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A B S T R A C T

Recently, due to the increase in the number and severity of heat waves, there is a growing interest in under-
standing overheating inside buildings and the associated health risks. As a result, a new area of research inquiry
is emerging, focusing on investigating the possible trade-offs and synergies between energy efficiency strategies
and resiliency to heat in residential buildings. This study addresses this challenge using whole-building simu-
lations to model the passive survivability of archetype residential buildings during power failure scenarios that
coincide with extreme heat conditions in Houston, TX and Phoenix, AZ. Results suggest that in older con-
structions, the indoor thermal conditions will easily reach dangerous levels during such episodes. In both cities,
the discomfort index reaches the critical threshold in less than 6 h after the power outage. In addition, while
there is a notable overlap between the two objectives, the implication of energy efficiency strategies on building
resiliency to heat depends strongly on building characteristics and underlying climate. Notably, in contrast to
previous studies that consider colder climates, increasing the insulation and air-tightness are found to be ben-
eficial to passive survivability. Finally, our analysis highlights the importance of the definition of thermal re-
siliency metrics in interpreting the results of the simulations.

1. Introduction and literature background

Heat waves are becoming a more serious issue around the world. In
the U.S., heat waves are expected to become more frequent, extended,
and intense [2,12,19]. In urban settings, with their high population
densities and warming effects of the urban heat island, health risks of
heat waves are compounded.

While a large portion of the research on urban resiliency to heat is
dedicated to health-related issues and thermal comfort during heat
waves in the outdoor environment, indoor environments can also reach
conditions that are fatal [18]. For example, during the 2003 heat wave
in Europe, 74% of heat-related mortalities in France occurred inside
buildings [4].

The existing literature on studying overheating in residential
buildings can be divided into three categories. The first and most stu-
died category is summertime overheating in buildings without AC, ty-
pically in regions with moderate summers and cold winters. For ex-
ample [21], used computer simulations to assess the effectiveness of
different interventions to reduce overheating in residential buildings
during heat waves in England. They identified and prioritized common
strategies based on potential to mitigate indoor thermal conditions. In

addition, they suggested that a combination of these strategies might be
more effective in reducing overheating and building heating energy
demand at the same time. Most of the studies in this category consider
the adverse effects of climate change as well. [13] used computer si-
mulations under current and simulated future climate conditions to
study summertime overheating in London dwellings. They identified a
considerable variation among different types of dwellings with outer
insulation and window characteristics as the main determinants. They
also reported a significant variation among buildings of the same type
with different orientation, and surroundings. In terms of climate
change, their 2050 climate scenario was associated with an increase in
overheating intensity in almost all cases.

The second category of studies in the existing literature addresses
the trade-offs and synergies between energy efficiency and resiliency to
heat. Studies in this category also mostly deal with climates with
moderate summers and cold winters. [22] considered the trade-offs
between energy efficiency and reducing overheating in Australian
dwellings. They claimed that “excessive striving for energy efficiency”
would compromise a building's ability to maintain comfortable condi-
tions during heat waves. Their results suggest that strategies that con-
sider both reducing the overheating and total energy consumption are
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superior to those that only consider reducing heating demand. [1] in-
vestigated the correlation between building energy rating and heat-
related health problems within residential buildings in Melbourne,
Australia. Their proposed empirical relationships predict that the more
efficient the building, the less chance of an ambulance call or death
incident during heat waves. Another common theme within studies of
this category is investigating overheating problems in passive houses
that are designed to minimize the need for mechanical heating and
cooling through measures such as high insulation, natural ventilation,
large south facing windows, and air-tightness [7]. For instance, studies
on overheating in passive houses in London, UK [14] and Limbus,
Slovenia [15] investigated possible adverse effects from high insulation
and radiation loads and offer solutions to minimize them.

Most prior research on overheating is in temperate climates where
the use of mechanical cooling is not widespread. However, in the case
of power or air-conditioning system failure, overheating in buildings
will have serious implications for morbidity and mortality in hot cli-
mates. Furthermore, a heat wave which lasts several days can overload
the electricity grid; thus increasing the chance of a major power failure
[16]. In addition, in many cities, people of low socio-economic status
are not able to afford using AC [8]. Accordingly, the ability of buildings
to maintain safe conditions in the absence of AC in such climates is of
vital importance and is considered in the third category of studies.

[23] used simulations to study the effect of urban climate change
due to global warming and the intensification of urban heat islands on
indoor comfort conditions. He also included power and AC failure
scenarios in his study and reported predicted percent dissatisfied under
different scenarios as the thermal comfort metric. His results suggest
that while the adverse effect of climate change on indoor thermal
comfort under normal operating conditions might be negligible, it can
be considerable under failure scenarios. As a part of their research on
infrastructure vulnerability to heat waves [18], used Transys models to
simulate archetype buildings in Phoenix, AZ and Los Angeles, CA under
power failure scenarios during heat waves. Their results suggested that
a building's age has a significant impact on its indoor thermal comfort
during these episodes. The US Green Building Council [29] used com-
puter simulations to study different types of buildings under power
failure scenarios in hot summer months. Their findings suggest that
window properties, wall and roof insulation, and infiltration rate are
the most important parameters affecting a building's passive surviva-
bility. [3] used two metrics to assess the thermal resiliency of high-rise
buildings with high glazing area during a week-long power outage in
Toronto, Canada. They used Energyplus as their simulation tool and
identified that adaptive measures from occupants can be as important
as the envelope characteristics. Finally [25], considered passive survi-
vability, energy efficiency, and peak load shaving as different design
objectives and tried to identify synergies and trade-offs among them. In
order to do so, they ran computer simulations for three high-rise
buildings in Beijing, NYC, and Shenzhen. For their selected climates and
building archetypes, they reported a considerable synergy between the
three objectives.

Despite the mentioned efforts, there are still gaps in the literature
that need to be addressed. First, there is limited information on the
passive survivability of the single-family residential building stock in

the U.S – especially in the hot climates of southern states. Therefore, the
focus of this study is on single-family houses in Phoenix, AZ and
Houston, TX; two large population hubs, representative of hot arid and
hot humid climates, respectively. Moreover, while there are studies on
trade-offs between energy and resiliency oriented designs, they mostly
report aggregated effects of all interventions and measures. In addition,
none of them investigate passive survivability in hot climates.
Therefore, in this study, the impacts are assessed separately to provide
more useful information to designers and planners. In addition, the
identified inconsistencies in the literature are discussed. These include,
but are not limited to the choice of performance metrics and thresholds,
as well as definitions of overheating and heatwaves. In order to show
how these inconsistencies could lead to different interpretations of re-
sults, we repeated our final assessment with multiple definitions of
overheating.

2. Methods

Models for archetype residential buildings representing old and new
construction in Houston and Phoenix were developed and simulated
under extreme summer conditions in both cities. The extreme heat
episode was considered to coincide with a major (multi-day) power
failure scenario.

2.1. Simulation software

The EnergyPlus analysis software was used as the simulation tool for
this study. EnergyPlus was developed by the U.S. Department of Energy
(DOE) and is widely used by the research community. Most peer-re-
viewed simulation studies on overheating in buildings found in the
literature used EnergyPlus. Although it was originally developed as a
software tool to calculate energy consumption of buildings, its sophis-
ticated simulation engine and detailed heat transfer and radiation cal-
culation methods make it a suitable choice for simulating thermal
conditions in buildings in the absence of air conditioning. In addition, a
relatively large weather and archetype building database is available
for EnergyPlus.

2.2. Archetype buildings

The U.S. DOE Building Energy Codes Program has generated re-
sidential building models - that include envelope and glazing data –
based on the International Energy Conservation Code (IECC) for 119
regions in the country. These models are available on the website of the
Energy Efficiency & Renewable Energy Office of U.S. DOE. With limited
modifications to these models, they can be used as archetypes for new-
construction buildings. For older buildings, the same geometry as the
newer buildings was used to isolate the effect of thermal characteristics
of the buildings. However, since the prototype models are not available
for pre-2000 buildings, the envelope characteristics of the older con-
struction building was obtained from the Residential Energy
Consumption Survey data [5] supplemented with data from peer-re-
viewed studies [11,20,32,34]. The similarities between the thermal
characteristics of typical residential buildings in these cities – especially

Fig. 1. Geometry of the archetype residential building (Old and New). a) ISO view b) side view c) front view.
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