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Abstract
In theUS,more than 80%of fatal cases of heat exposure are reported in urban areas. Notably, indoor
exposure is implicated in nearly half of such cases, and lack of functioning air conditioning (AC) is the
predominant cause of overheating. For residents with limited capacity to purchase,maintain, and
operate anAC system, or during summertime power outages, the ability of buildings tomaintain safe
thermal conditionswithoutmechanical cooling is the primary protective factor against heat. In this
paper, we usewhole-building energy simulations to compare indoor air temperature inside
archetypical single-family residential buildingswithout AC at the start andmiddle of the century in
eightUS cities.We ran themodels using hourly output from10 year regional climate simulations that
explicitly include heating frommid-century projections of urban development and climate change
under a ‘business-as-usual’ emissions scenario.Moreover, to identify the impacts from evolving
construction practices, we compare different versions of building energy standards. Our analysis
shows that summertime overheat timemay increase by up to 25%by themiddle of century.Moreover,
wefind that, while newer building energy codes reduce thermal comfort undermoderate outdoor
weather, they performbetter under extreme heat.

1. Introduction

Documented negative health impacts of acute and
prolonged exposure to heat include, but are not
limited to, reduced cognitive performance (Simmons
et al 2008), heat stroke, exhaustion, and syncope (Dixit
et al 1997), cardiovascular and respiratory problems
(Pantavou et al 2011, Pyrgou and Santamouris 2018),
and reduced sleep quality (Obradovich et al 2017).
Under extreme scenarios, heat can result in severe
permanent damage to organ systems (Dematte et al
1998) and death (CDC 2017). The US Center for
Diseases Control and Prevention identifies heat as the
underlying cause of death in more than 8000 cases
from 1999 to 2010 in the USWhile indoor exposure to
heat is generally associated with more than 40% of all
heat-related deaths (MCDPH 2016, NWS 2016), dur-
ing extreme events, it is implicated in 50%–80% of
mortality cases (Fouillet et al 2006, Cadot et al 2007).

In almost all of these cases, lack of functioning
mechanical cooling is reported as the cause of
exposure to fatal levels of heat (Fraser et al 2016,
MCDPH 2016). Summertime power outages, lack of
an air conditioning (AC) system (e.g. in climates that
generally do not require it), or limited financial
resources to maintain and operate the system are
typical causes of indoor overheating. Physical and
psychological limitations to properly run and main-
tain the AC system are the other documented causes of
indoor overheating (Hondula et al 2015). Because of
these implications, part of the building science litera-
ture is dedicated to passive survivability of buildings
(the ability tomaintain safe indoor thermal conditions
in the absence of functional AC). The ongoing shift in
residential construction practices toward lighter
wood-frame buildings with increased window area,
evolving energy efficiency codes (Baniassadi et al
2018a, Sailor et al 2019), urban development in
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harsher climates such as southwest US (Arsenault
1984), warming of urban climates (Mirzaei et al 2012,
Mirzaei et al 2015, Mitchell and Chakraborty 2015),
and climate change (Rodrigues et al 2013, Dosio et al
2018) are key drivers of this line of research. Despite
the significant differences in building and climate
characteristics investigated in these studies, their
findings can be summarized as follows. First, in
climates with high AC prevalence (e.g. Phoenix, AZ)
passive survivability of typical residential buildings is
poor even under current climates (Nahlik et al 2016,
Baniassadi and Sailor 2018). This is attributed to the
AC technology itself, which discourages climate-
adaptive architecture, and facilitates urban develop-
ment in harsh climates (Arsenault 1984). Second,
unexpected heatwaves in cold climates with low AC
prevalence (such as northern Europe or Northwest
US) can cause extreme indoor overheating in typical
residential buildings (Mavrogianni et al 2012, Pathan
et al 2017). Third, the impact of stringent building
energy code requirements (e.g. increase in insulation
and airtightness) on passive survivability is dependent
on the underlying climate, and can potentially be
negative (Alam et al 2016, Baniassadi et al 2018a). For
example, there is evidence suggesting that regulations
in colder European climates increase overheating
inside residential buildings during summer (McLeod
et al 2013, Ren et al 2014, Pyrgou et al 2017). Finally, a
combination of urban warming (Oikonomou et al
2012) and climate change (Mavrogianni et al 2012) is
expected to increase indoor exposure to extreme heat
in the absence of functioning AC. Despite prior
research efforts, there are two important research gaps
in the existing literature.

The first gap is the limited knowledge on passive
survivability of residential buildings in the US. This is
probably due to the fact that more than 87% of resi-
dential buildings in this country have some type of AC
(EIA 2015), with a higher saturation in hot climates.
Nevertheless, as explained earlier, the mere existence
of an AC system does not guarantee its proper opera-
tion. For example, in Maricopa County, Arizona, 61
(40%) of the 154 heat-related deaths in 2016 were
associated with an indoor place of injury, with an AC
system present in 85% of them. However, in almost all
cases, the system was not functioning due to a system
failure (67%) or lack of power (10%). In the rest of the
cases (23%), the AC was intentionally turned off
because of psychological and economic factors
(MCDPH 2016). This is also supported by survey stu-
dies (Hayden et al 2011, Hayden et al 2017) that show a
considerable portion of population in hot climates
(such as Phoenix, AZ or Houston, TX) report feeling
‘too hot’ inside their homes and/or have heat-related
symptoms despite the presence of an AC system. In
these surveys, limited financial resources to repair a
broken system or pay the electricity bill was implicated
as a major factor. In addition to these socio-economic
barriers to using AC, there is the risk of large-scale

summertime power outages (Nahlik et al 2016,
Moslehi and Reddy 2018, Sailor et al 2019) that are
projected to increase due to climate change (Panteli
and Mancarella 2015, Bartos et al 2016, van Vliet et al
2016, Burillo et al 2017) as well as the increasing vul-
nerability of energy grids to hacking and cyber-attacks
(Xiang et al 2017). The other important factor that
makes US an interesting case for this type of study is
the population ageing. It is well-documented that age
negatively impacts physiological response to heat in
addition to reducing the ability to sense heat and take
adaptivemeasures (e.g. opening the windows)(Kenney
et al 2014, Kenny et al 2018). On the other hand, it is
projected that by mid-century, the fraction of people
65 and older in the US will increase by around 7%
(from the baseline of 13.7% in 2012) (Ortman et al
2014). Hence, it can be inferred that even in the
absence of other factors (such as climate change or
improved resiliency of communities), the US popula-
tion will become more vulnerable to heat by the mid-
century.

The second (and more important) limitation in
the published literature is that studies on future over-
heating risks often do not use reliable climate projec-
tions and do not include the impacts from local effects.
The reason is that future weather data is often
obtained using the ‘morphing’ approach, which
neglects the impacts of urban inducedwarming, urban
morphology, and assumes the same hourly profiles as
the historic records (Sailor 2014). Moreover, many of
these studies are limited to snapshot years, whereas
recorded and projected data suggest that seasonal
temperature variations between consecutive years
could be of similar magnitude to long term climate
trends (Krayenhoff et al 2018).

In this study, we address these research gaps and
investigate passive survivability of residential build-
ings under a changing urban climate in eight US cities.
We used whole-building Energy models driven by
output from an urbanized regional climate model to
capture the effect of urban expansion and climate
change on indoor air temperature in archetypical
buildings without functional AC. Our results use an
urbanized atmospheric model with explicit inclusion
of projected urban development as well as dyna-
mical downscaling of projected future climate. This
approach represents the state-of-the-art in terms of
assessment of interaction between projected future
atmospheric conditions and local urban thermal
impacts, including interaction between urban devel-
opment and climate change and associated heatwaves.
Because the area of a grid cell is approximately
25 times smaller in our simulations compared to a
GCM, the atmospheric conditions forcing the urban
temperature in each urban grid cell are more realistic
compared to those in GCM modeling of projected
future urban climates. To avoid focusing on a single
outlier year, we ran simulations for continuous 10 year
periods. In addition, we considered different versions
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of building energy efficiency codes to identify how
evolving building regulations in different US climates
may affect passive survivability of buildings.

2.Materials andmethods

We ran decadal simulations of thermal conditions
inside archetypical residential buildings without func-
tional AC for the start and middle century in eight
cities (representing eight ASHRAE climate zones). For
each city examined, we simulated buildings compliant
to 2003 and 2018 International Energy Conservation
Codes (IECC), which is the only standard applicable to
single-story residential buildings in US at a national
level.

2.1.Whole-building energymodel
Whole-building energy models are physics-based
models that dynamically solve energy and mass
balance equations for all spaces within a building
(while considering all modes of heat transfer and
internal gains) and can be used to study indoor
thermal conditions. In this study, we used EnergyPlus,
a widely evaluated simulation engine developed and
maintained by the US Department of Energy (DOE).
EnergyPlus is a state-of-the-art tool used in most
studies of indoor thermal comfort in buildings
(Mavrogianni et al 2012, Oikonomou et al 2012, Virk
et al 2014, Ramakrishnan et al 2016). The model’s
global energy balance has been validated according to
ANSI/ASHRAE Standard 140 (Crawley et al 2001).
Recent examples of validation studies by researchers
include the work of Zhuang et al (2010) who reported
a maximum error in indoor temperature estimates of
8.3%. Moreover, Sailor et al (2019) recently validated
the indoor air temperature predictions of EnergyPlus
under power outages in apartment buildings in
Phoenix, AZ, andHouston, TX.

2.2. Building archetypes
As a common approach in the building science
literature (Swan and Ugursal 2009, Caputo et al 2013),
we used archetypical building models as representa-
tives of the building stock. According to the Energy
Information Agency (EIA 2015), 63% of residential
units inUSare single-family residential units (figure 1).
In the eight cities studied here, single-family detached
homes are 2–4 times more common than the next
most common residential building type, multi-family
apartments (USCB 2017). Notably, they are more
common among elderly (<65), who have the highest
vulnerability to heat (table 1). Therefore, it was
selected as the archetype in this study.

In each city, we simulated buildings compliant to
two energy code versions (2003 and 2018) that regulate
envelope properties such as insulation level, air-
tightness, andwindow properties.We refer to the 2003
IECC building as the baseline and use the 2018 version
to show how passive survivability of residential build-
ing stock in US is evolving. We ran a separate set of
simulations for selected cities of Chicago and Dallas
that included buildings with improved passive survi-
vability through a combination of non-regulated pas-
sive strategies (PS) and active occupants. More details

Figure 1.Outline of the single-family detached building archetype.

Table 1.Prevalence of single-family detached units in the selected
cities by age group.

Fraction of detached single-family homes (%)

City

Among general

population

Among people aged 65

and older

Atlanta 70 79

Baltimore 47 53

Boston 51 59

Chicago 55 57

Dallas 64 74

Denver 62 64

LosAngeles 50 63

Phoenix 68 71

Portland 63 68
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regarding the building models and EnergyPlus inputs
are provided in appendix A.

2.3. Climate data and future projections
EnergyPlus requires outdoor weather variables at an
hourly time interval to run (listed in table 2). These
data are produced by dynamically-downscaling
ensemble member 6 of the CMIP5 Community Earth
SystemModel (CESM) global climatemodel runs with
theWeather Research and Forecasting (WRF) regional
climate model (Skamarock and Klemp 2008). Note
that CESM approximates the CMIP5modelmedian in
terms of US summertime warming magnitude by
mid-late 21st century. TheWRF domain encompasses
the contiguous US at 20 km resolution, and simula-
tions span two 10 year periods: 2000–2009 (start of the
century; SOC) and 2050–2059 (middle of the century;
MOC). The WRF model timestep is 60 s, and all
climate data for ingestion in EnergyPlus are output at
hourly intervals.

WRF is coupled to the single-layer urban canopy
model (Kusaka et al 2001) to capture the complex
radiation, hydrodynamic (including convection), and
heat storage (conduction) impacts of the built
environment. Moreover, WRF simulations include
dynamic urban growth based on the A2 2060 projec-
tion obtained from the Environmental Protection
Agency’s Integrated Climate and Land Use Scenarios
(ICLUS, v1.3.2). Further information on the regional
climate model simulations, associated WRF calibra-
tion and extensive evaluation can be found in
(Krayenhoff et al 2018).

To bracket warming impacts, we considered the
RCP 8.5 greenhouse gas emissions scenario (i.e.
‘business-as-usual’) and selected climate data from the
WRF grid square in each city with the largest projected
urban development defined by the increase in imper-
vious fraction. Thus, dynamically-downscaled climate
data ingested into EnergyPlus includes warming
impacts of business-as-usual urban development and
greenhouse gas induced global climate change.

2.4. Characterization of indoor thermal conditions
To help interpret the simulation results, we defined
three ranges of indoor air temperature. The comfor-
table range was defined as indoor temperatures below
24 °C, which is the most desired thermostat set-point
in residential buildings (EIA 2015). In addition,World
Health Organization guidelines state that no heat-
related health impact can be expected below 24 °C.
Hence, we assumed that an average US household
would not require mechanical cooling in this range.
The second indoor temperature range (24 °C–28 °C)
represents thermal conditions that are not desired but
pose no acute heat-related health risk. Nevertheless,
there is evidence of reduced sleep quality and shor-
tened REM cycles in this range (Muzet et al 1983, Kim
et al 2010). Finally, the overheating threshold of 28 °C
was selected based on empirical observations of Klenk
et al (2010) and Kim et al (2012) that are specific to
elderly populations. In addition, 28 °C is the upper
overheating threshold (not to be exceeded for more
than 1% of occupied time) in UK guidelines for
residential buildings (Porritt et al 2012). The existing
body of research on thresholds of indoor overheating
is very limited (Anderson et al 2013, Holmes et al
2016). Therefore, there is still no consensus on the
exact indoor temperatures abovewhich a strong health
signal can be observed. Nevertheless, the main goal of
this characterization is to help interpret the results.
Our sensitivity analysis showed that at relative humid-
ity levels below 70% (typical range in residential
buildings without humidity control (Kubota et al
2009, Baniassadi and Sailor 2018)), the key findings
reported here do not change when thresholds are
shifted by up to 2 °C (26 °C–30 °C instead of 24 °C–
28 °C). Notably, 30 °C was the highest reported
threshold in the literature (Stéphan et al 2004, Holmes
et al 2016) with respect to heat mortality and acute
symptoms of heat exposure in vulnerable groups.

It is well-documented that a high level of relative
humidity impacts both thermal comfort and over-
heating thresholds because it reduces the body’s ability
to lose heat through perspiration. Therefore, many
studies (specially those that focus on comparison
between different types of climates) use metrics that
also include relative humidity—e.g. discomfort index
(DI), wet-bulb globe temperature (WBGT). Since the
focus of this study is on the effect of climate change
and building characteristics rather than comparing
different type of underlying climates, we use dry-bulb
air temperature to represent indoor thermal condi-
tions because it is easier to interpret andminimizes the
number of assumptions needed (e.g. air velocity
assumption in the calculation of WBGT). Moreover,
most of the existing thresholds for residential environ-
ments are in the form of dry-bulb temperature (such
as WHO or CIBSE guidelines). To make sure exclud-
ing relative humidity does not change the overall find-
ings of this study regarding the impacts of climate
change, urban induced warming, and building

Table 2. List ofWRF outputs used in
EnergyPlus simulations.

Weather variable Unit

Diffuse horizontal radiation W m−2

Direct normal radiation W m−2

Dry-bulb temperature °C
Horizontal infrared radiation W m−2

Atmospheric pressure Pa

Precipitation mm h−1

Relative humidity %

Snowdepth mm h−1

Wind direction degrees

Wind speed m s−1

Cloud cover tenths

Dewpoint °C
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characteristics, we used the relative humidity output
from EnergyPlus and calculated DI (the average of dry
and wet-bulb temperatures) for Phoenix and Atlanta,
that are the driest andmost humid cities in our set (see
appendix A). By doing so, we confirmed that the over-
all conclusions will be similar regardless of the
metric used.

3. Results

Figure 2 shows the change in average daily mean
temperature (June–Aug) from SOC to MOC for all
cities (output fromWRF). As the data suggest, average
daily mean temperature can potentially increase by
2 °C–4 °C in the modeled cities. We used these
projections to run EnergyPlus simulations and
obtained the corresponding indoor temperature data.

Figure 3 shows the 10 year cumulative distribution
of summertime indoor air temperature for the SOC
and MOC in the baseline building, with the three col-
ors showing the temperature ranges described in
section 2.4. As the data shows, at the higher end, in
Phoenix and Dallas, indoor temperatures hardly
remain below 24 °C at both SOC and MOC. More
importantly, indoor thermal conditions remain over-
heated (above 28 °C) for more than half of the mod-
eled period. This highlights poor passive survivability
and high dependency on AC even at SOC, which is
anticipated to become worse under a changing cli-
mate. While the conditions are more moderate inside
buildings in other locations at SOC, climate change
and urban induced warming significantly reduce over-
all thermal comfort and increase the overheat time by
MOC. Excluding the extremes at both ends (Portland,
Phoenix, and Dallas), our simulations show a 15%–

25% reduction in times with no need for mechanical
cooling (Tindoor<24 °C) by MOC. Because there are
few indoor sources of heat in a typical residential
building (as opposed to a commercial building),
uncontrolled indoor temperatures follow a diurnal

cycle that lags behind the outdoor environment.While
the relative temperature amplitude and lag time
depend on the building characteristics, temperatures
are typically the lowest at night, when there is no radia-
tion load and the ambient temperature is lower
(Baniassadi and Sailor 2018). Therefore, the lower per-
centiles of temperature in figure 3 are mostly asso-
ciatedwith night hours. Empirical evidence shows that
sleep quality (Kim et al 2010) and REM cycle length
(Muzet et al 1983) is dependent on surrounding
temperatures, and that the impacts are statistically
significant even below 28 °C. Therefore, a main impli-
cation of the predicted shift from the comfort range
(Tindoor<24 °C) to discomfort-but-not-overheated
range (24 °C<Tindoor<28 °C) is expected to be on
sleep quality. Nighttime exposure to heat is also of
consequence because it limits the body’s ability to
recover from daytime exposure during heatwaves. As a
result, heat exposure during night, especially when
preceded by a hot day, has a statistically significant
effect on mortality; and in particular, among the
elderly (Murage et al 2017).

Furthermore, we plotted the percentages of times
(during 10 consecutive summers) below the desired
cooling set-point of 24 °C (a) and above the over-
heating threshold of 28 °C (b) for all cities in figure 4.
The IECC 2018 code compliant building (referred to
as ‘new code’ in the legend) is also included in this
figure for comparison to the baseline building. Nota-
bly, as shown in figure 4(a), in all cases the 2018 code
has fewer comfortable hours than the 2003 code. For
example, in Chicago and Denver, the difference is
about 12% at both SOC and MOC. Given the con-
sistency of the results, similar to previous European
and Australian studies (Mavrogianni et al 2012, Ren
et al 2014, Mulville and Stravoravdis 2016) we infer
that, in general, building energy codes that are devel-
oped to make buildings more efficient by ‘preventing
wintertime heat escape’, limit the ability of buildings
to passively cool through loss of heat via air exchange
and conduction through exterior surfaces. However,

Figure 2.Average dailymean outdoor temperature at SOC andMOC for all cities (output fromWRF simulations that was fed to
EnergyPlus). For cumulative distribution of temperatures, see figure B1 in appendix B.
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our findings limit this phenomenon to overall thermal
discomfort, nighttime relief from heat, and sleep qual-
ity, rather than immediate health risks that are more
probable during hotter times of the day.

The increase in overheat time (Tindoor>28 °C) in
baseline buildings from SOC toMOC is 10%–25%. In
other words, a combination of climate change and
urban intensification will cause building occupants to
experience 10%–25% additional overheat time by
MOC. Considering the previously cited studies that
predict observable cardiovascular implications and
increased chances of mortality above this threshold
(especially in the elderly), our results indicate that vul-
nerable groups will be more dependent onmechanical

AC at MOC and thus, more vulnerable to equipment
and infrastructural (power generation and transmis-
sion) failures and energy poverty. More importantly,
this can result in an overall increase in AC ownership
and use, and contribute to the same mechanisms (cli-
mate change through increased carbon dioxide emis-
sions and urban heat intensification through increased
anthropogenic heat) that resulted in this increased
dependency on AC in the first place. Moreover, unless
significant changes in AC efficiency of the building
stock or electricity generation fuel mix reduce carbon-
intensity of providing mechanical cooling, this posi-
tive feedback loop can put a burden on infrastructure
and thus, increase the chances of summertime power

Figure 3.Ten-year cumulative probability of summertime indoor air temperature for the start (SOC) andmiddle of the century
(MOC) in the baseline building. Colors show the temperature ranges introduced in section 2.4.
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outages.With respect to impacts from energy codes, in
contrast to the 24 °C threshold, the newer code gen-
erally mitigates indoor overheating (28 °C <) that
usually happens during the peak of the day. In this
thermal range, overall heat transfer direction is inward
which is the opposite of night hours (Baniassadi et al
2018a). Therefore, more insulation and airtightness
result in less heat gain from the outdoor environment
and hence, cooler indoor air.

Figure 5 demonstrates the normalized change in
envelope properties between the two code versions
across all climates, with the (+) and (−) signs indicat-
ing increase or decrease in the value of each property.
This illustration further supports the observed
impacts under different outdoor weather conditions.
Across all climates, buildings compliant to the new
energy code have considerably higher levels of insula-
tion in ceiling, exterior walls, and floor. In addition,

Figure 4.The percentages of times (during 10 consecutive summers) below the desired cooling set-point of 24 °C (a) and above the
overheating threshold of 28 °C (b) for all cities at SOC andMOC.

Figure 5.The normalized difference (%) in envelope properties between the two code versions in all climates. The+and−signs
indicate increase or decrease in the value of each property, respectively.Window solar heat gain coefficient (SHGC) is the fraction of
incoming solar energy that is transferred to the indoor space throughwindows in the formof heat.
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they are less leaky. Hence, in overall, they are more
thermally isolated from the outdoor environment
than older buildings. This causes them to cool down
slower as the ambient temperatures drop during the
night. However, during the hotter hours of the day,
they do not overheat as much as buildings with infer-
ior envelope properties.

To enable a more complete evaluation of the rela-
tive impacts of energy codes and urban warming,
figure 6 illustrates the fraction of hours within each
temperature range for different building codes for
Chicago and Dallas. Here, ‘PS’ refers to a set of mitiga-
tion strategies (thermal mass, high rooftop albedo,
operable windows, and exterior window shade) that
are not mandated by regulations (see appendix A for
model details).

As suggested by these data, relative impacts from
changing urban climates and building characteristics
are highly dependent on the underlying climate. In a
sunbelt city like Dallas, the baseline climate is already
causing poor passive survivability. Without mechan-
ical AC, there is almost no summertime thermal com-
fort, and an average building overheats for more than
50% of the time at SOC. Here, since the comfortable
time (Tindoor<24 °C) in the baseline building is rela-
tively small, the reduction from shifting to newer
energy codes is also negligible (less than 2%). On the
other hand, at higher percentiles of indoor temper-
ature, the newer buildings can reduce the overall over-
heating by 12%. Nevertheless, this will be more than
compensated by the urban warming and climate
change that increase the overheat time by 25%. How-
ever, a combination of newer building energy code
and passive strategies (2018 Code+PS (MOC)) can
diminish the effects of these twin forcing agents on
urban environments.

In Chicago, which is prototypical ofmany heating-
dominated northern cities, indoor thermal conditions
inside an archetypical building is significantly different
from Dallas. With 60% comfortable time (Tindoor<
24 °C) and only 6% overheat time (Tindoor>28 °C) at
SOC, passive survivability of an average building is
considerably better thanDallas. While urban warming
increases overheat time (Tindoor>28 °C) by 9%, a
combination of newer energy code and PS can guaran-
tee that buildings remain below this threshold for
more than 99% of the time. This highlights the impor-
tance of passive cooling strategies that are often not
regulated by building energy codes. A combination of
thermal mass (Ramakrishnan et al 2016), reflective
exterior surfaces (Baniassadi et al 2018c), natural ven-
tilation, and exterior shade (Mlakar and Strancar
2011) can reverse the impact of climate change on
higher percentiles of indoor air temperature. Never-
theless, even in the improved buildings, our simula-
tions show that the comfortable time (Tindoor<
24 °C) will be reduced by approximately 10% by mid-
century due to a combination of climate change, urban
warming, and more efficient buildings, potentially
leading to a an increase in demand for AC systems.

4.Discussion

A study by Gasparrini et al (2017) projects that under
the RCP 8.5 scenario, higher temperatures will increase
all-cause mortality in North America by 1% by mid-
century. These predictions were based on observations
and projections of ambient (outdoors) temperature
trends. For the large portion of the population (espe-
cially the elderly) who spend the majority of their time
inside their place of residence, it is not the outdoor

Figure 6.Distribution of timewithin each indoor air temperature range in both building archetypes in Chicago (a) andDallas (b) at
SOC andMOC. PS refers tomitigation strategies (thermalmass, high rooftop albedo, operable windows, and exterior window shade)
that are notmandated by regulations.
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exposure that contributes to the projected increase in
excess mortality. Rather, the resulting increase in
indoor exposure to heat (due to hotter ambient air)
increases the risks of heat-related mortality. Our
findings suggest that in the absence of a fully-functional
AC system, the current building stock of the selectedUS
cities is not resilient to climate change and urban
induced warming, meaning that a significant increase
in indoor overheating hours can be expected under the
business-as-usual scenario. The existing literature
clearly associates socio-economic factors (such as
income) with indoor exposure to heat (Hayden et al
2011, Hondula et al 2015, Hayden et al 2017, Baniassadi
et al 2018b) in cities with high AC prevalence. In such
locations, the lower the income, the less the ability to
purchase an AC system with proper capacity (i.e. not
relying on window units instead of central AC),
maintain and repair an existing system, and run it
throughout the summer without concerns about elec-
tricity cost (i.e. energy poverty). A household survey
done by Hayden et al (2011) on 362 Phoenix homes
implicated all these factors and showed that more than
30% of the residents ‘feel too hot inside their homes’
despite having a mechanical cooling system (central or
window units). Other than AC functionality, building
characteristics (such as the amount of shade from
nearby trees, or the structural integrity of older homes)
are also often related to income. More importantly, the
adaptive capacity to mitigate exposure to indoor heat is
also dependent on socio-economic status. For example,
social isolation, race, and income determine how an
elderly person responds to a summertimepower outage
or AC failure scenario. Based on all these factors, it can
be inferred that while the climate is warming for the
entire society, excess indoor exposure to heat due to
climate change will disproportionally affect those of
lower socio-economic status. Hence, it is important to
view the key finding of this study (the considerable
increase in indoor exposure to heat by mid-century) as
another example of how the adverse consequences of
climate change will be mostly felt by the vulnerable
groups of a society.

As our results show, it is possible to use interven-
tions on the building side to mitigate the negative
impacts of warming urban environment in locations
with moderate summers (e.g. Chicago, Denver, Los
Angeles). There is also the prospect of more advanced
solutions such as passive daytime radiative coolers,
dynamic insulation, windows with dynamic properties,
smart ventilation systems. These technologies require
no or very little power to operate, and thus, are not
dependent on the availability and affordability of elec-
tricity as well as active occupants. As these technologies
mature and become commercially feasible, they can
significantly improve the passive performance of build-
ings. However, we believe that one of the main barriers
to implementing such solutions in average US homes is
the availability, affordability, and cultural preference of
mechanical AC systems. Since mechanical cooling can

easily compensate for lackof such climate-adaptive pas-
sive strategies, it is unlikely that the residential building
construction industry will voluntarily move towards
applying them. Currently, the main consideration that
drives the slow change in the building stock is reducing
energy demand, which in the case of cooling season, is
mostly done by increasing system efficiency. The
obvious issue with this trend is that mechanical AC is
far from a reliable solution that is always available.
Therefore, we believe that a large-scale improvement of
passive survivability of US residential buildings is only
possible through top-down interventions. A first step is
the inclusion of passive survivability in building energy
codes. This can be done using the same structure and
organizations that currently mandate climate-specific
characteristics in buildings to reduce energy demand
(such as IECC). Affordable housing projects also pro-
vide a great opportunity for achieving this target. These
buildings aremostly occupied by groupswith less adap-
tive capacity who can benefit more from a passive
design. More importantly, affordable housing projects
(especially, new constructions) aremore feasible targets
for top-down interventions than individual homes.
Through these interventions, use of the mentioned
technologies can be promoted which will also have the
benefit of reducing summertime cooling electricity
demand inbuildings that haveAC.

In hotter climates such as Phoenix, AZ, ourfindings
show that interventions on the building side (high-end
passive technologies excluded) are not enough to pro-
tect residents from indoor exposure to heat in the
absence of a fully-functional AC. It can be expected that
climate change and urban induced warming will make
indoor overheating even more intense. Therefore, in
these locations, a more comprehensive suite of strate-
gies is needed. Mitigating urban heat islands and build-
ing community resilience (such as heat refugees and
support networks) should also be pursued alongside
with interventions on the building side.

5. Conclusions

We simulated indoor temperature in archetypical
residential buildings in eight US cities under current
and mid-century climates. Results suggest that a
combination of projected climate change and urban
intensification can reduce the comfortable time in
buildings that lack AC by up to 25% in climates with
moderate summers. Since much of this effect is at
night, it will mostly impact sleep quality and the ability
to recover from heat during extreme events. Further-
more, in southern locations such as Atlanta, Dallas
and Phoenix, the increase in overheating hours
(Tindoor>28 °C) was estimated to be 15%–25%.
Based on the existing epidemiology literature, this
range is associated with more acute and serious health
impacts of exposure to heat such as cardiovascular

9

Environ. Res. Lett. 14 (2019) 074028



implications and increased chance of mortality in
vulnerable groups.

As the building stock evolves in response to stricter
building energy codes, indoor thermal conditions for
unconditioned buildings will change in complex ways.
During nighttime (and especially in cooler climates),
higher insulation and airtightness in more efficient
buildings will impede their ability to lose heat, causing
them to be hotter than buildings compliant to older
energy standards. Conversely, during the peak of the
day, newer buildings will performbetter. This has con-
siderable implications for energy code developers who
need to implement policies that simultaneously
improve energy efficiency and passive survivability.
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AppendixA. EnergyPlus inputs

Themain living area was 12m×9 m.Window to wall
ratio for all walls are 15%. All code-regulated envelope

properties for exterior surfaces were extracted from
IECC for low-rise residential buildings (2003 and
2018). This also included glazing properties for exterior
surfaces and infiltration rates. Building properties not
regulated by the code (such as occupancy profiles or
internal gains) were set based on Building America
House Simulation Protocols (Hendron and Engeb-
recht 2010) developed by National Renewable Energy
Laboratory of US DOE that provides a standard frame-
work for modeling single-family residential buildings
in US All buildings were simulated using EnergyPlus
version 8.8 with a 2min timestep. We modeled the
living area as a single zone. Finally, we assumed that
interior blinds are fully shut to limit radiation gains and
that there are no exterior objects casting shade on the
building. Because the PS run included phase change
materials (PCMs), we used conduction finite difference
heat balance algorithm for all runs. We embedded a
PCM layer with an equivalence thickness of 0.01 m,
thermal conductivity of 0.2Wm−1 K−1, and specific
heat of 1620 J kg−1 K−1 inside with respect to the
insulation layer. The phase change temperature was
26 °C and the solid–liquid phase change enthalpy was
130 kJ kg−1. In addition to PCM, PS runs included a
rooftop with a higher albedo (0.6), an exterior shade on
East and West windows, and active occupants who
increase indoor–outdoor air exchange rate by 0.5 ACH
through windows when the outdoor temperature is at
least 2 °Ccooler than indoors.Wedidnot assumeactive
occupants for the baseline runs to reflect scenarios in
which more vulnerable occupants are not able to
actively open windows due to physical or psychological
limitations, security concerns, ornoise.

Appendix B.WRFoutput

Figure B1 shows the cumulative distribution of out-
door dry-bulb temperature at SOC and MOC for all
locations. All other variables can be found in WRF
output from Krayenhoff et al (2018) that are available
in this public data repository: https://erams.com/

map/#wrf_asu.
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AppendixC.DI in Phoenix andAtlanta

Figure C1 shows the summertime indoor DI calcu-
lated for building in Atlanta (a) and Phoenix (b). The

key findings in the study (that were based on indoor
dry-bulb temperature) can also be observed using DI.
This serves as basis for selecting dry-bulb temperature
(the simpler heatmetric) in our analysis.

Figure B1.Decadal cumulative probability of summertime (June–Aug) outdoor air temperature for SOC andMOC in the (a)Atlanta,
Baltimore, Chicago, andDallas (b)Denver, Los Angeles, Phoenix, and Portland.

11

Environ. Res. Lett. 14 (2019) 074028



ORCID iDs

Amir Baniassadi https://orcid.org/0000-0002-
3258-8000
David J Sailor https://orcid.org/0000-0003-
1720-8214
AshleyMBroadbent https://orcid.org/0000-0003-
1906-8112

References

AlamM, Sanjayan J, ZouPX, StewartMG andWilson J 2016
Modelling the correlation between building energy ratings
and heat-relatedmortality andmorbidity Sustain. Cities Soc.
22 29–39

AndersonM,Carmichael C,MurrayV,Dengel A and SwainsonM
2013Defining indoor heat thresholds for health in theUK
Perspect. Public Health 133 158–64

Arsenault R 1984The end of the long hot summer: the air
conditioner and southern culture J. South.Hist. 50 597–628

Baniassadi A,Heusinger J and SailorD J 2018a Energy efficiency
versus resiliency to extreme heat and power outages: the role
of evolving building energy codesBuild. Environ. 139 86–94

Baniassadi A, SailorD andO’Lenick C 2018b Indoor air quality and
thermal comfort for elderly residents inHoustonTX—a case
study 7th Int. Building Physics Conf. pp 787–92

Baniassadi A and SailorD J 2018 Synergies and trade-offs between
energy efficiency and resiliency to extreme heat–a case study
Build. Environ. 132 263–72

Baniassadi A, SailorD J, Crank P J andBan-Weiss GA 2018cDirect
and indirect effects of high-albedo roofs on energy
consumption and thermal comfort of residential buildings
Energy Build. 178 71–83

BartosM,ChesterM, JohnsonN,GormanB, EisenbergD,
Linkov I andBatesM2016 Impacts of rising air temperatures
on electric transmission ampacity and peak electricity load in
theUnited StatesEnviron. Res. Lett. 11 114008

BurilloD, ChesterMV, Ruddell B and JohnsonN2017 Electricity
demand planning forecasts should consider climate non-
stationarity tomaintain reservemargins during heat waves
Appl. Energy 206 267–77

Cadot E, RodwinVGand Spira A 2007 In the heat of the summer—
lessons from the heat waves in Paris J. UrbanHealth-Bull.
NewYork Acad.Med. 84 466–8

Caputo P, CostaG and Ferrari S 2013A supportingmethod for
defining energy strategies in the building sector at urban scale
Energy Policy 55 261–70

CDC2017 Picture of AmericiaHeat-Related Illness Fact Sheet,
Centers forDiseases Control and Prevention (https://cdc.
gov/pictureofamerica/pdfs/picture_of_america_heat-
related_illness.pdf) (Accessed January 2019)

CrawleyDB, Lawrie LK,Winkelmann FC, BuhlWF,HuangY J,
PedersenCO, StrandRK, LiesenR J, FisherDE and
WitteM J 2001 EnergyPlus: creating a new-generation
building energy simulation program Energy Build. 33 319–31

Dematte J E,O’maraK, Buescher J,WhitneyCG, Forsythe S,
McNameeT, Adiga RB andNdukwu IM1998Near-fatal
heat stroke during the 1995 heat wave inChicagoAnn. Intern.
Med. 129 173–81

Dixit S, Bushara K andBrooks B 1997 Epidemic heat stroke in a
midwest community: risk factors, neurological complications
and sequelaeWisconsinMed. J. 96 39–41

DosioA,Mentaschi L, Fischer EMandWyser K 2018 Extreme heat
waves under 1.5 °Cand 2 °Cglobal warming Environ. Res.
Lett. 13 054006

EIA 2015Residential Energy Consumption Survey, USDepartment
of Energy (https://eia.gov/consumption/residential)
(Accessed on January 2019)

Fouillet A, ReyG, Laurent F, PavillonG, Bellec S,
Guihenneuc-JouyauxC, Clavel J, Jougla E andHémonD
2006 Excessmortality related to the August 2003 heat wave in
France Int. Arch. Occup. Environ. Health 80 16–24

Fraser AM,ChesterMV, EisenmanD,HondulaDM, Pincetl S S,
English P andBondank E 2016Household accessibility to
heat refuges: residential air conditioning, public cooled space,
andwalkabilityEnviron. Plan.B 0265813516657342 44
1036–55

Gasparrini A et al 2017 Projections of temperature-related excess
mortality under climate change scenarios Lancet Planet.
Health 1 e360–7

HaydenMH, Brenkert-SmithH andWilhelmiOV 2011
Differential adaptive capacity to extreme heat: a Phoenix,
Arizona, case studyWeather, Clim., Soc. 3 269–80

HaydenMH,WilhelmiOV, BanerjeeD,Greasby T, Cavanaugh J L,
Nepal V, Boehnert J, Sain S, Burghardt C andGower S 2017
Adaptive capacity to extreme heat: results from ahousehold
survey inHouston, TexasWeather, Clim., Soc. 9 787–99

HendronR and Engebrecht C 2010Building AmericaHouse
Simulation Protocols (Golden, CO:National Renewable
Energy Laboratory)

Holmes SH, Phillips T andWilsonA 2016Overheating and passive
habitability: indoor health and heat indicesBuild. Res. Inf. 44
1–19

HondulaDM,Davis R E, SahaMV,Wegner CR andVeazey LM
2015Geographic dimensions of heat-relatedmortality in
sevenUS citiesEnviron. Res. 138 439–52

FigureC1. IndoorDiscomfort Index calculated for building inAtlanta (a) andPhoenix (b). The bars show the range over summer.

12

Environ. Res. Lett. 14 (2019) 074028

https://orcid.org/0000-0002-3258-8000
https://orcid.org/0000-0002-3258-8000
https://orcid.org/0000-0002-3258-8000
https://orcid.org/0000-0002-3258-8000
https://orcid.org/0000-0002-3258-8000
https://orcid.org/0000-0003-1720-8214
https://orcid.org/0000-0003-1720-8214
https://orcid.org/0000-0003-1720-8214
https://orcid.org/0000-0003-1720-8214
https://orcid.org/0000-0003-1720-8214
https://orcid.org/0000-0003-1906-8112
https://orcid.org/0000-0003-1906-8112
https://orcid.org/0000-0003-1906-8112
https://orcid.org/0000-0003-1906-8112
https://orcid.org/0000-0003-1906-8112
https://doi.org/10.1016/j.scs.2016.01.006
https://doi.org/10.1016/j.scs.2016.01.006
https://doi.org/10.1016/j.scs.2016.01.006
https://doi.org/10.1177/1757913912453411
https://doi.org/10.1177/1757913912453411
https://doi.org/10.1177/1757913912453411
https://doi.org/10.2307/2208474
https://doi.org/10.2307/2208474
https://doi.org/10.2307/2208474
https://doi.org/10.1016/j.buildenv.2018.05.024
https://doi.org/10.1016/j.buildenv.2018.05.024
https://doi.org/10.1016/j.buildenv.2018.05.024
https://doi.org/10.1016/j.buildenv.2018.01.037
https://doi.org/10.1016/j.buildenv.2018.01.037
https://doi.org/10.1016/j.buildenv.2018.01.037
https://doi.org/10.1016/j.enbuild.2018.08.048
https://doi.org/10.1016/j.enbuild.2018.08.048
https://doi.org/10.1016/j.enbuild.2018.08.048
https://doi.org/10.1088/1748-9326/11/11/114008
https://doi.org/10.1016/j.apenergy.2017.08.141
https://doi.org/10.1016/j.apenergy.2017.08.141
https://doi.org/10.1016/j.apenergy.2017.08.141
https://doi.org/10.1007/s11524-007-9161-y
https://doi.org/10.1007/s11524-007-9161-y
https://doi.org/10.1007/s11524-007-9161-y
https://doi.org/10.1016/j.enpol.2012.12.006
https://doi.org/10.1016/j.enpol.2012.12.006
https://doi.org/10.1016/j.enpol.2012.12.006
https://cdc.gov/pictureofamerica/pdfs/picture_of_america_heat-related_illness.pdf
https://cdc.gov/pictureofamerica/pdfs/picture_of_america_heat-related_illness.pdf
https://cdc.gov/pictureofamerica/pdfs/picture_of_america_heat-related_illness.pdf
https://doi.org/10.1016/S0378-7788(00)00114-6
https://doi.org/10.1016/S0378-7788(00)00114-6
https://doi.org/10.1016/S0378-7788(00)00114-6
https://doi.org/10.7326/0003-4819-129-3-199808010-00001
https://doi.org/10.7326/0003-4819-129-3-199808010-00001
https://doi.org/10.7326/0003-4819-129-3-199808010-00001
https://doi.org/10.1088/1748-9326/aab827
https://eia.gov/consumption/residential
https://doi.org/10.1007/s00420-006-0089-4
https://doi.org/10.1007/s00420-006-0089-4
https://doi.org/10.1007/s00420-006-0089-4
https://doi.org/10.1177/0265813516657342
https://doi.org/10.1177/0265813516657342
https://doi.org/10.1177/0265813516657342
https://doi.org/10.1177/0265813516657342
https://doi.org/10.1016/S2542-5196(17)30156-0
https://doi.org/10.1016/S2542-5196(17)30156-0
https://doi.org/10.1016/S2542-5196(17)30156-0
https://doi.org/10.1175/WCAS-D-11-00010.1
https://doi.org/10.1175/WCAS-D-11-00010.1
https://doi.org/10.1175/WCAS-D-11-00010.1
https://doi.org/10.1175/WCAS-D-16-0125.1
https://doi.org/10.1175/WCAS-D-16-0125.1
https://doi.org/10.1175/WCAS-D-16-0125.1
https://doi.org/10.1080/09613218.2015.1033875
https://doi.org/10.1080/09613218.2015.1033875
https://doi.org/10.1080/09613218.2015.1033875
https://doi.org/10.1080/09613218.2015.1033875
https://doi.org/10.1016/j.envres.2015.02.033
https://doi.org/10.1016/j.envres.2015.02.033
https://doi.org/10.1016/j.envres.2015.02.033


KenneyWL,CraigheadDHandAlexander LM2014Heat waves,
aging, and human cardiovascular healthMed.Sci. Sports
Exercise 46 1891

KennyGP, Flouris AD, Yagouti A andNotley S R 2018Towards
establishing evidence-based guidelines onmaximum indoor
temperatures during hot weather in temperate continental
climatesTemperature 6 11–36

KimM,ChunC andHan J 2010A study on bedroom environment
and sleep quality inKorea Indoor Built Environ. 19 123–8

KimY-M,KimS, CheongH-K, AhnB andChoi K 2012 Effects of
heat wave on body temperature and blood pressure in the
poor and elderly Environ. Health Toxicol. 27 e2012013

Klenk J, Becker C andRappK 2010Heat-relatedmortality in
residents of nursing homesAgeAgeing 39 245–52

Krayenhoff E S,MoustaouiM, Broadbent AM,GuptaV and
GeorgescuM2018Diurnal interaction between urban
expansion, climate change and adaptation inUS citiesNat.
Clim. Change 8 1097

Kubota T, ChyeeDTHandAhmad S 2009The effects of night
ventilation technique on indoor thermal environment for
residential buildings in hot-humid climate ofMalaysiaEnergy
Build. 41 829–39

KusakaH,KondoH,Kikegawa Y andKimura F 2001A simple
single-layer urban canopymodel for atmosphericmodels:
comparisonwithmulti-layer and slabmodelsBound. Layer
Meteorol. 101 329–58

Mavrogianni A,Wilkinson P,DaviesM, Biddulph P and
OikonomouE 2012Building characteristics as determinants
of propensity to high indoor summer temperatures in
London dwellingsBuild. Environ. 55 117–30

MCDPH2016Heat-associated deaths inMaricopaCounty, AZ:
Final report for 2016,Maricopa CountyDepartment of
PublicHealth (https://maricopa.gov/Archive/ViewFile/
Item/3084) (Accessed January 2019)

McLeodR S,Hopfe C J andKwanA2013An investigation into
future performance and overheating risks in Passivhaus
dwellingsBuild. Environ. 70 189–209

Mirzaei PA,Haghighat F,Nakhaie AA, Yagouti A, GiguèreM,
KeusseyanR andComanA 2012 Indoor thermal condition in
urban heat Island–development of a predictive toolBuild.
Environ. 57 7–17

Mirzaei PA,OlsthoornD, TorjanMandHaghighat F 2015Urban
neighborhood characteristics influence on a building indoor
environment Sustain. Cities Soc. 19 403–13

Mitchell BC andChakraborty J 2015 Landscapes of thermal
inequity: disproportionate exposure to urban heat in the
three largest US citiesEnviron. Res. Lett. 10 115005

Mlakar J and Strancar J 2011Overheating in residential passive
house: solution strategies revealed and confirmed through
data analysis and simulations Energy Build. 43 1443–51

Moslehi S andReddyTA 2018 Sustainability of integrated energy
systems: a performance-based resilience assessment
methodologyAppl. Energy 228 487–98

MulvilleM and Stravoravdis S 2016The impact of regulations on
overheating risk in dwellingsBuild. Res. Inf. 44 520–34

Murage P,Hajat S andKovats R S 2017 Effect of night-time
temperatures on cause and age-specificmortality in London
Environ. Epidemiol. 1 e005

Muzet A, Ehrhart J, Candas V, Libert J andVogt J 1983REM sleep
and ambient temperature inman Int. J. Neurosci. 18 117–25

NahlikM J, ChesterMV, Pincetl S S, EisenmanD, SivaramanDand
English P 2016 Building thermal performance, extreme heat,
and climate change J. Infrastruct. Syst. 22 04016043

NWS2016Weather fatalities 2017,NationalOceanic and
Atmospheric Administration (https://nws.noaa.gov/os/
hazstats.shtml) (Accessed January 2019)

ObradovichN,Migliorini R,Mednick SC and Fowler JH 2017
Nighttime temperature and human sleep loss in a changing
climate Sci. Adv. 3 e1601555

OikonomouE,DaviesM,Mavrogianni A,BiddulphP,
WilkinsonP andKolokotroniM2012Modelling the relative
importance of the urbanheat island and the thermal quality of
dwellings for overheating in LondonBuild. Environ.57 223–38

Ortman JM,VelkoffVA andHoganH2014Anaging nation: the older
population in theUnited States: United StatesCensusBureau,
Economics and Statistics Administration (https://census.gov/
prod/2014pubs/p25-1140.pdf) (Accessed January 2019)

PantavouK, Theoharatos G,Mavrakis A and SantamourisM2011
Evaluating thermal comfort conditions and health responses
during an extremely hot summer inAthensBuild. Environ. 46
339–44

PanteliM andMancarella P 2015 Influence of extremeweather and
climate change on the resilience of power systems: impacts
and possiblemitigation strategies Electr. Power Syst. Res. 127
259–70

PathanA,Mavrogianni A, SummerfieldA,OreszczynT and
DaviesM2017Monitoring summer indoor overheating in
the London housing stock Energy Build. 141 361–78

Porritt SM,Cropper PC, Shao L andGoodier C I 2012Ranking of
interventions to reduce dwelling overheating during heat
wavesEnergy Build. 55 16–27

PyrgouA, CastaldoVL, Pisello A L, Cotana F and SantamourisM
2017On the effect of summer heatwaves and urban
overheating on building thermal-energy performance in
central Italy Sustain. Cities Soc. 28 187–200

PyrgouA and SantamourisM2018 Increasing probability of heat-
relatedmortality in amediterranean city due to urban
warming Int. J. Environ. Res. Public Health 15 1571

Ramakrishnan S,WangX, Sanjayan J andWilson J 2016Thermal
performance of buildings integratedwith phase change
materials to reduce heat stress risks during extreme heatwave
eventsAppl. Energy 194 410–21

RenZG,WangXMandChenD2014Heat stress within energy
efficient dwellings inAustraliaArchit. Sci. Rev. 57 227–36

Rodrigues L T,GillottM andTetlowD2013 Summer overheating
potential in a low-energy steel frame house in future climate
scenarios Sustain. Cities Soc. 7 1–15

SailorD J 2014Risks of summertime extreme thermal conditions in
buildings as a result of climate change and exacerbation of
urban heat islandsBuild. Environ. 78 81–8

SailorD J, Baniassadi A,O’LenickCR andWilhelmiOV2019The
growing threat of heat disasters Environ. Res. Lett. 14 054006

Simmons S E, Saxby BK,McGlone F P and JonesDA 2008The
effect of passive heating and head cooling on perception,
cardiovascular function and cognitive performance in the
heatEur. J. Appl. Physiol. 104 271–80

SkamarockWCandKlemp J B 2008A time-split nonhydrostatic
atmosphericmodel forweather research and forecasting
applications J. Comput. Phys. 227 3465–85

Stéphan F, Ghiglione S, Decailliot F, Yakhou L,Duvaldestin P and
Legrand P 2004 Effect of excessive environmental heat on
core temperature in critically ill patients. An observational
study during the 2003 European heat waveBr. J. Anaesthesia
94 39–45

Swan LG andUgursal V I 2009Modeling of end-use energy
consumption in the residential sector: a review ofmodeling
techniquesRenew. Sustain. Energy Rev. 13 1819–35

USCB2017AmericanHousing Survey, United States Census
Bureau (https://census.gov/programs-surveys/ahs.html)
(Accessed January 2019)

vanVlietMTH,WibergD, Leduc S andRiahi K 2016 Power-
generation system vulnerability and adaptation to changes in
climate andwater resourcesNat. Clim. Change 6 375

VirkG, Jansz A,Mavrogianni A,Mylona A, Stocker J andDaviesM
2014The effectiveness of retrofitted green and cool roofs at
reducing overheating in a naturally ventilated office in
London: direct and indirect effects in current and future
climates Indoor Built Environ. 23 504–20

Xiang Y,Wang L and LiuN 2017Coordinated attacks on electric
power systems in a cyber-physical environment Electr. Power
Syst. Res. 149 156–68

ZhuangC-L, DengA-Z, ChenY, Li S-B, ZhangH-Y and FanG-Z
2010Validation of veracity on simulating the indoor
temperature in PCM lightweight building by EnergyPlus Life
SystemModeling and Intelligent Computing (Berlin: Springer)
pp 486–96

13

Environ. Res. Lett. 14 (2019) 074028

https://doi.org/10.1249/MSS.0000000000000325
https://doi.org/10.1080/23328940.2018.1456257
https://doi.org/10.1080/23328940.2018.1456257
https://doi.org/10.1080/23328940.2018.1456257
https://doi.org/10.1177/1420326X09358031
https://doi.org/10.1177/1420326X09358031
https://doi.org/10.1177/1420326X09358031
https://doi.org/10.5620/eht.2012.27.e2012013
https://doi.org/10.1093/ageing/afp248
https://doi.org/10.1093/ageing/afp248
https://doi.org/10.1093/ageing/afp248
https://doi.org/10.1038/s41558-018-0320-9
https://doi.org/10.1016/j.enbuild.2009.03.008
https://doi.org/10.1016/j.enbuild.2009.03.008
https://doi.org/10.1016/j.enbuild.2009.03.008
https://doi.org/10.1023/A:1019207923078
https://doi.org/10.1023/A:1019207923078
https://doi.org/10.1023/A:1019207923078
https://doi.org/10.1016/j.buildenv.2011.12.003
https://doi.org/10.1016/j.buildenv.2011.12.003
https://doi.org/10.1016/j.buildenv.2011.12.003
https://maricopa.gov/Archive/ViewFile/Item/3084
https://maricopa.gov/Archive/ViewFile/Item/3084
https://doi.org/10.1016/j.buildenv.2013.08.024
https://doi.org/10.1016/j.buildenv.2013.08.024
https://doi.org/10.1016/j.buildenv.2013.08.024
https://doi.org/10.1016/j.buildenv.2012.03.018
https://doi.org/10.1016/j.buildenv.2012.03.018
https://doi.org/10.1016/j.buildenv.2012.03.018
https://doi.org/10.1016/j.scs.2015.07.008
https://doi.org/10.1016/j.scs.2015.07.008
https://doi.org/10.1016/j.scs.2015.07.008
https://doi.org/10.1088/1748-9326/10/11/115005
https://doi.org/10.1016/j.enbuild.2011.02.008
https://doi.org/10.1016/j.enbuild.2011.02.008
https://doi.org/10.1016/j.enbuild.2011.02.008
https://doi.org/10.1016/j.apenergy.2018.06.075
https://doi.org/10.1016/j.apenergy.2018.06.075
https://doi.org/10.1016/j.apenergy.2018.06.075
https://doi.org/10.1080/09613218.2016.1153355
https://doi.org/10.1080/09613218.2016.1153355
https://doi.org/10.1080/09613218.2016.1153355
https://doi.org/10.1097/EE9.0000000000000005
https://doi.org/10.3109/00207458308985885
https://doi.org/10.3109/00207458308985885
https://doi.org/10.3109/00207458308985885
https://doi.org/10.1061/(ASCE)IS.1943-555X.0000349
https://nws.noaa.gov/os/hazstats.shtml
https://nws.noaa.gov/os/hazstats.shtml
https://doi.org/10.1126/sciadv.1601555
https://doi.org/10.1016/j.buildenv.2012.04.002
https://doi.org/10.1016/j.buildenv.2012.04.002
https://doi.org/10.1016/j.buildenv.2012.04.002
https://census.gov/prod/2014pubs/p25-1140.pdf
https://census.gov/prod/2014pubs/p25-1140.pdf
https://doi.org/10.1016/j.buildenv.2010.07.026
https://doi.org/10.1016/j.buildenv.2010.07.026
https://doi.org/10.1016/j.buildenv.2010.07.026
https://doi.org/10.1016/j.buildenv.2010.07.026
https://doi.org/10.1016/j.epsr.2015.06.012
https://doi.org/10.1016/j.epsr.2015.06.012
https://doi.org/10.1016/j.epsr.2015.06.012
https://doi.org/10.1016/j.epsr.2015.06.012
https://doi.org/10.1016/j.enbuild.2017.02.049
https://doi.org/10.1016/j.enbuild.2017.02.049
https://doi.org/10.1016/j.enbuild.2017.02.049
https://doi.org/10.1016/j.enbuild.2012.01.043
https://doi.org/10.1016/j.enbuild.2012.01.043
https://doi.org/10.1016/j.enbuild.2012.01.043
https://doi.org/10.1016/j.scs.2016.09.012
https://doi.org/10.1016/j.scs.2016.09.012
https://doi.org/10.1016/j.scs.2016.09.012
https://doi.org/10.3390/ijerph15081571
https://doi.org/10.1016/j.apenergy.2016.04.084
https://doi.org/10.1016/j.apenergy.2016.04.084
https://doi.org/10.1016/j.apenergy.2016.04.084
https://doi.org/10.1080/00038628.2014.903568
https://doi.org/10.1080/00038628.2014.903568
https://doi.org/10.1080/00038628.2014.903568
https://doi.org/10.1016/j.scs.2012.03.004
https://doi.org/10.1016/j.scs.2012.03.004
https://doi.org/10.1016/j.scs.2012.03.004
https://doi.org/10.1016/j.buildenv.2014.04.012
https://doi.org/10.1016/j.buildenv.2014.04.012
https://doi.org/10.1016/j.buildenv.2014.04.012
https://doi.org/10.1088/1748-9326/ab0bb9
https://doi.org/10.1007/s00421-008-0677-y
https://doi.org/10.1007/s00421-008-0677-y
https://doi.org/10.1007/s00421-008-0677-y
https://doi.org/10.1016/j.jcp.2007.01.037
https://doi.org/10.1016/j.jcp.2007.01.037
https://doi.org/10.1016/j.jcp.2007.01.037
https://doi.org/10.1093/bja/aeh291
https://doi.org/10.1093/bja/aeh291
https://doi.org/10.1093/bja/aeh291
https://doi.org/10.1016/j.rser.2008.09.033
https://doi.org/10.1016/j.rser.2008.09.033
https://doi.org/10.1016/j.rser.2008.09.033
https://census.gov/programs-surveys/ahs.html
https://doi.org/10.1038/nclimate2903
https://doi.org/10.1177/1420326X14527976
https://doi.org/10.1177/1420326X14527976
https://doi.org/10.1177/1420326X14527976
https://doi.org/10.1016/j.epsr.2017.04.023
https://doi.org/10.1016/j.epsr.2017.04.023
https://doi.org/10.1016/j.epsr.2017.04.023
https://doi.org/10.1007/978-3-642-15621-2_53
https://doi.org/10.1007/978-3-642-15621-2_53
https://doi.org/10.1007/978-3-642-15621-2_53

	1. Introduction
	2. Materials and methods
	2.1. Whole-building energy model
	2.2. Building archetypes
	2.3. Climate data and future projections
	2.4. Characterization of indoor thermal conditions

	3. Results
	4. Discussion
	5. Conclusions
	Acknowledgments
	Appendix A.
	Appendix B.
	Appendix C.
	References



