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The concept of climate resilience has gained extensive international attention during the last few years
and is now seen as the future target for building cooling design. However, before being fully implemented
in building design, the concept requires a clear and consistent definition and a commonly agreed frame-
work of key concepts. The most critical issues that should be given special attention before developing a
new definition for resilient cooling of buildings are (1) the disruptions or the associated climatic shocks to
protect against, (2) the scale of the built domain, (3) the timeline of resilience, (4) the events of disrup-
tion, (5) the stages of resilience, (6) the indoor climate limits and critical comfort conditions, and (7) the
influencing factors of resilient cooling of buildings. This paper focuses on a scoping review of the most of
the existing resilience definitions and the various approaches, found in 90 documents, towards possible
resilient buildings. In conclusion, the paper suggests a definition and a set of criteria —vulnerability, resis-
tance, robustness, and recoverability— that can help to develop intrinsic performance-driven indicators
and functions of passive and active cooling solutions in buildings against two disruptors of indoor ther-
mal environmental quality—heat waves and power outages.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

The resilience of the built environment against climate change
impacts and associated disruptions is an important topic that has
received increasing attention in recent years [1]. Resilience is a
central feature of the United Nations (UN) Sustainability Develop-
ment Goals (SDGs) and is reflected in a range of SDG targets [2].
According to the UN General Assembly Resolution 71/276 [3], the
term ‘‘resilience” describes ‘‘the ability of a system, community
or society exposed to hazards to resist, absorb, accommodate,
adapt to, transform and recover from the effects of a hazard in a
timely and efficient manner, including through the preservation
and restoration of its essential basic structures and functions
through risk management.” The European Green Deal identified
climate-proof buildings and low-carbon buildings as key levers to
achieve a resilient and carbon–neutral continent [4]. The need for
resilient building design and construction is urgent to anticipate
climate change and disruptions caused by weather extremes,
increasing carbon emissions, and resource depletion [5]. Our
well-being depends on reducing the carbon emissions in our built
environment and other sectors [6]. While solving the root-cause
problem of climate change, we need to address its effects. Avoiding
excessive temperatures induced by overheating is one of the most
critical challenges that the building industry will face worldwide in
the coming decades [7,8].

Increasing electricity demand during heat stresses can lead to
blackouts and grid failures. This can leave buildings out of thermal
comfort range and threaten the lives of vulnerable people at risk, as
happened during the 2003 Europe heat wave [9]. As building dis-
ruptions may have severe and long-term economic impacts, resili-
ent building cooling solutions are an essential strategy to mitigate
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Fig. 1. Study conceptual framework.
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threats to occupants [10]. There is an urgent need for resilient cool-
ing solutions in buildings to keep comfort despite extreme weather
events due to climate change [11]. Meanwhile, the use of fuel-
intensive mechanical cooling should be reduced to slow climate
change [12]. Greenhouse gas (GHG) emissions from buildings air
conditioning stand at around 210–460 gigatonnes of carbon diox-
ide equivalent (GtCO2e) over the next four decades, based on
2018 levels [13].

It is of principal importance to define buildings’ resilient cooling
to maintain indoor environmental quality against unexpected
events, e.g., extreme weather conditions, heat waves, power
outages, etc. However, the definition of resilience and resilient
cooling is challenging and complex [14]. Research on resilience
associated with human-nature interactions is still in an explorative
stage with few practical methods for real-world applications
[15,16].

This article presents the main concepts of resilience. It proposes
a definition of resilient cooling of buildings based on the discussion
taking place in the International Energy Agency (IEA) - Energy in
Buildings and Communities Programme (EBC) research project
‘‘Annex 80: Resilient Cooling of Buildings” [11]. The essence of this
paper is to define resilience against overheating and power outage.
It seeks to answer the following research questions:

� What are the existing concepts of resilience in the built
environment?

� How to define resilient cooling of buildings?

The article presents a definition framework based on reviewing
almost 90 studies of resilience, including RELi 2.0 Rating Guidelines
for Resilient Design and Construction [17]. One of the challenges of
this study is to define resilience on the building scale beyond what
is present in literature, which mainly addresses the definition of
resilience on an urban scale. Most of the studies we reviewed
investigated the term ‘‘resilience” on the urban scale against dis-
ruptions such as hurricanes, flooding, earthquakes, and a long
duration [18]. In this context, most studies tend to address the
urban scale’s resilience for an extended period with less focus on
the building scale [18]. The proliferation of urban- or
community-scale investigations limits attention paid to indoor
environmental quality and overheating buildings’ problems. One
interpretation for that could be that heat waves and power outages
are specific shock events that occur briefly on a few summer days.
However, we found many studies confirming that climate change
increases the frequency and magnitude of heat waves, making heat
waves rise in the ranking of the most significant disruptions in the
built environment [19]. This reinforces the importance of resilient
cooling as an integral approach for building design and operation
concerning comfort (including indoor environmental quality), car-
bon neutrality, and environmental friendliness [6].
2. Methodology

Fig. 1 shows the research methodology of this study, including
its conceptual framework. The methodology is similar to that used
by Attia to define main concepts and definitions of adaptive
facades [20,21]. Our research methodology is qualitative and relies
on the literature review, focus group discussions, and individuals’
follow-up discussions. The research methodology of this study
has four significant steps, each detailed in the following sections.
2.1. Literature review

A literature review was conducted, aiming to define resilience
against different climate change associated disruptions in the built
2

environment worldwide. The publications included scientific jour-
nal articles, reports, books, building rating systems, and grey liter-
ature (government reports, policy statements, and papers. We
opted for large databases and quality web sources with complete
bibliographic data. Our initial Scopus and Web of Science research
resulted in almost 90 publications relevant to the built environ-
ment’s resilience and resilience criteria. To examine the definitions
of resilience and the associated resilience criteria such as vulnera-
bility, resistance, robustness, and recoverability, we surveyed resi-
lience in ecology, resilience in engineering, and resilience in
psychology as inclusion criteria. These domains cover the body of
knowledge and discourse concerning resilience in general. We then
narrowed the research scope to focus on the overheating and
power outage disruptions and the resilience of cooling strategies
and technologies in buildings. The exclusion criteria were two-
fold, aiming to eliminate publications that define resilience on an
urban scale and infrastructure. The exclusion criteria included
terms such as ”city”, ”urban”, ”structure”, ”infrastructure”, and
”flooding”. The search language was mainly English and looked
back to 1995, in which the term resilience first appeared in litera-
ture related to the built environment, until 2020. The publication
information was imported to the software HistCite 12.3.17 for
analysis and grouped into two categories [22]: resilience on the
building scale and resilience on the urban scale. The results of
the literature review are presented in Section 3 and Appendix A.
2.2. Data processing

We analyzed the content of every identified article’s full text
and developed an analysis protocol and coding schema to record
its content attributes. The entire text of the full article was read
multiple times as they search for coding words was completed
by the coders (authors). Coding is a way of indexing or categorizing
the text to establish a framework of its themes [23]. We used the
framework method commonly used to manage and analyze quali-
tative data in health research [24,25]. The framework method
involves reading the manuscripts carefully and applying a code
or label that describes important phrases or paragraphs. The docu-
ments are labeled and systematically to develop a dataset of codes.
After coding the manuscripts, the codes were compared and classi-
fied. Codes were then grouped together in categories. After several
categorization iterations, an analytical framework or structure for
the main domain and concepts was created under which the codes
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and labels are grouped. With the help of ATLAS.ti software (version
9) the framework is charted grouping all codes, concepts and cat-
egories [26]. The tagging system summarizes and interprets the
manuscripts interrogating the theoretical concepts and the con-
nection between categories in a structured way. A detailed descrip-
tion of text processing can be found in Attia’s videos [27,28].

2.3. Development of definition

We used the framework method for the definition development,
which is the most commonly used technique for the management
and analysis of qualitative data in health research [24,25]. The
framework method allows systematic analysis of the text data to
produce highly structured outputs and summarized data. It can
also compare and identify patterns, relevant themes, and contra-
dictory data [24]. We categorized the codes (resilience concepts)
by theme. Our classification resulted in four concepts that define
the resilient cooling of buildings.

2.4. Focus group and follow-up-discussions

Qualitative research is primarily a subjective approach as it
seeks to understand human perceptions and judgments. However,
it remains a reliable exploratory scientific method if bias is
avoided. The suggested definition validated through focus group
discussions to provide consistent and dependable results. Several
validation measures were implemented, including member check-
ing, memo logs, and peer examination following the work of Attia
[29] and Attia et al. [21]. The study validation allowed emphasizing
credibility and strengthening the relevance of the conducted study
and results. Focus groups were convened during IEA-EBC Annex
800s first expert meeting in Vienna, Austria (21 October 2019)
and during its second expert meeting, held online (21 April
2020). Each focus group comprised of 15 people. IEA-EBC Annex
80 members aim to support a rapid transition to an environment
where resilient, low energy and low carbon cooling systems are
the mainstream and preferred solutions for cooling and overheat-
ing issues in buildings [11]. The invited experts for the focus-
group discussion represented the scientific and professional
experts in the field of building performance assessment and com-
fort. A list of the IEA-EBC Annex 80 participants can be found on
the Annex website [30]. The focus group discussions’ goal was to
validate the suggested definition and main associated criteria [29].

Follow-up discussions with RELi steering committee members
and UN resilience experts helped articulate and validated the
framework and included detailed elaboration of some criteria.
The RELi Rating System is a holistic, resilience-
based rating system that combines innovative design criteria with
the latest integrative design processes for next-generation neigh-
borhoods, buildings, homes, and infrastructure (see further expla-
nation Section 3.3). The follow-up discussions took place between
the first authors and some of the co-authors via teleconference and
emails.
Different concepts and definitions of resilience in different domains [35]

Fields Definition Interpretations

In ecology:Resilience is the ‘‘ability to
absorb shocks” or‘‘ bounce back”

Ability of an ecosystem to rearrange
its organization outside of its
equilibrium state to another one
when facing a perturbation [36].

In psychology:Resilience is ‘‘positive
adaptability” in anticipation of/in
response to shocks

Capacity of an individual to endure
and develop in the context of adverse
conditions and to recover [37].

In engineering and economics:
Resilience the ability to ‘‘bounce
forward” from shocks

Ability of a system to resist
perturbations outside of its
equilibrium state and its speed to
come back to it [35,41].
3. General concepts of resilience

The definitions of resilience concern with the interplay of con-
tinuity and change of objects/systems subject to internal or exter-
nal disruption(s). Whatever the field of application of the resilience
concept, the study of resilience entails adapting to crisis associated
with the assumption of vulnerability in the context of climate
change [31]. Vulnerability has been used as the ‘‘flip side” of resi-
lience [32]. Some researchers separate resilience and vulnerability
[33], while others consider resilience related to one of the compo-
nents of vulnerability [34]. In the following two subsections, we
3

explain resilience concepts in different domains and review papers
that assess resilient comfort in buildings.

3.1. Resilience in different domains

The concept of resilience varies by discipline [35]. The first def-
inition, found in ecological literature, is a system’s ability to absorb
a shock without changing its pre-shock structure, identity, and
function. Holling [36] defined resilience to disruptions in ecosys-
tems. His resilience concept assumes that the system’s absorptive
resilience or ‘‘ability to bounce back” can handle shocks and find
an alternative (equilibrium) state or form that is less good than
the system’s pre-shock state.

The second definition of resilience, found in the behavioral psy-
chology literature, focuses on positive adaptability resilience or
‘‘ability to absorb” [37]. Resilience is defined as individuals’ coping
capacity to maintain or regain psycho-pathological well-being fol-
lowing trauma, personal stress, or crisis [35]. In this definition,
individuals are expected to demonstrate dynamic self-renewal
and adjustment capacity to neutralize the shock and its impacts.

The third definition of resilience, found in the engineering and
economics literature, is focused on the ability to ‘‘bounce forward”
or ‘‘recover; fast following a disruption [35]. This was termed
”engineering resilience‘‘ due to the human-made nature of engi-
neering [36]. It is defined as ”how fast a system that has been dis-
placed from equilibrium by a disturbance or shock returns to that
equilibrium and continues performing.‘‘ This interpretation was
also found in the physical sciences and economics literature. This
definition of resilience led some authors to refer to it as ”evolution-
ary resilience‘‘ due to the ability of the system to ”bounce forward‘‘
rather than just absorb the shock or ”bounce back‘‘ [38–40]. Table 1
summarizes the different definitions and concepts of resilience
under three categories.

3.2. Resilience as ‘‘bounce forward” from shocks

There is a plethora of studies that employed the term ‘‘re-
silience’. However, very few studies have defined the term ’re-
silience’ in the built environment [42]. Therefore, we deliberately
chose the third definition of resilience (see Table 1). The third def-
inition of resilience is already used differently by researchers and
professionals in different engineering domains (structural and
energy engineering) and is focused on the ability to ”bounce back‘‘
or recover following a disruption of some kind [38,43,44]. As
shown in Fig. 2, the definition of resilience in engineering and
economy is a process that involves several elements. The first ele-
ment is vulnerability (the sensitivity of a building system to differ-
ent types of shocks). According to literature, vulnerability is a
central concept in climate change research. Vulnerability describes
the system associated with hazards of concern and attributes of
concern [45,46]. The UN general definitions define vulnerability



Fig. 2. The stages and timeline of the resilience process.
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as risks ”expected losses [. . .] resulting from interactions between
natural or human-induced hazards and vulnerable conditions‘‘
[47]. The second element is resistance (the building system’s abil-
ity to maintain the initial design conditions). The third element is
robustness (how the building system, including occupants, adjusts
and adapts to shocks under critical performance conditions). The
fourth element is recoverability (the extent and nature of recovery
from shocks). If the building cooling design involves a vulnerability
assessment, it can resist shocks, then falls under the influence of a
shock and recovers from the shock; only then we can call it a
resilient.

To define a building or system as resilient, it must be vulnerable
(sensitive) to disruptions or shocks and experience failure. Failure
is essential in any definition of resilience because the latter is built
upon it. A failure can be temporary or permanent and can partial or
full. The failure to protect occupants against heat waves or power
outages, resulting in heat-related deaths or morbidity, are exam-
ples of building failures [19]. Unfortunately, several studies in
the field of building engineering investigated the robustness of
the building’s performance against heat waves without addressing
the broader definition of resilience and its stages illustrated in
Fig. 2 [48–50].

Thus, there is a lack of understanding of the term ‘‘resilience”
and the conditions and stages associated with this complex term.
The fundamental definition of resilience necessitates the occur-
rence of a shock. Only the presence of a shock can ascertain
whether, and to what extent, the robustness (adaptation) of a sys-
tem or building has imbued it with resilience [38].

3.3. Resilience in the built environment

The literature about resilience in the built environment can be
classified by scale—urban or building.

Ernsstson et al. [51] published one of the earliest studies defin-
ing urban resilience within human-dominated ecosystems. Using
three case cities, the study explored the resilience of urban gover-
nance concerning ecosystem services. Similarly, Meerow et al. [52]
proposed a general definition of urban resilience without focusing
on any specific disruption in the built environment. In contrast,
Godschalk [53] focused on urban hazards in cities and specifically
on terrorism. The study was initiated due to the terrorist attack on
the World Trade Center in September 2001 in New York and pre-
sented resilience in this context.

Liao [15] presented a definition of urban resilience addressing
floods and the surrogate measure of percent floodable area for
assessing potential to flood. Stead [54] evaluated Rotterdam’s resi-
lience (Netherlands) with a focus on water management and cli-
mate change. Sharifi & Yamagata [55] developed a framework for
assessing urban energy resilience, identifying planning and design
4

criteria, and examining these criteria’ relationshiBased on their
framework, to be resilient, and urban energy system needs to be
capable of ‘‘planning and preparing for,” ‘‘absorbing,” ‘‘recovering
from,” and ‘‘adapting to” future adverse events.

The previous studies addressed resilience and vulnerability on
the urban scale. Other reviewed studies have addressed the con-
cept of resilience for individual buildings. Most focused on blast
resilience, seismic resilience, and hurricane or wind resilience.
Takewaki et al. [43] sought to reduce the unexpected incidents in
building structural design and define robustness and resilience
against earthquakes in buildings. Cormie et al. [57] assessed the
whole-building response against blasts and the influence of the
building form and façade. Tokgoz & Gheorghe [56] quantified the
resilience of residential buildings against hurricane winds.

Lomas and Ji [58] published one of the earliest studies on ther-
mal resilience in buildings. In a special issue of Building and Envi-
ronment, Lomas & Giridharan [59] measured internal
temperatures and thermal resilience to climate change of free-
running hospital wards. De Wilde & Coley [60] conducted a litera-
ture review investigating climate change’s implication on build-
ings. Burman et al. [61] presented another early investigation on
overheating resilience using evidence gathered from two educa-
tional buildings in London. They proposed a theoretical framework
with three main criteria: vulnerability (sensitivity and exposure),
resilience (capacity of response), and adaptation (long-term
adjustment). Holmes et al. [62] proposed an indoor heat index
for evaluating heat stress and passive habitability in residential
buildings. Coley et al. [63] presented a new comfort equation for
resilient building design that considers weather and probabilistic
adaptive comfort measures variability. Hamdy et al. [64] investi-
gated the impact of climate change on the overheating risk in
dwellings and the potential for ventilative cooling to mitigate cli-
mate change effects. Vulnerability to overheating and sensitivity
of the building response were used to assess the investigated
dwellings’ resilience.

Version 4.1 of the United States Green Building Council (USGBC)
Leadership in Energy and Environmental Design (LEED) rating sys-
tem introduced a ‘‘Thermal Resilience” pilot credit that aims to
assess passive survivability and thermal resilience [65]. The credit
was developed initially within the RELi rating system. RELi is a
building and community rating system wholly based on resilient
design [17] and has been adopted by the USGBC. Under the Ther-
mal Resilience pilot credit, a space qualifies as thermally resilient
if it can provide indoor thermal comfort in the event of a power
outage. Comfort thresholds are based on standard effective tem-
perature degree-days [66].

Table 2 summarizes documents found in the literature explic-
itly addressed and used the term ‘‘resilience” concerning comfort.
The studies mentioned above are the beginning to define the ther-
mal resilience of buildings. However, the studies listed in Table 2
proposed neither a consistent definition of thermal resilience nor
an assessment framework for buildings’ resilient cooling. The liter-
ature review confirms the need to establish a definition of resilient
cooling for buildings.
4. Conceptualization of resilient cooling for buildings

4.1. Resilience against what?

One critical prerequisite for a comprehensive definition and
assessment of resilience is identifying threats (shocks) or disrup-
tions to the stability of these systems. An essential question to
answer is ‘‘resilience against what?”.

As shown in Table 3, several types of disruptions or emergen-
cies can lead to buildings’ systemic failure to be resilient—e.g., air



Table 2
A list of documents found in literature in direct relation with the thermal resilience of buildings based on Appendix I

Scientific Article Reference Definition Paper Review Paper Calculation Method

Lomas (2009) [58] U

Lomas et al. (2012) [59]
De Wilde et al. (2012) [60] U

Burman et al. (2014) [61] U

Holmes et al. (2017) [62] U

Lomas et al. (2017) [67] U

Coley et al. (2017) [63] U

Hamdy et al. (2017) [64] U

Rating System
USGBC (2018) [65,66] U U

USGBC (2019) [17] U U

* Search Keywords: resilient, resilience, thermal, overheating, building

Table 3
Different types of disruptions affecting the built environment

Disruption Description

Air Pollution - Outdoor air pollution refers to the air pollution experienced by populations living in and around urban areas. Air pollution derives from
poor combustion of fossil or biomass fuels (e.g., exhaust fumes from cars, furnaces, or wood stoves) or wildfires [69]. Buildings require
efficient air filters and ventilation systems that mitigate the impact of air pollution.

Fire - Wildfires are sweeping and destructive conflagrations, especially in a wilderness or a rural area, that cause significant damage. Most
building codes adequately addresses common fire hazards with mandatory fire-resistant stairwells, fire-resistant building materials, and
proper escape methods.

Earthquakes - Earthquakes are the most common disruptions covered in all building codes. They are trembling of the ground caused by the passage of
seismic waves through the earth’s rocks. This natural disaster can damage a building by knocking it off its foundations and harm the
occupants. Seismic testing should be used on components of buildings to determine their resilience to earthquakes.

Wind storms and
hurricanes

- Hurricane has the potential to harm lives and property via storm surge, heavy rain, or snow, causing flooding or road impassibility,
lightning, wildfires, and vertical wind shear.

Flooding - Flooding is the inundation of land or property in a built environment, particularly in more densely populated areas, caused by rainfall
overwhelming the drainage systems’ capacity, such as storm sewers.

Heat waves - Heat waves are a period of excessively hot weather accompanied by high humidity [70]. They cause overheating in the building and
intensify the urban heat island effect [71]. This event can potentially risk the health and lives of occupants if no measures are taken.

Power outages - Power outages and blackouts are common occurrences caused by natural disasters cited earlier, like floods or hurricanes. It can lead to
overheating in buildings when air conditioners do not operate.

Water shortages - Water shortage is the lack of freshwater resources to meet water demand. Lack of water has a significant impact on irrigation and urban
use, degrading food security, public health, and overall stability.

Pandemic - Pandemics can impact societies’ built environment is how spatial and social aspects are intertwined to constitute everyday lives mutually.
During active outbreaks, such as COVID-19, minimizing the risk of disease spread in buildings starts with keeping people out of them. For
those who occupy a building, increasing the ventilation and filtration of the inside air is essential.
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pollution, fires, and earthquakes. Disruptions are increasingly pre-
sented by unexpected phenomena outside or inside the building
[60]. The rate and pace of disturbances that the built environment
faces have been accelerating significantly over the past three dec-
ades [68]. Understanding and identifying the phenomena that dis-
rupt a building and threaten the well-being of its occupants is
fundamental.

For this study, heat waves and power outages were identified as
major disruptions that can influence occupant indoor thermal
quality conditions on the building scale [72]. The frequency and
severity of extreme weather events have increased in the last
30 years. Increased ambient temperature during heat waves
can directly influence the thermal performance of buildings by
decreasing the efficiency of energy systems. This direct impact
makes the extreme weather event and associated power outages
major sources of disruptions for resilience evaluation. In addition
to the direct impact, heat waves can have some cascading
impacts such as power failure, access to clean water, and accept-
able indoor air quality. There are other potential disruptions to
the indoor environment detailed in Table 3. However, of these only
heat waves and power outages directly affect the indoor thermal
quality. For example, heat from wildfires might affect the indoor
environment, but buildings are typically evacuated if a wildfire is
close enough to heat them.

Therefore, the paper is focused on the definition of resilient
cooling of buildings as part of the IEA-EBC Annex 80 activities that
5

aim to define resilience. Crawley et al. [73] identified heat waves as
the significant climate change disruption in buildings. Baniassadi
et al. [74] identified the frequency and duration of power outages
as a significant cause of disruption for buildings in the near future.
Both studies confirmed that the increase of mean outdoor temper-
atures and the frequent and intensive nature of heat waves disrupt
power and degrade comfort.

Disruptions are shocks or events with an origin, a nature, an
incidence, a scale, and duration. Therefore, we define disruptions
in buildings as shocks that degrade the indoor environment and
require resilient cooling strategies and technologies to maintain
it [60].

4.2. Resilience: At which scale? And for how long?

The resilience of a system cannot be studied without examining
the system’s scale and the relation between the shock cause and its
effect(s). Resilient systems function through the interaction of
complex processes operating at different scales and times frames
[75]. Therefore, it is essential to characterize the scale of the sys-
tem expected to be resilient in a time-bound way. The definition
of resilience should always reflect whether the disturbance affects
a single building element’s performance or operation, building ser-
vice, or the entire building [76]. As shown in Fig. 3, the definition of
resilience should always characterize the resilience to disturbance
of a system to its scale within a specific time frame for the distur-



Fig. 3. the components of a resilience definition within a specific field or domain.

Fig. 4. The components of a resilience definition within a specific field or domain.
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bance. According to Fig. 3, this study defines resilient cooling in
buildings within certain boundary conditions that are limited to
the building scale in response to heat waves and power outages
for duration of 100 years.

We select heat waves and power outages as the primary disrup-
tive events to be addressed by resilient cooling for buildings for our
study. Our proposed definition considers the indoor environmental
conditions on the building scale for long periods. Climate scenarios
represent historical and future outdoor conditions and consider
both short-term and long-term heat waves. Resilience in the build-
ing engineering field is strongly associated with long-term climate
projections that encompass both the increase in the average tem-
perature due to a global warming effect or temperature rise due
to the urban heat island effect [77].

Defining and identifying disruptions and specifying their associ-
ated events that impact healthy and comfortable buildings is the
first step to determine a building’s resilience. Other issues can
degrade the indoor thermal environment, such as the sudden
change of indoor occupant numbers during some events. However,
in this study, we focus only on climatic disruptions represented
into heat waves and power outages. As shown in Fig. 3, heat waves
and power outages are events that may impact the thermal condi-
tions in buildings. The identification of heat-wave events is based
on their intensity, duration, and frequency coupled with power
outages [78]. It is expected that a building with a resistant cooling
design (strategy) can withstand short and extensive heat waves. A
building with a robust cooling design can withstand short, intense,
and prolonged lengthy heat wave. The performance of a building
with a resilient cooling design could surpass that of a robust build-
ing by reacting to power outages and longer intensive heat waves.
The literature review confirms that resilience must be associated
with response to system failure [17]. A system is robust when it
can continue functioning in the presence of internal and external
challenges without a system failure. However, a system is resilient
when it can adapt to internal and external challenges by changing
its operation method while continuing to function. The ability of
the building to recover after disruptive events is a fundamental
feature of resilience. Therefore, the ability to model the occurrence
and consequences of discrete heat-wave events is crucial to pre-
pare the building for the response.
6

The interviewed experts agreed that climate change should be
defined as a long-term disruptive event and that heat waves and
power outages should be designated short-term disruptive events.
Based on our literature review and following Fig. 4, we distinguish
four major events categories that can challenge resilient cooling
[78]:

1. Event 1: Observed and future extreme weather conditions (ex-
tended, spanning years)

2. Event 2: Seasonal extreme weather conditions (extended, span-
ning months)

3. Event 3: Short extreme weather conditions (short, spanning
days)

4. Event 4: Power outages (spanning hours)

Across the literature, several studies identified extended and
long climate change associated temperature increase events
(Events 1 and 2) [64,79]. Other studies investigated the impact of
short-term heat waves and power outages on thermal conditions
and cooling systems’ resilience [80,81]. For example, the RELi rat-
ing system requires thermal safety during emergencies (Events 3
and 4) by maintaining indoor air temperature at or below outdoor
air temperature up to seven days [17]. Designers need to demon-
strate that the building will maintain safe temperatures during a
blackout that lasts four days through thermal zoning and model-
ing. During a power outage, buildings must provide backup power
to satisfy critical loads for 36 h.

We define four major event categories that need to be tested
and address in any resilience assessment for comfort in buildings.
The following section provides further detailed explanation for
Fig. 3 in association with Fig. 4.
5. Definition of ‘‘resilient cooling for buildings

Resilient cooling is used to denoting low-energy and low-
carbon cooling solutions that strengthen the ability of individuals
and our community as a whole to withstand, and also prevent,
the thermal and other impacts of changes in global and local cli-
mates—particularly concerning rising outdoor temperatures and
the increasing frequency and severity of heat waves [61].

Resilient cooling for buildings is a concept that was not
approached thoroughly in previous studies. Therefore, we devel-
oped the following definition based on the literature review and
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validated it through the focus group discussion with members of
IEA-EBC Annex 80:

The cooling of a building is resilient when the capacity of the
cooling system integrated in the building allows it to withstand
or recover from disturbances due to disruptions, including heat
waves and power outages, and to adopt the appropriate strategies
after failure (robustness) to mitigate degradation of building perfor-
mance (deterioration of indoor environmental quality and /or
increased need for space cooling energy (recoverability).

Resilience is a process that involves several criteria, including
vulnerability, resistance, robustness, and recoverability [35].
Therefore, we include those four criteria in the definition formula-
tion shown in Fig. 5. The vulnerability involves the sensitivity or
propensity of the building’s comfort conditions to different disrup-
tions. At this stage, it is vital to define disruptions, as discussed in
Sections 4.1 and 4.2 (see Figs. 3 and 4).

A resilient building must be conceived based on a vulnerability
assessment that considers future climate scenarios and prepares
the building system, including occupants, to adapt against failures.
The vulnerability assessment should test the building performance
against long-term disruptions using average weather conditions,
extreme weather conditions, future weather conditions, and worst
future weather conditions. It should also test the building against
short-term disruptions, including brief heat waves and power
outages. A vulnerability assessment stage should be part of the
design process. A building cooling system is prepared to go
through different disruption scenarios engaging other thermal
conditions.

The building cooling system should be able to withstand short-
term and long-term disruptive events. As shown in Fig. 5, resis-
tance involves the ability and the depth of reaction to the shock.
Under disruptive events, the building may use performance drop-
backs to achieve the pre-defined minimal thermal conditions. After
the building cooling system’s failure, the building’s resilience pro-
cess moves to the most crucial stage—robustness, meaning reac-
tion to failure. Robustness requires the building to be prepared to
survive an otherwise-fatal shock by adapting its performance.
The survivability of the system relies on its ability to assure the
critical thermal conditions to maintain occupants’ functional activ-
ities during a crisis. As shown in Fig. 5, a robust building will first
fail and then adapt its performance conditions meeting critical or
minimum thermal requirements to achieve a degree of survivabil-
Fig. 5. The components of a resilience definition within a specific fiel
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ity for occupants depending on the vulnerability assessment
decisions made during design. The failure time of a robust building
will be relatively long before recovery, and the performance will
reach only minimum thermal conditions after failure compared
to a resilient building. The significant distinction between a resis-
tant building system and a robust building system is that the latter
is prepared to adapt based on a backup plan and ecosystem.
Robustness involves how the building, including its services and
occupants, adjusts and adapts to shocks.

The final stage of resilience involves the recoverability of the
system. Recoverability consists of the extent and nature a occu-
pants and building’s services to recover, and returns to its equilib-
rium state and its speed to come back. As shown in Fig. 5,
recovering has a duration, performance, and learnability. The nec-
essary speed for recovery and the recovery performance curve
should be planned during the vulnerability assessment stage. The
users’ ability, building, and systems to learn from the event is an
integral part of this stage.

While the diagram in Fig. 5 is linear, the process of resilience is
cyclic and iterative. Resilient cooling of buildings is a continuous
process that involves the commissioning and retro-commission
of building elements and systems over the building’s life cycle. It
also includes the continuous education of occupants and the
preparation for the adaptive measures during unforeseeable
disruptions.

Fig. 6 provides a complementary definition framework that
includes the main criteria of resilience. It presents an example of
the factors that influence cooling performance in buildings under
the four resilience criteria. Depending on the overheating defini-
tion and exposure risk, a resilient cooling design for buildings
assures that the designed indoor environmental conditions are
secured before the disruption. The risk factors should be identified
during the design stage to assess vulnerability. Examples of risk
factors include climate change scenarios, heat waves combined
with power outages, or urban heat island effects. As shown in
Fig. 6, the resistance stage depends mainly on the building’s design
features and technologies and their ability to keep the building
performing under severe overheating exposure until reaching fail-
ure. The failure is the essential disruption to start the third stage of
resilience, namely robustness. The cooling system’s robustness
must adapt to cover the critical thermal conditions temporarily
until reaching the recovery stage. Adaptively, the ability to respond
d or domain modifying Moazami et al. ’s definition in 2019 [50].
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and apply changes to the original thermal conditions involved
occupants and systems adaptability. The presence of energy sys-
tem backup and an emergency control possibility is part of the
building’s robustness. This is finally followed by a recovery stage
and a shift in the building performance to achieve before designed
thermal conditions that reflects adapting to the normal.
6. Discussion

The review of the main concepts on resilience mainly relates to
the resilience of ecology, economy, city, and buildings. Therefore,
proposing a definition for buildings and assessment framework
indicates the complexity of the idea. We found varying and incon-
sistent definitions of resilience in building comfort and in the con-
text of the overall built environment. The following sections
discuss possible questions that we answered in this study.

� What are the existing concepts of resilience?
� How to define resilient cooling for buildings?

6.1. Findings and recommendations

For this study, we defined resilient cooling for buildings and
developed a framework used by building designers, authorities,
developers, and future occupants. By reviewing the literature,
including rating systems and standards and consulting with IEA-
EBC Annex 80members, USGBCmembers, and UN experts, the pro-
posed definition and criteria intend to identify and group critical
performance criteria of buildings cooling resilience. The criteria—
vulnerability, resistance, robustness, and recoverability—can help
develop intrinsic performance-driven indicators and functions of
passive and active cooling solutions in buildings against heat
waves and power outages. In this sense, this study aimed to screen,
characterize, and structure resilience criteria to provide a logical
framework to design and evaluate resilient cooling strategies for
buildings.
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Few studies and case studies succeeded in defining resilience
and applying its principles on a building scale. Across our review,
we found some studies that focus mainly on robustness as a proxy
for resilience [48,50]. However, none of those reviewed studies
embraced a multi-criteria approach for resilience that involves vul-
nerability, resistance, robustness, and recoverability. Therefore,
based on our literature review and focus group discussions, this
study’s suggested definition and framework is a step forward.
The following recommendations can be helpful for designers and
building operators that seek to achieve resilient cooling of build-
ings in a holistic way:

1. Any definition of resilience must be based on the identifica-
tion of a specific shock or disruption. In the case of resilient cooling
of buildings, heat waves and power outages are considered as the
main shocks (extreme events). Designers should assess the vulner-
ability of buildings against those shocks.

2. Any definition of resilience should specify and distinguish, at
the same time, the resistance and robustness conditions against
heat waves and power outage events. The resistance period
involves the building’s ability to resist shock(s) with the same
pre-shock operation conditions. However, robustness requires fail-
ure and adaptation after failure. The robustness mechanism
involves building users and building systems adaptation and their
ability to adjust after a shock.

3. Thus, the definition of resilient cooling for buildings involves
four critical criteria, mainly vulnerability (sensitivity to risk), resis-
tance (absorption), robustness (adaptation after failure), and
recovery (remedy). The building design, construction, and opera-
tion processes should address these criteria.

4. Resilient cooling design is an urgent requirement for future
proof buildings. Weather extremes must be anticipated to assume
well-being. The choice of comfort models is elementary to prepare
buildings. Resilient cooling design involves combining passive and
active cooling design measures, on-site renewable production, and
the coupling to storage capacities. Our suggested definition for
resilient cooling of buildings can help to develop in the future resi-
lience performance indicators that account for the impacts of glo-
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bal warming for long and short assessment periods. This can allow
comparing the carbon emissions and primary energy use of differ-
ent technologies at different stages of the building life stages. As
part of the activities of IEA-EBC Annex 80, there is a need to assess
the performance of conventional and advanced cooling technolo-
gies including advanced solar shading, chromogenic facades, cool
materials, ventilated facades, thermal mass utilization including,
PCM and off-peak ice storage, ventilative cooling, adiabatic/evapo-
rative cooling, compression refrigeration, absorption refrigeration,
natural heat sinks, sky radiative cooling, high-temperature cooling
systems, Comfort ventilation, micro-cooling, personal comfort con-
trol and high-performance dehumidification including desiccant
humidification. Without a multi-stage definition, it will be chal-
lenging to develop universal indicators that allow assessing the
active and passive cooling technologies listed above.

5. Building operation systems and building management sys-
tems will play a significant role in applying the adaptation strate-
gies and risk mitigation plans in collaboration with buildings users.
For resilient cooling, HVAC systems and envelope features are a
prime target for real-time optimization. Different dynamic control
strategies with predictive algorithms should be embedded in
building operation systems using a deeply coupled network of sen-
sors. The smart readiness of buildings is part of resilience because
it considers the fact that buildings must play an active role within
the context of an intelligent energy system [82].

6. Resilience is a process, and its criteria should be addressed
following a circular, iterative approach. Extracting learned lessons
and integrating user experience during shocks is essential to
increase the emergency learnability and feed the preparedness
loop.

6.2. Strength and limitations

We are not aware of any studies that aimed to define resilience
on a building scale involving the four criteria for resilience: vulner-
ability, resistance, robustness, and recovery. Two other resilience
definition criteria are found in literature and are used on an urban
scale: (1) adaptability, efficiency, flexibility, and redundancy; and
(2) preparation, adaptation, recovery, and mitigation. However,
both groups of criteria (1 and 2) hardly fit and match the indoor
environmental performance requirements and challenges of build-
ings (and their occupants) against overheating and power outages
events.

Despite the difficulty of creating a definition and developing a
framework, the research benefited from the contributions of IEA-
EBC Annex 80 building experts, RELi steering committee members,
and UN resilience experts who fostered a consensus for a new def-
inition and framework. The debate on considering ‘‘failure ”or the
‘‘path to failure” fundamental criteria in the interpretation of resi-
lience let us distinguish robustness from resistance [41]. Accord-
ingly, the research aimed to provide a perspective for building
professionals and users based on analyzing the existing literature
and body of knowledge. The study theme remains novel because
it was never discussed extensively in the different fields of use of
the definitions of resilience in ecology, psychology, engineering,
and economy.

A definition and framework within the scope of the IEA-EBC
Annex 80 was proposed and validated. The definition positions ‘‘re-
silient cooling ”in the field of engineering and economic resilience
concerning climatic disruptions, namely heat waves and power
outages. As shown in Fig. 6, it identifies the main criteria and
sub-criteria that can be used to design, construct, and operate
new and existing buildings [35]. Content analysis of more than
90 publications was conducted to provide insights and establish
relevant connections with resilience definitions found in the scien-
tific and professional literature. RELi 2.0 Rating Guidelines for Resi-
9

lient Design and Construction [17] and its assessment criteria were
critically investigated. The identified criteria will improve the
understanding of practitioners and allow for comparison, discus-
sion, and learning. The paper developed in-depth criteria that pro-
vide valuable strategies for resilient building design. It can help
researchers and designers identify and reduce the risk of overheat-
ing during heat waves and power outages to protect occupants.
The definition and criteria will allow benchmarking of resilient
cooling buildings, including systems, solutions, and building con-
trol strategies.

However, the most challenging search activity was to find rep-
resentative case studies. At the beginning of this study, defining
resilient building cooling through case studies or reference build-
ings similar to developing the European sustainability reporting
framework Levels [83,84] was planned. Failing to find case studies
that addressed the concept of resilience partially or entirely forced
us to define resilience first. The complexity and novelty of this con-
cept makes its understanding, by building professional, challeng-
ing. The adoption of the resilience definition in this paper is
influenced by the interpretation found in literature in engineering
and economic sciences. Also, relevant publications that focus on
building resilience against overheating risks could not be found.
The suggested definition and framework are complete or can elim-
inate risks. However, they represent an adequate and initial knowl-
edge base that can be consolidated and refined with standards and
local regulations.

One of the main questions that we have answered in the resili-
ence definition is ‘‘Resilience to what?” So, any future resilience
framework must focus on a specific disruptive event. The current
framework does not address all disruptions that can degrade the
indoor thermal environment in one resilience evaluation frame-
work, unless we are developing a multi-disruptive framework,
which is not our case. The literature review and the experts pro-
vided insights and in-depth knowledge elaborated by the authors
to develop a framework that defines resilience against ‘‘heat
waves” and ”power outages”. The study would have benefited
more from a broader focus group involving practitioners in the
building industry and stakeholders of the built environment. How-
ever, the study topic remains novel because it can establish a quan-
titative evaluation framework for building cooling resilience.

6.3. Implication on practice and research

While the design for resilience is a consolidated procedure in
other fields, this is not a common approach in the architectural
engineering and construction industries—especially on the build-
ing scale. In this study, the resilience of building cooling and devel-
oped a framework that should be used in practice is defined.
Despite the presence of RELi 2.0 Rating Guidelines for Resilient
Design and Construction [17], there is a need to develop a standard
that defines the resilience on the building scale concerning differ-
ent disruptions. Practitioners and building professionals are con-
fused about the term resilience, and they use it many times to
replace other meanings, such as resistance or robustness. The other
problem with many building designers is that they wish to assess
the cooling system’s resilience separately from the building and
occupants. Resilience should be applied to integrated systems that
involve occupants, systems, and building operators [85]. The term
is related to holistic systems and cannot be used on parts of a
system.

Therefore, there is a strong need to identify case studies that
embrace this concept of building scale resilience. Case studies eval-
uating the buildings vulnerability, resistance, robustness, and
recovery attributes are required to articulate and validate the resi-
lience key performance indicators. These case studies should inves-
tigate real-time building management systems that predict
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approaching heat waves and suggest adaptation strategies follow-
ing building operators and occupants [62]. At the same time, gov-
ernments and green building councils should promote exemplary
buildings’ design and construction as showcases of resilient build-
ings. Rating systems such as LEED, BREEAM, DGNB, and Levels
should learn from RELi 2.0 Rating Guidelines and allow the devel-
opment of further projects that adopt the concept of resilience
[86]. The smart readiness indicator developed by the EU could also
be used to measure the resilience of the cooling of buildings. The
capacity of a building to use information and communication tech-
nologies and electronic systems to adapt its buildings services
operation is essential. The same applies to adapt to the occupants’
needs and the grid signals to improve indoor environmental qual-
ity during heat waves and power outages [82,87].

Finally, regional priorities regarding the climatic disruptions
potential and investigate the possibility of passive resistance
mechanisms of buildings (e.g., ventilative cooling and thermal
storage technologies) and their adaptability robustness mecha-
nisms should be addressed. There is a need for lateral thinking
and experimental research approaches to apply the concept of resi-
lience and assess the optimal solutions for the people and the
planet.
7. Conclusions

A definition of resilient cooling for buildings is developed and
discussed in this paper as part of the IEA-EBC Annex 80 research
activities. The definition’s main concepts and criteria are based
on qualitative research methods. The paper presents a set of rec-
ommendations to adopt the definition in practice and research.
Future research should build on our findings and create more con-
sistent frameworks with useful quantifiable indicators, quantita-
tive metrics, and performance threshold limits. Additional
definitions of overheating and modeling of overheating events
are required for different building types and climates. The research
should be extended to identify benchmarks and case studies with
reference values, threshold ranges, and to seek tools and reporting
mechanisms for buildings’ resilient cooling. Our suggested frame-
work should evolve as research and experience build a greater
understanding of resilient and sustainable buildings.
Table A-1
List of critical publications found in literature directly related to the four criteria of resili
proposed a definition of resilience applied for cooling buildings except reference [55].

Vulnerability Re

Sander et al. (2003) [72]
Lomas et al. (2009, 2012, 2017) [58,59,67] U U

De Wilde et al. (2012) [60] U

Olsen et a. (2012) [66] U

Hassler et al. (2014) [76] U

Burman et al. (2014) [61] U

Anderies et al. (2014) [88]
Nicol et al. (2014) [89] U

Martin et al. (2015) [35] U U

Buso et al. (2015) [90] U

Holmes et al. (2016) [62] U

Coley et al. (2017) [63] U

Hamdy et al. (2017) [64] U U

Acione et al. (2017) [91] U

Kotireddy et al. (2018) [48] U U

Wilson (2018) [92] U U

USGBC RELi (2018) [17] U U

USGBC (2019) [65] U

Moazami et al. (2019abc) [50,79,93] U U

Gupta et al. (2019) [94] U

Sun et al. (2020) [95] U U

Homaei et al. (2020) [49]

* Studies that define resilience or robustness in disagreement with the definition propose
robustness and o resilience.
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Table A-1
ence against overheating and power outages in buildings. None of the listed studies

sistance Robustness Recovery Resilience

U

* U

U

U U U

U U U

U

U U

U U U

U *
U

* U *
U *
U U U

U U U

U U

U * *
* *

U * *
U *

d in this study. The studies do not consider failure as an essential event to assess the
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