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Abstract

Increasing temperature-related hazards require a collective effort to as-
sess and enhance the thermal resilience of buildings and communities to
protect occupants’ safety and minimize property or infrastructure damage.
However, limited coordination across stakeholders and lack of standardized
procedures for resilience assessment undermine the effectiveness of extreme
temperature mitigation and adaptation strategies across the building life
cycle. This review examines the current literature on resilience metrics to
address thermal stress and risk due to extreme indoor environments. Stake-
holders of thermal resilience include architects and engineers, occupants,
property owners, real estate developers, urban planners, and policymakers.
Additionally, motivations for measuring thermal resilience are emphasized,
such as safeguarding occupant health and survivability, protecting prop-
erty, and ensuring business continuity during extreme weather events. This
review provides actionable insights and identifies future research needs for
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Risk: the effect of
uncertainty on
objectives,
characterized by
potential events,
consequences, and
their likelihood of

occurrence

Hazard: phenomenon
that can cause loss of
life, injury or health
impacts, property
damage, social and
economic disruption,
or environmental
degradation
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enhancing resilience through tailored metrics for stakeholders during the planning, design,
construction, operation, and retrofitting phases of buildings and communities.
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1. INTRODUCTION

The 2024 Global Risk Reportidentified extreme weather as the most severe risk for the decade (1),
driven by the increasing frequency and intensity of natural disasters (2). It is paramount to future-
proof new and existing buildings to withstand extreme events as the main source of protection
against weather conditions (3). Failure in doing so will have a cascading effect across the entire
building and construction value chain, starting with the occupants (4).

Increases in the average global surface temperatures and more hazardous rainfall patterns are
examples of expected chronic hazards with long-term impacts, whereas acute hazards could im-
pact communities in the short-term through heat waves, cold snaps, floods, droughts, and wildfires,
for example (4). Such hazards trigger market and policy risks with climate uncertainty reducing
the values of assets, increasing costs of insurance and key resources (e.g., water and energy), and
demanding stricter regulations and taxation (4). Among these climate hazards, extreme temper-
atures increase the risk of overheating or overcooling in buildings, especially for those without
space heating or cooling systems, or facing power outages during extreme weather. These condi-
tions can severely impact occupants’ health, productivity (5), and mortality (6). According to the
National Weather Service, over the past 30 years, heat has caused more fatalities on average than
any other weather-related disaster in the United States (7). Still, a study suggests that the actual
number is significantly higher than reported (8). Additionally, the increasing likelihood of extreme
weather events has led to more frequent occurrences of power outages in recent years. In 2021,
Winter Storm Uri, in Texas and the southern United States, triggered a series of power failures
due to the grid’s inability to meet the unexpected demand caused by low ambient temperatures,
leading to over $18 billion in property damage (9). The 2022 heat wave in Sichuan Province,
China, led to power outages due to surging energy demand and subsequent droughts, resulting in
a shortage of hydroelectric power (10).
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Extreme heat and cold can cause significant physical damage to buildings, infrastructure, and
the environment. Buildings may suffer from material degradation, such as cracking, warping, and
fading of finishes. Heating, ventilation, and air-conditioning (HVAC) systems can experience in-
creased wear and failure. Infrastructure, including roads, railways, and bridges, can buckle, crack,
and misalign due to thermal stress. Environmental impacts include vegetation stress, higher wild-
fire risks, and reduced water supplies due to increased evaporation (11). Unlike the effect of other
climate hazards, such outcomes often go undetected because many of the world’s most vulnerable
regions lack monitoring capabilities to detect impacts of extreme temperatures (12, 13). Financial
losses are nonetheless high and compounding, as seen from the 2009 heat wave in Australia, when
direct losses were estimated at $800 million (14) and labor productivity losses were estimated at
$6.2 billion (5).

In spite of increasing climate uncertainties, practitioners in the construction sector still design,
build, and operate buildings considering business-as-usual scenarios with typical operation and cli-
mate data from the past (15). For instance, design days are curated from the historical weather data
that were used in calculating peak cooling and heating loads of buildings and sizing the capacity
of HVAC equipment. However, thermal resilience considerations within buildings and commu-
nities are crucial for minimizing financial losses and ensuring the safety and comfort of occupants,
particularly with growing weather extremes.

Meerow et al. (16) propose a comprehensive definition of urban resilience, which is adapted
and considered in this study in terms of thermal resilience of buildings and communities:

the ability of the built domain—and all its constituent socio-ecological and socio-technical networks
across temporal and spatial scales—to maintain or rapidly return to desired indoor thermal conditions
in the face of a disturbance, to adapt to change, and to quickly transform systems that limit current or
future adaptive capacity.

This definition aligns with that of the International Energy Agency’s Energy in Buildings and
Communities Programme Annex 80 — Resilient cooling of buildings (https://annex80.iea-ebc.
org/), which characterizes thermal resilience of buildings over the course of resistance, robustness,
and recovery phases. These and other characteristics are described in the literature to estimate
resiliency, which is hard to directly measure (17). Multiple metrics have been used to quantify
thermal resilience, but consensus on the suitability of the resiliency metrics for different use cases,
stakeholders, and across the life cycle stages is needed to develop a flexible thermal resilience
assessment framework (18, 19).

Thermal resilience is a collective problem because individual actions may be insufficient to
mitigate the negative impacts of overheating or overcooling in buildings (13). Thus, responsibil-
ity for mitigating climate risks is shared across different groups in society with complementary
areas of collaboration, like governments, researchers, the private sector (12), and public health
and community organizations. Integration of the interests across different stakeholders remains
limited, hindering the effectiveness of achieving thermal resilience.

Several existing studies have reviewed resilience concepts related to buildings (19-21). The
concept of building thermal resilience, from both ecological and engineering perspectives, has
been examined, highlighting the urgent need for a systematic conceptual and assessment frame-
work (20). Additionally, existing research has qualitatively reviewed cooling strategies and their
effects on improving building thermal resilience, particularly for the design phase or retrofit
planning (21).

Yet, based on the existing reviews, it is evident that current literature on building thermal
resilience primarily concentrates on the design and retrofit stages and rarely covers both heat
and cold stress or risk. To our knowledge, no reviews address the evaluation of thermal resilience
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Resistance: resistant
buildings maintain
adequate indoor
thermal conditions
during both normal
and extreme weather
events without
experiencing system
failures

Robustness: robust
buildings may
experience failures
during extreme
conditions but can
withstand the impact
and transition
effectively into a
recovery phase
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across the entire building life cycle (planning, design, construction, operation, and retrofitting)
and cover both the individual buildings’ and communities’ scales. Furthermore, current reviews
lack an integrated multidimensional categorization and discussion of building thermal resilience
metrics considering multiple stakeholders’ interests and their decision-making.

This article aims to bridge these gaps by providing a comprehensive review of resilience metrics
tailored to different stakeholder needs for measuring and fostering thermally resilient buildings
and communities. The scope focuses on the resilience of indoor built environments against ther-
mal (overheating and overcooling) risks and how stakeholders at different scales can act upon these
risks using quantitative thermal resilience metrics. This study reviews 175 articles and confer-
ence papers, along with relevant reports in the field. The literature selection method and detailed
findings are provided in Supplemental Appendix 1.

This review was guided by the following questions, which encompass the five W’ of urban
resilience—resilience for whom, why, what, when, and where (16):

. Who are the stakeholders of thermal resilience of buildings and communities?

. Why is there a need to measure thermal resilience and what are the underlying motivations?
. What can stakeholders do to promote resilience? How would they make contributions?

. When should resilience be considered within the building life cycle?

v R W N

. Where can stakeholders promote resilience?

2. THERMAL RESILIENCE BENEFITS TO STAKEHOLDERS ACROSS
THE BUILDING LIFE CYCLE STAGES

Thermal resilience offers significant benefits to stakeholders throughout the building life cycle.
Building owners and developers experience reduced exposure to financial losses from climate-
related damages and higher chances of operation continuity during extreme events. Occupants
enjoy higher levels of thermal comfort, leading to improved productivity and health (22). Emer-
gency responders are better equipped to handle extreme weather events, reducing strain on public
services. From planning to operation stages, resilient communities enjoy higher economic stabil-
ity by minimizing risks (23) and enhancing equitable access to cooling and heating resources.
Nonetheless, resilience is often overlooked owing to the lack of clearly defined quantitative valu-
ation approaches, e.g., to estimate the return on investments on resilient systems (24) or monetize
the resultant increase in occupants’ health or well-being. Table 1 summarizes the main stakehold-
ers of thermal resilience and their associated benefits across the stages in the life cycle of buildings
and communities.

3. REVIEW OF RESILIENCE METRICS

The reviewed articles considered multiple metrics explicitly or implicitly related to thermal re-
silience. Often these metrics have been borrowed from other fields, like the occurrence of health
comorbidities in a population from the medical sciences. Thus, many of them do not explicitly
translate into thermal resilience but are part of an information chain that can guide different
stakeholders into improving resilience of buildings and communities. Additionally, a variety of
new metrics have been created by adopting earlier concepts but naming them differently, as pre-
viously noted by Siu et al. (19). To better describe the metrics identified, they were grouped into
four types with the intention of mapping to the interests of major stakeholders: (#) occupants’
vulnerability metrics, (b) systems vulnerability metrics, (¢) financial metrics, and (d) energy per-
formance metrics, as previously described by Hong et al. (29). Quantification of vulnerability in
a resilience assessment reveals the susceptibility of buildings, communities, or systems to hazards
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Table 1 Stakeholders of thermal resilience throughout the building life cycle and associated resilience benefits

Stakeholders

Life cycle phase®

Architects and engineers

D

C

(0]

References

Design innovation and/or code compliance: opportunities for
voluntary innovative design solutions that prioritize
thermal comfort, energy performance, and occupant
well-being; when resilience codes and standards are
already in place, they could indicate code compliance

X

15

Project differentiation: competitive advantage in the market by
offering buildings with superior thermal performance and
resilience features

15

Building occupants

Reference

Comfort, productivity, and health: enhanced indoor thermal
comfort and improved productivity

24,25

Risk mitigation: reduced exposure to financial losses from
extreme weather events, climate-related damages (e.g.,
food spoilage, damage to medicines, interrupted services),
and reduced risks of temperature-related health issues
and/or relocation during extreme events

24

Building owners and developers

Reference

Cost savings: lower utility bills due to improved energy
efficiency, reduced operational expenses through
optimized heating and cooling systems, and lower
building insurance premiums

24,25

Risk mitigation: reduced exposure to financial losses from
extreme weather events and climate-related damages (e.g.,
pipes freezing and water heaters bursting); higher chances
of sustained operations (business continuity) during
extreme temperature events

24,25

Asset value enbancement: higher property value and market
competitiveness associated with resilient buildings;
enhanced branding and increased buy-in from influential
stakeholders; higher rent premiums; lower vacancy rates

24,25

Facility and property managers

Reference

Risk management: early detection of building performance
issues; timely response to maintenance needs; and
mitigation of downtime risks

25

Tenant satisfaction: higher tenant satisfaction rates; lower
tenant turnover; improved tenant retention through
thermal safety during extreme events

25

Urban planners, policymakers, municipal officials and
emergency responders

Reference

Community resilience: enhanced resilience of communities to
temperature-related hazards through resilient building
design and urban planning; adequate access to cooling
and heating resources

Public bealth and safety: protection of public health, safety,
and welfare through preparedness and response efforts
prior to, during, and after extreme events

26

Economic stability: reduced productivity losses and economic
disruptions by providing comfortable working and living
conditions even during extreme temperatures

23,27

Environmental sustainability: reduced environmental impact
from energy consumption, greenhouse gas emissions, and
urban heat island effects to foster resilience in the
long-term

28
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Table 1 (Continued)

Stakeholders

Life cycle phase®

Financial institutions and insurance providers

D

C

Reference

Risk management: reduced exposure to financial risks
associated with climate-related damages, insurance claims,
and property losses

= O

24

Risk mitigation: lower claim likelihood and severity due to

25

resilient building designs; reduced financial liabilities
enabling more competitive premiums

Energy providers and utility companies P D C o R Reference
X

Grid stability: improved grid reliability, resilience, and X X
stability through energy-efficient buildings, distributed
energy resources, and demand response measures

24

Demand management: opportunities for demand-side X X 24

management programs, peak load reduction initiatives,
energy conservation incentives, and enhanced system

recovery

*Building life cycle phases: P, planning; D, design; C, construction; O, operation; R, retrofitting.

Recoverability:
building’s capacity to
restore its indoor
thermal conditions to
acceptable levels after
a failure, minimizing
downtime and
ensuring occupant

safety

686

(30) that threaten thermal resilience. Such information helps inform strategies to enhance adap-
tive capacity and preparedness against temperature-related disturbances as well as populations
and infrastructures most at risk. Thus, understanding vulnerabilities helps foster resistance, ro-
bustness, and recoverability capacities that ultimately compose a resilient system (31). Resilience
and vulnerability are two interconnected but not opposing concepts. In this review, authors use
them together in representing the thermal resilience metrics, aiming for an appropriate qualitative
and quantitative illustration for diverse use cases and stakeholders.

Figure 1 maps the stakeholders identified in Table 1 to the metric categories of their greatest
interest. Most stakeholders would look into occupants’ vulnerability metrics to guide design in-
novation (architects and engineers) and enhance public health and safety (emergency responders),
for example. To better operate buildings and manage cities, property managers and municipal offi-
cials could be more interested in systems vulnerability metrics that describe the ability of building
and community systems to plan for and respond to disruptions and extreme events, whereas insur-
ance providers would look at the financial metrics with a perspective to reduce costs and minimize
losses. These metric categories are further described in Sections 3.1 through 3.4. Often, the line
distinguishing a metric from being classified into one category or another is blurred, especially
because of the interconnected and overlapping relationships between them. This means that such
classification does not aim to be definitive but rather to facilitate the identification of metrics
within the multidimensionality of thermal resilience, as well as to link these metrics to potential
stakeholders.

In this article, the term metric refers to a parameter that measures performance or describes a
certain condition of buildings or communities. In contrast to using only raw operational mea-
surements, metrics can be obtained with one or more variables through direct measurement,
calculation, or survey instruments.

3.1. Occupants’ Vulnerability Metrics

Occupants’ vulnerability metrics describe characteristics or conditions that, alone or combined,
influence the extent to which occupants are affected by a building’s indoor thermal conditions.
They may describe (#) occupants’ characteristics that lead to vulnerability, (4) the indoor thermal
environment to reflect desirable or undesirable conditions, or (¢) a combination of the previous two

Krelling et al.



Stakeholder

t Architects and
engineers

Metric category
Building I
occupants ‘

~ ] Occupants’

I Building owners vulnerability
and developers ‘ metrics
' Facility and . l

|

property |~ ’
managers ‘
| Energy

‘ performance
metrics
Urban planners, |-
policymakers,
municipal officials |~ 0

W) | Financial
© Oﬂ Emergency I metrics
responders ‘ —
Financial / ‘
institutions and Systems
insurance providers I vulnerability
metrics

Energy providers
and utility
companies

Figure 1

Mapping of stakeholders of thermal resilience to relevant metric categories.

points. In Supplemental Appendix 2, Supplemental Table 1 summarizes occupants’ vulnera- Supplemental Material >

bility metrics identified in this review.

Occupants’ vulnerabilities are often presented alongside influencing social-demographic fac-
tors, such as age, presence of health comorbidities, education, social isolation, income (32), and
language accessibility. This is because environmental parameters alone do not capture important
social variables, perceptions, and networks that influence the level of impact of extreme events
(33). Also, diverse compound metrics have been created out of a group of vulnerability metrics.
For example, the iHVI (integrated heat vulnerability index) toolkit allows users in Australia to un-
derstand the relationships among heat, environmental, and socioeconomic factors through heat
sensitivity and adaptive capability metrics. These metrics are ultimately based on land surface
temperature and retention of heat in the urban environment, as well as population density, age,
population needing care, education level, and income level (34). Despite considering extensive
parameters of the population used in iHVI, heat exposure is based on outdoor conditions, not
reflecting the influence of the building characteristics, the indoor environment, and the distribu-
tion and performance of cooling/heating equipment. This is a common limitation of existing heat
vulnerability indexes, as pointed out by Xu et al. (35), who developed a web-based vulnerability
mapping tool incorporating both the outdoor and indoor heat exposure for the city of Fresno,
California, U.S. By spatially mapping the vulnerability of a city or municipality, heat vulnerability
index (HVI) tools can be used to prioritize heat resilience investments or mitigations.

www.annualreviews.org o Multistakebolder Resilience Metrics 687
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Another approach for understanding occupant vulnerabilities is by examining the building’s
thermal dynamics to describe the indoor environment in terms of providing adequate thermal con-
ditions to the occupants. To calculate these metrics, the built environment has to be represented
with parameters characterizing thermal conditions, which can encapsulate one or multiple vari-
ables, from environmental variables (e.g., air dry-bulb temperature and humidity) to occupants’
personal variables (e.g., activity level and clothing insulation). In Supplemental Appendix 3,
Supplemental Table 5 describes the most common parameters, including indoor air dry-bulb
temperature, heat index (HI), wet bulb globe temperature (WBGT), humidex, and standard
effective temperature (SET), and compares them regarding common usage, advantages, and
limitations.

Some of these parameters have been directly defined with different thresholds mapping to
various heat stress levels or potential health hazards. For instance, the National Oceanic and Atmo-
spheric Administration (NOAA) defines five levels of HI, including safe, caution, extreme caution,
danger, and extreme danger (36). Similarly, NOAA identifies five thresholds for WBGT in three
regions categorized based on local extremes across the United States to inform potential threats
to the human body at work (37, 38). Thresholds for these two common indexes are summarized
in Supplemental Appendix 3, Supplemental Table 6. Furthermore, the U.S. Leadership in
Energy and Environmental Design (LEED), a green building certification system, recommends
livable conditions using the metric “Passive Survivability and Back-up Power During Disrup-
tions” as SET between 12 and 30°C and the thermal safety temperatures based on SET across
different building types, i.e., not exceeding 120°C SET-hours above 30°C SET for residential
buildings while not exceeding 240°C SET-hours above 30°C SET for nonresidential buildings
during a seven-day power outage period. When adopting such parameters to calculate diverse
metrics, they can directly reflect the multiple levels of hazards for the audience, which is easier for
understanding and applications from the user side.

A fundamental research gap is centered on understanding thermal survivability instead of
comfort limits in the context of resilience and in light of occupants’ adaptive opportunities (39).
Current criteria are often too generalized and do not account for differences among population
subgroups, failing to account for variations in age, and health and socioeconomic conditions. By
focusing on survivability, research can identify specific adaptive measures to improve outcomes in
extreme thermal conditions.

Time-integrated metrics are adopted to better understand thermal resilience, especially when
evaluated within a long timeframe (e.g., whole-year). Krelling et al. (40) detailed common inte-
gration methods considering the frequency, intensity, duration, and severity of targeted indoor
thermal conditions (Figure 2).

Metrics describing the intensity of events may be useful to portray the worst thermal
conditions. Examples found in the literature account for maximum and minimum indoor air
temperatures or operative temperatures when an air conditioning system is unavailable, being eval-
uated daily, annually, or during specific events (e.g., power outages) (41-43). By looking at these
metrics, however, one cannot know whether this is a frequent event or an isolated occurrence.

Metrics describing the frequency of events can be applied to understand how often (i.e., the
proportion of time) a certain condition happens. A common metric is thermal autonomy (44),
which describes the capacity to maintain adequate indoor thermal conditions without the assis-
tance of active cooling or heating systems. The downside of these frequency metrics is that they
fail to give a notion of how far indoor conditions are from specific thresholds. In other words, they
may consider, for example, crossing the threshold by 0.5 or 4 degrees Celsius the same way.

The duration of events is especially meaningful for assessing the risk of thermal conditions
affecting human health, sometimes indicating whether a building should be evacuated (42).

Krelling et al.
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Frequency Intensity Duration Severity

Upper
_____/threshold

threshold

Indoor thermal conditions
(e.g., dry-bulb temperature, operative
temperature, heat index, SET, WBGT)

Figure 2

Time Time Time Time

Time-integrated metrics describing the frequency, intensity, duration, and severity of targeted indoor thermal conditions. For
frequency, intensity, and duration, the shaded area represents how the indoor thermal conditions are projected along the relevant axis.
For frequency, the shading represents all the times when indoor thermal conditions exceed the upper threshold, indicating how often
these conditions occur within a certain period (e.g., the proportion of time). For intensity, the shading indicates the peak indoor
thermal condition on the y-axis. Similarly, for duration, the shading represents the length of time under thermal conditions above the
threshold. For severity, the shading represents the area between the indoor thermal conditions curve and the upper threshold,
aggregating both frequency and intensity aspects into the indicator. Figure adapted from Krelling et al. 2023 (40). Abbreviations:

SET, Standard Effective Temperature; WBGT, Wet-Bulb Globe Temperature.

Examples of metrics focused on cold events are hours of safety (45) and heating passive hab-
itability (HPH) (42), both of which account for the length of time before a building becomes
uninhabitable, which is considered when the indoor temperature reaches a certain threshold.
Kesik & O’Brien (42) consider an operative temperature threshold of 15°C, based on the effect of
cold on elderly morbidity described by Collins (46). Similarly, cooling passive habitability (CPH)
(42) and building heat performance index (BHPI) (47) account for the effect of hot weather, also
measuring the time to reach a threshold related to an increased chance of heat morbidity and
mortality (30°C or 32°C, respectively).

There are metrics that can encompass both the intensity and frequency of events, with the
most common being the degree hours (48, 49). Although degree hours may be calculated in any
given time frame, the daily weighted exceedance (We) (50) uses the same procedure but calculates
it for each day in order to evaluate whether it trespasses an acceptable overheating limit equal
to 6°C-hours/day. Similarly, overheating (51) and SET-hours (52) adopt this same approach but
change the operative temperature with other parameters of indoor thermal quality [discomfort
index (DI) and SET, respectively]. Homaei & Hamdy (53) propose the overall weighted unmet
thermal performance (WUMTPoyeran), which is calculated based on a resilience test framework
that encapsulates the building performance during the disruptive event and a few days after it. Itis
also based on degree hours, but different penalties are applied depending on the phase when the
temperature differential is calculated (during or after disruption), the hazard level (i.e., how far
the operative temperature is from the acceptable level), and the exposure time in a given hazard
level.

3.2. Systems Vulnerability Metrics

Systems vulnerability metrics describe the capacity of building systems to plan and respond to
disruptions and extreme events, as well as possible consequences of failure to respond. This is
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closely related to occupants’ vulnerability, as failure in building systems would limit coping and
adaptability, leading to indoor heat- or cold-related stress. These metrics, however, are tied to the
operation of energy systems and services: Building systems should comprise HVAC, automation,
local or backup power generation, and storage systems, for example.

Literature explicitly providing such metrics in the context of thermal resilience of buildings is
scarce. In Supplemental Appendix 2, Supplemental Table 2 summarizes the metrics identified
herein. Sengupta et al. (54) proposed multiple metrics to classify the variety of shocks to buildings,
among them, the degree of system shock (doSS). For instance, when any HVAC component fails
and leads to partial or total loss of cooling or heating, the doSS would be calculated based on
how severely indoor thermal conditions are impacted, multiplied by the duration of the shock
as a fraction of the total operational hours of the system in one day. A limitation to these novel
metrics is conveying their meaning and practical implications, specifically considering doSS is
dimensionless. A possible use case would be to adopt these within comparative analyses of different
possible impacts, as done by Sengupta et al. (54).

Wang et al. (55) investigated the maximum allowable power outage duration within a utility
coverage. Such duration was considered as the maximum period that less than 10% of customers
would be exposed to overheating risks. For conditions in which failure is unavoidable, this type of
analysis incorporates resilience principles of safe failure (also called robustness) (17).

Looking at the building level, the maximum time to repair (MaxTTR)—e.g., a thermal system
serving a building—describes how long the repairing process, or downtime, can be sustained in or-
der to prevent uninhabitable indoor thermal conditions and/or damage to systems and structures
(e.g., damage to water pipes, mold formation) (56).

HVAC system cooling and heating capacities are typically sized based on the calculated
peak thermal loads under design day weather conditions. However, these systems may not have
sufficient capacity to provide adequate cooling during heat waves (57) or heating during cold
snaps. In fact, the cooling capacity of typical air conditioning equipment can be reduced by 13%
if the outdoor air temperature exceeds the rating temperature by 11°C (20°F) (58). With more
adoption of heat pump (HP) technologies in buildings, heating capacity can be significantly
diminished at cold outdoor conditions. Therefore, a system metric is necessary to represent
how well a system maintains its capacity during extreme temperature events, as well as its safe
operating temperatures (e.g., HP equipment would be locked out if operating temperatures are
too high or too low). On-site power generation and/or energy storage becomes crucial to ensure
that the system can provide services for critical needs during power outages. Enhanced cooling
and heating control or design, such as dedicated zones or areas, also plays a vital role. These
measures, in conjunction with photovoltaic (PV) systems and storage, can maintain essential
services during power outages and prevent widespread power disruptions during grid stress
emergencies.

3.3. Financial Metrics

These metrics reflect the cost-effectiveness of investing in thermal resilience measures, guiding
decision-making and ensuring that resources are allocated efficiently. At the government level,
this means guiding budget reallocation and creation of contingency and reserve funds for relief
and recovery from extreme events (23).

Financial metrics can also describe the consequences of not being resilient. For instance, catas-
trophe models are driven by financial considerations on potential hazard events, being used pri-
marily by insurance and reinsurance companies (23). In fact, the insurance industry is at greater risk
from increasingly extreme weather as inherent uncertainties might cause premiums to skyrocket. A
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better understanding of data and pricing of resilience is fundamental (59). At the building level, ex-
treme heat can affect tenants, infrastructure, operating costs, and consumer behavior, leading to a
potential risk of property devaluation. However, limited research has been conducted on this issue.
Forward-thinking developers, investors, and designers are aware of these potential impacts and are
taking measures to mitigate current heat-related risks and safeguard against future ones (25).

When evaluating financial metrics for thermal resilience, it is essential to consider potential
losses resulting from extreme temperature events. These metrics should account for the impact
on occupant health, including damage or loss of life, and property damage, such as spoiled food,
ruined medicine, and broken pipes. Additionally, business losses should be factored in, includ-
ing reduced retail sales, decreased worker productivity (60), and impaired student learning and
cognitive performance (61, 62). By incorporating these factors, financial metrics can provide a
comprehensive assessment of the economic implications of inadequate thermal resilience, guid-
ing investment in more robust HVAC systems and supporting infrastructure. In Supplemental
Appendix 2, Supplemental Table 3 summarizes the identified financial metrics.

A long-established metric, more commonly used in the electricity sector, is the value of lost
load (VoLL), which represents the cost of power outages to consumers. For businesses, VoLL in-
cludes equipment damage, lost revenue, and productivity losses (63). The normalized value of lost
load (NVoLL), which corresponds to the annualized consequence of the event by dividing VoLL
by the period of the recurrence (e.g., every ten years). Rostami et al. (64) adapted these principles
to develop a cost model, using outputs from building performance simulation, and calculating the
NVoLL. A variability analysis of weather parameters was also developed to determine the distribu-
tion of total risk by creating a distribution of risk exposures for all events, allowing determination
of the value at risk (VaR) and conditional value at risk (CVaR). In the context of thermal resilience,
VaR could represent the maximum anticipated economic loss due to extreme temperature events
(such as a heat wave or cold snap) that a building or community is likely to experience within
a specific period (e.g., annually) with a certain confidence level. CVaR provides the average loss
during extreme temperature events that exceed the VaR threshold, offering a deeper insight into
the tail end of the loss distribution, capturing the risk of extreme losses more effectively than VaR.

Beyond directly quantifiable financial impacts, another dimension of the resilience value is the
cost of degraded health, safety, and economic activity. Nonetheless, determining the impact of
extreme events to any one of these is even more challenging, as is translating such impacts into
financial consequences to guide stakeholders in decision-making (63). The value of a statistical life
(VSL) has been used to estimate the value of saved lives associated with building mitigation mea-
sures, for which a variable range of values has already been adopted, ranging around $10 million
per life, based on the year 2020 dollars (65). Note, however, that the VSL is not about placing a
value on any one individual’ life. Instead, it aggregates the value people place on small reductions
in mortality risk. For instance, if each person in a population of 100,000 is willing to pay $100
to reduce their individual risk of death by 1 in 100,000, then the total amount the population is
willing to pay is $10 million, which is the VSL (66).

Baniassadi et al. (67) quantified the health and climate costs of running HVAC systems. This in-
volved using emission data and estimating the resulting damages from pollutants like PMj; 5, SO,,
NOj, and CO;. The authors translated electricity savings into dollars by considering the health
and climate impacts of these emissions, allowing them to show the avoided costs for each city.

3.4. Energy Performance Metrics

Thermal resilience evaluation requires a comprehensive approach to account for trade-offs with
energy efficiency and demand flexibility. Energy performance metrics are, therefore, relevant in
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a resilience assessment to preserve adequate indoor thermal conditions while optimizing energy
use and reducing dependency on local ecosystems. From these parameters, energy use intensity
(EUI) (68) is the most common metric. See Supplemental Appendix 2, Supplemental Table 4
for a summary of identified energy performance metrics. Taking a look at a demand profile, some
aspects of energy use can be described by its intensity (e.g., peak power) and duration, as well as
the integration of the demand curve for the overall energy consumption. Furthermore, the shape
of a demand profile needs to be addressed, especially when aggregated throughout numerous
consumers (i.e., buildings), because it reflects a demand toward the power grid. In this context,
demand-side management (DSM) can support resilience by conveying flexibility to the electric
grid, thus supporting low-carbon clean grids (69). Greater load flexibility and DSM enhance grid
resilience, resulting in fewer power outages and increased building resilience, thereby improving
occupants’ vulnerability metrics discussed previously.

Local power generation and storage at the building level are recommended for thermal re-
silience during power outages, ensuring that HVAC systems remain operational when the grid
fails. This capability is vital for maintaining safe and comfortable indoor temperatures, protecting
occupants’ health, preventing property damage, ensuring continuous operation of critical systems,
and mitigating business interruptions. If not available at the building level, community hubs and
centers are crucial to enhance overall community resilience to extreme weather events and other
disruptions. When strategies are applied to enhance flexibility, many metrics may be considered,
although they commonly fall into some general properties: different categories of temporal reso-
lution when energy and power can be managed, the amount of energy or power, and the associated
cost of energy flexibility (70). Although connected to thermal resilience, certain metrics related
to distributed energy resources, such as the reliability of photovoltaic systems and storage, are
beyond the scope of this review.

4. EFFECTIVE SELECTION AND APPLICATION OF METRICS

After carefully reviewing available metrics to quantify the thermal resilience of buildings and com-
munities, considering the multiple dimensions of interest to different stakeholders, we provide
suggestions (not exclusive) on potentially useful metrics in this section. Figure 3 illustrates the
available metrics of interest and missing metrics for different stakeholders. The selection of met-
rics considered all aspects of effective metrics presented in Supplemental Appendix 4, such as
reproducibility, actionability, and universality.

A single metric can serve multiple purposes depending on how it is defined and applied. For
instance, hours of safety can indicate the effectiveness of a building envelope in resisting overheat-
ing or overcooling as well as informing evacuation time for residents and emergency responders.
Additionally, the way a metric is measured (e.g., spatial and temporal resolution, statistical aggre-
gation) can lead to significantly different findings, even if the overarching concept remains the
same. For example, heat stress can be assessed using daily averages, maximum temperatures, or
the number of days exceeding a critical threshold, each providing distinct insights. Transparency
in the assumptions underlying metric usage is essential for ensuring comparability across stud-
ies. Ultimately, the selection of resilience metrics should be tailored to the specific contexts and
interests of each stakeholder.

Sections 4.1 and 4.2 summarize the metrics selected for each stakeholder group, addressing
questions of why they would be interested in thermal resilience and what they can do to promote it.
Considering that these stakeholders have different scales of action where they can foster thermal
resilience, Section 4.1 is focused on resilience at the building scale, and Section 4.2 considers
resilience at the community scale.

Krelling et al.
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Figure 3 (Figure appears on preceding page)

Key metrics of interest by stakeholders for thermal resilience assessment in buildings and communities. Stakeholders at the building
(left side) and community (right side) scales are connected to relevant metrics (middle column) through specific actions they can take to
foster thermal resilience. Each metric is colored according to its metric category. Abbreviation: MaxT'TR, maximum time to repair.
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Thermal resilience metrics at the building scale require detailed data on indoor temperatures,
envelope characteristics, HVAC performance, and occupant behavior. They inform decision mak-
ers on tailored strategies to improve resilience in one specific property. Architects and engineers,
building occupants, owners and developers, and facility and property managers would be the stake-
holders interested in these metrics. In contrast, community-scale metrics focus on infrastructure
resilience, urban design, policymaking, and emergency preparedness and response. The challenges
at this scale include incomplete data on critical infrastructure (71), insufficient stakeholder coor-
dination (72), limited longitudinal studies, and inadequate integration of socioeconomic factors
(13). The main stakeholders are urban planners, policymakers, municipal officials and emergency
responders, financial institutions and insurance providers, and energy providers and utility com-
panies. Section 4.3 further explores the uncertainties in quantifying thermal resilience and their
potential impact on the accuracy and implementation of resilience metrics and strategies in the
future.

4.1. Useful Metrics by Stakeholders at the Building Scale

Architects and engineers are perceived as the main stakeholders responsible for enhancing thermal
resilience of buildings. Unsurprisingly, 60% of the articles reviewed for this study adopt—
exclusively or not—metrics targeted to these stakeholders. They might be interested in voluntary
design innovations that enhance thermal resilience and would require performance-specific met-
rics centered on assessing occupants’ vulnerabilities due to building design. When codes and
standards enforcing thermal resilience are already in place, metrics could also indicate com-
pliance. Instead of one single metric, a comprehensive and integrated set of metrics is mostly
recommended (18). Siu et al. (19) have thoroughly discussed available metrics using building per-
formance simulation, highlighting a few key aspects that can be considered: the ability to prevent
buildings from reaching critical levels, the ability to reduce exposure to thermal stress, and the
ability to recover back to a habitable state. Krelling et al. (40) proposed a simulation framework
to assess thermal resilience using a combination of six integrated metrics that help designers
to make informed decisions about each one of the key aspects listed by Siu et al. (19) (a few
of these are listed in Table 2). For instance, thermal vulnerability describes the proportion of
hours that occupants face indoor thermal conditions that might be detrimental to their health. In
Sheng et al. (68) and Krelling et al. (73), the SET of 30°C (74) was used to delimit such an un-
healthy condition. Operative temperature (75) and HI (76) have also been used to calculate similar
metrics. This definition also needs to consider simplicity of computation and accuracy (i.e., quan-
tifiability; see Supplemental Appendix 4) (39), which might be a constraint depending on the
application.

A few authors have proposed methods to label thermal resilience of buildings (53, 77, 78). Such
an approach is rooted in the successful history of labeling energy efficiency of HVAC systems and
appliances through letters (e.g., G-A) (79) or a star rating for the most efficient products in the
market (80). Studies show that customers tend to prefer products with higher ratings (81, 82).
These metrics are simple to understand and provide actionable information for building occu-
pants to prioritize renting or purchasing properties with improved resilience. Homaei & Hamdy
(53) and Ji et al. (77) describe labeling methods centered on a specific disruptive event (a selected
heat wave or a cold snap) and that are fit-for-purpose as they detail and account for the building
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Table 2 Suitable thermal resilience metrics for stakeholders at the building scale

Who cares and why?

Potential metrics

What can they do?

Architects and Engineers

Design innovation and/or code
compliance

Integrated set of metrics: indoor overheating
degree (IOD) (83), thermal autonomy (TA)
(39), thermal vulnerability (T'V) (40),
recovery time (tR) (40), energy use intensity
(EUT) (47)

Design buildings and implement measures to
optimize thermal resilience

Project differentiation

Resilience label (78), U.S. Leadership in
Energy and Environmental Design
(LEED) passive survivability (74)

Pursue building certification to communicate
the resilience benefits of the project to
prospective owners and developers

Building Occupants

Comfort, productivity, and
health

Resilience label (78), hours of safety (45)

Prioritize renting or purchasing buildings
with high resilience ratings

Risk mitigation

Heat warning system using strong language
guiding appropriate measures during
extreme events. Multilingual campaign
through multiple channels during typical
summer days (26, 92)

Act accordingly during typical summer days
and extreme events

Building Owners and Developers

Cost savings

Cost savings from resilience measures,
considering associated up-front costs (76)

Prioritize measures to improve thermal
resilience and optimize costs

Risk mitigation

Occupant hours lost (OHL) (88), office
thermal resilience (OTR) (89), average cost
of repairs (90)

Prioritize measures to improve thermal
resilience, sustained operations, and
productivity

Asset value enhancement

Missing metrics for asset valuation,
including potentially avoided physical,
operational, and social costs

Prioritize investing in thermally resilient
buildings

Facility and Property Managers

Risk management

Maximum time to repair (MaxTTR) (56),
backup power capacity (68)

Timely response to protect occupants and the
property from extreme events using
available technologies and strategies

Tenant satisfaction

Missing metrics to guide building operation.
Potential alternatives to be leveraged
include unmet hours (67) and TA (39)

Optimize occupants’ thermal comfort during
normal operation

performance throughout each phase of the event (e.g., initial state, during the event, after the

event, and in a final state). However, quantifiability and accessibility might be limited for two

main reasons: (#) They rely on specific penalty coefficients for each period of the disruptive event,

which might be subjective and not generalizable; and (§) they rely on the definition of one spe-

cific disruptive event, which might not represent thermal resilience in the long-term (i.e., whole
year or future years). Amaripadath et al. (78) proposed a certification scheme that also uses the
period of a heat wave for evaluation but uses well-defined metrics [indoor overheating degree
(IOD) (83), hours of exceedance (He) (50), WBGT (84), and HI (85)] to compose a score equiv-
alent of one to five stars (worst to best thermal resilience). A limitation of this method is not

accounting for a duration parameter (see Section 3.1) for certain relevant thermal conditions, e.g.,
recovery capacity (86) or hours of safety (45). Building labeling also provides an opportunity to
architects and engineers to communicate their project differentiation to an audience less familiar

with performance metrics while enabling real estate developers to compare projects with other
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market competitors. LEED (87) and WELL (https://www.wellcertified.com/) are examples of
consolidated sustainability rating systems that are gradually incorporating more aspects related to
resilience.

As an important factor to persuade building owners and developers to foster thermal
resilience—through certifications or other mechanisms—the cost savings provided by different
measures need to be considered as in any other investment feasibility analysis. Sun et al. (76) used
the case of a historical heat wave affecting a nursing home to evaluate the energy savings pro-
vided by multiple measures and the associated up-front incremental cost of each measure. Such
a metric can help decision-makers to carefully evaluate the trade-offs between cost and resilience
benefits when selecting energy efficiency and resilience measures. These resilience benefits, for
building owners and developers, are related to risk mitigation. For instance, the occupant hours
lost (OHL) (88) is an impact-driven metric that quantifies the business productivity lost due to an
event that would make the indoor environment unusable for part of the occupants. This metric is
easy to understand by different stakeholders and can be translated into economic impacts by as-
signing a monetary value to each occupant hour (88). Using a similar metric [called office thermal
resilience (OTR)], Ismail et al. (89) proposed a regression model equation to estimate the number
of safe and comfortable hours before the loss of productivity in office buildings, which could be
used to prioritize measures to improve thermal resilience, sustained operations, and productivity
using only a few straightforward inputs. Besides operation constraints, owners and developers are
also interested in minimizing the average cost of repairs (90) associated with extreme events. All of
these costs should be considered when analyzing the return on investment (ROI) (67) of thermally
resilient buildings or other general financial metrics. However, fit-for-purpose metrics for asset
valuation due to enhanced thermal resilience are still missing, which would ideally reflect physical,
operational, and social costs.

Facility and property managers need to be well informed so that they can timely respond to
protect occupants and the properties from extreme events using available technologies and strate-
gies. In case of power or system disruptions, the MaxT'TR (56) would inform them for how long
the building would remain habitable or damage-free. If repair is extended beyond this limit, build-
ing managers could take necessary measures to preserve the property and occupants’ health, such
as guiding an evacuation. To support these professionals, building and systems manuals could con-
tain such metrics, together with guidelines about available technologies to respond to disruptive
events [e.g., available backup power capacity (68)]. On a daily basis, tenant satisfaction could be
improved through sensing and monitoring of basic metrics such as services unmet hours by the
HVAC systems (67), allowing managers to respond to improve these metrics. Building manuals
could also include guidelines to reduce HVAC dependence to improve thermal autonomy (39).
Nonetheless, suitable thermal resilience metrics for evaluating tenant satisfaction and HVAC de-
pendence during building operation are still missing. A novel approach was proposed by Serdar
et al. (91) using a building thermal resilience profile (BTRP) for real-time resilience assessment,
disaster planning, management, and response. As a dynamic regularly calibrated tool, such a solu-
tion could provide optimized strategies to mitigate and manage extreme events more effectively.
However, limitations might arise from the need to tailor the tool to each building, as well as the
required expense and expertise to use it on-site.

Besides facility and property managers, mechanical and electrical engineers could also benefit
from similar systems vulnerability metrics to design technical systems (e.g., HVAC systems, local
generation, and storage) to enhance thermal resilience of buildings. For example, necessary backup
power capacity to respond to extreme weather events would be calculated by mechanical and
electrical engineers and communicated to facility and property managers through, e.g., building
and systems manuals.
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Table 3 Suitable thermal resilience metrics for stakeholders at the community scale

Who cares and why?

Potential metrics

What can they do?

Urban planners, policymakers, municipal officials, and emergency responders

Community resilience

Vulnerability mapping [potential metrics to
be leveraged include Healthy Environment
Assessment Tool (HEAT) (93), integrated
heat vulnerability index (HVI) (34), heat
vulnerability index (HVI) (35)]

Prioritize medium- and long-term investments to
enhance thermal resilience of vulnerable
populations

Public health and safety

Risk mapping [potential metrics to be
leveraged include heat factor (95) and
spatial model of population vulnerability
related to emergency service demand
(ESD) during extreme events (96)], with
supplemental metrics based on risk- and
disaster-management practices (30)

Prioritize assistance to vulnerable populations
during extreme events

Economic stability

Health and climate costs (67). Further studies
are needed to develop and compare
alternative metrics

Allocate resources to mitigate and manage
extreme events

Environmental
sustainability

CO; emissions [especially from heating,
ventilation, and air conditioning (HVAC)]
[e.g., Carlsson et al. (97)]

Implement and enforce policy mechanisms that
foster reduction of CO; emissions and,
consequently, thermal resilience in the long
term

Financial institutions and insurance providers

Risk management

Conditional value at risk (CVaR) (64). Further
studies are needed to develop and compare
alternative metrics

Assessment of thermal and incidental risks to
better evaluate insurance premium coverage

and deductibles

Risk mitigation

Risk reduction from application of resilience
measures (64). Further studies are needed
to develop and compare alternative metrics

Offer benefits for hazard mitigation

Energy providers and utility companies

Grid stability

Value of lost load (VoLL) and customer
damage function (CDF) (90)

Assess the impact of service interruption and take
proactive measures to enhance grid stability
while leveraging thermal resilience in buildings

Demand management

Flexibility index (FI) (98)

Prioritize effective flexibility strategies to
enhance grid resilience and thermal resilience
of buildings through continuous service

Table 2 outlines potential metrics tailored to the needs and specific interests of various

stakeholders. It also highlights missing metrics identified by the authors, indicating areas where

better-suited and fit-for-purpose metrics need to be developed to enhance thermal resilience and

address specific needs.

4.2. Useful Metrics by Stakeholders at the Community Scale

At the community scale (Table 3), there’s a fundamental necessity of mapping vulnerability and
risk. Although these may look similar, they serve different purposes and use diverse metrics. Vul-

nerability maps could be used by policymakers, urban planners, and municipal officials to assess

community resilience focused on identifying medium- and long-term solutions. Examples are (as
previously mentioned, see Section 3.1) the iHVI toolkit (34), the Healthy Environment Assess-
ment Tool (HEAT) (93), and the HVI (35). These tools aim to provide a single index (or a few
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subindexes) that incorporates multiple aspects of vulnerability from the basic characteristics of
the population and their buildings. Some of these aspects might come from previously mentioned
performance metrics, whereas others reflect demographics, pre-existing health conditions, and
adaptation capacity (due to, e.g., the income level) (35).

Risk mapping encompasses the probability of specific consequences and integrates elements of
vulnerability, exposure, and hazard (94). In the context of heat risk, First Street (95) developed a
heat factor score assigned to properties in the United States as part of a wider risk factor platform.
One important limitation is that the assessment of heat exposure is only based on outdoor thermal
conditions, ignoring building thermal characteristics. With the same constraint of using outdoor
temperatures, Loughnan et al. (96) demonstrated the capability of a spatial index of vulnerability
to predict increases in emergency service demand in Australian capital cities. In the context
of thermal resilience of buildings, emergency responders and civil protection agencies could be
interested in identifying the at-risk populations during specific events to streamline assistance.
One potential metric that could be incorporated into these risk assessments is the hours of
safety (45), which communicates the length of time a building can sustain safe conditions during
an event [in the case of Ayyagari (45), a power outage during a cold snap]. This information
could help in prioritizing assistance and/or coordinating evacuations. Additionally, such a risk
map should utilize emergency communication and broadcasting capabilities to guide vulnerable
building occupants on appropriate actions during extreme events.

Before, during, and after emergencies, supporting metrics could also be utilized to guide efforts
based on risk- and disaster-management practices. The International Organization for Standard-
ization (ISO) standard 37123 (30), Annexes B and C, describe relevant indicators to support
thermal resilience. A few examples are the percentage of a city’s population covered by a multi-
hazard early warning system (including heat wave warnings), the percentage of the city equipped
with specialized communication technologies able to operate reliably during a disaster event, and
the percentage of hospitals equipped with backup electricity supply. When available, the number,
location, and capacity of cooling centers or resilience hubs could also inform emergency response
during extreme events.

By providing a better understanding of the risks affecting the community, municipal officials
could foster economic stability by allocating appropriate resources to mitigate and manage ex-
treme events. Concerning thermal resilience, this is possible through metrics that quantify health
and climate costs. One useful example is the approach adopted by Baniassadi et al. (67), described
in Section 4.1. To reflect the value of resilience, Franconi et al. (65) considered the annual energy
cost savings, annual greenhouse gas emissions reductions, avoided loss of life, and avoided property
damage. Extreme temperatures present uniquely intractable socio-technical challenges compared
to other weather-related hazards, as they are largely invisible phenomena with objective measures
insufficient to capture people’s lived experiences that are crucial predictors of health risk (13).
Thus, quantifiability, accessibility and reproducibility of such metrics is very limited because the
impacts of disruptive events are site specific, industry specific, and often business specific. How-
ever, the ability of monetizing the resilience benefits is essential for a metric because investment
costs are also measured in dollars (90).

Facing similar challenges of resilience valuation, financial institutions and insurance providers
are already interested in metrics that monetize risk. Rostami et al. (64) used CVaR to quantify
extreme weather risks by incorporating a cost model to calculate the average loss in the top 5% of
riskiest scenarios (see Section 3.3). Such an approach could be used to inform insurance premium
pricing or coverage decisions. Also, risk reduction from application of resilience measures could
be quantified and used to provide benefits for hazard mitigation. For instance, a case study by
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Rostami et al. (64) had its VaR and CVaR reduced by 89% in relation to code-minimum design
with the application of efficient-resilient design.

Energy providers and utility companies need to assess the impact of service interruption and
take proactive measures to enhance grid stability. The VoLL and customer damage function
(CDF) (90) are common and useful metrics. A potential use case to minimize costs incurred
from service interruption and enhance thermal resilience in buildings is the planning of neces-
sary rotating power outages based on allowable durations that avoid overheating risks (55). Such
an assessment could encompass supplementary metrics like the number of consumers without
power and whether these include critical facilities that should be prioritized (e.g., hospitals and
fire stations). Additionally, demand management could be employed to enhance grid resilience
and thermal resilience of buildings through continuous service. As an example, Zeng et al. (99)
investigated precooling buildings as a measure to reduce overheating risks during heat waves. Ac-
cording to the authors, such a strategy could be further improved with an optimized thermostat
setpoint schedule broadcast to residents through early alert messages before a heat wave.

Ultimately, the need to foster grid stability in response to extreme temperature events needs
to be reflected in the procedures of overarching regulatory bodies, such as the North American
Electric Reliability Corporation (NERC). By incorporating relevant thermal resilience metrics,
a regulatory authority like NERC, which serves nearly 400 million people (100), could facilitate
information sharing, provide training programs, and support regulatory and policy initiatives to
include thermal resilience into planning and operations.

4.3. Uncertainties in Quantifying Thermal Resilience of Buildings
and Communities

Quantifying the thermal resilience of buildings and communities involves significant uncertainties
that can impact the accuracy and reliability of resilience metrics. These uncertainties arise from
various sources. A major source of uncertainty is the projection of future climate conditions and
extreme weather events. Climate projection models and emission scenarios provide a range of
possible temperature extremes, for example, in heat waves and cold snaps, but there is inherent
variability in these predictions (101). There are also limited data on certain phenomena, such as
cascading acute events, where one extreme event triggers a series of subsequent events (102). Better
understanding of possible sources of stress to the built environment is fundamental for ensuring
that the quantification of resilience covers all relevant scenarios (103).

The performance of buildings over time introduces another layer of uncertainty. Factors such
as the aging of building materials and systems can degrade thermal performance. For instance,
in thermal resilience analyses using building performance simulation, an adequate approach to
reflect aging and degradation of building materials and systems over time is still needed as we
focus on assessing long-term performances (73).

Economic constraints and funding availability for resilience projects vary widely globally (104),
introducing uncertainty into the implementation of resilience measures identified through the
metrics. Potential changes in building codes, regulations, and policies can also impact the effective-
ness of these measures. Furthermore, population dynamics, such as changes in population density,
climate migration (105), urbanization patterns, demographics, and technology adoption (106) or
associated market forces, influence the thermal resilience needs and strategies of communities.

5. CONCLUSIONS

This review examined existing literature on thermal resilience metrics for buildings and communi-
ties, guided by the five W’ of urban resilience. First, we identified the key stakeholders involved in
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thermal resilience, including architects and engineers, occupants, property owners, real estate de-
velopers, urban planners, and policymakers (the “who” question). Second, we examined the need
to measure thermal resilience, highlighting motivations such as safeguarding occupant health,
protecting property, and ensuring business continuity during extreme weather events (the “why”
question). We then explored the timing of resilience promotion within the building life cycle, em-
phasizing its importance during the design, construction, operation, and retrofitting phases (the
“when” question). We discussed the various locations where stakeholders can promote resilience,
such as residential, commercial, and public buildings, as well as the broader community scale (the
“where” question). Finally, we provided actionable insights on what stakeholders can do to enhance
resilience, including adopting robust HVAC systems, implementing local power generation, and
improving building design (the “what” question).

Although numerous metrics exist, a significant gap remains in translating them into actionable
insights for different stakeholders using a resilience valuation framework. So far, significant efforts
have been placed in quantifying resilience through performance-based metrics that represent oc-
cupants’ vulnerabilities, which are primarily useful for architects and engineers in developing a
resilient design. This means that most existing methods are centered around a limited highly spe-
cialized audience that alone does not have the necessary influence to foster thermal resilience
across communities. For instance, expressing resilience benefits in financial terms is essential
because it resonates with stakeholders who need to see a benefit-cost ratio to make investment
decisions.

Ultimately, the goal is to transition from theoretical frameworks to practical applications
and policies that can guide stakeholders in making informed decisions. This involves develop-
ing standardized testing conditions and procedures, translating complex physiological responses
to heat into accessible metrics, and quantifying the often invisible costs associated with extreme
temperatures.

Future research should prioritize comprehensive data gathering using bottom-up approaches
leveraging social connections and community-based partnerships, as well as employing innova-
tive approaches such as machine learning techniques to extract information from hard-to-reach
populations. Furthermore, aligning resilience with sufficiency principles is crucial to avoid re-
source overconsumption, thus focusing on a balanced approach incorporating durability and
environmental responsibility throughout the life cycle of buildings.

1. Extreme temperature hazards require collective efforts to enhance the thermal re-
silience of buildings and communities to ensure occupant health and safety and minimize
property and infrastructure damage.

2. Absence of standardized resilience assessment procedures compromises extreme tem-
perature mitigation and adaptation strategies across the building life cycle.

3. Existing resilience metrics are often limited to specialized audiences (e.g., architects
and engineers), lacking translation into actionable insights for broader stakeholder
engagement, especially in financial and regulatory terms.

4. A comprehensive set of complementary metrics is often necessary to assess thermal
resilience in order to capture resistance, robustness, and recoverability capabilities of
buildings and communities.

Krelling et al.



. Itis fundamental to properly reflect the phenomena that disrupt buildings in resilience
assessments through the definition of multiple scenarios appropriate to specific locations
and contexts.

. There’s a need to shift from theoretical frameworks to practical policies, including stan-
dardized testing conditions and procedures, accessible metrics for heat-related risks, and
quantification of hidden costs of extreme temperatures.

. Fragmented networks among stakeholders can hinder effective resilience strategies.
Strengthening cross-sectoral connections, possibly through coordinated roles like
Chief Heat Officers, can improve resource allocation, communication, and policy
implementation.

. Context-specific assessment: Quantifying thermal resilience largely depends on the
use case, specific interests, and stakeholder needs, requiring studies to define testing
scenarios for different applications beyond single extreme event analyses.

. Dynamic climate conditions: Ideal resilience measures may change over time due to
evolving climate conditions (73), highlighting the need for adaptable testing conditions
or scenarios that account for life cycle stages and evolving environmental factors.

. Physiological variability: Translating the physiological impacts of extreme heat into
quantifiable thresholds is challenging and a key R&D gap, particularly given variations in
demographic factors, geographic acclimatization, and data availability to determine met-
rics such as wet bulb globe temperature and standard effective temperature considering
the different needs of populations.

. Temporal heat stress and occupant behavior: Resilience metrics often overlook the
distinct health impacts of daytime and nighttime heat stress, despite their differing
physiological effects and risks to vulnerable populations (107), making it crucial to under-
stand occupant behavior during these conditions for accurate representation in building
energy models and related applications.

. Invisible and indirect impacts: Future research should focus on quantifying the broader,
often invisible, physical and social costs of extreme temperature conditions, such as
health-related expenses, productivity or learning losses, and mortality rates, with an
emphasis on monetizing resilience benefits.

. Data gaps: Vulnerable populations frequently lack sufficient data for accurate resilience
assessments. Comprehensive solutions require improved data collection through com-
munity engagement, remote sensing, and advanced machine learning techniques like
natural language processing and convolutional neural networks.

. Balancing resilience and sufficiency: Aligning resilience with sufficiency principles (108—
110) is a key research need to help optimize resource utilization and minimize waste,
thereby promoting buildings that are both durable and environmentally responsible,
addressing sustainability and resilience throughout their life cycle.

www.annualreviews.org o Multistakebolder Resilience Metrics

701



702

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

AUTHOR CONTRIBUTIONS

Krelling and Wu led the investigation and analysis, with Krelling also developing the methodology,
managing the data, and preparing visualizations. Malik and Hong contributed to the study design
and provided critical input during the review process, with Hong also overseeing the project’s
administration. Wei, Lamberts, and Yan were involved in reviewing and refining the manuscript,
with Lamberts and Yan also providing supervisory guidance. Perry provided review and editing,
as well as project supervision.

ACKNOWLEDGMENTS

This work was supported by the Brazilian Federal Agency for the Support and Evaluation of
Graduate Education (CAPES)—Financing Code 001, and the National Council for Scientific
and Technological Development (CNPq). The Lawrence Berkeley National Laboratory team was
supported by the Assistant Secretary for Energy Efficiency and Renewable Energy, Building Tech-
nologies Office of the US Department of Energy under contract number DEAC02-05CH11231.
The Tsinghua team was supported by the National Natural Science Foundation of China (grant
number: 52225801).

LITERATURE CITED

1. World Economic Forum (WEF). 2024. The global risks report 2024. Rep., WEF. https://www.weforum.
org/publications/global-risks-report-2024/

2. Ebi KL, Vanos ], Baldwin JW, Bell JE, Hondula DM, et al. 2021. Extreme weather and climate change:
population health and health system implications. Annu. Rev. Public Health 42:293-315. https://doi.org/
10.1146/annurev-publhealth-012420-105026

3. United Nations Environment Programme (UNEP). 2021. A practical guide to climate-resilient buildings
& communities. Rep., UNEP. https://www.unep.org/resources/practical-guide- climate-resilient-
buildings

4. Global Alliance for Buildings and Construction (GlobalABC). 2021. Buildings and climate change adapta-
tion: a call for action. Rep., GlobalABC. https://globalabc.org/resources/publications/buildings-and-
climate-change-adaptation-call-action

5. Zander KK, Botzen WJW, Oppermann E, Kjellstrom T, Garnett ST. 2015. Heat stress causes sub-
stantial labour productivity loss in Australia. Nat. Clim. Change 5:647-51. https://doi.org/10.1038/
nclimate2623

6. Bobb JF, Peng RD, Bell ML, Dominici F. 2014. Heat-related mortality and adaptation to heat in the
United States. Environ. Health Perspect. 122:811-16. https://doi.org/10.1289/ehp.1307392

7. National Oceanic and Atmospheric Administration (NOAA). 2023. Weather fatalities 2023. Stat. Summ.,
National Weather Service, NOAA, accessed Aug. 1, 2024. https://www.weather.gov/hazstat/

8. Weinberger KR, Harris D, Spangler KR, Zanobetti A, Wellenius GA. 2020. Estimating the number of
excess deaths attributable to heat in 297 United States counties. Environ. Epidemiol. 4:¢096. https://doi.
org/10.1097/EE9.0000000000000096

9. Despart Z, Serrano A, Lamm S. 2021. Analysis reveals nearly 200 died in Texas cold storm and black-
outs. Houston Chronicle, Apr. 21. https://www.houstonchronicle.com/news/houston- texas/houston/
article/texas-cold-storm-200-died- analysis-winter-freeze- 16070470.php

10. Gong H,Ma K, Hu Z, Dong Z, Ma Y, et al. 2024. Attribution of the August 2022 extreme heatwave in
Southern China: role of dynamical and thermodynamical processes. Buil. Am. Meteorol. Soc. 105:E193—
99. https://doi.org/10.1175/BAMS-D-23-0175.1

Krelling et al.


https://www.weforum.org/publications/global-risks-report-2024/
https://www.weforum.org/publications/global-risks-report-2024/
https://doi.org/10.1146/annurev-publhealth-012420-105026
https://doi.org/10.1146/annurev-publhealth-012420-105026
https://www.unep.org/resources/practical-guide-climate-resilient-buildings
https://www.unep.org/resources/practical-guide-climate-resilient-buildings
https://globalabc.org/resources/publications/buildings-and-climate-change-adaptation-call-action
https://globalabc.org/resources/publications/buildings-and-climate-change-adaptation-call-action
https://doi.org/10.1038/nclimate2623
https://doi.org/10.1038/nclimate2623
https://doi.org/10.1289/ehp.1307392
https://www.weather.gov/hazstat/
https://doi.org/10.1097/EE9.0000000000000096
https://doi.org/10.1097/EE9.0000000000000096
https://www.houstonchronicle.com/news/houston-texas/houston/article/texas-cold-storm-200-died-analysis-winter-freeze-16070470.php
https://www.houstonchronicle.com/news/houston-texas/houston/article/texas-cold-storm-200-died-analysis-winter-freeze-16070470.php
https://doi.org/10.1175/BAMS-D-23-0175.1

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Joint Economic Committee (JEC). 2023. The mounting costs of extreme beat. Rep., JEC. https://www.jec.
senate.gov/public/index.cfm/democrats/2023/8/the-mounting- costs-of-extreme-heat
Organisation for Economic Co-operation and Development (OECD). 2021. Managing climate risks,
facing up to losses and damages. Rep., OECD. https://doi.org/10.1787/55ealcc9-en

Hamstead Z, Coseo P, AlKhaled S, Boamah EF, Hondula DM, etal. 2020. Thermally resilient communi-
ties: creating a socio-technical collaborative response to extreme temperatures. Buildings Cities 1:218-32.
https://doi.org/10.5334/bc.15

Queensland University of Technology (QUT). 2010. Impacts and adaptation response of infrastruc-
ture and communities to heatwaves: the southern Australian experience of 2009. Rep., National Cli-
mate Change Adaptation Research Facility, QUT. https://nccarf.edu.au/impacts-and-adaptation-
response-infrastructure-and-communities-heatwaves-southern/

Federation of European Heating, Ventilation and Air Conditioning Associations (REHVA). 2024. Re-
silient Cooling Design Guidelines. European Guidebook, No. 33. REHVA. https://www.rehva.eu/eshop/
detail/resilient- cooling- design- guidelines

Meerow S, Newell JP, Stults M. 2016. Defining urban resilience: a review. Landsc. Urban Plan. 147:38-49.
https://doi.org/10.1016/j.Jandurbplan.2015.11.011

da Silva J, Kernaghan S, Luque A. 2012. A systems approach to meeting the challenges of urban climate
change. Int. J. Urban Sustain. Dev. 4:125-45. https://doi.org/10.1080/19463138.2012.718279
Bucking S, Rostami M, Reinhart J, St-Jacques M. 2022. On modelling of resiliency events using building
performance simulation: a multi-objective approach. 7. Build. Perform. Simul. 15:307-22. https://doi.
org/10.1080/19401493.2022.2044906

Siu CY, O’Brien W, Touchie M, Armstrong M, Laouadi A, et al. 2023. Evaluating thermal resilience of
building designs using building performance simulation — a review of existing practices. Build. Environ.
234:110124. https://doi.org/10.1016/j.buildenv.2023.110124

Peri G, Cirrincione L, Mazzeo D, Matera N, Scaccianoce G. 2024. Building resilience to a warm-
ing world: a contribution toward a definition of “integrated climate resilience” specific for buildings
- literature review and proposals. Energy Build. 315:114319

Zhang C, Kazanci OB, Levinson R, Heiselberg P, Olesen BW, et al. 2021. Resilient cooling strate-
gies — a critical review and qualitative assessment. Energy Build. 251:111312. https://doi.org/10.1016/
j-enbuild.2021.111312

DengZ, Dong B, Guo X, Zhang J. 2024. Impact of indoor air quality and multi-domain factors on human
productivity and physiological responses: a comprehensive review. Indoor Air 2024:1-25. https://doi.
org/10.1155/2024/5584960

Organisation for Economic Co-operation and Development (OECD). 2022. Building financial resilience to
climate impacts: a framework for governments to manage the risks of losses and damages. Rep., OECD. https://
doi.org/10.1787/9¢2e1412-en

Srivastava R, Garfunkel E, Wood A. 2024. Valuing resilience benefits in utility building retrofit programs. Res.
Rep., American Council for an Energy-Efficient Economy, Washington, DC. https://www.aceee.org/
research-report/b2402

Burgess K, Foster E. 2019. Scorched: extreme heat and real estate. Res. Rep.,Urban Land Institute. https://
knowledge.uli.org/en/reports/research-reports/2019/scorched

Cui Y, Yin M, Cheng X, Tang J, He B-J. 2024. Towards cool cities and communities: preparing for an
increasingly hot future by the development of heat-resilient infrastructure and urban heat management
plan. Environ. Technol. Innovat. 34:103568. https://doi.org/10.1016/j.eti.2024.103568

Srinivasan M. 2023. Climate finance in India 2023. Indian Institute for Human Settlements. https://doi.
org/10.24943/CF111.2023

United Nations. 2023. The Sustainable Development Goals report 2023. Rep., United Nations Statistics
Division. https://unstats.un.org/sdgs/report/2023/

Hong T, Malik ], Krelling A, O’Brien W, Sun K, et al. 2023. Ten questions concerning thermal resilience
of buildings and occupants for climate adaptation. Build. Environ. 244:110806. https://doi.org/10.1016/
j-buildenv.2023.110806

www.annualreviews.org o Multistakebolder Resilience Metrics

703


https://www.jec.senate.gov/public/index.cfm/democrats/2023/8/the-mounting-costs-of-extreme-heat
https://www.jec.senate.gov/public/index.cfm/democrats/2023/8/the-mounting-costs-of-extreme-heat
https://doi.org/10.1787/55ea1cc9-en
https://doi.org/10.5334/bc.15
https://nccarf.edu.au/impacts-and-adaptation-response-infrastructure-and-communities-heatwaves-southern/
https://nccarf.edu.au/impacts-and-adaptation-response-infrastructure-and-communities-heatwaves-southern/
https://www.rehva.eu/eshop/detail/resilient-cooling-design-guidelines
https://www.rehva.eu/eshop/detail/resilient-cooling-design-guidelines
https://doi.org/10.1016/j.landurbplan.2015.11.011
https://doi.org/10.1080/19463138.2012.718279
https://doi.org/10.1080/19401493.2022.2044906
https://doi.org/10.1080/19401493.2022.2044906
https://doi.org/10.1016/j.buildenv.2023.110124
https://doi.org/10.1016/j.enbuild.2021.111312
https://doi.org/10.1016/j.enbuild.2021.111312
https://doi.org/10.1155/2024/5584960
https://doi.org/10.1155/2024/5584960
https://doi.org/10.1787/9e2e1412-en
https://doi.org/10.1787/9e2e1412-en
https://www.aceee.org/research-report/b2402
https://www.aceee.org/research-report/b2402
https://knowledge.uli.org/en/reports/research-reports/2019/scorched
https://knowledge.uli.org/en/reports/research-reports/2019/scorched
https://doi.org/10.1016/j.eti.2024.103568
https://doi.org/10.24943/CFI11.2023
https://doi.org/10.24943/CFI11.2023
https://unstats.un.org/sdgs/report/2023/
https://doi.org/10.1016/j.buildenv.2023.110806
https://doi.org/10.1016/j.buildenv.2023.110806

704

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

International Organization for Standardization (ISO). 2019. Sustainable cities and communities—indicators
for resilient cities. Rep. ISO 37123:2019, ISO. https://www.iso.org/standard/70428.html

Attia S, Levinson R, Ndongo E, Holzer P, Berk Kazanci O, et al. 2021. Resilient cooling of buildings
to protect against heat waves and power outages: key concepts and definition. Energy Build. 239:110869.
https://doi.org/10.1016/j.enbuild.2021.110869

Phillips LA, Solis P, Wang C, Varfalameyeva K, Burnett J. 2021. Engaged convergence research: an
exploratory approach to heat resilience in mobile homes. Prof. Geogr. 73:619-31. https://doi.org/10.
1080/00330124.2021.1924805

Meerow S, Keith L. 2022. Planning for extreme heat: a national survey of U.S. planners. 7. Am. Plan.
Assoc. 88:319-34. https://doi.org/10.1080/01944363.2021.1977682

Sun QC, Das S, Wang K, Tao Y, Amati M, et al. 2022. iHVI: an open-source toolkit for constructing
integrated heat vulnerability index in Australia. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. XLVIII-
4/W5-2022:175-82. https://doi.org/10.5194/isprs-archives-XLVIII-4-W5-2022-175-2022
XuY,Hong T, Zhang W, Zeng Z, Wei M. 2021. Heat vulnerability index development and mapping. In
SimAUD 2021, Symposium on Simulation for Architecture + Urban Design. Building Technology & Urban
Systems Division, Lawrence Berkeley National Laboratory. https://buildings.Ibl.gov/publications/
heat-vulnerability-index-development

National Oceanic Atmospheric Administration (NOAA). 2019. What is heat index? Art., National
Weather Service, NOAA. https://www.weather.gov/ama/heatindex

Grundstein A, Williams C, Phan M, Cooper E. 2015. Regional heat safety thresholds for athletics in the
contiguous United States. Appl. Geogr: 56:55-60. https://doi.org/10.1016/j.apgeog.2014.10.014
National Oceanic Atmospheric Administration (NOAA). 2022. Wet bulb globe temperature. Art., National
Weather Service, NOAA. https://www.weather.gov/ict/wbgt

Kesik T, O’brien W, Ozkan A. 2022. Toward a standardized framework for thermal resilience modelling
and its practical application to futureproofing. Sci. Technol. Built Environ. 28:742-56. https://doi.org/10.
1080/23744731.2022.2043069

Krelling AF, Lamberts R, Malik J, Hong T. 2023. A simulation framework for assessing thermally
resilient buildings and communities. Build. Environ. 245:110887. https://doi.org/10.1016/j.buildenv.
2023.110887

Samuelson HW, Baniassadi A, Gonzalez PI. 2020. Beyond energy savings: investigating the co-benefits
of heat resilient architecture. Energy 204:117886. https://doi.org/10.1016/j.energy.2020.117886
Kesik T, O’Brien L. 2019. Thermal resilience design guide. ROCKWOOL. https://pbs.daniels.utoronto.
ca/faculty/kesik_t/PBS/Kesik-Resources/Thermal-Resilience- Guide-v1.0-May2019.pdf
Brazilian National Standards Organization (ABNT). 2024. NBR 15575 residential build-
ings - Performance, Brazil. Rep., ABNT. https://www.abntcatalogo.com.br/pnm.aspx?Q=
cDQxbVVKaTVwYkZ1czVRU3ZzNDN3¢c2J3S1hkMHQwazgySWZtMUpoMO05Gbz0=
#hideH

. Ko WH, Schiavon S, Brager G, Levitt B. 2018. Ventilation, thermal and luminous autonomy metrics for

an integrated design process. Build. Environ. 145:153-65. https://doi.org/10.1016/j.buildenv.2018.08.
038

Ayyagari S, Gartman M, Corvidae J. 2020. Hours of safety in cold weather: a framework for considering
resilience in building envelope design and construction. Rep., Rocky Mountain Institute. https://rmi.org/
insight/hours- of-safety-in-cold-weather/

Collins K]J. 1986. Low indoor temperatures and morbidity in the elderly. Age Ageing 15:212-20. https://
doi.org/10.1093/ageing/15.4.212

Nahlik MJ, Chester MV, Pincetl SS, Eisenman D, Sivaraman D, English P. 2017. Building thermal
performance, extreme heat, and climate change. 7. Infrastruct. Syst. 23:04016043. https://doi.org/10.
1061/(ASCE)IS.1943-555X.0000349

European Committee for Standardization (CEN). 2007. Indoor environmental input parameters for de-
sign and assessment of energy performance of buildings addressing indoor air quality, thermal environment,
lighting and acoustics. Rep. EN 15251:2007, CEN. https://standards.iteh.ai/catalog/standards/cen/
92485123-bf64-40e3-9387-9724a642eae8/en-15251-2007

Krelling et al.


https://www.iso.org/standard/70428.html
https://doi.org/10.1016/j.enbuild.2021.110869
https://doi.org/10.1080/00330124.2021.1924805
https://doi.org/10.1080/00330124.2021.1924805
https://doi.org/10.1080/01944363.2021.1977682
https://doi.org/10.5194/isprs-archives-XLVIII-4-W5-2022-175-2022
https://buildings.lbl.gov/publications/heat-vulnerability-index-development
https://buildings.lbl.gov/publications/heat-vulnerability-index-development
https://www.weather.gov/ama/heatindex
https://doi.org/10.1016/j.apgeog.2014.10.014
https://www.weather.gov/ict/wbgt
https://doi.org/10.1080/23744731.2022.2043069
https://doi.org/10.1080/23744731.2022.2043069
https://doi.org/10.1016/j.buildenv.2023.110887
https://doi.org/10.1016/j.buildenv.2023.110887
https://doi.org/10.1016/j.energy.2020.117886
https://pbs.daniels.utoronto.ca/faculty/kesik_t/PBS/Kesik-Resources/Thermal-Resilience-Guide-v1.0-May2019.pdf
https://pbs.daniels.utoronto.ca/faculty/kesik_t/PBS/Kesik-Resources/Thermal-Resilience-Guide-v1.0-May2019.pdf
https://www.abntcatalogo.com.br/pnm.aspx?Q=cDQxbVVKaTVwYkZ1czVRU3ZzNDN3c2J3S1hkMHQwazgySWZtMUpoM05Gbz0=#hideH
https://www.abntcatalogo.com.br/pnm.aspx?Q=cDQxbVVKaTVwYkZ1czVRU3ZzNDN3c2J3S1hkMHQwazgySWZtMUpoM05Gbz0=#hideH
https://www.abntcatalogo.com.br/pnm.aspx?Q=cDQxbVVKaTVwYkZ1czVRU3ZzNDN3c2J3S1hkMHQwazgySWZtMUpoM05Gbz0=#hideH
https://doi.org/10.1016/j.buildenv.2018.08.038
https://doi.org/10.1016/j.buildenv.2018.08.038
https://rmi.org/insight/hours-of-safety-in-cold-weather/
https://rmi.org/insight/hours-of-safety-in-cold-weather/
https://doi.org/10.1093/ageing/15.4.212
https://doi.org/10.1093/ageing/15.4.212
https://doi.org/10.1061/(ASCE)IS.1943-555X.0000349
https://doi.org/10.1061/(ASCE)IS.1943-555X.0000349
https://standards.iteh.ai/catalog/standards/cen/92485123-bf64-40e3-9387-9724a642eae8/en-15251-2007
https://standards.iteh.ai/catalog/standards/cen/92485123-bf64-40e3-9387-9724a642eae8/en-15251-2007

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

European Committee for Standardization (CEN). 2019. Energy performance of buildings. Ventilation for
buildings-interpretation of the requirements in EN 16798-1. Indoor environmental input parameters for design
and assessment of energy performance of buildings addressing indoor air quality, thermal environment, lighting
and acoustics (Module M1-6). Rep. PD CEN/TR 16798-2:2019, CEN. https://www.techstreet.com/
standards/bs-pd-cen-tr-16798-2-2019?product_id=2045187

Chartered Institution of Building Services Engineers (CIBSE). 2013. TMS52 The limits of thermal comfort:
avoiding overbeating. CIBSE. https://www.cibse.org/knowledge-research/knowledge-portal/tm52-
the-limits- of- thermal-comfort-avoiding-overheating-in- european-buildings

Baniassadi A, Heusinger J, Sailor DJ. 2018. Energy efficiency vs resiliency to extreme heat and power
outages: the role of evolving building energy codes. Build. Environ. 139:86-94. https://doi.org/10.1016/
j-buildenv.2018.05.024

Hong T, XuY, Sun K, Zhang W, Luo X, Hooper B.2021. Urban microclimate and its impact on building
performance: a case study of San Francisco. Urban Clim. 38:100871. https://doi.org/10.1016/j.uclim.
2021.100871

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

Sengupta A, Al Assaad D, Bastero JB, Steeman M, Breesch H. 2023. Impact of heatwaves and sys-
tem shocks on a nearly zero energy educational building: Is it resilient to overheating? Build. Environ.
234:110152. https://doi.org/10.1016/j.buildenv.2023.110152

Wang Z, Hong T, Li H. 2021. Informing the planning of rotating power outages in heat waves through
data analytics of connected smart thermostats for residential buildings. Environ. Res. Lett. 16:074003.
https://doi.org/10.1088/1748-9326/ac092f

Zhivov AM. 2021. Parameters for thermal energy systems resilience. E3S Web Conf. 246:08001. https://
doi.org/10.1051/e3sconf/202124608001

Alawadhi M, Phelan PE. 2022. Review of residential air conditioning systems operating under high
ambient temperatures. Energies 15:2880. https://doi.org/10.3390/en15082880

Yin P, Pate MB, Sweeney JF, Kading J. 2014. The effect of high ambient temperature on the performance
of an R410a air conditioner. In Ist International Conference on Energy and Indoor Environment for Hot
Climates, Doba, Qatar; Feb. 24-26, pp. 350-57. https://www.scopus.com/inward/record.uri?eid=2-s2.
0-84938850556&partnerID=40&md5=71446a9ed513e39d39104ae78f14647d

Burgess K, Rapoport E. 2019. Climate risk and real estate investment decision-making. Res. Rep.,
Urban Land Institute. https://knowledge.uli.org/en/reports/research-reports/2019/climate-risk-
and-real-estate-investment-decisionmaking

Kumar D, Alam M, Sanjayan J. 2022. Building adaptation to extreme heatwaves. In Engineering for Fx-
tremes, ed. MG Stewart, DV Rosowsky, pp. 189-216. Cham: Springer. https://doi.org/10.1007/978-
3-030-85018-0_9

Park RJ. 2022. Hot temperature and high-stakes performance. 7. Hum. Resourc. 57:400-34. https://doi.
org/10.3368/jhr.57.2.0618-9535R3

Park RJ, Goodman J, Hurwitz M, Smith J. 2020. Heat and Learning. Am. Econ. J. Econ. Policy 12:306-39.
https://doi.org/10.1257/pol.20180612

Murphy C, Hotchkiss E, Anderson K, Barrows C, Cohen S, et al. 2020. Adapting existing energy plan-
ning, simulation, and operational models for resilience analysis. Tech. Rep. NREL/TP-6A20-74241, National
Renewable Energy Laboratory, Golden, CO. https://www.nrel.gov/docs/fy200sti/74241.pdf
Rostami M, Green-Mignacca S, Bucking S. 2023. A novel method for quantifying risks to climate change
events using conditional value at risk: a multi-unit residential building case study in London, Ontario.
Sustain. Resilient Infrastruct. 9:72-90. https://doi.org/10.1080/23789689.2023.2257511

Franconi E, Hotchkiss E, Hong T, Reiner M. 2023. Enbhancing Resilience in Buildings Through Energy Effi-
ciency. Richland, WA: Pacific Northwest National Laboratory. https://www.energycodes.gov/energy-
resilience

United States Environment Protection Agency (EPA). 2024. Mortality risk valuation. EPA. https://
www.epa.gov/environmental-economics/mortality- risk-valuation

www.annualreviews.org o Multistakebolder Resilience Metrics

705


https://www.techstreet.com/standards/bs-pd-cen-tr-16798-2-2019?product_id=2045187
https://www.techstreet.com/standards/bs-pd-cen-tr-16798-2-2019?product_id=2045187
https://www.cibse.org/knowledge-research/knowledge-portal/tm52-the-limits-of-thermal-comfort-avoiding-overheating-in-european-buildings
https://www.cibse.org/knowledge-research/knowledge-portal/tm52-the-limits-of-thermal-comfort-avoiding-overheating-in-european-buildings
https://doi.org/10.1016/j.buildenv.2018.05.024
https://doi.org/10.1016/j.buildenv.2018.05.024
https://doi.org/10.1016/j.uclim.2021.100871
https://doi.org/10.1016/j.uclim.2021.100871
https://doi.org/10.1016/j.buildenv.2021.108022
https://doi.org/10.1016/j.buildenv.2021.108022
https://doi.org/10.1016/j.buildenv.2023.110152
https://doi.org/10.1088/1748-9326/ac092f
https://doi.org/10.1051/e3sconf/202124608001
https://doi.org/10.1051/e3sconf/202124608001
https://doi.org/10.3390/en15082880
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84938850556&partnerID=40&md5=71446a9ed513e39d39104ae78f14647d
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84938850556&partnerID=40&md5=71446a9ed513e39d39104ae78f14647d
https://knowledge.uli.org/en/reports/research-reports/2019/climate-risk-and-real-estate-investment-decisionmaking
https://knowledge.uli.org/en/reports/research-reports/2019/climate-risk-and-real-estate-investment-decisionmaking
https://doi.org/10.1007/978-3-030-85018-0_9
https://doi.org/10.1007/978-3-030-85018-0_9
https://doi.org/10.3368/jhr.57.2.0618-9535R3
https://doi.org/10.3368/jhr.57.2.0618-9535R3
https://doi.org/10.1257/pol.20180612
https://www.nrel.gov/docs/fy20osti/74241.pdf
https://doi.org/10.1080/23789689.2023.2257511
https://www.energycodes.gov/energy-resilience
https://www.energycodes.gov/energy-resilience
https://www.epa.gov/environmental-economics/mortality-risk-valuation
https://www.epa.gov/environmental-economics/mortality-risk-valuation

706

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Baniassadi A, Heusinger J, Gonzalez PI, Weber S, Samuelson HW.2022. Co-benefits of energy efficiency
in residential buildings. Energy 238:121768. https://doi.org/10.1016/j.energy.2021.121768

Sheng M, Reiner M, Sun K, Hong T. 2023. Assessing thermal resilience of an assisted living facility
during heat waves and cold snaps with power outages. Build. Environ. 230:110001. https://doi.org/10.
1016/j.buildenv.2023.110001

Li H, Wang Z, Hong T, Piette MA. 2021. Energy flexibility of residential buildings: a systematic review
of characterization and quantification methods and applications. Adv. Appl. Energy 3:100054. https://
doi.org/10.1016/j.adapen.2021.100054

Reynders G, Amaral Lopes R, Marszal-Pomianowska A, Aelenei D, Martins J, Saelens D. 2018. En-
ergy flexible buildings: an evaluation of definitions and quantification methodologies applied to thermal
storage. Energy Build. 166:372-90. https://doi.org/10.1016/j.enbuild.2018.02.040

Nirandjan S, Koks EE, Ward PJ, Aerts JCJH. 2022. A spatially-explicit harmonized global dataset of
critical infrastructure. Sci. Data 9:150. https://doi.org/10.1038/s41597-022-01218-4

Mosleh L, Yore M, Wells W, Eisenman DP, Schwarz K. 2024. A social network analysis of cross-
organizational engagement for urban heat resilience in Los Angeles County, California. Urban Clim.
53:101797. https://doi.org/10.1016/j.uclim.2023.101797

Krelling AF, Lamberts R, Malik J, Zhang W, Sun K, Hong T. 2024. Defining weather scenarios for
simulation-based assessment of thermal resilience of buildings under current and future climates: a case
study in Brazil. Sustain. Cities Soc. 107:105460. https://doi.org/10.1016/j.scs.2024.105460

U.S. Green Building Council (USGBC). 2024. Passive survivability and back-up power during dis-
ruptions, LEED V4. USGBC. https://www.usgbc.org/credits/new-construction- core-and-shell-
schools-new-construction-retail-new-construction-data-48?return=/credits/new-
construction/v4/pilot-credits

Sengupta A, Al Assaad D, Steeman M, Breesch H. 2023. Thermal resilience to overheating assessment
in a Belgian educational building with passive cooling strategies during heatwaves and power outages.
E3S Web of Conf. 396:01018. https://doi.org/10.1051/e3sconf/202339601018

Sun K, Specian M, Hong T. 2020. Nexus of thermal resilience and energy efficiency in buildings: a case
study of a nursing home. Build. Environ. 177:106842. https://doi.org/10.1016/j.buildenv.2020.106842
JiL, Shu C, Laouadi A, Lacasse M, Wang L(L). 2023. Quantifying improvement of building and zone
level thermal resilience by cooling retrofits against summertime heat events. Build. Environ. 229:109914.
https://doi.org/10.1016/j.buildenv.2022.109914

Amaripadath D, Mirzaei PA, Attia S. 2024. Multi-criteria thermal resilience certification scheme for
indoor built environments during heat waves. Energy Built Environ. S2666123324000618. In press,
corrected proof. https://doi.org/10.1016/j.enbenv.2024.05.001

De Ayala A, Sola MDM. 2022. Assessing the EU energy efficiency label for appliances: issues, potential
improvements and challenges. Energies 15:4272. https://doi.org/10.3390/en15124272

United States Environmental Protection Agency (EPA). 2024. ENERGY STAR. EPA https://www.
energystar.gov/

Jain M, Rao AB, Patwardhan A. 2018. Consumer preference for labels in the purchase decisions of air
conditioners in India. Energy Sustain. Dev. 42:24-31. https://doi.org/10.1016/j.esd.2017.09.008
Nakai M, Ravago M-LV, Miyaoka Y, Saito K, Arimura TH. 2023. Consumers’ preferences for energy-
efficient air conditioners in a developing country: a discrete choice experiment using eco labels. Energy
Effic. 16:14. https://doi.org/10.1007/s12053-023-10095-8

Hamdy M, Carlucci S, Hoes P-J, Hensen JLM. 2017. The impact of climate change on the overheating
risk in dwellings—a Dutch case study. Build. Environ. 122:307-23. https://doi.org/10.1016/j.buildenv.
2017.06.031

International Organization for Standardization (ISO). 2017. Ergonomics of the thermal environment -
Assessment of heat stress using the WBGT (wet bulb globe temperature) index. Rep. 1ISO 7243:2017, ISO.
https://www.iso.org/standard/67188.html

Steadman RG. 1979. The assessment of sultriness. Part I: a temperature-humidity index based on
human physiology and clothing science. 7. Appl. Meteor: 18:861-73. https://doi.org/10.1175/1520-
04501979018

Krelling et al.


https://doi.org/10.1016/j.energy.2021.121768
https://doi.org/10.1016/j.buildenv.2023.110001
https://doi.org/10.1016/j.buildenv.2023.110001
https://doi.org/10.1016/j.adapen.2021.100054
https://doi.org/10.1016/j.adapen.2021.100054
https://doi.org/10.1016/j.enbuild.2018.02.040
https://doi.org/10.1038/s41597-022-01218-4
https://doi.org/10.1016/j.uclim.2023.101797
https://doi.org/10.1016/j.scs.2024.105460
https://www.usgbc.org/credits/new-construction-core-and-shell-schools-new-construction-retail-new-construction-data-48?return=/credits/new-construction/v4/pilot-credits
https://www.usgbc.org/credits/new-construction-core-and-shell-schools-new-construction-retail-new-construction-data-48?return=/credits/new-construction/v4/pilot-credits
https://www.usgbc.org/credits/new-construction-core-and-shell-schools-new-construction-retail-new-construction-data-48?return=/credits/new-construction/v4/pilot-credits
https://doi.org/10.1051/e3sconf/202339601018
https://doi.org/10.1016/j.buildenv.2020.106842
https://doi.org/10.1016/j.buildenv.2022.109914
https://doi.org/10.1016/j.enbenv.2024.05.001
https://doi.org/10.3390/en15124272
https://www.energystar.gov/
https://www.energystar.gov/
https://doi.org/10.1016/j.esd.2017.09.008
https://doi.org/10.1007/s12053-023-10095-8
https://doi.org/10.1016/j.buildenv.2017.06.031
https://doi.org/10.1016/j.buildenv.2017.06.031
https://www.iso.org/standard/67188.html
https://doi.org/10.1175/1520-04501979018
https://doi.org/10.1175/1520-04501979018

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Sengupta A, Breesch H, Al Assaad D, Steeman M. 2023. Evaluation of thermal resilience to overheating
for an educational building in future heatwave scenarios. Int. J. Ventilat. 1-11. https://doi.org/10.1080/
14733315.2023.2218424

U.S. Green Building Council (USGBC). 2024. Leadership in energy and environmental design (LEED).
USGBC, accessed May 23, 2021. https://www.usgbc.org/leed

Mathew P, Sanchez L, Lee S, Walter T. 2021. Assessing the energy resilience of office buildings: devel-
opment and testing of a simplified metric for real estate stakeholders. Buildings 11:96. https://doi.org/
10.3390/buildings11030096

Ismail N, Ouahrani D, Al Touma A. 2023. Quantifying thermal resilience of office buildings during
power outages: development of a simplified model metric and validation through experimentation.
7 Build. Eng. 72:106564. https://doi.org/10.1016/j.jobe.2023.106564

Leddy L, Jenket D, Thomas D-M, Ericson S, Cox ], et al. 2023. Measuring and valuing resilience: a literature
review for the power sector. Tech. Rep. NREL/TP-5R00-87053, National Renewable Energy Laboratory,
Golden, CO. https://www.nrel.gov/docs/fy230sti/87053.pdf

Serdar MZ, Macauley N, Al-Ghamdi SG. 2022. Building thermal resilience framework (BTRF): a novel
framework to address the challenge of extreme thermal events, arising from climate change. Front. Built
Environ. 8:1029992. https://doi.org/10.3389/fbuil.2022.1029992

Uejio CK, Gilbert J, Ahn Y, Martella L, Hu L, Marturano J. 2024. Rapidly developing a community-
and evidence-based heat action plan. Bull. Am. Meteorol. Soc. 105:E848-63. https://doi.org/10.1175/
BAMS-D-23-0055.1

Wright CY, Mathee A, Goldstone C, Naidoo N, Kapwata T, et al. 2023. Developing a Healthy En-
vironment Assessment Tool (HEAT) to address heat-health vulnerability in South African towns in a
warming world. Int. 7. Environ. Res. Public Health 20:2852. https://doi.org/10.3390/ijerph20042852
ARUP. 2024. A universal taxonomy for natural hazard and climate risk and resilience assessments - build-
ings edition. ARUP. https://www.arup.com/insights/a-universal-taxonomy-for-natural-hazard-
and- climate-risk-and-resilience-assessments/

First Street Foundation. 2022. Heat model methodology. Rep., First Street Foundation. https://firststreet.
org/research-library/heat-model-methodology

Loughnan ME, Tapper NJ, Phan T, McInnes JA. 2014. Can a spatial index of heat-related vulnerability
predict emergency service demand in Australian capital cities? Int. 7. Emerg. Serv. 3:6-33. https://doi.
org/10.1108/IJES-10-2012-0044

Carlsson M, Touchie M, Richman R. 2019. Investigating the potential impact of a compartmentalization
and ventilation system retrofit strategy on energy use in high-rise residential buildings. Energy Build.
199:20-28. https://doi.org/10.1016/j.enbuild.2019.06.035

Junker RG, Azar AG, Lopes RA, Lindberg KB, Reynders G, et al. 2018. Characterizing the energy flex-
ibility of buildings and districts. Appl. Energy 225:175-82. https://doi.org/10.1016/j.apenergy.2018.
05.037

Zeng Z, Zhang W, Sun K, Wei M, Hong T. 2022. Investigation of pre-cooling as a recommended mea-
sure to improve residential buildings’ thermal resilience during heat waves. Build. Environ. 210:108694.
https://doi.org/10.1016/j.buildenv.2021.108694

North American Electric Reliability Corporation (NERC). n.d. About NERC, accessed August 6, 2024.
https://www.nerc.com/AboutNERC/Pages/default.aspx

Bracht MK, Olinger MS, Krelling AF, Gongalves AR, Melo AP, Lamberts R. 2024. Multiple regional cli-
mate model projections to assess building thermal performance in Brazil: understanding the uncertainty.
7 Build. Eng. 88:109248. https://doi.org/10.1016/j.jobe.2024.109248

Zscheischler J, Westra S, Van Den Hurk BJJM, Seneviratne SI, Ward PJ, et al. 2018. Future climate risk
from compound events. Nat. Clim. Change 8:469-77. https://doi.org/10.1038/s41558-018-0156-3
Crawley DB, Lawrie LK. 2019. Should we be using just ‘typical’ weather data in building performance
simulation? In Proceedings of Building Simulation 2019: 16th Conference of IBPSA, pp.4801-8. International
Building Performance Simulation Association. https://doi.org/10.26868/25222708.2019.210594
Buchner B, Naran B, Padmanabhi R, Stout S, Strinati C, et al. 2023. Global landscape of climate finance
2023. Rep., Climate Policy Initiative. https://www.climatepolicyinitiative.org/publication/global-
landscape-of- climate-finance-2023/

www.annualreviews.org o Multistakebolder Resilience Metrics

707


https://doi.org/10.1080/14733315.2023.2218424
https://doi.org/10.1080/14733315.2023.2218424
https://www.usgbc.org/leed
https://doi.org/10.3390/buildings11030096
https://doi.org/10.3390/buildings11030096
https://doi.org/10.1016/j.jobe.2023.106564
https://www.nrel.gov/docs/fy23osti/87053.pdf
https://doi.org/10.3389/fbuil.2022.1029992
https://doi.org/10.1175/BAMS-D-23-0055.1
https://doi.org/10.1175/BAMS-D-23-0055.1
https://doi.org/10.3390/ijerph20042852
https://www.arup.com/insights/a-universal-taxonomy-for-natural-hazard-and-climate-risk-and-resilience-assessments/
https://www.arup.com/insights/a-universal-taxonomy-for-natural-hazard-and-climate-risk-and-resilience-assessments/
https://firststreet.org/research-library/heat-model-methodology
https://firststreet.org/research-library/heat-model-methodology
https://doi.org/10.1108/IJES-10-2012-0044
https://doi.org/10.1108/IJES-10-2012-0044
https://doi.org/10.1016/j.enbuild.2019.06.035
https://doi.org/10.1016/j.apenergy.2018.05.037
https://doi.org/10.1016/j.apenergy.2018.05.037
https://doi.org/10.1016/j.buildenv.2021.108694
https://www.nerc.com/AboutNERC/Pages/default.aspx
https://doi.org/10.1016/j.jobe.2024.109248
https://doi.org/10.1038/s41558-018-0156-3
https://doi.org/10.26868/25222708.2019.210594
https://www.climatepolicyinitiative.org/publication/global-landscape-of-climate-finance-2023/
https://www.climatepolicyinitiative.org/publication/global-landscape-of-climate-finance-2023/

708

105.

106.

107.

108.

109.

110.

Han Q, Kumar R, Kumar A. 2024. Climate change and human migration: perspectives for environ-
mentally sustainable societies. 7. Geochem. Explor: 256:107352. https://doi.org/10.1016/j.gexplo.2023.
107352

He B-J, Zhao D, Xiong K, QiJ, Ulpiani G, etal. 2021. A framework for addressing urban heat challenges
and associated adaptive behavior by the public and the issue of willingness to pay for heat resilient
infrastructure in Chongqing, China. Sustain. Cities Soc. 75:103361. https://doi.org/10.1016/j.scs.2021.
103361

Thomas NP, Bosilovich MG, Marquardt Collow AB, Koster RD, Schubert SD, et al. 2020. Mechanisms
associated with daytime and nighttime heat waves over the contiguous United States. 7. Appl. Meteorol.
Climatol. 59:1865-82. https://doi.org/10.1175/JAMC-D-20-0053.1

Hu S, Zhou X, Yan D, Guo F, Hong T, Jiang Y. 2023. A systematic review of building energy sufficiency
towards energy and climate targets. Renew. Sustain. Energy Rev. 181:113316. https://doi.org/10.1016/
jrser.2023.113316

Malik J, Hong T. n.d. Building energy sufficiency to support the clean energy transition: a review and
perspective. Proceedings of the Singapore National Academy of Science, pp. 1-13. World Scientific. https://
doi.org/10.1142/52591722622400099

Malik J, Hong T, Wei M, Rotmann S. 2023. Prioritize energy sufficiency to decarbonize our buildings.
Nat. Hum. Bebav. 8:406-10. https://doi.org/10.1038/s41562-023-01752-0

Krelling et al.


https://doi.org/10.1016/j.gexplo.2023.107352
https://doi.org/10.1016/j.gexplo.2023.107352
https://doi.org/10.1016/j.scs.2021.103361
https://doi.org/10.1016/j.scs.2021.103361
https://doi.org/10.1175/JAMC-D-20-0053.1
https://doi.org/10.1016/j.rser.2023.113316
https://doi.org/10.1016/j.rser.2023.113316
https://doi.org/10.1142/S2591722622400099
https://doi.org/10.1142/S2591722622400099
https://doi.org/10.1038/s41562-023-01752-0



