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A B S T R A C T   

With climate change leading to more frequent, more intense, and longer durations of extreme weather events 
such as heat waves and cold snaps, it is essential to maintain safe indoor environmental conditions for occupants 
during such events, which may coincide with, or even cause, power outages that expose residents to health risks. 
Analyzing the impacts of extreme weather events on the thermal resilience of buildings can help stakeholders 
(including occupants) understand the risk and inform them about mitigation and adaptation actions. Moreover, 
analyzing the technological, social and policy dimensions of thermal resilience is critical for climate-proofing 
buildings. This paper presents 10 questions that highlight the most important issues regarding the thermal 
resilience of buildings for occupants in the face of climate change. The proposed questions and answers aim to 
provide insights into current and future building thermal resilience research and applications, and more 
importantly to inspire new significant questions in the field.   

1. Introduction 

Buildings and occupants are facing increasing challenges related to 
extreme events. Such events are commonly defined as “a time and place 
in which weather, climate, or environmental conditions rank above a 
threshold value near the upper or lower ends of the range of historical 
measurements” [1]. These events, such as heat waves, cold snaps, 
wildfires, floods or hurricanes are often coincident with grid power 
outages or high energy prices, thereby making it difficult to maintain 
habitable indoor conditions for building occupants. A recent report by 
the World Meteorological Organization [2] stated that about 12,000 
extreme events across the globe have occurred over the past 50 years, 
resulting in over 2 million deaths and over $4.3 trillion of economic 
losses. The catastrophic effects of extreme events on human health, lives 
and the economy, along with the projections that the intensity and 
severity of climate-change related events will continue to increase [3], 
trigger an urgent need to adapt buildings to cope with and adapt to the 
changing world. 

The global building decarbonization effort, aiming to mitigate the 
impacts of climate change through energy efficiency upgrades and end- 

use electrification to reduce energy demand and carbon emissions, 
presents new opportunities and challenges for building operations, en
ergy flexibility and resilience. For instance, the increased electricity 
demand due to electrification and severe weather conditions requires 
more electricity use, and particularly higher peak electricity demand, to 
run the heating, ventilation and air-conditioning (HVAC) systems to 
provide safe and habitable indoor conditions. This increased demand 
can heavily strain the power grid and necessitates an improved under
standing of the design and operation of climate-resilient buildings to 
provide a safe and comfortable indoor environment to occupants. 

Resilience refers to the ability of a building to prepare and plan for, 
absorb, recover from, and more successfully adapt to adverse events [4]. 
There exists a variety of dimensions to resilience in buildings, such as 
structural resilience, fire resilience, or seismic resilience, but here we 
focus on thermal resilience, which is a building’s ability to maintain a 
comfortable and safe indoor thermal environment for its occupants 
throughout its lifetime; particularly during extreme weather events 
arising from climate change or building system disruptions due to 
technical failure or power outages. Thermal resilience in buildings has 
gained a lot of attention during recent years within the scientific 
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literature and industry practices, owing to the increased frequency and 
intensity of extreme weather events and their growing widespread im
pacts on infrastructure, human health and economics. 

Researchers under International Energy Agency Annex 
80—“Resilient cooling of buildings”—have explored the topic from the 
perspective of assessing and promoting resilient low-energy and low- 
carbon cooling systems [5–7]. Ongoing efforts are focused on evalu
ating the potential of several strategies and technologies to enhance the 
resilience of buildings against overheating through dynamic building 
performance simulations [8] and providing resilient cooling guidelines, 
technology profiles and policy recommendations [9]. Within the 
building energy modeling domain, significant advances have been made 
in approaches to simulate a building’s dynamic thermal response during 
extreme weather scenarios, including the projection of its performance 
under future weather events. For instance, Samuelson et al. [10] 
analyzed the co-benefits of heat resilient architecture, taking into ac
count not only indoor thermal conditions, but also implications 
regarding carbon dioxide (CO2) emissions and heat rejection to the 
urban climate. Homaei and Hamdy [11] proposed a procedure based on 
multi-phase thermal resilience curves of buildings exposed to specific 
short-term events (e.g., a power failure during winter). A standardized 
methodology to evaluate the value of energy efficiency for energy 
resilience of residential buildings was jointly developed by three U.S. 
national laboratories sponsored by the U.S. Department of Energy [12]. 
However, there is still no consensus among researchers and practitioners 
regarding appropriate modeling approaches and performance metrics 
for analyzing the thermal resilience of buildings [13,14] to support 
decision-making. 

The lack of standardized procedures is also reflected in the missing 
requirements in building codes for thermal resilience, unlike other 
resilience dimensions (e.g., earthquake, fire) addressed through 
comprehensive risk management standards. Nonetheless, there is a 
growing interest in promoting resilient buildings and communities 
through codes, standards and guidelines. For example, the RELi™ Rat
ing System [15] is now incorporated into the resiliency-related credit 
strategies of the LEED green building rating system [16]. The RELi 
system is a holistic, resilience-based rating system that combines inno
vative design criteria with the latest in integrative design processes for 
next-generation neighborhoods, buildings, homes and infrastructure. 
The United Nations Environment Programme developed a practical 
guide for climate-resilient buildings and communities [17]. There is also 
an effort towards developing an international standard on indicators for 
resilient cities: ISO 37123 [18]. 

This paper aims to provide a deeper understanding of thermal 
resilience of buildings, particularly occupant-driven buildings such as 
residences or offices, from the perspectives of designers and policy
makers focusing on occupant health and thermal safety. It also identifies 
future research directions and provides policy recommendations. The 10 
questions target a variety of stakeholders such as architects, engineers, 
building owners, occupants or utility companies, and are intended to 
stimulate, particularly among young researchers, improvements in the 

modeling, evaluation and analysis of thermally resilient buildings to 
support decision-making. The overall structure of the 10 questions 
(Section 2), as illustrated in Fig. 1, comprise (a) an overview of the key 
stakeholders and factors influencing thermal resilience of buildings (Q1 
& Q2); (b) up-to-date research trends and insights on evaluating thermal 
resilience-assessment methods (Q3), available metrics (Q4), simulation 
workflow and scenarios for modeling (Q5 & Q6); (c) achieving thermal 
resilience in buildings through technology and design (Q7), and human 
factors (Q8); and (d) considerations for incorporating thermal resilience 
into climate adaptation and building decarbonization plans (Q9), and 
within policies, codes and building performance standards (Q10). The 
final summary (Section 3) sheds light on the research priorities and 
associated challenges regarding the thermal resilience of buildings for 
occupants in the face of climate change. 

2. Ten questions (and answers) concerning thermal resilience of 
buildings 

2.1. Who are the stakeholders and decision-makers, and why do they care 
about thermal resilience of buildings? 

Thermal resilience of buildings can be of value to a variety of 
stakeholders and decision-makers across the building life cycle (Fig. 2). 
During the design stages, thermal resilience analysis can help architects 
and engineers in designing buildings, systems, or spaces to optimize 
building performance and occupant comfort (e.g., passive design stra
tegies). Architects and energy modelers can take advantage of thermal 
resilience analysis to evaluate effective retrofit strategies, particularly 
during extreme weather events and power outages. Real estate de
velopers are often concerned with property values, the ease of selling or 
alluring investors or buyers. Thermally resilient building design and 
analysis can help real estate developers attach benefits such as improved 
occupant comfort, reduced operational disruptions, and possibly lower 
energy consumption and associated operational cost to their buildings, 
thereby increasing their marketability [19]. For building owners, the 
value of thermal resilience analysis can be realized beyond the design 
phase, particularly during building operations, through reduced opera
tions and maintenance costs due to fewer disruptions triggered by 
structural damages or operational failures, and a higher resale price due 
to the buildings’ ability to withstand environmental stressors such as 
heat waves or cold snaps, and power outages [20]. 

Another important category of stakeholders is the building occu
pants, who can gain direct advantages from thermal resilience analysis, 
including enhanced thermal comfort and associated health and well- 
being benefits. Additionally, corporate building owners or commercial 
tenants may also value thermal resilience in buildings given that such 
buildings reduce occupants’ exposure to temperature fluctuations and 
offer a comfortable indoor thermal environment that leads to improved 
occupant productivity. For facility managers, buildings designed for 
extreme weather events and power outages can help in reducing oper
ational deficiencies such as equipment or system failures. This 

Fig. 1. Structure of the paper with 10 questions.  
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minimizes maintenance efforts and disruptions and reduces occupant 
complaints, thereby enabling smooth building operations. For property 
managers, resilient buildings can offer improved tenant comfort and 
satisfaction, leading to higher occupancy rates and higher rental income. 

Thermal resilience analysis can be used by property insurance 
companies to evaluate the actual risk exposure of the property under 
extreme weather events and improve the estimation accuracy of pre
mium calculations. Identifying and quantifying the degree of property 
losses such as structural damage due to freezing temperatures will not 
only improve insurance business sustainability due to reduced risks, but 
will also improve underwriting by the introduction of innovative 
mechanisms such as risk-adjusted pricing to account for a changing 
climate [21]. 

Utility providers may also benefit from the thermal resilience anal
ysis of buildings for grid management and response. For example, 
evaluating thermal resilience of building stock can support informed 
decision-making during rotating power outages to protect the most 
vulnerable buildings, neighborhoods or populations and ensure minimal 
disruptions [22]. Moreover, utilities may be able to develop targeted 
strategies for peak load reduction and demand flexibility by considering 
thermal resilience of buildings and their occupants, thereby improving 
grid resilience and avoiding the cost of additional infrastructure. 

Evaluation of thermal performance and impacts of extreme temper
ature events on buildings can guide policymakers, government and 
public health agencies to improve the preparedness, response and 
management of climate change related impacts. For instance, thermal 
resilience evaluations can support government agencies in the devel
opment of effective and targeted building retrofit programs and rebate 
policies. Public health agencies can develop emergency response pro
tocols in case of temperature-related emergencies by identifying 
vulnerable communities, thereby reducing risks related to occupant 
health, well-being or even survivability. Moreover, building codes and 
standards can leverage thermal resilience evaluations to promote resil
ient building design practices. 

Table 1 summarizes the values or benefits from the thermal resilience 
analysis of buildings to different stakeholders. Even though thermal 
resilience analysis is advantageous to all stakeholders in different 
building life cycle stages, there could be unintended cost implications, 
such as higher insurance premiums of properties located in areas prone 
to extreme weather due to improved estimation of risks by insurance 
companies, or greater time and effort required by architects and energy 
modelers for designing thermally resilient buildings, and hence higher 
design fees. 

2.2. What are the key factors that influence thermal resilience of 
buildings? 

Understanding the key factors that influence thermal resilience of 
buildings is essential for effective design and operation of thermally 
resilient buildings. These factors, as illustrated in Fig. 3, can be broadly 
categorized into: (1) Outdoor environment - climate trend, urban micro
climate, urban heat island effects, local weather conditions, weather 
hazards of the building location; (2) Building characteristics - envelope, 
HVAC system, onsite power generation, energy storage, energy demand, 
operation and controls; (3) Occupant characteristics - social, de
mographics, and health condition of the building occupants, and climate 
acclimatization; and (4) Reliability and resilience of the power grid serving 
the building neighborhood. A brief description on how these factors 
influence the thermal resilience of buildings is presented below.  

1. Outdoor environment: A building’s outdoor environmental conditions, 
particularly the prevailing weather conditions, is a major factor 
influencing its thermal resilience. Buildings located in cold or hot 
climates, for instance, would require thermal control strategies to 
withstand extreme cold or hot spells, while those located in 

Fig. 2. Stakeholders across the building life cycle who can benefit from thermal resilience modeling and analysis.  

Table 1 
Benefits of building thermal resilience modeling and analysis for stakeholders or 
decision-makers.  

Stakeholder or decision- 
makers 

Value/benefit from thermal resilience evaluation 
of buildings 

Architects and energy 
modelers 

Identifying effective design and retrofit strategies 
for building operations 

Real estate developers Increased marketability of the property due to 
improved comfort and reduced operational 
disruptions 

Building owners Reduced operations and maintenance cost, and 
increased property value 

Building occupants (renters, 
tenants, employees) 

Enhanced thermal comfort, health and safety, and 
improved productivity 

Facility managers Minimal operational disruptions and maintenance 
effort, smooth building operations 

Property managers Low vacancy rate and high rental income, because 
of improved indoor conditions 

Property insurance companies Accurate estimation of premiums based on the 
evaluation of risks related to property damage 

Utility providers Improved grid resilience and demand response 
planning, avoiding cost for additional 
infrastructure 

Policymakers Developing resilience-oriented building design and 
retrofit programs, codes and standards 

Government and public health 
agencies 

Developing effective emergency response 
protocols to reduce risks related to health and 
survivability  

T. Hong et al.                                                                                                                                                                                                                                    
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temperate climates may require a different approach for resilience, 
considering both hot and cold events that do not conflict with each 
other. Moreover, the frequency and intensity of weather hazards 
such as prolonged heat waves are often associated with the build
ing’s location, which influences its ability to maintain a safe indoor 
thermal environment. In addition to the current weather conditions, 
the projected climate trends are also crucial, to account for the future 
weather changes that may occur in the next few years due to climate 
change disruptions. Lastly, a building’s surroundings, such as urban 
or rural, can greatly influence its microclimate due to urban heat 
island effects, and in turn the thermal resilience of buildings.  

2. Building characteristics: The physical characteristics of a building such 
as its envelope and glazing materials, orientation, window and solar 
shading device design, and layout can help in improving air tight
ness, reducing heat transfer across the envelope, managing solar heat 
gain or losses, and improving airflow and ventilation. The thermal 
mass of a building structure plays an important role in the dynamic 
thermal response; a heavy thermal mass building responds much 
more slowly than a lightweight structure. The HVAC system design 
and operation, such as a decentralized system or even availability of 
controls, can help reduce energy demand, thereby minimizing the 
building’s reliance on grid power. Additionally, the availability of 
onsite power generation, such as solar photovoltaic, energy storage 
or backup power may also improve a building’s ability to enhance 
thermal resilience by meeting the demand for critical loads (e.g., 
HVAC, medical devices, phone charging, internet devices), particu
larly during power outages coupled with extreme temperature con
ditions when passive measures may not suffice.  

3. Occupant characteristics: Occupant behavior and their characteristics 
are known to impact building energy demand [23] and hence 
significantly influence the thermal resilience of buildings. Thermal 
comfort requirements and preferences vary greatly among occupants 
of different age groups, income or health vulnerabilities. For 
instance, elderly residents with underlying medical conditions may 
have a narrower comfort temperature range because of their inability 
to engage in the available adaptive opportunities in comparison to 
the healthy residents of a multifamily housing. Other factors such as 
perceived ease of use of controls, shared or private spaces, or external 
factors such as utility costs may also influence the decisions occu
pants make to improve their indoor thermal environment. A detailed 
discussion on the impact of occupant characteristics to adapt to their 
indoor thermal environment is presented in Section 2.8.  

4. Reliability and resilience of the power grid: A building’s ability to 
withstand temperature fluctuations and provide a safe indoor ther
mal environment to its occupants may also be affected by the char
acteristics and condition of the power grid. The operating reliability 
of the grid—i.e., its ability to withstand sudden disturbances such as 
system losses or failure and its adequacy to meet the energy demand 
of the buildings at all times through integration of renewable energy 
generation sources or demand response programs [24]—is crucial. 
Additionally, the resilience of the grid in terms of its ability to adapt 
to changing conditions and recover from disruptions such as acci
dents, attacks or natural incidents may also impact the frequency and 

duration of power outages or sustained system interruptions, thereby 
influencing the thermal resilience of buildings. 

2.3. What approaches can be used to assess thermal resilience of 
buildings? 

Thermal resilience assessment of buildings can be performed using 
three major approaches: (1) on-site measurements through sensing and 
metering for existing buildings, (2) computational modeling and simu
lation for new or existing buildings, and (3) qualitative approaches such 
as surveys and interviews for existing buildings. Each of these methods 
are discussed below in brief, along with a discussion regarding their 
suitability, which may vary depending upon the use case and the 
required resources. Often a combination of these approaches proves 
more effective in understanding thermal resilience issues and adaptation 
measures.  

1. On-site measurements: One approach to assess thermal resilience 
of buildings is to monitor the outdoor weather, the indoor thermal 
environment, and occupant comfort. This could encompass sensing 
and monitoring techniques such as temperature and humidity sen
sors, IoT based sensors, or even wearable sensors for monitoring 
occupant heart rate or skin temperature [25,26]. This approach en
ables real-time monitoring to identify vulnerable buildings or spaces 
and its occupants, and can be particularly useful for planning 
building operations during extreme or power outage scenarios. With 
the availability of low-cost, customizable and easy-to-use environ
mental sensors [27], on-site measurement proves to be an effective 
method for resilience assessment and causes minimal disruption to 
the building operations [28]. However, particular attention must be 
paid to the sensitivity and calibration of the measuring instruments 
to minimize measurement errors, and to having battery backup for 
continuous sensing during power outages. The approach is best 
suited for use cases concerning existing buildings. For example, ar
chitects or engineers may find it useful for evaluating the actual in
door thermal environment using data-driven approaches to develop 
effective retrofit strategies. Developers or property managers can 
also adopt in-situ monitoring for post occupancy evaluation. 

2. Computational modeling and simulation: While building perfor
mance simulation (BPS) has been traditionally used for energy and 
comfort related applications, the past few years has witnessed 
increasing use of BPS for thermal resilience assessment [14,29,30]. 
BPS enables thermal resilience analysis for both new and existing 
buildings considering different scenarios at the required spatial and 
temporal scale. For instance, resilience modeling can evaluate the 
freezing potential during winter power outages or provide insights 
on the year-around resilience of buildings. Moreover, the approach is 
also capable of analyzing resilience at scale, such as at a community 
level for designing microgrids or at a utility region scale to inform 
stakeholders about resilience planning. This method may also be 
useful for assessing thermal performance of different building design 
options, risk assessment analysis for property insurance or to inform 
retrofit decision-making. However, particular attention must be 
given to the simulation parameters, performance metrics to report, 

Fig. 3. Four categories of factors influencing thermal resilience of buildings.  
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the model inputs and their resolution, and the modeling approach 
adopted for analysis to ensure accurate and meaningful results. A 
detailed discussion of the simulation workflow is presented in Sec
tion 2.5.  

3. Qualitative approaches: Interviews and surveys to collect occupant 
experiences, feedback, preferences or contextual factors that may 
influence their interaction with buildings can prove valuable for 
thermal resilience assessment of existing buildings, particularly 
when complemented with on-site measurements or walk-through 
observations. For example, building operators may benefit by un
derstanding occupant preferences to identify critical areas of 
discomfort in buildings and develop appropriate operational changes 
to ensure smooth building operations. Interviewing residents in 
disadvantaged communities to understand their indoor environment 
experiences and associated constraints such as energy burden, and 
getting familiarity with building controls may also help prioritize 
effective technology solutions and design strategies. Additionally, 
focus group discussions, real-time occupant feedback, or logging 
thermal experiences over a specified period of time may also benefit 
from thermal resilience assessment. However, utmost attention is 
required in designing surveys or the interview process to ensure 
reliable and representative results. An associated challenge would be 
to gather meaningful responses from occupants such as their possible 
behaviors during extreme events when they have not encountered 
any such events in the past. These qualitative approaches often 
require significantly more time and effort, as well as the need to 
address human subject and privacy issues, and thus must be adopted 
with caution. 

2.4. What are the available metrics for assessing thermal resilience of 
buildings? 

Metrics are fundamental to quantifying the thermal exposure, ther
mal vulnerability, and values of strategies to reduce thermal related 
mortality. Many metrics have been proposed throughout the years to 
assess thermal resilience of buildings. Some of these metrics are calcu
lated through novel testing procedures. Some carry similar concepts but 
are named differently [14]. Part of the challenge of defining such met
rics is that the term “resilience” does not have a common definition, nor 
can it be directly measured [31]. As several stakeholders may be inter
ested in assessing thermal resilience, appropriate metrics will vary with 
their underlying needs and motivations. Available metrics can be 
broadly classified into the four categories described in Fig. 4. The term 
“metric” is considered throughout this article as a parameter that in
dicates a performance or describes a certain condition or state. They can 
be obtained through one or more variables or parameters, providing 
valuable information to understand resilience rather than just using raw 
operational measurements. 

Occupant vulnerability metrics may be either qualitative or 

quantitative. They are used to identify populations with higher pro
pensity to be affected by extreme events. For instance, vulnerability to 
heat has been associated with health comorbidities, housing features, 
income, social isolation and access to financial support [32]. Compound 
indicators are an alternative to aggregate these different parameters into 
one metric, such as the heat risk index in Paranunzio et al. [33]; which 
classified a population using a six-level scale from very low to very high 
risk. Policymakers, urban planners and public health agencies are some 
of the stakeholders that can benefit from such metrics because they 
enable them to make informed decisions when proposing new codes, 
standards, and social protection programs. 

These vulnerability metrics can also be used to dive into a buildings’ 
thermal dynamics to quantify its capability of maintaining adequate 
indoor thermal conditions. Design teams and energy modelers are the 
most interested in these metrics as they can indicate what design aspects 
should be improved to foster thermal resilience. These metrics are 
usually calculated from outputs of building performance simulation or 
from field measurements. For example, metrics can be calculated from 
hourly values of indoor environmental parameters including air dry- 
bulb temperature, humidity, air velocity and surface temperatures. 
Thermal comfort parameters, including PMV (Predicted Mean Vote) and 
PPD (Predicted Percentage of Dissatisfied), have been widely used. 

Three examples of metrics on occupant heat exposure and thermal 
survivability have been used in practices: (1) the Standard Effective 
Temperature (SET) degree-hours for both hot and cold events, (2) the 
Heat Index for hot events throughout a period of time, and (3) the Hours 
of Safety for cold events. These metrics are used to quantitatively 
evaluate the thermal resilience of the baseline building conditions, as 
well as to identify improvements to thermal resilience for the efficiency 
upgrade scenarios. 

SET is a temperature parameter that considers indoor air dry-bulb 
temperature, relative humidity, mean surface radiant temperature and 
air velocity, as well as the activity rate and clothing levels of occupants. 
SET has long been adopted in ASHRAE thermal comfort standard 55 
[34]. The LEED v4.1 Credit for Passive Survivability and Backup Power 
During Disruptions defines “livable conditions” as SET between 12.2 ◦C 
(54 ◦F) and 30 ◦C (86 ◦F). SET can be used to assess thermal survivability 
in both hot and cold events. To receive LEED credit for residential 
buildings, the unlivable SET degree-hours below 12.2 ◦C (54 ◦F) or 
above 30 ◦C (86 ◦F) must not exceed 120 (◦C)-hours (216 (◦F)-hours) for 
a seven-day power outage during an extreme hot or cold event. The SET 
degree-hours metric is more complex to calculate but considers six 
thermal comfort parameters and the accumulated severity of the ther
mal stress during extreme weather events. The metric is hard to measure 
directly in indoor environments but can be easily calculated using 
building simulation tools such as EnergyPlus. 

Heat Index (HI) combines air temperature and relative humidity to 
measure the human-perceived equivalent temperature. There are four 
levels of heat stress based on HI: Caution, Extreme Caution, Danger, and 

Fig. 4. Categories of metrics for assessing thermal resilience of buildings.  
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Extreme Danger. The parameter is used for hot events only, and can be 
analyzed within a timeframe to determine the occurrence of each heat 
stress level. HI is easy to measure, as it only requires the indoor air 
temperature and humidity. It should be noted that the heat index ranges 
and hazard levels are defined for the general population although the 
vulnerable population is more sensitive to overheating risk. 

Hours of Safety is a metric developed by the U.S. Environmental 
Protection Agency (EPA) and the Rocky Mountain Institute [35] as a 
measure of the duration of time a building is able to maintain safe 
conditions above a predefined temperature threshold during a cold 
event. When indoor air temperature falls below 12.2 ◦C (54 ◦F), there is 
an increased health risk for vulnerable populations; when indoor air 
temperature drops below 4.44 ◦C (40 ◦F), there is an increasing risk of 
hypothermia for all populations (healthy and vulnerable). The metric of 
Hours of Safety is simple to understand and easy to calculate via simu
lations or measurements. It aims to serve as a potential resilience score 
of buildings, in analog to the ENERGY STAR score for representing en
ergy efficiency of buildings. 

For a building with multiple thermal zones (spaces with different 
temperatures), such as multi-family buildings or nursing homes or 
assisted living facilities, it is necessary to collect results from multiple 
spaces, as temperatures are likely to vary by orientation and floor level. 
Then thermal resilience metrics can be calculated for each occupied 
space, and results can be presented with the worst, median, 5% or 95% 
tile of spaces, and the aggregation weighted by the number of residents 
or bedrooms for the whole building. 

Quantitative occupant vulnerability metrics can be divided into four 
types, depending on what type of information they provide about the 
indoor thermal environment and its consequences to occupants: fre
quency, intensity, duration, or severity. Frequency metrics are those that 
describe how often certain conditions occur. Thermal autonomy [36] is 
an example of a frequency indicator, describing the percentage of 
occupied hours a building can maintain indoor thermal conditions 
within thermal comfort thresholds without the need for mechanical 
conditioning. An intensity indicator usually describes extreme thermal 
conditions within the period, like the annual maximum operative tem
perature [37]. Duration indicates the length of time to reach or recover 
from certain conditions. An example is the hours of safety [35] previ
ously mentioned. An indicator of severity combines both frequency and 
intensity, like the degree hours [38], and the SET degree-hours used to 
determine the passive survivability [39]. 

System vulnerability metrics may help mechanical and civil engi
neers to future-proof building technical systems, as well as guide 
building operators in responding to extreme events. Examples are the 
backup power capacity and peak demand [29], the maximum time to 
repair a thermal system serving the building [40], and the degree of 
system shock [41]. 

Financial metrics are those associated with the cost of either 
investing in thermal resilience measures or dealing with consequences of 
not being resilient. The value of a statistical life is an example of a 
financial metric that estimates the value of saving lives through miti
gation measures [42]. Building property damages may include frozen or 
burst pipes during extreme cold events and moisture issues such as in
door mold growth if air-conditioning is turned off for too long. The 
Interruption Cost Estimate (ICE) Calculator [43,44] is a tool designed for 
electric reliability planners at utilities, government organizations or 
other entities that are interested in estimating interruption costs and/or 
the benefits associated with reliability improvements. In Bucking et al. 
[45]; the value of lost load has been proposed to assess the thermal 
resiliency of a building during a grid outage. This category of metrics 
may interest real estate developers, corporate building owners and in
surance companies, for example. 

As practitioners do not want to focus on thermal resilience at the 
expense of other indicators, energy performance metrics can also be 
evaluated as a means to consider energy efficiency in tandem with 
resilience. Examples are the energy use intensity and peak demand. 

Other relevant metrics are carbon emissions and utility costs [45]. A 
resilience analysis should include a comprehensive set of metrics to 
compose a thermal resilience assessment that will ultimately serve for 
evaluation, comparison and decision-making. 

2.5. What is a reasonable workflow to model thermal resilience using 
building performance simulation? 

Building performance simulation (BPS) has long been used to assess 
the energy and thermal performance of buildings. As resilience assess
ments gain more attention in the literature, similar procedures are being 
adopted for thermal resilience modeling with some distinguishing 
practices and additional points of caution. Fig. 5 illustrates a workflow 
to effectively simulate thermal resilience in buildings. 

The first step is to select an appropriate tool and develop a baseline 
building model. Common BPS tools, including EnergyPlus, TRNSYS, IDA 
ICE, IES, and eQuest are described and compared in Attia et al. [46]; 
Mazzeo et al. [47]; and Pan et al. [48]. The minimum capabilities ex
pected from a BPS tool to model resilience [14] include the following:  

● Ability to run full-year or partial-year analyses at least at an hourly 
frequency  

● Comprehensive consideration of weather variables as input in the 
simulations  

● Capacity to model failure events (e.g., technical systems and grid 
failures)  

● Ability to model the occupant behavior and their adaptive measures  
● Ability to model detailed zoning, including multiple floors and rooms  
● Capacity to model natural ventilation, shading effect, and other 

strategies and technologies that may influence thermal resilience 

Assumptions regarding occupants and building operation greatly 
influence the resilience assessment as they define, implicitly or explic
itly, a level of expectation towards the indoor environmental quality and 
adaptation abilities. Mechanically cooled/heated buildings often require 
different design choices and adaptation strategies than occupant- 
controlled naturally conditioned buildings or mixed-mode buildings 
do [49]. 

Based on the operation mode, it is necessary to define or choose 
parameters that characterize the indoor thermal environment and can 
represent thermal resilience. Depending on the chosen BPS tool, it may 
implement some of the thermal resilience metrics that can be reported 
directly or may have to output relevant hourly variables that are further 
post-processed to calculate the thermal resilience metrics. 

The fundamental definition of resilience is associated with how 
buildings respond and recover from a shock [5], such as heat waves, cold 
snaps, and power outages. Thus, unlike conventional BPS that consider 
buildings under typical meteorological and normal operational condi
tions, a thermal resilience analysis should account for multiple scenarios 
that may impact a building’s coping capability. The selection of sce
narios for a robust thermal resilience analysis is further discussed in 
Section 2.6. 

After running simulations that consider multiple scenarios, metrics 
are calculated from the outputs. They should quantify occupant’s vul
nerabilities, as well as the necessary energy used to operate the building 
and maintain thermal comfort and safety. A resilience assessment will 
report the obtained results, which can then be used in an optimization 
process targeting and improving vulnerabilities through appropriate 
design strategies. 

2.6. What scenarios are needed to consider for robust thermal resilience 
modeling? 

Unlike conventional BPS, thermal resilience modeling requires ac
counting for an integrated set of scenarios considering various sources of 
hazard that can disrupt buildings in a geographic region. Table 2 lists 
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types of hazards (left column) associated with possible consequences to 
the indoor thermal environment (central column), such as causing 
overheating and limiting operability. These events may be modeled 
directly or indirectly in the BPS, with possible approaches listed in the 
right column. For instance, heat and cold waves can be directly modeled 
through appropriate weather files from a historical event or a projected 
future event. The impact of wildfires on the other hand would be mostly 
represented indirectly; the ambient air quality (CO2, fine particulate 
matter [PM2.5]) may not be provided in the weather files. These fires can 
compromise the air quality in a region, preventing occupants from 
opening windows, which can limit occupants’ adaptability capabilities 
and compromise thermal resilience. When a building does not need to be 
evacuated, earthquakes and flooding can damage structures and tech
nical systems, which also affect building operation and system perfor
mance, limiting the capacity to respond to hazards. 

Occupants’ characteristics are also relevant when selecting sce
narios, as they will influence not only the expected indoor thermal 
quality but also adaptation capabilities. The COVID-19 pandemic 
recently demonstrated how building occupation and operation patterns 
can deeply change, consequently impacting building performance [50, 
51]. Considering diversity in occupant behavior can be an opportunity 
to stress the model [52] and test its resiliency. 

Fig. 6 summarizes the main steps to formulate scenarios within a 
modeling workflow. Beyond fully functional buildings, power avail
ability constraints should be considered, especially for buildings that 

Fig. 5. A workflow to model thermal resilience using building performance simulation.  

Table 2 
Types of hazards and potential impacts on the indoor thermal environment.  

Types of hazard Consequences to buildings 
and their indoor thermal 
environment 

Representation in 
building performance 
modeling 

Air pollution, wildfires Limit window opening, 
restraining occupants’ 
adaptability capabilities 

Building operation 
constraints 

Pandemics Alter occupation and 
operation in relation to 
design conditions, 
influencing thermal 
performance 

Diverse occupant 
behaviors 

Power outages, drought Limit use of systems (e.g., 
HVAC) to respond to 
extreme weather events 

Power availability 
constraints and building 
operation constraints 

Heat waves, cold waves, 
ice storms 

Overheating or overcooling Appropriate weather file 
Damage structures and 
systems, impacting the 
capability to respond to 
hazards 

Building operation 
constraints 
System performance loss 
on inputs 

Alter occupation and 
operation (e.g., limiting 
commute outdoors) 

Diverse occupant 
behaviors 

Earthquakes, flooding, 
landslides, volcanic 
activities, wind storm, 
wildfires 

Damage structures and 
systems, impacting the 
capability to respond to 
hazards 

Building operation 
constraints 
System performance loss 
on inputs  
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rely on active systems to guarantee survivability. Partial power, com
plete power outages at different durations, and rotating power outages 
are some of the scenarios adopted, often concurrent with a heat or cold 
wave. When analyzing the effectiveness of phase change materials in 
residential buildings, Baniassadi et al. [53] verified that the severity of 
overheating highly depended on the time of day that the 
air-conditioning system lost power. Other constraints in building oper
ation can be related to failure in building technical systems (e.g., auto
matic solar shading) and the inability to open windows due to 
occupants’ physical limitations or exterior factors (e.g., wildfires and 
security concerns). Sengupta et al. [41] evaluated the impact of multiple 
types of shock on resilience to overheating in a nearly-zero energy 
educational building and concluded that the impact of heat waves was 
significantly higher than any system failure, with a future heat wave 
being the most extreme shock. 

When analyzing a specific event (e.g., historical heat wave), authors 
usually run simulations for a shorter time frame (from days to weeks) 
comprising that event plus a warm-up period [11,54]. When analyzing 
the overall thermal autonomy of buildings, whole-year simulations are 
used, which are able to better represent the impact of weather seasonal 
variability [13]. The source of weather data is fundamental to enable an 
accurate evaluation. As extreme scenarios are often intensified by local 
urban characteristics (e.g., urban heat islands), local weather data are 
preferred. 

Learning from past events is an important part of resilience planning, 
thus simulation with historical weather data is relevant, such as when 
considering historical extremes. However, it is increasingly important to 
start designing for the future, as new buildings are expected to last at 
least 50 years. Authors have developed future weather files based on the 
Intergovernmental Panel on Climate Change (IPCC) scenarios [55], 
leveraging the assessment of thermal resilience under 2050s and 2090s 
climates [56], for example. A prominent initiative to generate future 
weather files can be found in the works of the International Energy 
Agency Annex 80 [57] which provided future Typical Meteorological 
Years (TMY) and Heat Wave Years (HWY) for multiple cities worldwide. 

Available techniques to generate future weather data are based on 
downscaling general circulation models. Examples are time series 
adjustment (morphing), interpolation, stochastic weather generation, 
and dynamic downscaling [58]. The latter consists of using regional 
climate models (RCM), which are climate models obtained from global 
climate models (GCM) after a dynamic downscaling to improve spatial 
resolution (10–50 km [km]). RCMs can be obtained from the Coordi
nated Regional Downscaling Experiment (CORDEX) database, where 
worldwide multi-year projections are available [59]. The Weather 
Research and Forecasting (WRF) model, coupled with the urban canopy 
model, can further downscale the climate data to the 1 km resolution 
considering the urban heat island effects and anthropogenic heat from 
buildings [60]. 

Weather data can be provided for building performance simulation 
in different types of weather files, depending on the application. For a 
resilience analysis, ideally a set of different weather files would be 
adopted to provide a range of climate conditions that a building may be 
exposed to (D. B. [61]. For instance, in an eXtreme Meteorological Year 
(XMY) [62], more extreme months are selected to build the meteoro
logical year, unlike TMY, which considers median weather conditions 
[63]. Heat wave years represent actual years in which at least one heat 
wave has been detected. 

A standard definition of a heat wave is still absent, and detection 
methods differ in literature and practice. Flores-Larsen et al. [64] eval
uated heat waves that were identified through three methods comparing 
their potential impact on indoor thermal conditions. The authors 
rendered Ouzeau’s method as the most suitable for building applica
tions. In Ouzeau et al. [65]; a set of criteria is defined to identify heat 
waves, together with three metrics to characterize them: duration, 
maximum temperature, and global intensity. Thus, multiple heat waves 
can be identified within a period, allowing users to select the longest 
heat wave, the most intense, and the most severe. However, the mini
mum number of scenarios to be considered in a robust resilience analysis 
remains a research gap. 

For buildings in mixed climates, e.g., requiring cooling in summer 
and heating in winter, it is important to include both the extreme hot 
and cold events in the modeling and evaluation of thermal resilience. 
Certain mitigation measures may result in conflicting performance be
tween the hot and cold events, e.g., a well-insulated and airtight 
building envelope helps maintain indoor warm temperature during cold 
events, but it may trap heat indoors, leading to overheating during hot 
events if there is a lack of effective ventilation (either natural ventilation 
or low-energy mechanical ventilation using fans). 

2.7. What technologies and design strategies can be used to achieve 
resilient buildings? 

Designing thermally resilient buildings requires an understanding of 
effective strategies and solutions that can reduce the adverse effects of 
extreme temperatures on occupants’ health. In this endeavor, we can 
turn towards a wide array of technological solutions, including passive 
and active measures, backup power and energy storage, and certain 
behavioral strategies driven by the occupants themselves. This section 
summarizes the current and emerging technologies to improve thermal 
resilience (which does not necessarily align perfectly with energy effi
ciency), and discusses these technologies’ potential conflicting impacts 
between extreme hot and cold events. 

2.7.1. Passive solutions 
Passive solutions do not require power supply to function, so they 

can be particularly helpful during power outages. The first line of 

Fig. 6. Key dimensions to consider in defining simulation scenarios for evaluating thermal resilience.  
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defense against extreme temperatures is the design of the building itself. 
Properly designed and insulated building envelopes can significantly 
improve thermal performance by reducing envelope heat gain in sum
mer and heat loss in winter, modulating (time shifting) indoor temper
ature changes by storing and releasing heat, and/or removing heat from 
the building in summer and adding heat to the building in winter. 

Passive designs that can effectively reduce unwanted heat gain 
through the envelope during extremely hot events include (1) thermal 
insulation, mainly in walls and roofs; (2) window measures, such as 
high-performance windows, interior and exterior shading devices (e.g., 
blinds, overhangs, awnings), and solar control window films; (3) solar 
reflective materials, such as cool roofs, cool walls, and radiant barriers 
[30,66]; (4) evaporative envelope surfaces, such as green roofs, green 
facades [67], and roof ponds [68,69]. On the other hand, thermal 
insulation and air tightness are very effective passive designs that can 
effectively reduce unwanted heat loss during extreme cold events. 

The properties and performance of the above passive designs are 
static throughout the year. In some cases this might cause conflicting 
impacts between extreme hot and cold events [29,70]. For example, cool 
roofs, cool walls and solar control window films can reduce heat gain 
through solar radiation, which is beneficial in decreasing indoor tem
perature during heat waves, but on the other hand, would have a 
negative impact during cold snaps [29]. To solve such conflicts, re
searchers are developing emerging technologies such as dynamic coat
ings. Dynamic coating materials, with varying thermal and/or optical 
properties under different circumstances (e.g., temperature, switches 
between control states), can modulate heat gain and heat loss through 
the envelope in different seasons. The application of dynamic coatings is 
mainly on windows and roofs, such as thermochromic smart windows 
[71] and thermochromic roofs [72–75]. Such dynamic coating tech
nologies have not been deployed widely due to the high investment cost 
issues. 

Natural ventilation can provide free cooling when the outdoor 
environment is cooler than the occupied space. For buildings with 
operable windows of reasonable size and orientation, natural ventilation 
is a very effective passive measure to decrease indoor temperature 
during heat waves [29,67,76], particularly for top floors [30]. Mean
while, the benefit of natural ventilation may be moderately curtailed if 
the exterior environment is too harsh to benefit the interior environ
ment, e.g., outdoor temperature is higher than indoors, outdoor air 
humidity is too high, or outdoor air is polluted during wildfires [54]. 

Thermal mass can be an effective passive strategy. It refers to the 
ability of a material to absorb, store, and later release heat, acting as a 
thermal buffer. Materials with high thermal mass (such as concrete, 
brick, or stone) can absorb heat during the day when the temperature is 
high and release it slowly at night when the temperature drops. This 
process helps regulate the daily indoor temperature fluctuations, 
providing a more stable and comfortable indoor environment. However, 
its effective use depends on the duration of the extreme hot events 
(thermal mass can be effective for short events, say 1 or 2 days) as well as 
the occupancy patterns of the building (residential buildings with 
nighttime occupancy or office buildings with daytime occupancy only). 

Passive solar heating and cooling systems, such as Trombe walls, can 
further enhance the building’s resilience [77]. Classic Trombe walls are 
heating-based, which can catch solar radiation, exploiting the green
house effect created in a glazed cavity, and absorb and store heat using a 
massive wall. Some variations of Trombe wall configurations enable it to 
provide passive cooling in the hot summer. The Trombe wall is not a new 
technology (its concept was born in the 19th century); however, modi
fications have been made to Trombe walls over time to improve their 
performance and efficiency [77]. 

2.7.2. Active solutions 
While passive measures can reduce the risk of dangerous conditions, 

they may not guarantee safe conditions for occupants [54]. Active 
measures, backup power, and/or energy storage are needed to provide 

cooling/heating to maintain safe conditions for occupants. Active solu
tions need power supply to function, either from the grid or from bat
teries or on-site backup power systems. A typical active solution is to 
install an HVAC system or upgrade the existing HVAC system. The HVAC 
equipment in existing buildings usually suffers from efficiency and ca
pacity degradation as it ages due to various reasons such as duct leakage, 
refrigerant loss, soiled filters and lack of maintenance. During extreme 
temperature events, this may cause failure of the HVAC equipment to 
provide sufficient cooling/heating to maintain thermal safety in the 
buildings. Upgrading the existing HVAC system to an appropriately 
sized efficient new system would enable sufficient cooling/heating ca
pacity to secure a comfortable indoor environment during extreme 
temperature events. 

However, there are two caveats with the typical active solution: (1) 
HVAC systems, especially whole-building central types, consume large 
amounts of energy. If all buildings run their HVAC systems at full ca
pacity during extreme temperature events, it would be a huge burden to 
the grid and would largely increase the risk of power outages due to 
limited grid capacity. (2) If a power outage did happen, the HVAC sys
tem could not run without a large capacity backup generator or large 
capacity battery due to its high energy demand, which would require 
significant investment. Therefore, low-energy active solutions are highly 
preferred, as well as active solutions that are based on optimal control 
strategies. 

Low-energy active solutions can function with relatively small 
amounts of energy, such as ceiling fans, portable fans, evaporative 
coolers and portable air conditioners (ACs)/heaters. Ceiling fans and 
portable fans can improve comfort levels by raising the upper boundary 
of the occupants’ comfort zone through increased air circulation. 
Evaporative coolers and portable ACs, despite their limited capacity and 
moderate efficiency, can keep a single room from overheating and help 
to avoid deadly heat hazards [29]. In particular, a combination of 
evaporative coolers/portable ACs and ceiling fans/portable fans could 
be a very effective active solution to maintain thermal safety for the 
occupants. 

Personal comfort systems (PCS) are another attractive low-energy 
active solution. PCS are devices to heat/cool individual occupants 
directly or heat/cool the localized thermal environment of an individual 
occupant, under the control of the occupant without significantly 
affecting the thermal environment of other occupants [34]. PCS exam
ples include cooled/heated chairs, portable or desktop-scale fans, 
workstation micro-air-conditioning units including personalized venti
lation (some including phase change material storage), conductive 
wearables and variable clothing insulation. By conditioning the imme
diate surroundings of the occupants, PCS create micro-environments 
that can extend the range of temperatures that is generally perceived 
as comfortable, thereby avoiding significant discomfort/hazard and also 
reducing the energy used by mechanical space conditioning [7]. 

Optimal control methods can enhance a building’s thermal resilience 
during heat waves by optimizing the building load profile. A good 
example is pre-cooling. Pre-cooling refers to cooling the building during 
off-peak hours or periods of lower temperatures to mitigate heat gain 
during peak hours. Simulation results show that pre-cooling is effective 
in reducing overheating, and the efficacy of pre-cooling depends upon 
several building characteristics [78]. 

2.7.3. Backup power and energy storage 
Backup power and energy storage technologies ensure the contin

uous operation of active solutions during power outages or periods of 
high demand. Solar photovoltaic (PV) systems, backup generators (e.g., 
wind, diesel), and batteries can provide reliable power, while thermal 
energy storage systems using water, ice or phase change material store 
excess thermal energy for later use [79]. Combined heat and power 
generation may also contribute to a building’s energy resilience by 
optimizing load dispatch [79]. 

Backup generators and batteries, though reliable, require 
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considerable initial investment. If backup generators and/or batteries 
are designed to maintain a building’s full services during extreme 
weather events, the required capacity would be significant. Alterna
tively, if the resilience goal is to maintain the critical services only, the 
required backup generator and/or battery capacity would be largely 
reduced [29]. 

2.7.4. Occupant behavioral strategies 
Beyond technological interventions, occupants can adopt various 

strategies to cope with extreme temperatures. These include self- 
dousing, foot immersion, misting fans, ice towels, ingesting cold 
water, adjusting activity levels, and adding or removing clothing layers 
[80]. Such adaptive behaviors, complementing the technological solu
tions, can significantly contribute to enhancing the overall thermal 
resilience of buildings. More details regarding human factors and their 
impact on thermal resilience will be discussed in Section 2.8. 

2.8. What are essential human factors to consider in achieving thermal 
resilient buildings? 

Human factors play two critical roles in the evaluation of building 
thermal resilience. First, most buildings serve the explicit purpose of 
protecting occupants from outdoor conditions and often—particularly 
for conditioned buildings and in developed countries—rely on an un
interrupted supply of external energy inputs and active building systems 
to provide a comfortable and healthy indoor environment. 

Second, occupants often play an active role in improving building 
performance in the absence of such active energy systems (e.g., opening 
windows to provide fresh air)—particularly for buildings that are not 
tightly controlled and automated (e.g., naturally ventilated). While 
humans have a wide range of physiological, psychological and behav
ioral means for adapting to extreme conditions [81], the desired range of 
preferred or habitable conditions depends greatly on the individual and 
population (e.g., elderly, hospital patients, children, healthy adults). 
Similarly, the skill, knowledge, experience and ability of occupants to 
adapt building systems during extreme events will vary. Fig. 7 shows the 
full spectra of occupant sensitivity and ability, with the trend of those in 
the bottom left corner being most vulnerable. Another way to view this 
is that of the three means for adaptation—psychological, physiological, 

and behavioral—the vertical axis represents the first two, while the 
horizontal axis represents behavioral adaptation. The severity of con
sequences from exposure to extreme conditions and recovery (e.g., 
ranging from full recovery to death) also depend on the combination of 
the individual and the severity/duration of conditions experienced [81]. 

To ground the theory, consider a study of 740 people who died 
during an extreme heat event in British Columbia, Canada, in 2021 [82]. 
Schizophrenia was found to be the top predictor of death. Lee et al. [82] 
suggested that people with schizophrenia lack an awareness of their own 
health status and thus may not respond to overheating; their medica
tions may also inhibit thermoregulation. In this case, the same health 
condition caused the occupants to both be insensitive to indoor thermal 
conditions and have a limited ability to adapt. During this same heat 
wave event, a study of all deaths [83] found the majority of decedents 
were not using their air conditioning or fans at the time of death. This 
suggests a lack of user knowledge, but also highlights the importance of 
education and usability of such devices. 

2.8.1. Acceptable indoor conditions 
Of the four domains of indoor environmental quality (IEQ)—indoor 

air quality (IAQ), thermal comfort, visual comfort, acoustic com
fort—the first two are the most sensitive during extreme events. Visual 
comfort could also be problematic in the absence of electric light
ing—particularly if it is needed to support egress. In this brief section, 
we review key issues and parameters established by the thermal comfort 
literature. 

The literature on building thermal resilience has developed 
numerous definitions for the indoor conditions of a building’s thermal 
environment, with two main perspectives: the occupant’s or the objec
tive indoor conditions. For example, Homaei and Hamdy [11] defined 
indoor spaces in three categories of improving conditions for occupants: 
uninhabitable, habitable, and comfortable/acceptable. Indoor thermal 
conditions are often defined by various forms of temperature and cor
responding thresholds, though standards are not yet widely established. 
Many overheating and heat stress metrics have been developed [67]; 
refer to Section 2.4 for more. The duration of exposure to extreme 
thermal conditions also needs to be considered for defining indoor 
thermal conditions. For example, Flores-Larsen et al. [84,85] reviewed 
numerous time-integrated and/or space-integrated discomfort evalua
tion methods to integrate temperature and exposure duration within 
resilience assessment. The literature largely focuses on overheating; 
however, cold conditions also can be a concern (e.g., coincidence of 
freezing rain that causes power outages and extreme cold conditions). 
More research is needed to understand resilience in such circumstances. 

The literature also considers the extent to which occupants can 
psychologically adapt or cope with uncomfortable or unhealthy thermal 
conditions [86]. However, there are many open questions since limited 
data are available. For example, it is unknown whether occupants in 
naturally ventilated/free-running buildings are more tolerant to 
extreme temperatures. Also, can the adaptive thermal comfort model be 
applied to buildings that suddenly become naturally ventilated by virtue 
of not having functioning air-conditioning? 

While IAQ and thermal comfort are often treated separately (e.g., by 
codes and standards), we must acknowledge some interactions. First, 
thermal conditions can affect human sensitivity to IAQ and vice versa 
[87]. Second, occupants may face a compromising circumstance 
whereby they wish to open a window to increase fresh air at the cost of 
admitting air of uncomfortable or extreme temperatures. Conversely, 
they may be overheating and wish to open a window, yet the outdoor air 
may be highly contaminated (e.g., wildfire smoke, sandstorms). 

2.8.2. Occupant behavioral response to extreme events 
Occupants’ opportunities to adapt to uncomfortable or extreme 

conditions depend greatly on the building design, but may include 
operable windows, moveable shading devices, clothing, and relocating 
to other parts of the building (or outdoors). O’Brien and Bennet [88] 

Fig. 7. Two-dimensional space of occupant ability and sensitivity to indoor 
conditions, with two extreme populations shown as examples. 
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found that occupants’ actions, if near-optimal, were as important as 
building design in achieving desirable resilience. The ability of occu
pants to act depends on their physical abilities, while the awareness that 
they should act and how they should act depends on their cognitive 
abilities, as indicated by the BC example above. As one extreme, occu
pants who rely on elevators will struggle to leave multi-story buildings 
during power outages [89]. On a smaller scale, occupants who cannot 
reach or do not have the strength to open windows or window shading 
devices will be similarly disadvantaged. 

If occupants are able to adapt to extreme events, the question re
mains on how effective occupant actions are and how predictive the 
occupants are. For example, occupants may strategically open windows 
overnight if outdoor conditions cool, while closing them during the day. 
Occupants’ knowledge about strategies and familiarity with the thermal 
dynamics of the building tend to be best in naturally ventilated or un
conditioned buildings, whereby they take an active role in improving 
the indoor environment during normal circumstances [90]. 

While we can and should train occupants to act in ways to sustain 
their well-being during extreme events (e.g., as we conduct fire drills), a 
priority is to design buildings with systems that are resilient and allow 
occupants to help themselves in the first place. Ultimately, even the most 
savvy occupants will be constrained by building design. Redundancies 
are important to give the ultimate flexibility to occupants; for example, 
operable windows may help mitigate overheating, but wildfire smoke 
would necessitate that occupants keep them closed to avoid infiltration. 
While we focus on occupants in this section, it is noteworthy that other 
passive features enhance occupants’ ability to improve comfort (e.g., 
well-insulated envelope, thermal mass). Overly complex systems or 
automated systems with no manual override may be a liability during 
extreme events. 

On the most extreme end of preparedness and long-term decision- 
making, some consumers devise their own solutions; for example, by 
purchasing a generator or PV system that allows islanding (i.e., 
disconnection from the grid) [91]. 

2.9. How can thermal resilience of buildings be incorporated into climate 
adaptation and building decarbonization plans? 

Climate action plans formulated by governments across the globe for 
adaptation and mitigation of climate change require integrating thermal 
resilience objectives to ensure that energy and carbon targets are met in 
conjunction with minimum losses to buildings and its occupants. A key 
strategy for climate change mitigation in buildings is to decarbonize 
through energy efficiency, electrification, renewable generation, and 
demand flexibility approaches. These decarbonization approaches often 
have impacts and trade-offs with thermal resilience approaches, and 
hence it is important to recognize the opportunity to harmonize and 
synergize decarbonization efforts with thermal resilience efforts. Sun 
et al. [54], in the context of nursing homes, found that conventional 
efficiency measures such as reduced air infiltration counteract thermal 
resilience improvements. They also found that efficiency measures 
convey different resilience impacts, depending upon characteristics such 
as location, outdoor climate, nature of extreme weather event or dura
tion of power outage. Moreover, even though the electrification of 
HVAC systems is at the forefront of decarbonization, the access to heat 
pumps is associated with challenges such as cost, availability and 
adoption. There exists a huge opportunity in the buildings’ energy 
transition for lower cost complimentary energy savings approaches such 
as passive cooling measures and low cost cooling measures such as 
ceiling fans. Additionally, occupant-centric building controls to mini
mize overheating or cooling, and personalized cooling systems such as 
personal fans and cooling chairs during periods of grid stress may offer 
improved thermal resilience. Cross sectoral approaches such as electri
fication of the transport sector, along with improved vehicle-to-building 
(V2B) capabilities, also can prove beneficial for improving thermal 
resilience within decarbonized buildings. 

In terms of renewable energy generation, important considerations 
for thermal resilience and potential trade-offs in the scale and location 
and cost of renewable energy sources must be considered. For instance, 
community distributed energy resources may offer better resilience to 
buildings and prove to be more reliable and cost-effective than rooftop 
solar PV with or without batteries. To achieve synergies in improving 
thermal resilience and use of renewable generation sources, techno
logical innovations are needed to replace fossil-fuel based backup power 
options such as diesel generators with “passive survival” technologies 
for low cost emergency use such as low cost HVAC with integrated 
storage and/or direct DC-coupling to rooftop solar PV. Moreover, un
certainty in future extreme events and lack of quantification of the 
impact of future events/power outage on non-energy factors such as 
health mortality, morbidity, productivity, stress and education out
comes may hinder proper valuation of resilience investments in 
renewable energy planning. Demand flexibility, similar to the other 
three decarbonization approaches, has a strong interaction with thermal 
resilience to the extent that it can achieve a more reliable grid. For 
instance, designing demand response strategies for load shifting such as 
setpoint adjustments or pre-cooling must account for the building and its 
occupant’s characteristics, such as air tightness of the building envelope 
and the thermal comfort thresholds of the occupants, to ensure adequate 
thermal comfort. Intelligent and automated building control systems to 
optimize thermal comfort and energy use also may prove beneficial. 
Considering the co-benefits of thermal resilience of occupants, espe
cially during extreme scenarios (extreme weather coupled with power 
outages), is essential when making decisions about decarbonizing 
buildings. 

Unlike building decarbonization, the relevance of thermally resilient 
buildings in climate adaptation plans is relatively straightforward. 
Thermally resilient buildings that can withstand current and future 
climate change impacts are essential to ensure an optimal indoor ther
mal environment for occupants and successful climate adaptation. 
Currently, there is a siloed approach towards climate adaptation plans 
for buildings, where the focus is mainly on extreme heat (such as Cal
ifornia’s Extreme Heat Action Plan [92]), while hazards such as snow
storms or wildfires are not accounted for [93]. However, these often 
ignored hazards may pose a similar degree of threat to the thermal 
resilience of buildings and thus must be included in the adaptation 
plans. In summary, there is a need to better integrate thermal resilience 
that is not limited only to heat events in climate action plans. 

2.10 How can building energy codes and standards, building per
formance rating systems, and policies be adapted to support the design 
and operation of thermal resilient buildings? 

Building codes and standards, as well as performance rating systems, 
are effective instruments in supporting the creation of sustainable and 
resilient building stock. Studies have shown building codes with higher 
energy efficiency requirements improve thermal resilience [12,94]. 

We considered five different types of regulations, as well as rating 
systems that could be updated for thermal resilience, using the example 
of California, a leader in climate legislation, and an area with very 
diverse climate regions.  

● Building codes regulating general building design and construction 
requirements relating to fire and life safety, structural safety, and 
access compliance (California Title 24, Part 2) [93].  

● Building code energy efficiency requirements typically for new 
construction in residential and nonresidential buildings and for re
models and additions (California Title 24, Part 6). Compliance with 
this code can take the form of mandatory measures, prescriptive 
measures, or taking a “performance path” of meeting overall per
formance requirements with a combination of different measures at 
the discretion of the building designer.  

● Building code for existing buildings (California Title 24, Part 10). 
This includes seismic provisions but also requirements for 
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mechanical, electrical, and plumbing systems and components, e.g., 
fire alarms.  

● “Green building codes” that cover broader building sustainability 
areas such as building and site planning/design, energy efficiency, 
water efficiency, materials/resource conservation, and indoor envi
ronmental quality (California Title 24, Part 11, or “CALGreen”). 
Within those categories, CALGreen has both mandatory and volun
tary measures. Voluntary measures that exceed the minimum stan
dards can be enacted by local jurisdictions and are also known as 
“reach codes.”  

● Housing law regulations including minimum building habitability 
standards for health and safety (California Title 25, Division 1) [95]. 
For example, in California this applies to all existing hotels, motels 
and apartment buildings. 

● There are also green building rating systems applied to new con
struction, the most widely used of which is the Leadership in Energy 
and Environmental Design (LEED) rating. These may cover similar 
categories to green building codes such as CALGreen but the re
quirements for LEED ratings and green building codes such as CAL
Green are generally not identical. BREEAM, CASBEE, and Green Star 
[96] are other Green Building Rating Systems applied worldwide. 

Current building codes and performance rating systems are more 
focused on energy savings and energy efficiency performance than on 
thermal resilience, with a few exceptions, such as the inclusion of 
resilience credits in the LEED rating system. For indoor comfort, build
ing codes are more likely to cover minimum heating standards and not 
minimal cooling requirements. For example, California’s building code 
for safety (Title 24 Part 2) has minimal temperature for heating tem
perature but not for cooling, and similarly, California housing law (Title 
25 Division 1) mandates that existing rental units be capable of main
taining a minimum indoor temperature of 70 ◦F (21.1 ◦C). The concept 
of thermal autonomy also can be recognized in building codes and used 
to guide effective passive designs. 

2.9.1. Key opportunities 
Thus, there are opportunities in multiple building regulation chan

nels (building codes, green building/reach codes, housing laws) to 
include greater consideration and requirements of resilience-related 
measures. 

For existing buildings, a starting point would be to building upon 
existing housing law habitability requirements (Title 25, Division 1) to 
cover extreme heat and maximum indoor temperatures and to extend 
the existing coverage of these laws to existing single-family home 
buildings in addition to apartment buildings, perhaps via Title 24, Part 
10 (Existing Buildings). 

There is a large opportunity for a newer class of regulation for 
thermal resilience with greater focus on ensuring inhabitant comfort and 
safety during emergency situations, acute events, and cascading and/or 
concurrent emergency events and to ensure passive survivability (sur
vivability during grid power outages). 

A starting point for this in new construction is in building reach or 
“stretch” codes. These codes go beyond minimum acceptable perfor
mance standards and may give the option of a tiered or stepped series of 
enhanced measures for comfort or safety. For example, these could give 
local jurisdictions wide latitude and options for the greater deployment 
of low-cost passive and low-energy active energy measures that can save 
energy and also provide greater resilience. These can be implemented in 
a similar way to traditional codes but provide additional design and 
performance options beyond what codes currently prescribe. Similarly, 
Green Building Rating Systems could be updated and extended to pro
vide more credits for thermal resilience measures. 

Researchers within the IEA Annex 80—Resilient Cooling of Buil
dings—reviewed programs, codes and policies worldwide and proposed 
a set of 37 policy recommendations to foster resilience against heat 
waves and power outages [9]. These recommendations cover the 

consideration of multiple resilient cooling strategies in policies, as well 
as the main steps to incorporate a resilience assessment into 
whole-building policies. It is still necessary to set the foundation of a 
resilience analysis into codes and standards, establishing a standardized 
procedure to assess thermal resilience considering multiple sources of 
disruption. Among these disruptions, heat waves and future climate 
projections should be considered when revising performance parame
ters, threshold values, and recommendations related to technologies in 
policies. Comprehensive metrics, data sharing, and labeling systems 
need to be established to quantify resilience and allow benchmarking 
and communication across different audiences. 

2.9.2. Challenges and barriers 
While the performance path approaches in building codes could 

accommodate a simulation-based assessment of resilience (e.g., as pre
sented in Section 2.5), enforcing resilience using a prescriptive path is 
more challenging. This is because the resilience of a building depends on 
how design features and systems work together, rather than any indi
vidual building feature. 

Updating code and housing law for greater incorporation of thermal 
resilience would face several barriers depending on the avenue taken to 
implement that measure, such as cost, enforcement challenges, and 
modeling capability to justify code additions. 

One broad challenge is that with additional resilience generally 
comes additional cost, and the question becomes, exactly how much 
resilience is required, where, and at what cost? Another challenge for 
heat resilience is that planning should be made to ensure that passive 
and low-energy or low-carbon active cooling measures are deployed to 
the maximum extent possible to ensure that air conditioning demand is 
minimized, to reduce investment costs, to constrain utility bills in
creases, and to reduce stress to the grid during heat waves. 

Housing law or building code changes that would require greater 
equipment or cooling requirements would face opposition from property 
owners, and an extension to the general residential sector would face 
cost of compliance and enforcement challenges in existing buildings. 

To the extent that a cost/benefit framework and cost effectiveness is 
a requirement for building code updates, resilience measures have 
multiple challenges. For example, resilience metrics and performance 
criteria need to be more fully defined and developed, and the benefits of 
resilience investments to safeguard public health and safety needs fuller 
quantification and monetization. 

The current practice of building modeling and characterization of 
building measures does not adequately handle the risks associated with 
both summer and winter extreme climate events of increasing fre
quency, duration and intensity, and needs to be updated to fully 
encompass future climate risks. This may include updated weather files 
that better capture regional weather extremes and a more comprehen
sive risk assessment of future risks, possible investments, and more 
comprehensive evaluation of the projected benefits of those 
investments. 

3. Summary and future perspectives 

In this paper we explored 10 questions on thermal resilience of 
buildings focusing on the occupant’s health and thermal safety during 
extreme weather events coincident with power outages. With the 
growing risk of extreme temperature events and power outages, it is 
essential to consider the costs and benefits of improving thermal resil
ience in the design of new buildings or retrofitting existing buildings 
towards carbon neutrality. Building codes and policies need to define 
clear requirements on thermal safety of occupants, provide credits to
wards climate resilient designs, and define backup power requirements 
to provide critical services (heating and/or cooling) to critical facilities 
(e.g., senior housing, nursing homes, assisted living facilities). There 
remains a need to develop a practical standardized methodology for 
assessing thermal vulnerability and evaluate benefits of passive and 
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active technologies, and occupant behavioral strategies in improving 
thermal resilience. The assessment methodology should include a well- 
defined set of thermal resilience metrics that can be quantified through 
measurements or building performance simulation. Standardized defi
nitions and datasets of extreme temperature events (heat wave and cold 
snaps) covering major global cities are also needed. 

For people living in hot climates, the distinction between extreme/ 
acute heat and chronic high heat is starting to blur. For example, in 
California’s central valley city of Fresno, in 2021 there were 69 days of 
heat with high temperatures exceeding 100 ◦F (37.8 ◦C), which is 
practically the entire summer. This also may apply to many parts of the 
Middle East and a growing region of India and Southern China. Cooling 
(air-conditioning) during the hot summers becomes an essential life 
need for the population living in the hotter and hotter regions. 

As the thermal resilience of buildings and occupants involve different 
stakeholders, building design and operation, codes and standards, and 
policies, an effective strategy or policy to regulate or improve thermal 
resilience should be based on multi-disciplinary approaches. People 
living in disadvantaged communities tend to be more vulnerable to 
extreme heat due to limited resources for adaptation, therefore climate 
equity issues deserve more research. With the global trend to decar
bonize the building sector for meeting economy-wide carbon neutrality 
in the next 30 years, there is an unprecedented opportunity to do this 
right—not only for reducing energy use and carbon emissions of 
buildings but also for improving their climate resilience for human 
health and thermal safety at the same time. 

CRediT authorship contribution statement 

Tianzhen Hong: Writing – review & editing, Writing – original draft, 
Supervision, Resources, Methodology, Investigation, Funding acquisi
tion, Formal analysis, Conceptualization. Jeetika Malik: Writing – re
view & editing, Writing – original draft, Methodology, Formal analysis, 
Conceptualization. Amanda Krelling: Writing – review & editing, 
Writing – original draft, Methodology, Formal analysis, Conceptualiza
tion. William O’Brien: Writing – review & editing, Writing – original 
draft, Methodology. Kaiyu Sun: Writing – review & editing, Writing – 
original draft, Conceptualization. Roberto Lamberts: Writing – review 
& editing, Writing – original draft, Methodology, Conceptualization. 
Max Wei: Writing – review & editing, Writing – original draft, Meth
odology, Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper 

Data availability 

No data was used for the research described in the article. 

Acknowledgements 

The LBNL team’s work was supported by the Assistant Secretary for 
Energy Efficiency and Renewable Energy, Office of Building Technolo
gies of the United States Department of Energy, under Contract No. 
DEAC02-05CH11231. Authors benefited from participation and discus
sion in the project (2018–2023) Annex 79, Occupant-centric building 
design and operation, under the International Energy Agency’s Energy 
in Buildings and Communities Programme. Amanda Krelling’s work was 
supported by the Brazilian Federal Agency for the Support and Evalua
tion of Graduate Education - Brazil (CAPES) - Financing Code 001. 

References 

[1] D. Herring, What Is an “Extreme Event”? Is There Evidence that Global Warming 
Has Caused or Contributed to Any Particular Extreme Event?, October 29, 2020. 
NOAA Climate.Gov, https://www.climate.gov/news-features/climate-qa/what-ext 
reme-event-there-evidence-global-warming-has-caused-or-contributed. 

[2] World Meteorological Organization, State of the Global Climate 2022, World 
Meteorological Organization, 2023, p. 55. https://library.wmo.int/index.php? 
lvl=notice_display&id=22265#.ZEEef-xBzjC. 

[3] S.I. Seneviratne, X. Zhang, M. Adnan, W. Badi, C. Dereczynski, A. Di Luca, 
S. Ghosh, I. Iskandar, J. Kossin, S. Lewis, F. Otto, I. Pinto, M. Satoh, S.M. Vicente- 
Serrano, M. Wehner, B. Zhou, Weather and climate extreme events in a changing 
climate, in: Climate Change 2021: The Physical Science Basis, Cambridge 
University Press, 2021, pp. 1513–1766. https://www.ipcc.ch/report/ar6/wg1/ch 
apter/chapter-11/. 

[4] USGBC - U.S. Green Building Council, Resilient by Design: USGBC Offers 
Sustainability Tools for Enhanced Resilience, USGBC, 2018, p. 4. https://www.us 
gbc.org/resources/resilient-design-usgbc-offers-sustainability-tools-enhanced-resil 
ience. 

[5] S. Attia, R. Levinson, E. Ndongo, P. Holzer, O. Berk Kazanci, S. Homaei, C. Zhang, 
B.W. Olesen, D. Qi, M. Hamdy, P. Heiselberg, Resilient cooling of buildings to 
protect against heat waves and power outages: key concepts and definition, Energy 
Build. 239 (2021), 110869, https://doi.org/10.1016/j.enbuild.2021.110869. 

[6] W. Miller, A. Machard, E. Bozonnet, N. Yoon, D. Qi, C. Zhang, A. Liu, A. Sengupta, 
J. Akander, A. Hayati, M. Cehlin, O.B. Kazanci, R. Levinson, Conceptualising a 
resilient cooling system: a socio-technical approach, City Environ. Interact. 11 
(2021), 100065, https://doi.org/10.1016/j.cacint.2021.100065. 

[7] C. Zhang, O.B. Kazanci, R. Levinson, P. Heiselberg, B.W. Olesen, G. Chiesa, 
B. Sodagar, Z. Ai, S. Selkowitz, M. Zinzi, A. Mahdavi, H. Teufl, M. Kolokotroni, 
A. Salvati, E. Bozonnet, F. Chtioui, P. Salagnac, R. Rahif, S. Attia, G. Zhang, 
Resilient cooling strategies – a critical review and qualitative assessment, Energy 
Build. 251 (2021), 111312, https://doi.org/10.1016/j.enbuild.2021.111312. 

[8] C. Zhang, O.B. Kazanci, S. Attia, R. Levinson, S.H. Lee, P. Holzer, R. Rahif, 
A. Salvati, A. Machard, M. Pourabdollahtootkaboni, A. Gaur, B. Olesen, 
P. Heiselberg, IEA EBC Annex 80—Dynamic Simulation Guideline for the 
Performance Testing of Resilient Cooling Strategies: Version 2, Department of the 
Built Environment, Aalborg University, 2023, p. 21. DCE Technical Reports No. 
306, https://vbn.aau.dk/en/publications/iea-ebc-annex-80-dynamic-simulation- 
guideline-for-the-performance-2. 

[9] R. Levinson, E. Arens, E. Bozonnet, V. Corrado, H. Gilbert, P. Holzer, P. Jaboyedoff, 
A. Krelling, A. Machard, W. Miller, M.P. Tootkaboni, S. Selkowitz, H. Zhang, Policy 
Recommendations from IEA EBCAnnex 80: Resilient Cooling of Buildings, LBNL, 
2023, https://doi.org/10.20357/B7288C. 

[10] H.W. Samuelson, A. Baniassadi, P.I. Gonzalez, Beyond energy savings: 
investigating the co-benefits of heat resilient architecture, Energy 204 (2020), 
117886, https://doi.org/10.1016/j.energy.2020.117886. 

[11] S. Homaei, M. Hamdy, Thermal resilient buildings: how to be quantified? A novel 
benchmarking framework and labelling metric, Build. Environ. 201 (2021), 
108022, https://doi.org/10.1016/j.buildenv.2021.108022. 

[12] E. Franconi, E. Hotchkiss, T. Hong, M. Reiner, Enhancing Resilience in Buildings 
through Energy Efficiency (Technical Report PNNL-32737, Rev. 1; P. 177), Pacific 
Northwest National Laboratory, 2023. https://www.energycodes.gov/energy-r 
esilience. 

[13] T. Kesik, W. O’brien, A. Ozkan, Toward a standardized framework for thermal 
resilience modelling and its practical application to futureproofing, Sci. Technol. 
Built Environ. 28 (6) (2022) 742–756, https://doi.org/10.1080/ 
23744731.2022.2043069. 

[14] C.Y. Siu, W. O’Brien, M. Touchie, M. Armstrong, A. Laouadi, A. Gaur, 
Z. Jandaghian, I. Macdonald, Evaluating thermal resilience of building designs 
using building performance simulation – a review of existing practices, Build. 
Environ. 234 (2023), 110124, https://doi.org/10.1016/j.buildenv.2023.110124. 

[15] USGBC - U.S. Green Building Council, RELi Version 2.0 Projects—Resilience 
Leadership Program—User Guide to Mandatory Requirements, 2021. https://www 
.gbci.org/sites/default/files/RELi%20mandatory%20users%20guide.pdf. 

[16] USGBC - U.S. Green Building Council, LEED Resilient Design Pilot Credits Brief, 
USGBC, 2019, p. 2. https://www.usgbc.org/resources/leed-resilient-design-pilot- 
credits-brief. 

[17] UNEP - United Nations Environment Programme, A Practical Guide to Climate- 
Resilient Buildings & Communities, 2021, p. 96. https://www.unep.org/resources 
/practical-guide-climate-resilient-buildings. 

[18] ISO - International Organization for Standardization, ISO 37123—sustainable cities 
and communities—indicators for resilient cities. https://www.iso.org/standard/7 
0428.html, 2019. 

[19] K. Burgess, E. Foster, SCORCHED: extreme heat and real estate. Urban land 
Institute.California building standards Commission. (2022), in: Guide to Title 24: 
Based on the 2022 Edition of the California Building Standards Code, Title 24, 
California Code of Regulations, 2019, p. 63. https://www.dgs.ca.gov/BSC/Resourc 
es/Page-Content/Building-Standards-Commission-Resources-List-Folder/Guideboo 
ks—Title-24. 

[20] K. McCormick, Returns on Resilience: the Business Case, Urban Land Institute, 
2015. 

[21] C.R.O. Forum, The Heat Is on: Insurability and Resilience in a Changing Climate, 
2019, p. 52. https://www.thecroforum.org/wp-content/uploads/2019/01/ 
CROF-ERI-2019-The-heat-is-on-Position-paper-1.pdf. 

[22] Z. Wang, T. Hong, H. Li, Informing the planning of rotating power outages in heat 
waves through data analytics of connected smart thermostats for residential 

T. Hong et al.                                                                                                                                                                                                                                    

https://www.climate.gov/news-features/climate-qa/what-extreme-event-there-evidence-global-warming-has-caused-or-contributed
https://www.climate.gov/news-features/climate-qa/what-extreme-event-there-evidence-global-warming-has-caused-or-contributed
https://library.wmo.int/index.php?lvl=notice_display&amp;id=22265#.ZEEef-xBzjC
https://library.wmo.int/index.php?lvl=notice_display&amp;id=22265#.ZEEef-xBzjC
https://www.ipcc.ch/report/ar6/wg1/chapter/chapter-11/
https://www.ipcc.ch/report/ar6/wg1/chapter/chapter-11/
https://www.usgbc.org/resources/resilient-design-usgbc-offers-sustainability-tools-enhanced-resilience
https://www.usgbc.org/resources/resilient-design-usgbc-offers-sustainability-tools-enhanced-resilience
https://www.usgbc.org/resources/resilient-design-usgbc-offers-sustainability-tools-enhanced-resilience
https://doi.org/10.1016/j.enbuild.2021.110869
https://doi.org/10.1016/j.cacint.2021.100065
https://doi.org/10.1016/j.enbuild.2021.111312
https://vbn.aau.dk/en/publications/iea-ebc-annex-80-dynamic-simulation-guideline-for-the-performance-2
https://vbn.aau.dk/en/publications/iea-ebc-annex-80-dynamic-simulation-guideline-for-the-performance-2
https://doi.org/10.20357/B7288C
https://doi.org/10.1016/j.energy.2020.117886
https://doi.org/10.1016/j.buildenv.2021.108022
https://www.energycodes.gov/energy-resilience
https://www.energycodes.gov/energy-resilience
https://doi.org/10.1080/23744731.2022.2043069
https://doi.org/10.1080/23744731.2022.2043069
https://doi.org/10.1016/j.buildenv.2023.110124
https://www.gbci.org/sites/default/files/RELi%20mandatory%20users%20guide.pdf
https://www.gbci.org/sites/default/files/RELi%20mandatory%20users%20guide.pdf
https://www.usgbc.org/resources/leed-resilient-design-pilot-credits-brief
https://www.usgbc.org/resources/leed-resilient-design-pilot-credits-brief
https://www.unep.org/resources/practical-guide-climate-resilient-buildings
https://www.unep.org/resources/practical-guide-climate-resilient-buildings
https://www.iso.org/standard/70428.html
https://www.iso.org/standard/70428.html
https://www.dgs.ca.gov/BSC/Resources/Page-Content/Building-Standards-Commission-Resources-List-Folder/Guidebooks---Title-24
https://www.dgs.ca.gov/BSC/Resources/Page-Content/Building-Standards-Commission-Resources-List-Folder/Guidebooks---Title-24
https://www.dgs.ca.gov/BSC/Resources/Page-Content/Building-Standards-Commission-Resources-List-Folder/Guidebooks---Title-24
http://refhub.elsevier.com/S0360-1323(23)00833-8/sref20
http://refhub.elsevier.com/S0360-1323(23)00833-8/sref20
https://www.thecroforum.org/wp-content/uploads/2019/01/CROF-ERI-2019-The-heat-is-on-Position-paper-1.pdf
https://www.thecroforum.org/wp-content/uploads/2019/01/CROF-ERI-2019-The-heat-is-on-Position-paper-1.pdf


Building and Environment 244 (2023) 110806

14

buildings, Environ. Res. Lett. 16 (7) (2021), 074003, https://doi.org/10.1088/ 
1748-9326/ac092f. 

[23] T. Hong, D. Yan, S. D’Oca, C. Chen, Ten questions concerning occupant behavior in 
buildings: the big picture, Build. Environ. 114 (2017) 518–530, https://doi.org/ 
10.1016/j.buildenv.2016.12.006. 

[24] J.P. Carvallo, N.M. Frick, L. Schwartz, A review of examples and opportunities to 
quantify the grid reliability and resilience impacts of energy efficiency, Energy Pol. 
169 (2022), 113185, https://doi.org/10.1016/j.enpol.2022.113185. 

[25] E.E. Broday, M.C. Gameiro Da Silva, The role of internet of things (IoT) in the 
assessment and communication of indoor environmental quality (IEQ) in buildings: 
a review, Smart Sustain Built Environ. 12 (3) (2023) 584–606, https://doi.org/ 
10.1108/SASBE-10-2021-0185. 

[26] B. Dong, V. Prakash, F. Feng, Z. O’Neill, A review of smart building sensing system 
for better indoor environment control, Energy Build. 199 (2019) 29–46, https:// 
doi.org/10.1016/j.enbuild.2019.06.025. 

[27] B. Mobaraki, F. Lozano-Galant, R. Soriano, F. Castilla Pascual, Application of low- 
cost sensors for building monitoring: a systematic literature review, Buildings 11 
(8) (2021) 336, https://doi.org/10.3390/buildings11080336. MDPI AG. Retrieved 
from. 
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Padura, Monitoring and analytics to measure heat resilience of buildings and 
support retrofitting by passive cooling, J. Build. Eng. 57 (2022), 104985, https:// 
doi.org/10.1016/j.jobe.2022.104985. 

[29] M. Sheng, M. Reiner, K. Sun, T. Hong, Assessing thermal resilience of an assisted 
living facility during heat waves and cold snaps with power outages, Build. 
Environ. 230 (2023), 110001, https://doi.org/10.1016/j.buildenv.2023.110001. 

[30] K. Sun, W. Zhang, Z. Zeng, R. Levinson, M. Wei, T. Hong, Passive cooling designs to 
improve heat resilience of homes in underserved and vulnerable communities, 
Energy Build. 252 (2021), 111383, https://doi.org/10.1016/j. 
enbuild.2021.111383. 

[31] J. da Silva, S. Kernaghan, A. Luque, A systems approach to meeting the challenges 
of urban climate change, Int. J. Urban Sustain. Dev. 4 (2) (2012) 125–145, https:// 
doi.org/10.1080/19463138.2012.718279. 

[32] L.A. Phillips, P. Solís, C. Wang, K. Varfalameyeva, J. Burnett, Engaged convergence 
research: an exploratory approach to heat resilience in mobile homes, Prof. Geogr. 
73 (4) (2021) 619–631, https://doi.org/10.1080/00330124.2021.1924805. 

[33] R. Paranunzio, E. Dwyer, J.M. Fitton, P.J. Alexander, B. O’Dwyer, Assessing 
current and future heat risk in Dublin city, Ireland, Urban Clim. 40 (2021), 
100983, https://doi.org/10.1016/j.uclim.2021.100983. 

[34] ASHRAE - American Society of Heating, Refrigerating and air-conditioning 
engineers, Standard 55—Thermal Environmental Conditions for Human 
Occupancy, 2020. https://www.ashrae.org/technical-resources/bookstore/stand 
ard-55-thermal-environmental-conditions-for-human-occupancy. 

[35] S. Ayyagari, M. Gartman, J. Corvidae, Hours of safety in cold weather: a framework 
for considering resilience in building envelope design and construction, New York, 
10, https://rmi.org/insight/hours-of-safety-in-cold-weather/, 2020. 

[36] W.H. Ko, S. Schiavon, G. Brager, B. Levitt, Ventilation, thermal and luminous 
autonomy metrics for an integrated design process, Build. Environ. 145 (2018) 
153–165, https://doi.org/10.1016/j.buildenv.2018.08.038. 

[37] A.F. Krelling, L.G. Eli, M.S. Olinger, R.M.E.S. Machado, A.P. Melo, R. Lamberts, 
A thermal performance standard for residential buildings in warm climates: lessons 
learned in Brazil, Energy Build. 112770 (2023), https://doi.org/10.1016/j. 
enbuild.2022.112770. 

[38] D. Al-Assaad, A. Sengupta, H. Breesch, Evaluation of the spatial aspect of building 
resilience in classrooms equipped with displacement ventilation, E3S Web of 
Conferences 362 (2022), 14006, https://doi.org/10.1051/e3sconf/ 
202236214006. 

[39] A. Wilson, Passive survivability, Environ. Build. News 14 (12) (2005) 2–6. 
[40] A.M. Zhivov, Parameters for thermal energy systems resilience, E3S Web of 

Conferences 246 (2021), 08001, https://doi.org/10.1051/e3sconf/ 
202124608001. 

[41] A. Sengupta, D. Al Assaad, J.B. Bastero, M. Steeman, H. Breesch, Impact of 
heatwaves and system shocks on a nearly zero energy educational building: is it 
resilient to overheating? Build. Environ. 234 (2023), 110152 https://doi.org/ 
10.1016/j.buildenv.2023.110152. 

[42] W.K. Viscusi, Pricing the global health risks of the COVID-19 pandemic, J. Risk 
Uncertain. 61 (2) (2020) 101–128, https://doi.org/10.1007/s11166-020-09337-2. 

[43] ICE Calculator, Interruption Cost Estimate (ICE) Calculator, 2023. https://ice 
calculator.com/home. 

[44] M.J. Sullivan, J. Schellenberg, M. Blundell, Updated Value of Service Reliability 
Estimates for Electric Utility Customers in the United States, 2015, p. 51. LBNL- 
6941E, https://emp.lbl.gov/publications/updated-value-service-reliability. 

[45] S. Bucking, M. Rostami, J. Reinhart, M. St-Jacques, On modelling of resiliency 
events using building performance simulation: a multi-objective approach, 
J. Build. Perform. Simul. 15 (3) (2022) 307–322, https://doi.org/10.1080/ 
19401493.2022.2044906. 

[46] S. Attia, L. Beltrán, A. De Herde, J. Hensen, “Architect friendly”: a comparison of 
ten different building performance simulation tools, in: Eleventh International 
IBPSA Conference, 2009, pp. 204–211. https://orbi.uliege.be/bitstream/2268/ 
167578/1/BS09_0204_211.pdf. 

[47] D. Mazzeo, N. Matera, C. Cornaro, G. Oliveti, P. Romagnoni, L. De Santoli, 
EnergyPlus, IDA ICE and TRNSYS predictive simulation accuracy for building 
thermal behaviour evaluation by using an experimental campaign in solar test 
boxes with and without a PCM module, Energy Build. 212 (2020), 109812, https:// 
doi.org/10.1016/j.enbuild.2020.109812. 

[48] Y. Pan, M. Zhu, Y. Lv, Y. Yang, Y. Liang, R. Yin, Y. Yang, X. Jia, X. Wang, F. Zeng, 
S. Huang, D. Hou, L. Xu, R. Yin, X. Yuan, Building energy simulation and its 
application for building performance optimization: a review of methods, tools, and 
case studies, Adv. Appl. Energy 10 (2023), 100135, https://doi.org/10.1016/j. 
adapen.2023.100135. 

[49] L.G. Eli, A.F. Krelling, M.S. Olinger, A.P. Melo, R. Lamberts, Thermal performance 
of residential building with mixed-mode and passive cooling strategies: the 
Brazilian context, Energy Build. 244 (2021), 111047, https://doi.org/10.1016/j. 
enbuild.2021.111047. 

[50] A. Abu-Rayash, I. Dincer, Analysis of the electricity demand trends amidst the 
COVID-19 coronavirus pandemic, Energy Res. Social Sci. 68 (2020), 101682, 
https://doi.org/10.1016/j.erss.2020.101682. 

[51] M.S. Geraldi, M.V. Bavaresco, M.A. Triana, A.P. Melo, R. Lamberts, Addressing the 
impact of COVID-19 lockdown on energy use in municipal buildings: a case study 
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/A462045185/AONE?u=anoñaa9ba490&sid=googleScholar&xid=69d1ddb9. 

[89] D. Hernández, D. Chang, C. Hutchinson, E. Hill, A. Almonte, R. Burns, P. Shepard, 
I. Gonzalez, N. Reissig, D. Evans, Public housing on the Periphery: vulnerable 
residents and depleted resilience reserves post-Hurricane Sandy, J. Urban Health 
95 (5) (2018) 703–715, https://doi.org/10.1007/s11524-018-0280-4. 

[90] G.S. Brager, R.J. De Dear, Thermal adaptation in the built environment: a literature 
review, Energy Build. 27 (1) (1998) 83–96, https://doi.org/10.1016/S0378-7788 
(97)00053-4. 

[91] M. Mildenberger, P.D. Howe, S. Trachtman, L.C. Stokes, M. Lubell, The effect of 
public safety power shut-offs on climate change attitudes and behavioural 
intentions, Nat. Energy 7 (8) (2022) 736–743, https://doi.org/10.1038/s41560- 
022-01071-0. 

[92] California Natural Resources Agency, California Climate Adaptation Strategy, 
2021. https://resources.ca.gov/Initiatives/Building-Climate-Resilience/2021-State 
-Adaptation-Strategy-Update. 

[93] California Natural Resources Agency, Protecting Californians from Extreme Heat: A 
State Action Plan to Build Community Resilience, 2022, p. 72. https://resources.ca. 
gov/-/media/CNRA-Website/Files/Initiatives/Climate-Resilience/2022-Final-Ext 
reme-Heat-Action-Plan.pdf. 

[94] A. Ozkan, T. Kesik, A.Z. Yilmaz, W. O’Brien, Development and visualization of 
time-based building energy performance metrics, Build. Res. Inf. 47 (5) (2019) 
493–517, https://doi.org/10.1080/09613218.2018.1451959. 

[95] Housing and Community Development, California Code of Regulations Title 25, 
2023. Division 1, https://regulations.justia.com/states/california/title-25/divisi 
on-1/. 

[96] L. Marchi, E. Antonini, S. Politi, Green building rating systems (GBRSs), 
Encyclopedia 1 (4) (2021) 998–1009, https://doi.org/10.3390/ 
encyclopedia1040076. 

Dr. Tianzhen Hong is a Senior Scientist with the Building Technology and Urban Systems 
Division of Lawrence Berkeley National Laboratory, USA. He is an IBPSA Fellow and 
ASHRAE Fellow. He is a Highly Cited Researcher in 2021 and 2022. His research covers 
building decarbonization and resilience, multi-scale building energy modeling and simu
lation, occupant behavior, data analytics, smart buildings, and urban systems. 

Dr. Jeetika Malik is a postdoctoral researcher with the Building Technology and Urban 
Systems Division of Lawrence Berkeley National Laboratory, USA. She has a background in 
architecture and building engineering and holds a Ph.D. from the Indian Institute of 
Technology Bombay, focused on the thermal comfort behavior of low-income occupants. 
Her interests include human building interaction for improving occupant comfort, 
occupant-centric approaches towards building performance, demand-side building 
decarbonization solutions, and thermal resilience. 

Amanda Krelling is a PhD student at the Federal University of Santa Catarina, Brazil, while 
working as an affiliate researcher at Lawrence Berkeley National Laboratory. She was the 
Vice-Chair of the Committee to review the thermal performance assessment method for the 
Brazilian building performance standard, and worked on the revision of multiple national 
standard projects. Her research covers the assessment of buildings through building per
formance simulation, especially focused on the thermal resilience of buildings and 
communities. 

Kaiyu Sun is a Research Scientist with the Building Technology and Urban Systems Divi
sion of Lawrence Berkeley National Laboratory, USA. Her research focuses on building 
energy modeling and development of energy modeling tools, occupant behavior modeling, 
and the nexus of traditional building energy efficiency and thermal resilience. She has 
authored/co-authored four peer-reviewed journal articles on the topic of building thermal 
resilience in the past three years. 

Dr. Roberto Lamberts is a full Professor in Civil Engineering at Federal University of Santa 
Catarina (UFSC), Brazil. He has published more than 100 articles in academic journals and 
two books. His current works are focused on building energy efficiency, thermal perfor
mance of buildings, bioclimatology and thermal comfort. He is the director of the Labo
ratory of Energy Efficiency in Buildings at UFSC. 

Dr. William O’Brien is a full Professor in Civil and Environmental Engineering at Carleton 
University. He is the principal investigator of the Human Building Interaction Lab. His 
team is developing occupant-centric design processes, building code, and controls for high- 
performance buildings. He has authored over 200 publications and three books on these 
topics. He is a Co-operating Agent of IEA EBC Annex 79: Occupant-Centric Building Design 
and Operation and the past president of the Canadian chapter of the International Building 
Performance Simulation Association. 

Dr. Max Wei is a Staff Scientist at LBNL. He conducts heat resilience and equity-related 
research focusing on underserved, disadvantaged communities in California. His past 
work spans techno-economic research on emerging cooling and co-generation technolo
gies, appliance energy efficiency standards, energy scenario modeling, and energy policy 
analysis in deployment programs and building electrification. Most recently, he led two 
research projects based in Fresno, California, to develop an action plan to facilitate greater 
climate equity and a heat resilience toolkit (Cal-THRIVES). 

T. Hong et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.apenergy.2019.04.020
https://doi.org/10.1016/j.apenergy.2019.04.020
https://doi.org/10.1016/j.enbuild.2019.02.040
https://doi.org/10.1016/j.enbuild.2019.02.040
https://doi.org/10.1016/j.conbuildmat.2020.120481
https://doi.org/10.1016/j.conbuildmat.2020.120481
https://doi.org/10.1126/science.abf7136
https://doi.org/10.1126/science.abf7136
https://doi.org/10.1016/j.buildenv.2023.110043
https://doi.org/10.1016/j.buildenv.2023.110043
https://doi.org/10.1016/j.rser.2016.12.003
https://doi.org/10.1016/j.rser.2016.12.003
https://doi.org/10.1016/j.buildenv.2021.108694
https://doi.org/10.1016/j.buildenv.2021.108694
https://doi.org/10.1016/j.jobe.2023.106096
https://doi.org/10.1016/S0140-6736(21)01209-5
https://doi.org/10.1016/S0140-6736(21)01209-5
https://doi.org/10.1038/s41562-023-01569-x
https://doi.org/10.1038/s41562-023-01569-x
https://doi.org/10.1029/2022GH000729
https://www2.gov.bc.ca/assets/gov/birth-adoption-death-marriage-and-divorce/deaths/coroners-service/death-review-panel/extreme_heat_death_review_panel_report.pdf
https://www2.gov.bc.ca/assets/gov/birth-adoption-death-marriage-and-divorce/deaths/coroners-service/death-review-panel/extreme_heat_death_review_panel_report.pdf
https://www2.gov.bc.ca/assets/gov/birth-adoption-death-marriage-and-divorce/deaths/coroners-service/death-review-panel/extreme_heat_death_review_panel_report.pdf
https://doi.org/10.1016/j.enbuild.2021.111463
https://doi.org/10.1016/j.enbuild.2021.111463
https://doi.org/10.1016/j.buildenv.2023.109990
https://doi.org/10.1016/j.buildenv.2023.109990
https://doi.org/10.4324/9781003244929-3
https://doi.org/10.4324/9781003244929-3
https://doi.org/10.1016/j.buildenv.2020.106804
https://doi.org/10.1016/j.buildenv.2020.106804
https://link.gale.com/apps/doc/A462045185/AONE?u=ano&ntilde;aa9ba490&amp;sid=googleScholar&amp;xid=69d1ddb9
https://link.gale.com/apps/doc/A462045185/AONE?u=ano&ntilde;aa9ba490&amp;sid=googleScholar&amp;xid=69d1ddb9
https://doi.org/10.1007/s11524-018-0280-4
https://doi.org/10.1016/S0378-7788(97)00053-4
https://doi.org/10.1016/S0378-7788(97)00053-4
https://doi.org/10.1038/s41560-022-01071-0
https://doi.org/10.1038/s41560-022-01071-0
https://resources.ca.gov/Initiatives/Building-Climate-Resilience/2021-State-Adaptation-Strategy-Update
https://resources.ca.gov/Initiatives/Building-Climate-Resilience/2021-State-Adaptation-Strategy-Update
https://resources.ca.gov/-/media/CNRA-Website/Files/Initiatives/Climate-Resilience/2022-Final-Extreme-Heat-Action-Plan.pdf
https://resources.ca.gov/-/media/CNRA-Website/Files/Initiatives/Climate-Resilience/2022-Final-Extreme-Heat-Action-Plan.pdf
https://resources.ca.gov/-/media/CNRA-Website/Files/Initiatives/Climate-Resilience/2022-Final-Extreme-Heat-Action-Plan.pdf
https://doi.org/10.1080/09613218.2018.1451959
https://regulations.justia.com/states/california/title-25/division-1/
https://regulations.justia.com/states/california/title-25/division-1/
https://doi.org/10.3390/encyclopedia1040076
https://doi.org/10.3390/encyclopedia1040076

	Ten questions concerning thermal resilience of buildings and occupants for climate adaptation
	1 Introduction
	2 Ten questions (and answers) concerning thermal resilience of buildings
	2.1 Who are the stakeholders and decision-makers, and why do they care about thermal resilience of buildings?
	2.2 What are the key factors that influence thermal resilience of buildings?
	2.3 What approaches can be used to assess thermal resilience of buildings?
	2.4 What are the available metrics for assessing thermal resilience of buildings?
	2.5 What is a reasonable workflow to model thermal resilience using building performance simulation?
	2.6 What scenarios are needed to consider for robust thermal resilience modeling?
	2.7 What technologies and design strategies can be used to achieve resilient buildings?
	2.7.1 Passive solutions
	2.7.2 Active solutions
	2.7.3 Backup power and energy storage
	2.7.4 Occupant behavioral strategies

	2.8 What are essential human factors to consider in achieving thermal resilient buildings?
	2.8.1 Acceptable indoor conditions
	2.8.2 Occupant behavioral response to extreme events

	2.9 How can thermal resilience of buildings be incorporated into climate adaptation and building decarbonization plans?
	2.9.1 Key opportunities
	2.9.2 Challenges and barriers


	3 Summary and future perspectives
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References




