 47 227 40 194 ($4,398) ($54,365) ($3,835) ($53,483)

New York, NY 12 103 11 95 $3,204 ($43,007) $3,975 ($42,211)

Philadelphia, PA 8 70 6 56 $7,367 ($39,742) $11,197 ($35,814)

Phoenix, AZ 47 188 30 120 ($4,682) ($52,073) ($2,772) ($48,615)

Seattle, WA 30 219 28 206 ($2,233) ($61,368) ($1,866) ($60,977)

A 30-years time period and 3% discount rate were assumed.

primarily relied upon increasing mechanical cooling to improve
thermal comfort during extreme heat events. There is a large
suite of adaptation interventions and retrofits that would
reduce indoor temperatures and reduce energy demand. These
climate change adaptation retrofits, like those simulated within
this paper, result in regional climate and health benefits
accrued from reductions in GHG and AP emissions generated
through energy production (Buonocore et al., 2016, 2019;
MacNaughton et al., 2018). These indirect benefits to climate
and health are not widely considered in the planning and
implementation of climate change adaptation strategies. We
aimed to demonstrate in this paper the magnitude of potential
utility savings and climate and health benefits of potential
heat adaptation solutions. These benefits should be considered
in heat adaptation planning and may make some retrofit
options more financially appealing to designers, occupants, and
other decision-makers.

Utility benefits varied by city, but were driven by the simulated
energy reductions, the proportion of the local housing stock
represented by the simulated building archetype used in this
study, and the cost of electricity and natural gas in each
city. On average, the direct benefits from utility savings were
2.38 (light retrofits) or 2.27 (deep retrofits) times greater than
the indirect benefits from climate and health improvements.
Climate-change-related benefits of residential heat adaptation
retrofits result from reductions in GHG emissions, with health
benefits accruing from these avoided climate emissions as well
as decreased emissions of criteria APs. These indirect benefits
consisted of ∼42–44% of all calculated benefits. There was an
average of $46.3 million and $69.3 million in climate and health
benefits per city under light and deep retrofits, respectively,
and were due to the removal of 5.7–8.8 billion tons of CO2

from the atmosphere, and the reduction of 8,400–13,000 tons of
health-harmful APs.

The magnitude of climate and health benefits varied by
city and were largely driven by differences in energy mixes,
with “dirtier” grids like those comprised of more fossil fuels,
resulting in more climate and health benefits under the same
retrofit scenarios. With these dirtier energy mixes, reductions
in electricity demand can displace the combustion of coal or
oil, which prevents more GHG or AP from being released into
the atmosphere compared to a region with a cleaner energy
mix (e.g., more renewable energy). Further, those regions that
are hotter also saw greater climate and health benefits under
these heat adaptation retrofits, due to a greater reduction in
energy demand on hotter days and most cities utilizing electric
heat. Cities like Dallas, TX, Houston, TX, Phoenix, AZ, and
Chicago, IL had the greatest amount of climate and health
benefits. Philadelphia, PA had a moderate amount of benefits
per home with relatively cheaper cost of retrofit. These cities,
which make up the hottest cities and the regions in the U.S. with
the dirtiest energy mixes, suggest locations where a balance of
residential energy savings, total benefits, and cost of retrofit may
be maximized.

Health Benefits of Indoor Temperature
Reductions
Our results show that these indirect climate and health benefits
are large, since we selected a concentration-response function
that is much lower than most other studies on air pollution and
mortality risk. In addition to the climate and health benefits that
result from energy reductions, significant benefits would also
result from reducing indoor temperature in single-family homes
as residential buildings become more resilient to extremely hot
weather and reduce exposure to dangerous and health-harmful
temperatures. In the absence of a functional AC, we estimated
a 3.0–5.5◦C and 4.3–8.9◦C maximum indoor temperature
reduction under light and deep retrofit scenarios, respectively.
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We are unable to quantify these additional health benefits from
reduced indoor temperatures, which are not included in our
estimates. However, there is expansive research, discussed below,
demonstrating that the large health benefits that are possible for
occupants with these heat adaptation interventions.

Despite the vast amount of literature available on heat
and health using ambient temperatures, few epidemiological
studies have examined indoor temperatures and their impact
on mortality, morbidity, and thermal health outcomes. Here,
we briefly summarize some relevant results of epidemiological
literature that have demonstrated associations between indoor
temperature and these health outcomes to put the estimated
indoor temperature reductions from these heat adaptation
retrofits into context and demonstrate additional potential health
benefits that are possible from cooler indoor environments.

A recent epidemiological study in Texas that utilizedmortality
data with simulations of summertime indoor heat at the census
block group level found 1.18 and 1.27 times the odds of mortality
per 5◦C increase in same-day maximum indoor discomfort
index for heat- and circulatory-related disease, respectively, in
Houston (Baniassadi, 2019; Wilhelmi et al., 2020). For a 5◦C
increase in same-day indoor maximum temperature, there was
1.11 times the odds of heat-related mortality, and 1.18 times
the odds of circulatory-related mortality with a 5◦C increase
in maximum indoor discomfort index in Houston (Wilhelmi
et al., 2020). High indoor temperatures have also been associated
with morbidity and declines in sleep and cognitive function. In
young, healthy adults in the greater Boston, MA area, researchers
found a 2.74-min decrease in total sleep duration and a 16–24ms
increase in reaction time on validated cognitive tests for each
1◦C increase in overnight indoor temperatures (Cedeño Laurent
et al., 2018), as well as more disrupted sleep for each 5◦C increase
in overnight indoor mean temperatures in older adults living in
public housing in the same city (Williams et al., 2019). As indoor
temperatures increased from 22.6 to 25◦C in a nursing home,
agitation in dementia patients increased (Tartarini et al., 2017).
Finally, there has been a 43% (15%) increase in medical distress
responses from respiratory disease (cardiovascular disease) as
indoor heat index exceeded 26◦C, as well as findings that both
diastolic and systolic blood pressure can significantly increase as
indoor or outdoor temperatures increase (Kim et al., 2012; Uejio
et al., 2016).

Energy saving adaptations that also result in indoor
temperature reductions can be associated with a wide range
of health benefits to residents that should be factored into the
decisions to implement residential adaptation strategies. For
example, Alam et al. (2016) modeled the correlation between
housing energy rating and heat-related mortality in Melbourne;
these researchers found that if the entire existing housing stock
that currently has low energy rates were upgraded to a 5.4
minimum energy star rating, the mortality rate from an event
similar to a 2009 severe heatwave may decrease by 90% (Alam
et al., 2016). A recent study in the United Kingdom found that
by applying external shutters, energy consumption is reduced,
and heat mortality has the potential to decrease 37–43% (Taylor
et al., 2018). Research in Paraguay showed that while climate
change will result in increased temperatures that lead to greater

discomfort among building occupants, energy refurbishment
measures can mitigate the impact and should therefore be
incorporated into building codes (Silvero et al., 2019b). These
studies show how these adaptation strategies to combat extreme
heat exposures, like those simulated within this study, result in
significant energy savings, as well as benefits to public health by
reducing heat exposure for occupants.

Implementing heat adaptation strategies has potential to
contribute to a beneficial positive feedback, reducing energy
and temperatures indoors, which reduces the amount of cooling
needed, reducing future energy use and AC-related waste heat
to the environment (which then also cools urban temperatures)
(Kikegawa et al., 2003; Hsieh et al., 2007; Salamanca et al.,
2014). The figures presented in this study are therefore likely
underestimates of true magnitude of climate and health benefits
that are possible, as reduced waste-heat has not been factored into
these analyses.

While knowledge gaps still exist from a lack of comprehensive
epidemiological associations between indoor temperature
exposures and health impacts, these studies provide evidence
that significant health benefits are likely to result from lower
indoor temperatures at magnitudes like those temperature
reductions, 3.0–5.5◦C under light retrofits and 4.3–8.9◦C
under deep retrofits, demonstrated here. The reduced indoor
temperatures estimated from light and/or deep retrofits would
provide significant public health benefits, although we are
unable to quantify the exact magnitude of those benefits within
this analysis.

Limitations
There are some limitations of these analyses. In particular, we
used single archetypes to represent an average house. In future,
this can be improved by increasing the number of archetypes
per city. However, a key barrier remains explicit data. For
example, data in AmericanHousing Survey or Residential Energy
Consumption Surveys do not come in the form of bi- or tri-
variable tables. Regarding the emissions avoided, eGRID models
emissions reductions and associated benefits from the primary
fuel type displaced on average, not the actual fuel mix that is
displaced. Therefore, if an individual power plant is co-fired
by both gas and coal and uses less gas in response to decrease
electrical demand rather than the average fuel mix, this is not
reflected in ourmodeling. Further, the climate and health benefits
presented here do not include full lifecycle emissions from energy
source generation (e.g., mining, fracking), which contribute a
significant number of health impacts for some fuels, like coal
(Epstein et al., 2011) or natural gas (McKenzie et al., 2012; Adgate
et al., 2014).

Another limitation to consider is that the cost estimates of
these retrofits include market cost only. They do not include
the environmental costs of production or transportation, and
these additional impacts of these retrofit interventions should
be included in the planning and implementation of widespread
retrofit solutions. The climate and health damages and utility
prices used within these analyses are from January 2016,
to provide internal consistency with the other simulations
and estimates throughout the analyses. However, these prices
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are location and time dependent. The time, season, location
of consumption reductions may result in different energy
displacement scenarios, and to account for this, annual averages
are used throughout. Further, as the electricity grid changes, the
benefits of reducing consumption, like the energy reductions
shown herein, will likely reduce as the grid becomes less carbon
intensive (i.e., through the deployment of more renewables).

As this analysis focused on single family detached homes
built from 1990 to 2010, there are many single-family homes
not included in our building simulations and attendant results.
Arguably, the single-family buildings modeled in this study were
built to with the best energy efficient of all single-family homes to
date. Thus, the potential previously unaccounted for climate and
health benefits estimated here are likely a conservative estimate
and exceed these values.

For the payback period calculations, other retrofit options
that are more financially attractive could have been chosen.
For example, less aggressive levels of insulation may be more
cost-effective in the mild and warm climates. Further, these
calculations don’t account for all of the benefits accrued from
mitigating GHG or the health impacts of extreme heat. However,
these estimates allow us to compare the magnitude of direct
and indirect climate and health benefits, which should be
incorporated into adaptation planning to enhance the heat
resilience of the residential housing stock.

CONCLUSION

As the frequency and severity of extreme heat increases with
global climate change, residential buildings play a key role
in climate change adaptation, as they provide a point of
intervention to mitigate high indoor temperatures and heat-
related public health impacts. However, these residential heat
adaptation interventions had not been fully evaluated for their
potential energy, climate, and health benefits, but were found to
yield $1.57 billion ($1.04–$2.01 billion) in total utility, climate,
and health benefits under light retrofit and $2.26 billion ($2.01–
$2.95 billion) under heavy retrofit scenarios in 10U.S. cities. The

climate and health benefits may account for an additional 42–
44% of the direct utility savings, on average. While deep retrofits
were not found to be financially profitable, light retrofits had an
average payback period as low as 6 years when accounting for all
benefits, with an average economic benefit of $2,128 per house
across all 10 cities. These direct and indirect benefits should be
considered in heat adaptation planning for residential buildings,
especially at the policy-level, and may make some retrofit
options more financially appealing to designers, occupants, and
other decision-makers.
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