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ARTICLE INFO ABSTRACT

Keywords: Buildings are primary sites where climate hazards translate into human crises, yet research on their ability to
Energy resilience withstand and recover from energy disruptions remains conceptually fragmented and rarely integrates building
B“ﬂ‘_ﬁngs o physics with social science perspectives. Energy resilience is increasingly critical as climate extremes, grid in-
Eﬁ:::;j:;vwablhty stabilities, geopolitical shocks, and widening socioeconomic inequalities increasingly disrupt energy services.

Cold climate This systematic scoping review synthesises evidence across the built environment to examine how energy
Equity resilience is defined, conceptualised, and measured across technical, climatic, and equity dimensions. Following

PRISMA-ScR procedures, Web of Science and Scopus were searched for studies between 2000 and 2025, yielding
167 studies supplemented by 9 foundational resilience frameworks (n = 176).

The analysis reveals three structural challenges. Only 25% of studies (44 of 176) provide operational defi-
nitions, with most using resilience as a rhetorical construct. The field utilises twenty-nine distinct building-scale
indicators, including several mathematically equivalent formulations that remain unrecognised across disci-
plines. Most studies rely on single-building, short-term, event-based metrics, with limited attention to multi-
hazard trajectories, district-scale dynamics, or equity weighting. Empirical evidence is geographically skewed
toward heat-related hazards in high-income regions, with fewer than 10% of studies addressing the Global South
and limited coverage of cold-climate events. Passive envelope performance emerges as the most consistent
determinant of resilience across climate contexts, while efficiency-resilience trade-offs remain underexplored.

This review identifies an inverse relationship between research density and climate exposure and highlights
the absence of a cold-climate passive survivability standard as a critical gap. A six-step assessment framework is
proposed, integrating hazard, climate, and equity dimensions to support harmonised metrics and policy
development.

1. Introduction targeting of Ukraine's energy infrastructure since 2022 [5], illustrate

how quickly large-scale grid failures can translate into building-scale life

Extreme temperature events constitute a major and growing source
of climate-related mortality worldwide. Ongoing climate change is
fundamentally reshaping patterns of thermal stress, as events that were
once rare are now occurring with greater frequency and intensity, with
large-scale fatalities observed during events such as the 2003 European
heatwave [1,2] and recent extreme cold events in Texas and British
Columbia in 2021 [3,4]. Simultaneously, the energy transition is intro-
ducing new systemic vulnerabilities, as centralised fossil fuel-based in-
frastructures are being rapidly replaced by distributed renewable
generation characterised by different reliability profiles and distinct
seasonal variability. Geopolitical incidents, including the continued
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safety risks, especially under prolonged winter conditions. These risks
are further worsened by widening socioeconomic inequalities, which
cause the impacts of energy disruptions to fall disproportionately on
households with limited adaptive capacity, particularly low-income
populations, elderly residents, and individuals with chronic health
conditions. Against this confluence of climatic, infrastructural, and so-
cial stressors, energy resilience in buildings has emerged as a critical
priority for both research and policy.

Energy resilience is conceptually distinct from the efficiency and
reliability objectives that have influenced building policy over the past
few decades. Efficiency optimisation seeks to minimise energy use under
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normal operating conditions, while reliability focuses on reducing the
probability of system failure. Resilience, on the other hand, addresses
performance when disruptions occur. From this perspective, the central
questions concern the extent to which buildings can safeguard occupant
health and safety during outages, and the speed with which essential
functions can be restored. This reframing carries direct and sometimes
counterintuitive implications for building practice. Highly insulated and
airtight envelopes that minimise annual energy demand may, under
prolonged heating outages in cold and temperate climates, or under
cooling outages in hot climates where mechanical ventilation is the only
air-exchange pathway, reduce passive survivability relative to less
airtight construction, unless operable natural ventilation fallback is
present [6-8]. This effect is not generalised across all high performance
envelopes. When passive ventilation backup is preserved, higher levels
of airtightness and insulation improve rather than reduce passive sur-
vivability. Distributed solar generation and battery storages can sustain
critical loads during outages yet remain financially inaccessible to
energy-poor households. Similarly, heat pumps that deliver high sea-
sonal efficiency provide insufficient backup capacity during extreme
cold events when ambient temperatures fall below their design range.
These trade-offs between efficiency and resilience, and between tech-
nical performance and equitable access, underline the need for an in-
tegrated perspective and illustrate why building energy resilience
cannot be fully addressed within either the energy efficiency paradigm
or the disaster risk reduction paradigm that currently dominates the
literature.

The existing review literature on building energy resilience has
expanded considerably in the past five years, yet it remains bound by
some limitations that prevent a comprehensive, multi-hazard, equity-
informed synthesis. Fig. 1 provides a comparison of how key prior re-
views and frameworks cover these dimensions. The detailed description
supporting each classification (including scope constraints) is provided
in

Table A1l (Appendix). Ahmed et al. [9] provide the most extensive
treatment of passive cooling strategies and resilient cooling metrics, but
their work is explicitly restricted to heat-driven overheating scenarios in
warm climates, with cold-climate outages, compound events, and equity
dimensions outside their stated scope. The IEA EBC Annex 80

Heat hazard coverage —|

Resilience metric taxonomy —

Framework output —

Cold / cold-outage —

Health evidence —
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programme developed an extensive framework for building-scale resil-
ient cooling assessment, including metric guidance, but it is geograph-
ically and seasonally constrained. It does not address cold-climate
outage scenarios, and its equity dimensions are acknowledged rather
than systematically analysed [10].

The most recent and thematically closest precedent is Wei etal. [11],
which reviews concepts, metrics, and strategies for energy resilience in
the built environment and proposes a comprehensive definition. Their
work makes a strong contribution to metric taxonomy and definitional
clarity, and the present study builds explicitly on it. However, the review
focuses primarily on technical dimensions of energy resilience, while
allocating limited attention to equity, cold-climate and cold-outage
scenarios relative to heat events. The present review integrates epide-
miological and public health evidence linking indoor thermal conditions
to health outcomes, a concept Wei et al. acknowledge but do not analyse,
and which is necessary to derive health-based rather than engineering-
based habitability thresholds. This work also operationalises equity as
a structural dimension rather than treating it as a supplementary
concern. In addition, the search strategy explicitly spans building
physics, climate science, epidemiology, and social science databases
within a single PRISMA-ScR (Preferred Reporting Items for Systematic
reviews and Meta-Analyses extension for Scoping Reviews) procedure,
whereas Wei et al. draw primarily from building energy and engineering
literatures. Most recently, Zhang et al. [12] provide a critical review of
building energy resilience for indoor thermal stability under extreme
weather, examining both heat waves and cold waves within a
vulnerability-robustness-tolerance-recoverability ~attribute structure
and reviewing renewable energy-based enhancement measures. While
their dual-season framing advances on earlier reviews, the review does
not apply a formal systematic search procedure, does not integrate
epidemiological evidence or equity dimensions, and does not map the
geographic distribution of research effort relative to climate vulnera-
bility, the three gaps that most directly motivate the present study.

Systematic reviews of energy poverty and thermal comfort in
vulnerable households [13,14] centre equity but lack the building
physics and hazard-specific knowledge needed to translate equity find-
ings into design and code requirements. Public health studies doc-
umenting mortality and morbidity under thermal extremes [15,16]

HEl High coverage
Moderate coverage
Low / none

Fig. 1. Comparative coverage matrix of key review works and frameworks on building energy resilience.
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establish the health burden with precision but do not examine building
performance- or indoor thermal conditions as contributing factors.

A key knowledge gap in the existing literature is the lack of a syn-
thesis that integrates hazard type, climate context, building level tech-
nical evidence, and socio-economic vulnerability within a single
analytical framework, developed through a systematic, PRISMA-ScR
guided review of multi-disciplinary sources. Such a synthesis would
place equal emphasis on who is protected and on whether protection is
technically achievable and would address cold-related hazards in pro-
portion to their documented mortality rate rather than to their preva-
lence in the existing literature.

The present review addresses this gap through a systematic scoping
review of 176 publications, applying hazard-, climate-, and equity-
informed perspectives across the literature. The methodological contri-
bution lies in this integration: while each of these dimensions has been
examined independently in prior works, their integrated treatment
within a single systematically assembled review has not previously been
undertaken at this scale.

Four research questions structure this article: (1) how energy resil-
ience in buildings is conceptualised and measured, and whether defi-
nitions are standardised; (2) which technical measures improve
resilience, and under what climate conditions; (3) what socio-economic
outcomes result from energy disruptions, and what equity implications
arise; and (4) which critical research gaps and priorities emerge for
future work. The review covers building and district-scale studies across
all climate zones and hazard types, with particular attention to cold
events that are underrepresented in previous review works. Fig. 2 il-
lustrates the structure of this review and the three cross-cutting per-
spectives, hazard-, climate-, and equity-informed, that organise the
synthesis that follows.

2. Search methods and study selection

A systematic scoping review was conducted to map how energy
resilience in the built environment has been defined, operationalised
and evaluated across diverse contexts and conditions. The review fol-
lowed PRISMA-ScR guidance [17] to ensure transparency in study
identification, screening and inclusion, and to support reproducibility of
the work. The focus was on built environment research that analyses
thermal performance, energy use or service continuity under disruptive
events, including peer-reviewed journal articles and selected institu-
tional reports with methodological or conceptual relevance.

Energy & Buildings 370 (2026) 118111
2.1. Search strategy

A literature search was performed following the PRISMA-ScR
framework to identify studies on energy and thermal resilience in the
built environment. The search was performed in the Web of Science Core
Collection, covering multiple indexed databases extending up to 2025.
The search strategy was developed iteratively using topic-based queries
(TS) and employing wildcard operators to capture variations in termi-
nology. The first cluster targeted resilience-related concepts using
truncated terms (e.g., “energy resilien*,” “thermal resilien*,” “cooling
resilien*,” “heating resilien*”), while the second captured disruption-
related events (e.g., “power failure,” “blackout,” “disruptive event”).
These were combined with built environment descriptors (e.g., “build-
ing,” “built environment,” “district”) using Boolean operators (AND/
OR) to ensure contextual relevance.

To further refine the scope toward human-centric and climatic di-
mensions, additional filters were applied by incorporating terms related
to occupant impacts (“health,” “indoor comfort,” “user behavi*”’) and
climatic context (“cold climate,” “hot climate™), again using wildcard
truncation where appropriate. The final search string, representing the
intersection of resilience, disruptive events, built environment context,
human factors, and climate conditions, was carried out on 23 October
2025, yielding 332 (Web of Science) and 164 (SCOPUS) records,
respectively. After removal of 112 duplicate records, a total of 384
unique records were retained for screening. No geographic or language
restrictions were applied during the initial database search.

A methodological distinction was applied to separate energy resil-
ience from climate adaptation, concepts that are used interchangeably in
the literature reviewed in this work. For screening and coding purposes,
energy resilience was defined as the ability of a building or building-
scale energy system to maintain or rapidly recover critical energy-
related functions during and after disruptive events. This definition is
consistent with resilience literature that emphasises the capacity of
systems to withstand disturbances, maintain essential functionality, and
recover performance following disruption [18,19]. Climate adaptation
was defined as longer-term adjustments to building characteristics,
technologies, infrastructure, or operating practices in response to
changing climatic conditions, with the objective of reducing future
vulnerability and enhancing performance under evolving climate con-
ditions [20]. Accordingly, studies were classified as energy resilience
when their primary focus was maintaining, withstanding, adapting to, or
restoring energy-related building performance under disruptive events
(e.g., power outages, extreme weather events, infrastructure failures).
Studies whose primary focus was the long-term adjustment of buildings
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Fig. 2. Overview of the scoping review structure and analytical framework.
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or their operation to changing climatic conditions were classified as
climate adaptation. Studies addressing adaptation exclusively, without
an event-based or disruption-focused performance dimension, were
excluded during abstract screening. Studies addressing both dimensions
(e.g., evaluating outage-event performance under a future climate pro-
jection) were considered relevant to both categories, and this was
explicitly acknowledged and discussed in the relevant synthesis sections.
(Sections 4, 6, and 10).

2.2. Supplementary searches, screening, and inclusion

Temporal and phase-based resilience concepts largely originate in
infrastructure, disaster-management, and systems engineering litera-
tures. The main database search was therefore complemented by a tar-
geted supplementary search (SS1) for foundational theoretical
frameworks on resilience dynamics. This search focused on five disci-
plinary domains not adequately covered by the primary keyword
strategy: earthquake/infrastructure engineering, power systems resil-
ience, disaster management, adaptive cycle & socio-ecological systems
theory, and urban planning resilience frameworks. Citation tracking
from key building-resilience papers and targeted keyword searches were
used to identify contributions on temporal phases, recovery trajectories
and resilience dynamics on the 25th of October 2025. This process yielded
nine additional papers that provide the conceptual foundation for the
temporal resilience framework adopted in this review. These founda-
tional papers were screened against the same inclusion criteria as the
main database search.

A second category of supplementary sources (SS2) was used to
contextualise the technical measures in Section 6. Because many
established passive and active resilience strategies draw on a broader
building technology literature that predates and/or operates outside the
‘resilience’ terminology captured by the primary search, relevant tech-
nical papers were identified through citation tracking from papers and
targeted keyword searches in building technology databases. This search
was conducted on 30th October 2025 and identified 24 additional
sources. These sources were screened against the same inclusion criteria
as the primary search; peer-reviewed papers meeting the criteria are
cited and established as technical context rather than as primary sys-
tematic evidence. Search terms used for this purpose included: ‘passive
survivability envelope,” ‘microgrid islanding building,” ‘PV battery outage,’
‘cool roof solar reflectance,” ‘evaporative cooling building,’ ‘double skin
facade performance,’ ‘green roof thermal,” ‘ground source heat pump effi-
ciency,” and ‘thermal energy storage building.” Statements regarding the
distribution, frequency, and relative importance of strategies are based
exclusively on evidence from the systematically screened corpus.

The 384 records were screened in two stages to ensure efficient and
rigorous evaluation of relevance. In the first-stage screening, the liter-
ature was evaluated based on article titles, journal scope and subject
classification to exclude studies clearly outside the built environment
domain. Papers published in journals focused on biology, agriculture,
food systems, genetics, aquatic ecosystems and other disciplines
demonstrably unrelated to building energy performance or the built
environment were excluded at this stage, reducing the literature data-
base to 274 records. This initial filter removed studies where the terms
“resilience” or “energy” appeared in contexts irrelevant to buildings,
such as crop resilience to drought, marine ecosystem energy flows or
genetic resilience mechanisms.

In the second-stage screening, the remaining 274 abstracts were
independently reviewed to assess relevance against predefined inclusion
and exclusion criteria. Studies lacking explicit connection to building or
district scale energy resilience, thermal performance during disruptions
or occupant outcomes during extreme events were excluded. Following
the abstract review, 167 papers met all eligibility criteria and were
retained for full-text analysis and metadata coding. The nine papers
identified through the supplementary search (SS1) were assessed using
the same criteria and all were included, resulting in a final corpus of 176
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publications. The selection process is summarised in the PRISMA-ScR
flow diagram (Fig. 3). The diagram outlines the sequential stages of
identification, screening, and inclusion of studies retrieved from data-
bases and registers, showing how records were filtered and refined to
arrive at the final set of studies included in the review.

For each included study, metadata was extracted on publication
year, geographic region, climate context, hazard type, methodological
approach, resilience definitions, metrics and indicators, technical mea-
sures and socio-economic or health outcomes. These data form the basis
for the descriptive mapping of the literature and the subsequent
analysis.

3. Descriptive mapping of the literature

This section provides a descriptive overview of the included studies,
examining how energy resilience is conceptualised, the hazards and
methodological approaches selected, and the geographic and climatic
distribution of research efforts. These patterns form the empirical basis
for the subsequent conceptual, technical, and equity-focused analyses.

Publication activity on building energy resilience remained sparse
before 2018, with less than five papers per year in the included literature
collection. Activity then accelerated noticeably from 2019 onwards,
with 17 papers in 2022, 24 in 2023, and approximately 37 in 2024
(Fig. 4), which means the majority of this field's evidence base is less
than three years old at the time of writing, which is an important
qualification. The post-2021 acceleration is consistent with the cata-
lysing effect of the British Columbia heat dome, the Texas winter storm,
and the onset of attacks on Ukraine's energy infrastructure, all of which
created urgent demand for building-scale compound-event and passive
survivability research that had not previously existed at scale.

Resilience conceptualization: Each paper was evaluated for how
explicitly it defined energy resilience or related concepts, based on the
coding undertaken for this review. Only approximately 25% of included
papers, around 44 of them, provided a formal, operational definition of
energy or thermal resilience, typically defined either as the ability to
maintain energy service continuity or, at the building scale, to maintain
indoor thermal conditions, or to limit the magnitude and duration of
performance degradation through indicators such as hours of safety,
survivability time, or thermal autonomy [13,14,22-24]. A further 22%
addressed resilience dimensions (recovery time, survivability, over-
heating thresholds, or load flexibility) without consolidating them under
an explicit definition [6,9,25-29]. The remaining studies used ‘resil-
ience’ instrumentally, either as a framing term without definitional
grounding, which is in line with the umbrella-use of resilience docu-
mented in infrastructure and urban planning research [30-32]. Collec-
tively, this reveals significant conceptual diversity: most building-scale
energy studies treat resilience as an implicit rather than explicitly
justified construct.

Applying this boundary retrospectively across the literature, the
majority of included studies evaluate short-term, event-based resilience
responses, typically outage or extreme-weather scenarios assessed
against historical or design-basis conditions. A smaller subset of studies
additionally adopted an adaptation perspective by evaluating resilience
performance under future climate projections rather than historical
climate conditions. This dual-framed subset is differentiated from event-
based studies throughout the technical measures discussion (Section 6)
and the research gaps synthesis (Section 10), where the resilience versus
adaptation orientation of each measure or gap is noted.

Hazard Type: Papers were classified by the primary disruptive
events they addressed, noting that some studies considered multiple
hazards, and some were independent of the type of hazard. Heat-related
threats dominated, appearing in 118 papers, reflecting strong emphasis
on overheating, resilient cooling and heat-health interactions (e.g.
[6,26,33-35]). Power disruptions (blackouts, grid failures, supply in-
terruptions) were discussed in 26 papers, including work on blackouts
during heatwaves and cold spells, energy security and outage case
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Supplementary Search 1 (n =9)
Total included studies (n = 176)

Fig. 3. PRISMA flow diagram illustrating the study selection process. Adapted from [21].

studies, and analyses of building-scale autonomy and microgrid per-
formance (e.g., [36-41]). Cold-related hazards (cold snaps, extreme
winter, heating demands) were addressed explicitly in only around 24
papers, typically in the context of cold-climate or Indigenous-housing
performance, passive survivability under cold outages, or cold-related
health burdens (e.g., [7,42-47]). Compound or cascading hazards,
where multiple disruptions occur simultaneously or sequentially (e.g.
heatwave & blackout, storm-induced flooding plus distribution failure,
conflict-driven supply disruptions), appeared in just 18 papers, despite
growing evidence that multi-hazard contexts strongly shape health,
equity and infrastructure outcomes (e.g., [14,48-50]). Because several
studies addressed more than one hazard, category counts exceed the
total number of included papers. As shown in Fig. 5, the distribution of
publications is strongly skewed toward heat-related events, with rela-
tively limited attention given to cold-related hazards.

Methodological Approach: The literature establishes a strong
preference for computational and conceptual approaches. Simulation
and modelling studies (building energy models, thermal dynamics
simulations, parametric sensitivity analyses, and coupled building-grid
models) accounted for approximately 26 papers (~15%), spanning
single-dwelling, multi-family, office, and district-energy scales (e.g.,

[6,26-28,36,37,51-55]). Mixed-methods approaches combining simu-
lation with empirical monitoring, surveys or qualitative analysis repre-
sented around 30% of the reviewed papers (e.g., [33,43,56-60]).
Conceptual and analytical approaches (theoretical frameworks, resil-
ience metric proposals, and policy analyses without primary data
collection) formed the largest single category at 65 papers (~37%) (e.g.,
[30,31,61,62]). Epidemiological and statistical studies, including mor-
tality analyses and hospital admission data, contributed 35 papers
(~20%) (e.g., [4,57,58]). Empirical qualitative and survey-based
studies accounted for 15 papers (8%), and experimental or field-
monitored studies for 12 papers (7%) (e.g., [30,40,57,58,63]). This
distribution highlights a critical methodological gap: resilience strate-
gies are predominantly evaluated through computational frameworks
rather than validated through experimental studies or large-scale
empirical assessments, reiterating calls in the resilient-cooling and
thermal resilience literature for more field-based evidence. An inter-
esting finding is that very few literatures bridge building-physics
methods and health or equity outcomes within the same study, high-
lighting what the discussion section describes as the equity-technical
disconnect.

Geographic and Climatic Context: Papers were mapped by
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Fig. 5. Distribution of publications across hazard categories, highlighting a strong concentration of research on heat-related events (n = 118) compared to cold-
related events (n = 24). Power disruptions (n = 26) and compound/cascading events (n = 18) remain comparatively less explored.

geographic scope and climate focus (Fig. 6). USA and Canada (27 pa-
pers, 15%) and Europe (26 papers, 15%) together dominate, followed by
China (13 papers, 7%) and Australia (9 papers, 5%). Africa, South and
Southeast Asia, and Latin America together contributed 14 papers,
approximately 8% of the corpus, despite these regions containing the
majority of the world's most climate-exposed and energy-insecure pop-
ulations. The Middle East appeared in only 2 papers. Twenty-one papers
were classified as global or multi-country in scope. A further 64 papers
could not be assigned to a specific geography, typically conceptual or
framework studies. This concentration means that the evidence base is
shaped almost entirely by the priorities, climates, building technologies,
and institutional capacities of wealthy nations, a finding with direct
implications for the transferability of the benchmarks, strategies, and
metrics this corpus treats as standard.

One pattern emerging from the descriptive mapping that warrants
closer analytical attention is that only a quarter of the 176 included

papers provide an operational definition of energy resilience. As a result,
the literature base is built on an inconsistently defined construct, raising
fundamental questions about comparability, interpretation, and the
validity of cross-study synthesis. This issue motivates a closer exami-
nation of how energy resilience is defined and conceptualised across the
field.

4. Definitions and conceptual frameworks
4.1. Definition of energy resilience in built environment

Energy resilience in the built environment lacks a universally
accepted definition, with consensus divided across disciplinary bound-
aries, spatial scales, and temporal frameworks. This arises partly from
resilience's multi-disciplinary origins: engineering perspectives empha-
sise “bounce-back” to equilibrium states [64], psychology focuses on
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(b) Research effort vs population exposure
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Fig. 6. Geographic distribution of included studies (n = 176) and disparity with population exposure; (a) Distribution of studies by geographic context (b) Com-
parison between research effort (% of papers) and global population exposure across high-income regions and the Global South.

individual adaptive capacity [65], and socio-ecological systems theory
stresses transformation and learning [66], each importing different as-
sumptions into energy contexts.

At the building scale, many studies implicitly adopt a “passive sur-
vivability” viewpoint, in which resilience is considered as the ability to
maintain habitable indoor conditions without external power for a
defined duration, while others define it through indicators such as hours
of safety, thermal autonomy, or maximum indoor temperature during
outages [22,33,36,37,56]. Recent work on thermally resilient commu-
nities and resilient cooling explicitly links these building-level defini-
tions to socio-technical measures, emphasising that resilience depends
not only on building envelopes and energy systems but also on in-
stitutions and community practices [14,22,56]. As a result, even when
similar terminology is used, operationalisations differ in threshold
choices, time horizons, occupant types, and performance dimensions.

System-level definitions also reveal similar divides. The Interna-
tional Energy Agency (IEA) defines energy resilience emphasising its
“capacity to cope with hazardous events, respond while maintaining
functions, and transform for long-term adaptation” [67], yet this defi-
nition competes with narrower definitions focusing solely on recovery
speed, or broader frameworks integrating energy security. This lack of
consensus has been attributed to studies often adopting distinct in-
terpretations shaped by disciplinary perspectives, problem complexity,
or application specific objectives. At the district level, resilience defi-
nitions range from technical load-balancing and islanding capability to
socio-technical framings incorporating community governance and
decision-making participation, with limited integration across these
perspectives [14,34].

Climate-context definitions further this challenge. In cold and Arctic
climates, resilience definitions often prioritise maintaining indoor tem-
peratures above minimally acceptable thresholds (typically 15-18 °C)
for specified durations during extended blackouts, focussing on life
safety and infrastructure protection concerns [37,43]. In hot climates,
definitions shift toward limiting overheating, ensuring equitable access
to cooling, and avoiding heat-related mortality and morbidity
[14,22,56]. Very few frameworks explicitly bridge these cold and hot
climate perspectives in a unified way.

Equity integration in resilience definitions remains inconsistent and
contested. While some recent frameworks explicitly centre vulnerable
populations and just-transition principles, most mainstream technical
frameworks do not, treating equity as a downstream concern rather than
an important aspect of the definition itself [68,69]. This inconsistency

has practical consequences: a resilience measure designed without an
equity framework can meet its technical targets while deepening
inequality, protecting well-resourced buildings while leaving energy-
poor households exposed to the same hazards.

In summary, the literature reveals no unified understanding of en-
ergy resilience in the built environment. Definitions differ across scales,
climatic contexts, and analytical framings, ranging from purely tech-
nical performance to explicitly equity-oriented interpretations. This lack
of a unified definition documented here has consequences for the field:
(i) unharmonised metrics, because metrics are built on definitional
foundations that do not communicate across disciplines; (ii) inequitable
investment allocation, because frameworks without explicit equity
definitions produce unjust outcomes by default; and (iii) misalignment
between research outputs and policy requirements, because policy-
makers cannot process evidence produced under incomparable defini-
tional assumptions.

4.2. Related concepts and distinctions

Understanding why definitions have divided requires examining the
building blocks that different communities have used to operationalise
resilience. Several terms appear consistently across the literature, but
they function as partial definitions rather than synonyms: each captures
a different phase or dimension of the resilience cycle and their
misconception with resilience itself is a primary driver of the termino-
logical confusion mentioned above [9,25]. Their relevance varies across
the disruption timeline: reliability, redundancy, and stability are pri-
marily associated with pre-crisis preparedness; robustness and flexibility
govern system performance during disturbances; recoverability be-
comes critical in the post-crisis phase; while transformability and anti-
fragility capture longer-term adaptive and evolutionary capacities [70].
Table 1 and Fig. 7 therefore organise these concepts into a structured
taxonomy, clarifying both their relevance and their relationship to
resilience in the built environment.

Reliability refers to the probability that a system performs its
intended function under normal or expected operating conditions, and is
typically strengthened through maintenance, component quality, and
conservative operational margins [23,26]. Robustness focuses on the
capacity of a system to withstand disturbances without significant
degradation in performance, often through structural hardening or
passive design strategies [6,71]. Fig. 7 illustrates the temporal distri-
bution of these concepts across disruption phases, highlighting how



R. Ramesh and H. Rehman

Table 1

Key system properties commonly associated with resilience, including their
definitions, temporal relevance (pre-, during, and post-crisis), and their roles in
supporting or extending resilience.

Term Definition / Description / Relationship to Resilience
Timeline
Reliability Probability that a system Forms the baseline of
performs its intended function  resilience by reducing
under expected operating likelihood of failure; does not
conditions; primarily pre- account for extreme
crisis disruptions
Redundancy Duplication or diversification Enhances resilience by
of critical components (e.g., avoiding single points of
backup systems, storage, failure and enabling
microgrids); pre- and during continued operation under
crisis component failure
Stability Ability of a system to maintain ~ Supports resilience by
or return to equilibrium, preventing cascading failures,
especially in coupled systems;  but often prioritises returning
pre- and during crisis to original state rather than
adaptation
Robustness Capacity to withstand Core resilience attribute
disturbances without enabling passive survivability
significant performance and maintaining minimum
degradation; during crisis functionality under stress
Flexibility Ability to adapt operation Extends resilience by
dynamically (e.g., HVAC enabling adaptive responses
control, load shifting, storage under constrained conditions;
use); during crisis includes socio-technical
dimensions and equity
considerations
Recoverability Capacity to restore acceptable  Critical for resilience
performance within a given evaluation; links
timeframe after disruption; infrastructure recovery with
post-crisis human exposure and health
outcomes
Transformability ~ Ability to fundamentally Extends resilience beyond
reconfigure systems when recovery toward systemic
existing structures become change aligned with future
inadequate; long-term risks and climate conditions
Antifragility Capacity to improve and Represents an advanced

reduce vulnerability as a result
of disturbances; long-term

resilience outcome where
systems benefit from shocks
and become stronger over
time

different resilience attributes dominate before, during, and after
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extreme events.

When disturbances exceed design expectations and partial or com-
plete system failures occur, redundancy and stability become central
attributes. Redundancy involves the duplication or diversification of
critical components or pathways to prevent single points of failure, such
as emergency generators, distributed energy resources, storages, and
islanded microgrids [72]. Stability, particularly within coupled
electricity-thermal systems, concerns the ability to maintain or rapidly
return to operational equilibrium and to prevent cascading failures [73].
While essential for system continuity, stability-oriented approaches
often prioritise returning to pre-event operating states, whereas resil-
ience frameworks explicitly accommodate controlled degradation and
reconfiguration to prioritise critical functions.

Energy flexibility has emerged as a complementary concept with
particular relevance for resilience in buildings and districts under
disruptive events. In addition to its traditional role in demand response
and grid interaction, flexibility is increasingly conceptualised as an
adaptive capacity under constrained conditions [74-76]. Resilience-
oriented flexibility must be evaluated through an explicit equity lens,
accounting for differential exposure, sensitivity, and adaptive capacity
during disruptive events [77-79].

Recoverability addresses the post-event phase. Following a disrup-
tion, recoverability, referring to the capacity of system components and
users to restore acceptable performance levels within a given timeframe,
becomes a main concern. In the built environment, recoverability in-
cludes not just physical repair and recommissioning, but also the
restoration of safe indoor conditions and access to essential services
[80,81].

It has been argued in recent research that under accelerating climate
change and increasing frequency of extreme events, returning to pre-
disturbance state neither be sufficient nor desirable. Transformability
refers to the capacity to reconfigure or redesign energy systems when
existing structures become non-ideal, for example through decentrali-
sation, electrification coupled with storage, climate-resilient retrofits, or
community-scale energy systems [40,82]. In this context, the closely
related concept of antifragility highlights whether post-event adaptation
leads to systematically reduced vulnerability in subsequent disruptions
[83]. Together, these concepts emphasise that energy resilience in the
built environment is fundamentally phase dependent.

A

STABILITY
REDUNDANCY
backup systems i ANTIFRAGILITY
FLEXIBILITY local trading
demand Le,m, RECOVERABILITY
RELIABILITY [
TRANSFORMABILITY
ROBUSTNESS
hardened powerlines

BEFORE

DURING

LONG-TERM

Fig. 7. Temporal relevance of resilience-related concepts across disruption phases. Reliability, stability and redundancy are most relevant pre-event; robustness and
flexibility are responsible for system performance during disturbances; recoverability is critical in the post-event phase; while transformability and antifragility
represent longer-term adaptive capacity and system evolution [70].
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4.3. Phases and temporal dimensions

Resilience in the built environment is increasingly conceptualised as
a dynamic, time-dependent process rather than as a static attribute.
Across disciplines, resilience frameworks agree on a shared temporal
logic in which systems anticipate and prepare for disturbances, absorb
and withstand impacts, maintain degraded but functional performance,
and subsequently recover, adapt, or transform. This timeline has become
the guiding perspective for evaluating the performance of buildings,
energy systems, and communities under disruptive conditions. Fig. 8
maps the degree to which key frameworks in the literature explicitly
address each temporal stage. Particularly, anticipation and learning
phases are consistently under-addressed relative to the in-event ab-
sorption and recovery phases, even in frameworks that claim to cover
the full resilience cycle.

This temporal framework thinking has roots in structural and infra-
structure engineering: Bruneau et al. first developed the link between
performance loss and recovery trajectories, a concept subsequently
interpreted into measurable indicators applicable to energy and power
systems [64,84]. International policy frameworks formalised the stage-
wise preparation-absorption-recovery-adaptation cycle [85], while
systems-oriented perspectives based on adaptive cycle theory intro-
duced a further point that recovery involves structural reorganisation
rather than just restoration to prior states; meaning resilience must
accommodate transformation, not only bounce-back [86-88].

Building-focused research has translated these frameworks into
domain specific fields spanning pre-event operation, disruption onset,
deliberate stabilisation under degraded conditions, recovery, and
redefinition of acceptable performance [53,81,89]. The common
consensus across these works was that assessing resilience requires
capturing both the magnitude and duration of performance loss. This
includes not only whether a building eventually recovers, but also how
far conditions deviate from the optimum and how long occupants are
exposed before recovery occurs. Recent studies advocate therefore for
integrated frameworks spanning pre-event preparedness, in-event

Anticipation/Preparatior

Absorption/Response

Degraded Performance

Recovery/Restoratior

Adaptation/Transformatio

Learning/Evolution
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degradation, exposure duration, recovery speed, and longer-term
adaptation, particularly under climate change and conditions of un-
equal vulnerability [43,69].

5. Climate hazards, disruptive events, and building-scale energy
resilience

5.1. Overview and Hazard taxonomy

Climate change is increasing the frequency, duration, and severity of
climate extremes, exposing buildings and energy systems to growing
stress. The literature identifies various climate stressors, but building-
level analyses predominantly focus on overheating during heatwaves,
with relatively fewer studies on cold spells, floods, or compound events,
leading to a research bias toward heat-related hazards. These hazards
increasingly occur simultaneously or have a cascading effect, for
example, heatwave coinciding with blackout, or storm damage to
buildings and grid followed by cold-weather outages, thereby gener-
ating compound risks that exceed the design assumptions present in
codes, standards, and conventional building performance models
[74,90]. From an energy-resilience perspective, climate hazards act
through three pathways: demand amplification, supply disruption, and
habitable conditions degradation, with the third pathway most directly
threatening occupant health and life safety [87].

5.2. Heat-related events

5.2.1. Hazard characterisation and modelling practice

Heatwaves are the most extensively studied climate hazard in
building-scale resilience research, reflecting their increasing frequency,
intensity, and duration and their strong influence on peak energy de-
mand [9,25,53]. In built environment studies, heatwaves are imple-
mented through various modelling approaches: typical meteorological
years with synthetic heatwave episodes, design heatwave files created
for stress testing, and future climate projections (e.g., through weather

Explicitly
Addressed

Implicitly
Addressed

Coverage Level

|| Not
Addressed

Fig. 8. Conceptual alignment of multi-stage resilience frameworks. Colour intensity indicates the degree to which each framework explicitly addresses each temporal

stage, from anticipation through learning and evolution.
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morphing methods) to assess the robustness of building envelope and
cooling strategies under altered conditions [28,87,91].

Rather than relying on annual average metrics, recent studies eval-
uate building performance under discrete heatwave events, an approach
grounded in the concepts of thermal resilience and resilient cooling and
associated with IEA EBC Annex 80 and other international programmes
[10,24,74]. These studies emphasise that resilience assessment must
consider the time-based structure of heatwaves (their duration,
sequencing, and intensity) together with humidity and solar conditions,
and their interaction with system-level stressors.

5.2.2. Impact pathways, vulnerabilities and adaptive strategies

Heat-related events affect buildings through direct thermal loads and
indirect system level interactions. High outdoor temperatures and solar
gains raise indoor operative temperatures and cooling loads, extending
periods above comfort or safety thresholds particularly in poorly
shaded, or inadequately ventilated dwellings [92-94]. At the envelope
level, low insulation, low thermal mass, and high solar exposure, espe-
cially from west and south-west facing glazing, or low-albedo roofs,
result in rapid indoor heating during prolonged heatwaves [36]. Top
floor and attics, small apartments with high internal gain-to-volume
ratios, and highly glazed modern designs exhibit greater susceptibility
[95,96]. Night-time heat retention prevents buildings from releasing
accumulated internal gains, fast tracking cumulative overheating during
multiday heatwaves, especially in densely built urban areas, lightweight
structures and in rooms where cross-ventilation is constrained
[94,97,98]. In addition, high ambient temperatures deteriorate trans-
formers, reduce thermal plant efficiency, and can decrease PV output
through module heating, thereby simultaneously increasing the demand
while reducing the capacity to serve it [99].

At system level, simultaneous operation of air-conditioning (AC),
mechanical ventilation, and fan during heatwaves produces sharp
cooling demand peaks that stress distribution networks and increase the
likelihood of grid overload or outages [100]. Operational vulnerabilities
include strong reliance on active cooling, undersized or inefficient AC
units, limited nighttime ventilation opportunities, and single point me-
chanical failures such as centralised cooling. Socially, elderly residents,
chronically ill occupants, low-income and energy-insecure households,
and populations in UHI intense districts are disproportionately vulner-
able, and often already operate under cost-constrained comfort ra-
tioning that restricts their capacity to respond during emergencies
[101-103].

Adaptive responses include passive strategies (e.g., shading, thermal
mass, natural ventilation) and active measures such as efficient cooling,
thermal storage, and PV systems with islanding capability. This is
explained in more detail in Section 6. Studies in social housing contexts
demonstrate that adaptive mixed-mode ventilation and targeted enve-
lope retrofits can simultaneously reduce energy poverty indicators and
improve summer thermal comfort, though poorly designed measures
risk shifting costs onto already constrained tenants [27,104]. The equity
constraints on access are addressed in Section 7.

5.2.3. Landmark events and lessons

Recent extreme heat events demonstrate how heatwaves simulta-
neously threaten life, decrease economic output, and expose weaknesses
in buildings and energy systems. The 2003 European heatwave remains
a historic case, causing more than 70,000 excess deaths across the
continent and generating economic losses estimated around tens of
billions of euros, including severe impacts on agriculture, health,
transport, and energy systems [2]. An analysis of extreme temperature
related catastrophic events in Europe over a thirty-year period
(1988-2019), drawing on the Emergency Events Database (EM-DAT),
found that heatwaves accounted for the vast majority of deaths from
temperature-related disasters during that period. This pattern is
consistent with the non-linear relationships between temperature devi-
ation and excess mortality [1,79]. Continent level modelling across 1368
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European regions projects that temperature-related mortality will in-
crease substantially under continued warming, with the sharpest in-
creases likely in southern and eastern regions where adaptive
infrastructure is weakest [1].

In Western Canada, the 2021 heat dome over British Columbia led to
a large spike in emergency department visits and hospital admissions
concentrated among older adults and residents of socially disadvantaged
areas, with investigations highlighting the vulnerability of housing stock
in a region historically unaccustomed to such extremes [105]. Likewise,
even in cold Nordic climates such as Helsinki, heatwaves have been
linked to increase in respiratory morbidity among older adults [106].
Recent multi-year heat events in North America and Europe have
demonstrated the same underlying pattern: buildings heavily reliant on
active cooling, combined with grids operating near capacity, are sus-
ceptible to cascading failures under extreme heat.

5.3. Cold-related events

5.3.1. Hazard characterisation

Cold spells and extreme cold events are relatively underrepresented
in the building energy resilience literature, yet they pose equally severe,
and often acute risks to indoor thermal safety, particularly in cold and
Arctic climates and in regions with high electrification rates. Cold-
related hazards in building studies are typically defined as multi-day
periods with outdoor temperatures below design minima or specified
critical thresholds [8,42,107]. Guidance developed under programmes
such as IEA EBC Annex 73, Annex 93 and related efforts on thermal
energy system resilience in cold climates emphasises that design and
assessment must explicitly account for emergency or degraded operation
scenarios during extreme cold, in addition to normal comfort criteria.
This includes the definition of acceptable indoor temperature ranges
under emergency conditions, envelope and system performance targets
to avoid freezing damage, and the specification of system redundancy to
maintain basic functionality under design cold conditions [107,108].

In modelling practice, cold events are implemented using historical
extreme winters and design-day sequences, synthetic cold-spell files
inserted into typical meteorological years, and future climate pro-
jections that account for shifting extremes, with explicit outage sce-
narios to evaluate performance [8,103,109].

5.3.2. Impact pathways, vulnerabilities and adaptive strategies

Cold events stress buildings through two related pathways: increased
heating demand when energy is available, and rapid under-heating
when supply is interrupted. Synchronised winter peak demand strains
electric networks and gas or district-heating systems, creating risk of
cascading supply failure [8,42]. More critically for life safety, indoor
temperature decay can be rapid during outages, driving indoor condi-
tions below habitable thresholds within hours to a day under severe
cold, as documented in older residential buildings in continental and
Arctic climates [54,98,110].

Vulnerability during cold extremes is influenced by envelope per-
formance, building typology, mechanical and control strategies, infra-
structure exposure and social conditions. At the envelope level, low
thermal resistance, air leakage and thermal bridges accelerate temper-
ature decay and create condensation and freezing risks [41,44]. Light-
weight constructions with minimal thermal mass exhibit the fastest
decay once heating is lost, whereas higher thermal mass and ground
coupling can buffer short-term fluctuations but lengthen recovery times
without sufficient heating [54,98]. Top floor units, poorly insulated
basements, unheated crawlspaces and geometries with high surface-
area-to-volume ratios are more susceptible [111]. On the system side,
single fuel dependence and lack of redundancy in heat sources, controls
and circulation pumps increase risk; cold temperature derating of bat-
teries and inverters reduces on-site backup effectiveness during exactly
those conditions when it is most needed [112]. Freezing of domestic
water pipes, fire sprinklers and hydronic loops introduces additional
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risks of infrastructure damage [113]. Socially, low-income households,
renters in poorly maintained buildings, remote communities with long
restoration times and medically vulnerable occupants face dispropor-
tionate risk; energy poverty and prepayment meter disconnections can
trigger under-heating even in the absence of system outages [14,42].

Across cold-climate contexts, the building envelope (thermal resis-
tance, airtightness, and thermal bridge control) consistently emerges as
the dominant driver of passive survivability, with high-performance
assemblies extending the period above critical habitability thresholds
by hours to days. Redundant heat sources and backup strategies for
active systems compound these envelope gains. The technical evidence
on both passive and active cold-climate strategies, including the specific
vulnerabilities of heat pumps and battery systems at low temperatures,
is examined in full in Section 6.

5.3.3. Landmark events and lessons

Cold wave disasters remain significant in a warming climate and
have direct relevance for building level energy resilience. Analysis of
extreme temperature-related catastrophic events in Europe from 1988 to
2019 identifies cold events, alongside heatwaves, as repeated drivers of
large mortalities, with the health impacts disproportionately concen-
trated among elderly populations and in housing stock with inadequate
insulation or heating redundancy [1]. Grigorieva et.al.'s study on Alaska
documents that extreme cold climates intersect acutely with social
vulnerability, limited housing quality, and constrained energy access,
creating conditions in which outages during cold events can threaten life
safety within hours [42].

Cold events combined with energy system failures provide important
lessons. The February 2021 “Great Texas Freeze” is one of the most
extensively studied recent case. It led to widespread outages in elec-
tricity and gas supply, left millions of residents without power or heating
for prolonged periods, and caused multi-billion dollar losses across en-
ergy, housing, and industrial sectors [4]. Analyses of it consistently
highlight the lack of preparedness of infrastructure for cold winters,
limited redundancy in heating systems, and building envelopes with
relatively poor insulation or airtightness, all of which accelerated the
indoor temperature decay once power supply was lost. More recent
events, including sustained attacks on Ukraine's energy infrastructure
since 2022, which reportedly disabled large fractions of the country's
generation and heating capacity over multiple consecutive winters [5],
and electricity shortages in Ecuador that have threatened continuity of
health and critical social services [114], demonstrate the vulnerability
of populations and buildings when centralised heating and power supply
are disrupted for extended durations under cold conditions. These in-
stances collectively reinforce the case for robust envelopes, local backup
heating options, and district and building level thermal storages as
essential components of cold climate energy resilience.

5.4. Hydrometeorological Hazards and other events

While thermal hazards, whether from extreme heat, extreme cold, or
conflict-driven supply disruption, constitute the primary focus of
building energy resilience research, hydrometeorological events interact
with building systems through a distinct mechanism. Floods, storms,
high winds, icing and wildfires also affect building energy resilience by
acting as triggers of supply disruption and causing structural damage
rather than through direct indoor thermal effects.

Building level flood studies characterise hazards through inundation
depth, duration, and flow characteristics to estimate heating, cooling,
and electrical system downtime, with the location of the equipment
being the key design variable. Storms and wildfires feature more
commonly in infrastructure level assessments, but they represent
important boundary conditions for building energy resilience. For
instance, facade and roof damage compromises airtightness and insu-
lation, while distribution network failures cause outages that then
interact with thermal stresses as described in sub-sections 5.2 and 5.3
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[90,115]. Compound weather extremes that combine hydrometeoro-
logical & thermal stressors can exceed what is anticipated from either
hazard in isolation and remain less represented in building level resil-
ience frameworks. Existing literature suggests these hazards should be
treated primarily as triggers of energy disruptions and constraints on
recovery and to be combined with temperature related resilience ana-
lyses in multi-hazard scenarios.

Conceptual frameworks for resilient buildings and utilities stress that
resilience must be defined against multi-hazard trajectories. There is
also a lack of empirical and modelling research that specifically mea-
sures building performance in these situations; the majority of this
research focuses on heatwave-blackout combinations, while cold outage
scenarios are only now starting to get equivalent attention. [24,54,116].
Potential future work could include flood-induced displacement fol-
lowed by heatwaves, wildfire smoke interactions with building venti-
lation strategies, and the compounding of cold extremes with long-
duration grid failures.

The lack of compound hazard studies reflects several methodological
barriers rather than a single cause. Standard building performance
workflows are usually driven by Typical Meteorological Year (TMY)
data or single-design extreme events, whereas compound hazards
require temporally coherent sequences linking weather extremes with
infrastructure failure, outage duration, and recovery. Such inputs are
not readily available as standard datasets. In addition, building simu-
lation tools commonly used in the field can represent indoor thermal
response under altered weather and reduced HVAC availability, but
cascading failures in electricity, gas, district heating, water, or
communication systems often require ad-hoc coupling with infrastruc-
ture or power system models. Also, critical boundary conditions, such as
outage onset, restoration sequence, partial service availability, occupant
behaviour, and emergency ventilation choices, are rarely observed in
detail during real events, limiting model validation. Compound hazards
also often involve interacting thresholds (e.g., heat stress combined with
loss of ventilation, or cold exposure combined with pipe freezing risk),
making single-metric assessment inadequate. These challenges explain
why compound event modelling remains limited despite its recognised
importance.

Hydrological and meteorological hazards account for the majority of
recorded weather and climate-related financial losses in most regions,
including the EU, while extreme temperatures contribute a relatively
smaller share of economic loss but a disproportionately large share of
weather-related mortality [1,79,117]. This asymmetry points to thermal
resilience as a critical life safety objective and supports the integration of
hazard-informed planning of buildings and energy infrastructure.

6. Technical resilience measures

The reviewed literature consistently distinguishes building-scale
technical resilience approaches into active and passive strategies. Pas-
sive strategies, whereby the building regulates indoor conditions
through its envelope and material properties, are considered the first
line of defence regardless of climate. Active measures, including on-site
PV, wind turbines, hybrid microgrids, heat pumps, and electrical and
thermal storage, provide a second line of defence focused on adaptive
operation during outages and recovery following grid disturbances.

This two-tier paradigm applies equally to cold and hot climates,
although the specific strategies differ substantially. In cold climates, the
passive first line prioritises slowing heat loss and preventing freeze
damage during heating outages, while the active second line focuses on
backup heating capacity, heat pump winterisation, and thermal storage.
In contrast, in hot climates, passive strategies emphasise limiting heat
gains and improving natural ventilation, while active measures focus on
resilient cooling systems, backup power for air conditioning, and ther-
mal storage to maintain indoor comfort during outages. Together, these
measures improve habitability and survivability during extreme
weather events by reducing dependence on the grid and maintaining
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tolerable indoor conditions during power outages. Frequency data in
this section are derived from the literature base of 176 papers. Specific
technology performance data are contextualised using supplementary
technical literature identified through citation tracking (Section 2.2).

6.1. Passive strategies

Across the reviewed articles, passive approaches such as building
design and retrofitting account for a significant share of identified
strategies (19.9% and 30.8% respectively), while renewable generation
(11.8%) and storage (7.2%) are also widely integrated. The remaining
studies emphasise policy, behavioural and system-level measures. Fig. 9
summarises the distribution of resilience enhancement strategies across
studies, indicating the prevalence of passive envelope measures and the
comparatively minor share of active renewable and storage solutions.
This is consistent with existing guidelines that couple passive surviv-
ability at the building level with grid-interactive active systems.

In the built environment, orientation and bioclimatic design are
widely recognised as foundational passive measures for resilience.
Suitable orientation can maximise solar gains and daylight in cold cli-
mates while enabling structures that minimise heat gain in hot climates
through compact form and mutual shading, thereby reducing heating
and cooling loads and improving energy resilience [118,119]. Envelope
design variables have been studied in simulation studies to evaluate
their impact on both energy use and resilience under extreme climate
scenarios, with parametric analyses demonstrating how they influence
energy flexibility and resilience metrics [120,121]. Beyond new con-
struction, envelope retrofitting of external walls, windows, and venti-
lation systems is shown to improve indoor thermal stability during
blackouts, reduce space heating and cooling demand, and enhance
resilience under extreme weather. Measures such as expanded poly-
styrene insulation have been found to lower energy use while moder-
ating indoor temperature fluctuations [122].

Several envelope technologies further reinforce this first line role by
directly targeting solar and environmental loads. Cool envelope mate-
rials, roofing and wall products with high solar reflectance and thermal
emittance, such as white membranes, cool-coloured tiles and reflective
coatings, reduce radiative heat gains, lower roof and wall surface tem-
peratures, and decrease cooling demand [123,124]. Advanced glazing
technologies including static high performance glazing, smart dynamic
systems, and PV-integrated glazing further regulate solar heat gains and
daylight; standards and experimental studies emphasise the importance
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Fig. 9. Distribution of resilience enhancement strategies across the reviewed
studies (frequency-weighted).
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of climate, orientation, shading interactions, and occupant behaviour in
assessing their contribution to resilience [125-127]. Double-skin or
ventilated facades have proven to continue providing cooling during
heatwaves even in the absence of grid power [128,129].

Nature-based and low energy cooling strategies complement these
envelope measures. Green roofs and facades reduce roof and wall tem-
peratures, mitigate UHI effect, regulate stormwater, and maintain cooler
building surfaces during heatwaves and droughts [130,131]. Evapora-
tive cooling utilises the latent heat of water vaporisation to provide low
energy cooling that is particularly effective in hot, dry conditions, and
can be coupled with PV or battery systems to remain operable during
outages, thereby offering resilience to extreme heat and electricity in-
terruptions [132]. Ventilative cooling strategies are also highlighted as
robust, low energy options for reducing cooling loads and maintaining
comfort. Natural night ventilation, in particular, is recognised as an
energy free and outage resilient mechanism for discharging stored heat
in buildings [133].

In cold climates, the passive strategy order shifts substantially.
Thermal resistance, airtightness, and thermal bridging control are
influential, as they directly regulate the rate of indoor temperature
decay during heating outages. Traditional and vernacular building
forms in cold regions demonstrate this logic architecturally. An evalu-
ation of Zhuangke dwellings in China's severe cold zone, shows that
thick masonry walls, south-facing orientation for passive solar gain, and
compact form collectively reduce heating demand while extending
passive survivability during supply interruptions [41]. Field surveys
similarly confirm that locally adapted construction practices, including
heavy thermal mass, small window-to-wall ratios on north-facing fa-
cades, and draught-proofing strategies, improve indoor thermal condi-
tions and reduce occupant health risk during cold snaps [134]. A
comparative simulation study of single-family housing under both
extreme heat and extreme cold conditions shows that the envelope
measures that most extend passive survivability differ between seasons.
Insulation level dominates cold-season outcomes, while solar shading
and thermal mass together dominate hot-season outcomes, meaning that
designs optimised for a single season underperform on the other [7].
This seasonal asymmetry is confirmed by studies of passive and low-
energy strategies for bedroom thermal comfort during both heatwaves
and cold snaps [98]. Existing retrofit programmes almost exclusively
target winter heating efficiency, systematically overlooking the summer
overheating risk that climate change is introducing, creating a potential
future conflict between cold-climate resilience and hot-season surviv-
ability that current standards do not yet address [8].

Taken together, these passive measures build a resilient envelope
and design “backbone” that reduces demand, enhances passive surviv-
ability, and provides the conditions under which active systems can
operate more effectively.

6.2. Active strategies

Complementing this passive backbone, active measures are framed
as mechanisms for adaptive operation under constrained conditions and
for accelerating recovery after disruptive events. Microgrids are widely
proposed to improve reliability and resilience of buildings and com-
munities [135,136]. In the context of resilience, they are configured to
prioritise critical loads and allow reconfiguration according to load
priorities and sectoral needs. For example, hospital microgrids are
designed with redundancy and recovery objectives to maintain essential
medical equipment during blackouts, whereas residential microgrids
emphasise cost optimisation and flexibility [137,138]. Microgrids are
therefore understood as combinations of renewable generation and
storage capable of off-grid operation to supply essential energy services
during outages.

On-site renewable generation, particularly PV, acts as an important
resource in such microgrids. Building-scale studies indicate that PV can
provide uninterrupted energy to meet critical building demands during



R. Ramesh and H. Rehman

extreme weather and blackouts, thereby sustaining habitability. Homaei
et al. report that PV-based heating improved resilience by 50 degree-
hours in cold conditions, although their analysis excluded appliance
loads [139]. Gupta et al. analyse PV-battery systems in Oxford, United
Kingdom, showing that PV can meet daily household demands in sum-
mer, while community-level battery sharing improves self-consumption
and economic performance [140]. Survey-based work by Kotani et al. in
Japan highlights user knowledge as a major barrier to realising PV
benefits in standalone mode during blackouts, underscoring the need for
education and training [141]. At larger scales, Lagrange et al. demon-
strate that a renewable-based hospital microgrid can extend minimum
outage resilience by over 34 h while delivering substantial life-cycle cost
savings [142]. Yet the resilience potential of building-integrated PV
(BIPV) in standalone or islanded applications remains underexplored,
suggesting a need for future work in this field.

Cold climate contexts introduce specific requirements for active
resilience measures that are largely absent from the hot climate litera-
ture. The core challenge is that the active systems most relevant to cold-
climate resilience are themselves vulnerable to the conditions they are
deployed to address: air-source heat pump output decreases at very low
temperatures, battery and inverter performance is derated in cold con-
ditions, and district heating networks can experience supply tempera-
ture drift and pump or substation failures during extended cold events
[8,19]. This creates a conundrum: the buildings most exposed to cold-
outage risk are often those where the active backup systems are also
least reliable. Simulation studies of residential building stock under
winter outage scenarios show that hybrid heating configurations
(combining a primary heat pump with a secondary non-electric heat
source) substantially extend the period above critical habitability
thresholds [143]. At the system level, NREL's analysis of the US resi-
dential building stock demonstrates that the combination of envelope
upgrades and on-site storage provides the greatest cold-season resilience
co-benefit, with thermally massive well-insulated envelopes reducing
the active heating power required to bridge an outage and therefore
extending the duration that a given battery capacity can sustain habit-
able conditions [143]. These findings reinforce the conclusion that cold-
climate active resilience cannot be designed as a simple extension of the
hot-climate active resilience toolkit. It requires consideration of heating
source redundancy, low-temperature system performance, and the
interaction between storage capacity and envelope thermal inertia.

Other renewable and hybrid energy systems diversify the active
resilience measures. Wind turbines can serve as complementary gener-
ation source at district or campus scale. Septlveda-Mora and Hegedus
show that hybrid microgrids combining PV, wind, batteries and gener-
ators can raise resilience indices by up to 40% in commercial buildings
and enable survival of multi-day outages [144]. Azerefegn et al. report
that integrating PV/wind into unreliable grid-diesel systems for Ethio-
pian industrial parks yields cost-effective configurations and up to 45%
CO2 reductions while improving power reliability during outages [145].
Ground-source heat pumps (GSHPs) and geothermal systems utilise
stable ground temperatures to provide efficient heating and cooling,
reduce peak electricity demand, and improve grid resilience [146,147].
Hybrid concepts that couple geothermal heat dissipation with PCM ‘cool
batteries’ in ceilings have shown substantial reductions in discomfort
hours during power cuts in extremely hot climates [148].

Finally, energy storage emerges as a central technology for active
resilience. Storage is used to buffer mismatches between supply and
demand, charging during normal operation and discharging during
outages to maintain habitable indoor conditions [149]. Stationary
electrical storage supports both grid flexibility and building-level resil-
ience due to high efficiency, fast response and high energy density.
Studies of integrated energy systems show that adding storage can
maintain critical loads and reduce service losses across electricity,
heating and cooling in failure scenarios [150,151].
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6.3. Resilience-specific technical mechanisms

The strategies discussed in Sections 6.1& 6.2 are frequently
described in the literature in general design terms (e.g., “adding insu-
lation,” “installing PV”") without specifying the mechanism by which it
functions differently under resilience conditions than under normal
conditions. Nevertheless, several studies reveal resilience specific
mechanisms that are distinct from their efficiency-focused counterparts.

Thermal mass and envelope sizing under outage conditions:
Unlike conventional envelope design, which is primarily evaluated in
terms of annual heating and cooling demand reduction, resilience-
oriented design is evaluated by the ability of the building to maintain
acceptable indoor temperatures during service disruptions. Studies show
that this distinction often creates a design trade-off rather than a uni-
formly positive effect. Increased airtightness improves passive surviv-
ability during cold-weather outages by slowing heat loss but can worsen
hot-weather outage outcomes by trapping internal and solar heat gains
once mechanical cooling is unavailable. Consequently, cold- and hot-
hazard resilience cannot always be optimised through a single enve-
lope specification [54]. This trade-off is hazard-specific: airtightness
improvements are consistently beneficial under cold-dominated condi-
tions, whereas locations exposed to both cold and heat hazards require
explicit joint evaluation of both outage scenarios rather than reliance on
a single airtightness target.

Distributed generation and storage sizing/control logic: Unlike
conventional sizing approaches that optimise economic performance (e.
g., levelised energy cost or self-consumption), resilience-oriented PV-
battery and microgrid design prioritises autonomy duration and the
continuity of critical loads during islanded operation. Studies report
autonomy durations ranging from several hours to more than 34 h,
depending on system size, load definition (critical-only versus whole-
building supply), and dispatch strategy. Load-shedding hierarchies,
critical-circuit prioritisation, and controllable backup loads emerge as
important resilience-specific design variables that differ from conven-
tional demand-response control approaches. Improving building effi-
ciency can substantially reduce the backup power capacity required to
achieve a given resilience target. [140-142]. One study reported a 19%
reduction in required backup power capacity during a three day cold-
snap scenario when efficiency measures were combined with the
building's baseline energy system [54]. This finding suggests that
resilience-oriented sizing is best treated as a joint building design
problem rather than solely as an exercise in adding storage or generation
capacity. Reported autonomy durations are also strongly dependent on
local solar resource availability and seasonal insolation and conse-
quently, identical PV-battery configurations provide different outage
coverage in a high-latitude winter outage than in lower-latitude regions
with greater solar availability, although sensitivity to this factor is rarely
examined explicitly in literature.

Natural and mixed-mode ventilation as a resilience-specific
pathway: During a power outage, natural ventilation represents one
of the few cooling strategies capable of functioning without reliance on
external energy supply. Its resilience value therefore extends beyond its
conventional role as a cooling-energy reduction measure during normal
operation. Natural ventilation has been identified as an effective strat-
egy for limiting indoor overheating during summer outage conditions by
promoting passive heat removal when mechanical cooling is unavailable
[54]. These findings reinforce the broader efficiency vs resilience trade-
off identified in this work. Envelope airtightness requirements associ-
ated with current NZEB standards are optimised primarily for normal-
operation energy performance and inadvertently constrain this outage-
specific cooling pathway. The effectiveness of natural ventilation is
strongly dependent on climatic and environmental conditions. Its ben-
efits are greatest when outdoor conditions permit effective heat rejec-
tion, particularly during cooler nighttime periods. Where outdoor
temperatures remain persistently high throughout an outage event, the
potential of natural ventilation to mitigate indoor overheating is
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correspondingly reduced. As a result, natural ventilation cannot be
assumed to constitute a universally effective resilience measure and
requires climate-specific evaluation within outage resilience
assessments.

Across all three mechanisms, resilience-specific performance is
disproportionately reported through simulation rather than field vali-
dation and evaluated against a single reference occupant or building
configuration in the majority of cases (Section 7). The mechanisms
described above should therefore be read as simulation-derived and
context-specific rather than as generalisable performance guarantees.
This methodological limitation is examined in more detail below and
later in Limitations (Section 11).

6.4. Methodological approaches to resilience evaluation

The technical measures discussed above are evaluated using different
methodological approaches, which vary in both their ability to gener-
alise findings and their degree of proximity to field validation. Building
performance simulation using physics-based tools (e.g., EnergyPlus,
TRNSYS, IES-VE, and comparable whole-building energy models) re-
mains the most common approach for quantifying passive survivability
and technical resilience performance, accounting for the majority of the
26 simulation-based studies identified in this review (Section 4). These
tools represent heat transfer, infiltration, and system operation explic-
itly, enabling comparisons of design variants under identical disruptive
events, but rarely incorporate stochastic or probabilistic weather gen-
eration, and are validated against measured field data in only a minority
of cases.

Unlike physics-based simulation studies, a smaller subset of the
literature applies data-driven or machine-learning methods to predict
occupant risk, vulnerability, or demand-response patterns from empir-
ical datasets (e.g., [46] applying machine learning to predict household
cold-wave risk). These approaches represent the methodological frontier
of the field. They are the most recently emerging and the least repre-
sented in the current corpus, but they trade physical interpretability for
pattern-recognition capacity and are currently applied almost exclu-
sively to risk prediction rather than resilience-strategy evaluation itself.
This suggests a disconnect between the field's predictive and design-
evaluation methodologies that receives little explicit attention in the
literature.

Field-monitored and experimental studies are the least represented
methodological category in the reviewed literature. Consequently, many
of the performance estimates discussed in Sections 6.1 and 6.2,
including PV-battery autonomy duration and envelope retrofit benefits,
are derived primarily from simulation rather than observation under
real disruptive events. This highlights a continuing need for field vali-
dation alongside increasingly sophisticated modelling approaches.

Across the simulation and experimental studies summarised in
Table A2, both passive envelope and active measures function by
extending the duration over which buildings maintain acceptable indoor
conditions during outages. Passive measures primarily delay the onset of
unsafe conditions, while active systems sustain operation beyond the
passive survivability limit. This merging in mechanism is observed
across climates, building types, and hazard conditions, indicating that
extension of the survivability duration is the unifying functional
outcome of resilience-enhancing interventions.

The technical evidence discussed above establishes that the engi-
neering solutions for building energy resilience are available, scalable,
and commercially mature. However, it does not address the distribu-
tional dimension of their benefits. Measures such as passive envelope
upgrades, PV + BESS systems, and community microgrids require cap-
ital investment, building ownership or long-term tenure, and access to
physical infrastructure, all of which are unevenly distributed across
populations. The following section therefore examines whether the
buildings and occupants with the greatest resilience needs are also those
for whom these technically established solutions are most accessible.
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7. Equity constraints on technical resilience performance
7.1. Thermal Exposure and Health

Energy resilience outcomes are unequally distributed, with low-
income households, elderly populations, chronically ill occupants, and
marginalised communities experiencing disproportionate exposure to
thermal stress, service disruptions, and recovery burdens during power
outages and climate-related hazards. Recent research increasingly
reframes energy resilience not only as a technical system property, but
as a socio-technical and justice relevant concept, intersecting with en-
ergy poverty, adaptive capacity, and long-lasting spatial inequities in
housing quality and infrastructure investment [68,69,152]. In England,
Rizmie et al. show that extreme hot and cold days substantially increase
emergency hospital admissions, with the steepest risk among older
adults and residents of the most deprived neighbourhoods, emphasising
how socio-economic deprivation amplifies temperature related health
burdens [57]. Similar patterns emerge in Australia, where Li et al. find
that the probability of energy hardship rises sharply during both
extreme heat and cold events, particularly for renters and low-income
households [153].

An underlying theme in health and building performance research is
the strong coupling between indoor thermal conditions during disrup-
tions and adverse health outcomes. Epidemiological evidence shows
that a 1 °C increase above local historical temperature baselines is
associated with a 1-4% rise in all-cause mortality, while elderly in-
dividuals and those with cardiovascular, respiratory, or metabolic con-
ditions experience risk multipliers of approximately 2-10x [15,16].
Cold exposure below 15 °C is independently associated with higher rates
of cardiovascular events, respiratory infections, and excess winter
mortality, particularly where outages coincide with inadequate insu-
lation and heating system failure [154-156]. High-burden neighbour-
hoods often experience systematically warmer indoor and outdoor
conditions, by approximately 0.5-2 °C, due to UHI effects, envelope
inefficiencies, and constrained adaptive behaviours [97,101,157].

Within cities, sharp spatial gradients in heat risk are closely linked to
housing stock and urban form. In London, Cole et al. demonstrate sys-
temic inequalities in heat risk, where hotter microclimates, older inef-
ficient housing, and higher concentrations of socially vulnerable
residents overlap in specific districts [158]. A district-scale analysis in
Milan by Zendeli et al. similarly shows that cardiovascular and respi-
ratory emergency calls during heat events cluster in high-density and
socioeconomically disadvantaged neighbourhoods [159]. Empirical
studies from southern Finland demonstrate that extreme heat can
translate into adverse health outcomes even in cold climates, especially
for older age groups, with respiratory impacts observed and cardiovas-
cular effects reported [106].

7.2. Cascading impacts beyond thermal exposure

Beyond direct thermal exposure, disruptions trigger cascading health
impacts that extend well beyond comfort metrics. Loss of refrigeration
and cooking capacity compromises food safety; water and sanitation
interruptions result in increased infectious disease risks; and power-
dependent medical devices, including dialysis equipment and ventila-
tors, become unreliable or unusable during prolonged outages. Simu-
lation studies of assisted living facilities confirm that compound events
push indoor temperatures beyond safe thresholds within hours, with
recovery times extending well beyond the duration of the outage itself
[54]. Large-scale events repeatedly illustrate these dynamics: the 2003
European heatwave (>70,000 excess deaths), the 2021 Texas winter
storm (>180 direct and indirect fatalities), and the 2021 British
Columbia heatwave, during which Clark et al. report large spikes in
emergency department visits concentrated among older adults and so-
cially disadvantaged residents [2,4,105]. In the Caribbean, Méndez
Lazaro et al. quantify how compound heat-humidity events in Puerto
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Rico between 2015 and 2020 were associated with increased mortality,
particularly in coastal and urban regions with constrained access to
cooling and healthcare [160]. Resilience assessment frameworks rarely
integrate such health-linked thresholds explicitly, despite evidence that
risk escalates non-linearly with outage duration and temperature
deviation.

7.3. Barriers to resilience upgrading

Equity considerations act as a constant barrier to effective resilience
upgrading. Low-income households face restrictions preventing invest-
ment in PV, battery storage, envelope retrofits, or backup systems, while
simultaneously bearing the highest relative economic and health costs of
outages. Modelling of residential energy burdens in the United States
projects that climate-driven increases in heating and cooling demand
will widen this gap further, with low-income and minority households
facing the sharpest absolute increases in energy expenditure relative to
income [161]. Resilience policies that rely on voluntary adoption or
market-driven incentives (such as rebates, tax credits, green mortgages)
have consistently been shown to reinforce rather than reduce these
disparities, as uptake concentrates in households with the financial
headroom and ownership status to act [162]. This risk is compounded by
demographic trajectories. Projections across global cities show that the
intersection of population ageing and rising heatwave frequency will
produce rapidly expanding clusters of compound vulnerability,
concentrated in neighbourhoods already lacking sufficient resilience
investment [163].

Studies on overheating, climate justice and health consistently show
that disadvantaged groups live in poorer quality housing and have fewer
resources to adapt, resulting in higher exposure to heat and cold and
limited access to effective retrofit measures [15]. Work on natural
ventilation in warm climates highlights that many building stocks still
depend on passive or low-cost strategies whose performance can be
inadequate during heatwaves, especially where energy poverty con-
strains the use of mechanical cooling. These economic and social
stressors directly condition both the ability to implement resilient
building measures and the level of vulnerability to energy-related
disruptions.

Building-level adaptation can yield substantial health and equity co-
benefits when designed with vulnerable occupants in mind. Williams
et al. show that envelope upgrades, shading, and efficient mechanical
systems can simultaneously reduce indoor heat stress, mortality risk,
and greenhouse gas emissions, with the largest relative benefits for low-
income households in thermally poor housing, but only when in-
terventions are designed with those households as the explicit target
[22]. In social housing in Spain, Bienvenido-Huertas et al. [164] and
Alba Rodriguez et al. [165] demonstrate that adaptive mixed-mode
ventilation and targeted retrofits can reduce energy poverty indicators
while improving summer comfort, though poorly designed retrofits or
tariff structures risk shifting costs onto already constrained tenants
through rent increases or maintenance obligations.

7.4. Behavioural constraints and limits of adaptive capacity

Occupant behaviour under disruption is a critical but underrepre-
sented dimension of resilience assessment. This has been acknowledged
in social science papers, but rarely in simulation studies. Households
adapt by reducing thermostat setpoints, changing window and shading
practices, shifting appliance use, or clustering occupancy within limited
heated or cooled zones when outages are anticipated. However, many
low-income households already operate at the threshold of affordable
thermal comfort due to financial constraints, a concept identified in the
literature as ‘comfort rationing’, whereby heating or cooling is curtailed
to mitigate energy expenditures [166]. There is little to no residual
adaptive capacity during emergencies.

Qualitative work in Hong Kong by Lai et al. similarly finds that many
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low-income older adults already undercool their homes for cost reasons
[167]. In Accra, Boafo et al. document how residents of informal
dwellings and crowded tenements recognise intensifying heat yet report
severely constrained action, with limited access to effective cooling and
disconnected knowledge of institutional support [168]. Social cohesion
and community networks are repeatedly identified as informal resilience
assets facilitating resource sharing and mutual aid, while social isolation
worsens vulnerability, particularly among elderly residents and single-
occupant households [114,169]. The most severe impacts often fall on
those already at the margins of the housing system. Gabbe et al. show
that unsheltered people experiencing homelessness face extreme heat
exposure with very limited access to shade, water, and indoor cooling,
and that existing plans and building-based interventions rarely address
this [170].

7.5. Mental health, social cohesion and long-term consequences

The health consequences of energy disruptions extend beyond the
acute physiological impacts of thermal exposure documented in the
preceding section, extending into psychological wellbeing, social func-
tioning, and long-term economic trajectories that standard building
performance metrics do not capture. Psychological impacts, including
stress, anxiety, and post-traumatic stress symptoms linked to evacua-
tion, prolonged displacement, or repeated exposure, are documented
across public health and social science journals but are rarely integrated
into engineering-oriented resilience metrics [171-173]. An observa-
tional study in China finds that older adults exposed to extreme weather
events report worsened mental health, particularly where social support
and indoor environmental quality are poor [38]. Other clinical works
link higher temperatures and heatwaves with increased risk of anxiety,
depression, and aggravation of severe mental illness [174,175]. Sector-
specific examples, including disruption of childhood immunisation
coverage during heatwaves in Pakistan [176] and threats to health
system continuity from electricity shortages in Ecuador [114], further
demonstrate how extreme temperatures and outages jointly undermine
core social services. Indirect economic losses encompassing reduced
productivity, supply chain disruptions, healthcare expenditures, tem-
porary relocation, and long-term mental health costs are substantial but
remain inconsistently quantified.

7.6. Pathways linking climate, building physics, and equity

The preceding sections report climate hazard characteristics, tech-
nical resilience measures, and equity-differentiated outcomes largely as
parallel findings. However, these dimensions interact systematically
rather than independently. Examining these interactions explicitly
clarifies how climate context and building physics jointly shape resil-
ience risks across population groups and consequently influence the
relevance of different metrics and resilience strategies.

In cold climate outages, the primary physical mechanism is indoor
temperature decay following heating system failure, whose rate is
determined by envelope thermal resistance and airtightness (Section
6.1). Because older and lower-income housing stock disproportion-
ately exhibits poor insulation and limited heating system redundancy
(Section 7.1, 7.3), this population experiences faster and more severe
temperature decay under an otherwise identical outage event. This
mechanism has a direct metric implication: indicators that capture in-
door temperature decay (e.g., Robustness Threshold Duration and Hours
of Safety) are particularly relevant for assessing vulnerability because
the rate of decay is the key factor differentiating resilient and non-
resilient housing stock (Section 8).

In heat-related outages, the governing mechanism instead runs
through mechanical dependency. Highly airtight, mechanically cooled
buildings lose the capacity to leak heat once power is interrupted, a
vulnerability largely absent in buildings retaining natural or mixed-
mode ventilation pathways. Because renters and low-income owner-
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occupiers are constrained from installing either backup cooling or
ventilation retrofits (Section 7.3), this translates into increased risk for
this population. This mechanism motivates the solution-packaging
guidance in Step 6 (Section 9): natural ventilation retention should be
prioritised specifically for building stock occupied by populations least
able to afford active-system backup, since the technical intervention and
the associated equity gap are intrinsically linked rather than indepen-
dently determined.

Compound hazards illustrate a third, distinct mechanism: interaction
rather than simple co-occurrence. When thermal exposure and equip-
ment or power failures occur simultaneously, risks to medically power-
dependent and socially isolated occupants increase disproportionately
because thermal deterioration reduces the available response window,
while the absence of nearby support independently delays detection and
intervention (Section 7.5). Neither factor alone fully accounts for the
elevated risk observed in these populations. Instead, the elevated risk
emerges from the interaction between these factors. This helps explain
why the lack of compound hazard studies identified in Section 5.4
represents more than a gap in hazard coverage. It limits the evidence
available to assess equity outcomes under the conditions where
vulnerability be greatest. It also motivates the recommendation in Step 5
of the six-step framework (Section 9) to report resilience indicators for
both standard and vulnerable occupant profiles. Similarly, design
strategy prioritisation cannot be equity-neutral, since retrofit prioriti-
sation based solely on energy savings fail to identify housing stock
occupied by the populations most vulnerable to disruption-related
harms.

Across the building-focused literature, socio-economic and health
determinants of thermal risk are widely acknowledged but inconsis-
tently operationalised in quantitative resilience models. Occupant
behaviour is represented almost universally as a binary or archetypal
schedule rather than as a spectrum shaped by economy and culture that
empirical evidence describes. Health risk is quantified through hetero-
geneous indicators, clinical indoor temperature limits, comfort indices,
and proxy outcomes such as hospital admissions, without standardised
thresholds or systematic control. Formal survivability metrics appear in
only a small subset of the literature, while vulnerable groups are typi-
cally modelled as static demographic categories rather than as people
with differing physiological baselines, care access, and behavioural
constraints. Physical performance metrics must therefore be com-
plemented by social vulnerability indicators, if resilience assessment is
to reflect the unequal lived experience of disruptions that this review
documents. These limitations point to the importance of how resilience
is defined and measured in practice. The following section therefore
examines the range of metrics and performance indicators used across
the literature.

Table 2
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8. Metrics and performance indicators

The review identified 29 distinct metrics in use across the included
literature for quantifying building-scale energy resilience (Table A3,
Appendix). Unlike conventional building performance assessment,
which operates from a compact set of standardised indicators such as
annual energy use intensity or peak demand, resilience assessment
draws from five disciplinary traditions: structural engineering (robust-
ness and performance-curve indices), building physics (degree-hour
metrics, thermal autonomy), systems engineering (self-sustainment
duration, energy deficit), epidemiology (Heat Index dangerous hours,
Wet-Bulb Globe Temperature thresholds), and financial risk theory
(Conditional Value at Risk). The absence of a singular framework results
in a fragmented metric landscape, reflecting the definitional division
identified in Section 4.

The 29 metrics are organised into six functional categories, sum-
marised in Table 2: (i) thermal survivability metrics, which quantify the
duration and magnitude of indoor temperature deviation below or
above habitability thresholds during outages (e.g. Passive Habitability
Duration/Hours of Safety, PHD/HoS; Unmet Degree-Hours, UDH; In-
door Overheating Degree-Hours, IOD); (ii) resilience performance-curve
indices, which integrate the area under the performance-loss trajectory
across the disruption timeline (e.g. Thermal Resilience Index, TRI;
event-based resilience ratio, R_event); (iii) decay and robustness metrics,
which characterise the rate and onset of performance degradation (e.g.
Robustness Threshold Duration, RT; Collapse Speed, CS); (iv) thermal
comfort and exposure metrics, calibrated against physiological thresh-
olds rather than fixed temperature limits (e.g. Standard Effective Tem-
perature Degree-Hours, SET-DH; Wet-Bulb Globe Temperature, WBGT;
Heat Index Dangerous Hours, HI-DH); (v) energy autonomy metrics,
which quantify the electrical self-sufficiency of buildings or districts
under constrained supply (e.g. Self-Sustainment Duration, SSD; Energy
Deficit, E_def; critical-load coverage ratio); and (vi) composite or multi-
phase metrics, which attempt to integrate across phases, hazard levels,
or spatial zones (e.g. Weighted Unmet Thermal Performance, WUMTP;
Thermal Autonomy, TA; Building Climate Vulnerability Factor, BCVF/
alOD). It is important to note that not all catalogued indicators measure
energy-service continuity directly. Thermal comfort and exposure met-
rics (category iv) quantify the physiological consequences of thermal
stress during a disruption rather than the performance of the building or
energy system itself. They are included because the literature frequently
uses these outcomes to evaluate the effectiveness of resilience
interventions.

These metrics differ not only in terminology but also in the aspect of
resilience they capture. Time-to-threshold indicators (e.g., PHD, HoS,
RT) quantify the duration of protection before a predefined habitability
or performance threshold is exceeded. Degree-hour metrics (e.g., IOD,
UDH, SET-DH) capture both the intensity and duration of thermal stress
and are therefore sensitive to prolonged exposure. Performance-curve

Summary of six categories of indicators used in the literature to assess building energy resilience and its physiological consequences, including both energy-service-
continuity metrics and thermal comfort/health-risk outcome indicators used as resilience proxies. Metric definitions, formulas, interpretation are provided in Table A3.

Category Representative metrics Resilience phase coverage Applicable hazard types Key limitation
Thermal PHD / HoS; UDH; IOD Absorption; Degradation; Recovery Heat; Cold; Power Single-building; fixed occupant profile; no equity
survivability (Anticipation/adaptation not covered) outage weighting; cold-climate variants less standardised
Performance-curve TRI; R_event; RI Absorption; Degradation; Recovery Heat; Cold; Power Requires full trajectory data; TRI / R_event equivalence
indices (Anticipation/adaptation not covered) outage; Compound unrecognised
Decay and RT; CS; PHD Absorption; Degradation only Cold; Power outage Cold-focused; no recovery dynamics; limited
robustness applicability to heat contexts
Comfort and WBGT; HI-DH; HoE; Degradation; Absorption only Heat; Compound Heat-dominated; climate-dependent calibration;
exposure CvaR; SET-DH limited cold-climate use
Energy autonomy SSD; E_def; CLCov; IAT; Absorption; Recovery Power outage; Electrical-only; must be combined with thermal
FR Compound metrics; no affordability dimension
Composite / multi- WUMTP; TA; BCVF / Absorption; Degradation; Recovery; Heat; Cold; Power No standard weighting; equivalence unrecognised; no
phase alOD Adaptation outage; Compound equity weighting

(no anticipation)
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metrics (e.g., TRI, R event) characterise the degradation and recovery
trajectory over the disruption period, while energy-autonomy metrics
(e.g., SSD, E_def) evaluate the capacity to maintain critical services
under constrained energy supply. These metric groups are comple-
mentary rather than interchangeable, and metric selection should reflect
the hazard under study, the building and occupant characteristics, and
the intended assessment objective, whether life safety, thermal comfort,
system autonomy, or recovery performance.

A methodologically important finding from the metric catalogue is
that several indicators used under different labels are, in practice, the
same calculation applied to the same underlying time series, but with
different names and sometimes slightly different boundary assumptions.
Performance-curve indices such as the Thermal Resilience Index (TRI)
and the event-based resilience ratio (R_event) both represent the time-
averaged area under a normalised performance curve over a defined
disruption window and are therefore functionally identical when they
use the same performance definition and event duration (see Appendix
below for a formal derivation and the boundary conditions under which
this equivalence holds). Similarly, the adjusted Indoor Overheating
Degree metric (alOD) and the Building Climate Vulnerability Factor
(BCVF) both express the ratio between indoor overheating and outdoor
heat exposure and reduce to the same quantity when computed over
matching hours, thresholds, and climate periods. Under shared input
definitions, the climate-sensitivity metric CT describes the same un-
derlying relationship, framed explicitly as a response to outdoor
warming.

These unrecognised equivalences mean that studies labelled with
different metric names can be generating numerically comparable out-
puts, while nominally similar assessments, such as LEED IPpc100 versus
I0D/BCVF-based approaches, are not directly comparable due to dif-
ferences in integration windows, thermal indices and threshold defini-
tions. This redundancy reduces the effective diversity of the metric
landscape and increases the apparent methodological diversity reported
in the literature. Mapping these categories against the temporal resil-
ience phases discussed in Section 4 reveals a systematic gap: absorption-
phase and degradation-phase metrics are well represented, while no
validated metric exists for the anticipation or learning phases. This
asymmetry mirrors the gap identified in Fig. 7 that characterises the
literature as a whole.

Three operationally grounded metric combinations emerge from the
taxonomy. For cold-climate outage resilience, the combination of RT,
PHD/HoS, CS, and UDH jointly characterises how long the safety margin
persists, how fast conditions deteriorate, and how far indoor tempera-
tures fall below critical thresholds. For heatwave resilience and chronic
climate-change sensitivity, IOD, alOD/BCVF, Hours of Exceedance, and
HI-DH constitute the most widely applied set, with WBGT recommended
as the physiologically rigorous complement in high-humidity contexts
where dry-bulb temperature alone understates heat strain. For buildings
with distributed generation and storage, SSD and E_def provide the
energy-side counterparts to thermal survivability metrics, together
defining the autonomous operation envelope.

These combinations differ in their underlying mechanisms rather
than simply in nomenclature. RT and PHD/HoS quantify how long
passive protection persists before robustness and habitability thresholds
are crossed, whereas UDH captures cumulative severity, expressed as
degree-hours outside the acceptable range, and is therefore sensitive to
outage duration but less sensitive to the rate of onset. CS directly cap-
tures the rate of indoor thermal deterioration and is therefore more
informative where early warning, shelter-in-place, or evacuation win-
dows are the design concern. PHD/HoS is particularly useful for safety
or code-oriented interpretation, but comparative ranking is strength-
ened when it is reported alongside degradation rate and cumulative-
severity indicators.

In an analysis of Nordic single-family houses, Rehman et al. show
that an old, low-insulation building without PV or batteries crosses the
robustness threshold after 1 h and the habitability threshold after 9 h,
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whereas a new, low-infiltration building without on-site renewables
remains habitable for the full 30-h outage and only crosses the robust-
ness threshold after 8 h. Integrating rooftop PV and batteries extends
robustness and habitability to 30 h in both buildings: for the new
building this reduces CS and DoD to zero, while for the old building CS
and DoD are substantially but not fully reduced (to 0.231 °C/h and 0.15,
respectively, from 0.381 °C/h and 0.372) [177]. This illustrates that RT
and DoD distinguish clearly between envelope and storage configura-
tions even though they do not, on their own, capture the shape of the
degradation curve that CS is designed to detect. Reporting only one
metric type therefore risks obscuring part of the picture. In an assisted
living facility in Houston, Sheng et al. report that HoS during the three-
day 2021 cold snap increases from 9 h for the baseline envelope to 16 h
when infiltration is reduced, while SET degree-hours below 12.2 °C
remain zero, indicating that survival time is controlled by envelope
design rather than SET thresholds in this cold event context [54]. A
similar pattern appears in heat-related outages. In a three-day summer
outage case study of a Florida nursing home, Sun et al. report that
Danger+ Heat Index conditions are reduced from 32.3% under baseline
operation to 1.2% with cross-ventilation and 6.5% when lighting and
miscellaneous electric loads are reduced, while safe-time fractions reach
approximately 100% under full backup power and exceed 90% with
50% backup power or 24-h thermal storage [53]. These cases suggest
that survival time and safe duration assessment, in both cold and hot
outages, are best answered by threshold crossing or time-fraction met-
rics (RT, HoS), while degree-hour and rate-based metrics (UDH, DoD,
CS) remain the more informative choice for characterising how severely,
and how quickly, conditions deteriorate once safe limits are breached.

A notable absence across all 29 metrics is any explicit equity
weighting. No metric in the catalogue differentiates performance by
occupant vulnerability profile, housing tenure, or income-constrained
adaptive capacity. The consequence is that a building can satisfy pas-
sive survivability criteria under a standard occupancy assumption while
providing materially inadequate protection for elderly, medically
dependent, or economically constrained occupants, a gap that connects
directly to the equity findings in Section 7.

WUMTP represents the closest existing attempt at a composite metric
integrating all phases and zones, but its sensitivity to implementation
means that results are not comparable across studies without stand-
ardised weighting schemes, currently constrains its policy utility. An
important standardisation gap is a cold-climate passive survivability
standard comparable to the LEED IPpcl00 criterion (cumulative SET
degree-hours not exceeding a threshold over a defined outage period):
no equivalent cold-hazard standard exists.

9. Synthesis framework

The six-step structure presented here reflects a logic common to
resilience assessment frameworks, including those developed in infra-
structure engineering, socio-technical resilience, and building science.
Frameworks proposed by Bruneau et al. [64], Hamstead et al. [14], and
Hong et al. [74] similarly organise analysis around system boundaries,
hazards, performance attributes, and recovery processes. However, the
contribution of the present framework does not lie in redefining this, but
rather in operationalising it for building-scale energy resilience under
disruptive events by explicitly integrating three elements that are
treated separately in prior works: hazard-specific performance pathways
based on building physics, health-based thresholds derived from
epidemiological evidence, and equity constraints that affect both
achievable performance and its interpretation. In this sense, the
framework is not a new concept, but a domain-specific synthesis that
connects previously disconnected layers into a single operational
procedure.

Fig. A1l (Appendix) illustrates these relationships in a Sankey-based
representation of the framework, linking its six components: stake-
holders, boundaries, disruptive events, resilience attributes, indicators,
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and solutions. The diagram illustrates generalised connections across
the reviewed studies, with link thickness indicating the relative fre-
quency of observed changes.

Step 1: Identification of stakeholders and beneficiaries. This step
specifies the stakeholders whose resilience is being assessed, including
building occupants, owners, facility managers, local communities, pol-
icy makers, and network operators. Defining these actors determines
which dimensions of resilience are prioritised and which trade-offs are
considered acceptable. This variability underlines that resilience is not
an intrinsic system property alone but is dependent on whose outcomes
are prioritised. Stakeholders should be explicitly differentiated by
vulnerability profiles (e.g., age, health status, tenure), as these deter-
mine acceptable risk thresholds and evaluation criteria. This differen-
tiation addresses a disconnect identified in this review (Section 7):
equity-focused studies and simulation-based building physics studies
show minimal methodological overlap within the studied literature,
such that the populations most exposed to disruption-related health risk
are frequently absent from the quantitative models used to evaluate
resilience. Identifying vulnerable stakeholder groups explicitly at this
step is intended to prevent that disconnect from recurring. Conse-
quently, frameworks developed for assisted living facilities, social
housing systems, or grid operators reflect different performance criteria
and priorities.

Step 2: Definition of the system boundary. The spatial and
organisational boundary determines whether the assessment focuses on
asset-level performance, neighbourhood energy exchanges, or in-
teractions with wider infrastructure systems. This review defines three
boundary tiers: Single Building (one building and its internal energy
system, e.g., a residential building, office, school, or hospital); Multiple
Buildings (a group of interconnected buildings or a district, e.g., a
building block, campus, housing estate, or district energy system, where
energy sharing and collective resilience measures are assessed); and Grid
(the wider electricity or energy network, e.g., a municipal or regional
system, encompassing interactions between buildings and external
infrastructure). Explicit definition of the boundary reduces ambiguity
and inconsistencies in reported metrics and findings, particularly where
building-scale and district-scale performances are implicitly confused.
Throughout this review, the terms urban and city refer to climate/
physical exposure context and case-study geography, respectively,
rather than to additional boundary-scale categories, and are therefore
distinct from the three tiers defined here. This step is therefore a pre-
requisite for comparability and methodological coherence.

Step 3: Characterisation of disruptive events. The selection and
definition of disruptive events represent a central element of resilience
analysis. Reviewed studies consider a wide range of hazards, often
differing in type, frequency, duration, and intensity, with limited
standardisation in how these are operationalised. This is a substantive
rather than a terminological gap. Compound-hazard studies account for
only 18 of the 176 studies included in this review, and heat-related
disruptive events dominate the literature disproportionately relative to
documented cold climate mortality, meaning the hazard taxonomy itself
reflects an uneven evidence base rather than a fully populated reference
set. The choice of reference event therefore determines not only which
indicators (Step 5) are relevant, but whether the evidence base can
support the assessment at all. Event characterisation should consider not
only physical severity but exposure duration relative to vulnerable
occupant thresholds. Importantly, the choice of reference event directly
determines the relevance of performance indicators and limits the
applicability of technical and operational strategies.

Step 4: Selection of resilience attributes. Resilience is oper-
ationalised through a set of attributes (including preparedness, absorp-
tion, response, adaptation, recovery, and mitigation), although their
selection and interpretation vary across studies. The literature indicates
that these attributes serve as an intermediate layer linking system con-
texts (‘who’ and ‘where’) to measurable performance aspects (‘how’).
This step implicitly defines the scope of both evaluation and
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intervention, determining which aspects of system performance are
considered or neglected. Consistent with Fig. 8, this review identifies
that anticipation and learning phases are relatively under-addressed
even in frameworks involving full cycle coverage. This step therefore
requires explicit statement of which attributes are not assessed in a given
study, rather than allowing preparedness and recovery to be omitted.
The relevance and prioritisation of resilience attributes differ across
occupant profiles, with vulnerable groups exhibiting greater sensitivity
to absorption and degradation phases.

Step 5: Specification of resilience indicators. Appropriate in-
dicators are selected from the metric set summarised in Table A3 (Ap-
pendix), informed by hazard type (Section 5), building characteristics
and occupant profiles, and policy context. Notably, equity-oriented
studies extend beyond physical performance metrics to incorporate so-
cial vulnerability dimensions, such as deprivation indices, housing
tenure, and dependence on critical medical equipment, highlighting that
resilience outcomes are jointly determined by technical performance
and socio-economic conditions. Resilience indicators should be reported
for: (i) a standard reference occupant profile and (ii) at least one
vulnerable occupant profile. Differences between profiles should be
explicitly reported and interpreted as equity-relevant performance gaps.

Translating social vulnerability into building-physics boundary
conditions requires mapping social vulnerability sub-domains onto
established physiological and behavioural parameter adjustments used
in the thermal comfort and heat stress modelling literature, in the
absence of case specific survey data. Equity relevant boundary condi-
tions enter building physics models through two distinct channels:
physiological occupant parameters (metabolic rate, clothing insulation,
thermoregulatory thresholds) and pre-event behavioural/economic
boundary conditions (heating setpoint, heating duration, and the start-
ing indoor temperature at the onset of a disruptive event).

For occupants whose vulnerability is primarily physiological, the
standard reference values used in comfort modelling, a near-sedentary
metabolic rate of 1.0-1.3 met and clothing insulation of 0.5-0.7 clo,
on the basis of the ASHRAE 55 SET method [178], are not themselves
age-adjusted, and applying them uniformly to elderly occupants risks
understating risk. Rather than an ad-hoc offset to these values, purpose-
built elderly thermoregulation models are recommended, since these
incorporate measured age-related reductions in metabolic rate, cardiac
output, and shivering response directly rather than through a uniform
metabolic-rate shift: Novieto [179] and Ma, Xiong & Lian [180] adapt
young-adult thermoregulation models to older populations by incorpo-
rating age-related changes in body characteristics and thermoregulatory
response, providing a more defensible basis for modelling elderly oc-
cupants than uniform parameter shifts. For threshold reporting, the
statutory adequate warmth standard used in UK fuel poverty policy is
adopted; 23 °C in the main living area and 18 °C in other rooms for
elderly/infirm households, versus 21 °C/18 °C for the general popula-
tion [181,182] in place of an unvalidated uniform threshold shift. By
contrast, an equally well-established heat-side threshold specific to
vulnerable populations was not identified in the studies reviewed; this
should therefore be treated as an evidence gap rather than as a settled
parameter.

Energy-poor households are better represented through the second
channel than the first: rather than modifying occupant physiology,
simulations should adjust the pre-event indoor temperature and heating
schedule to reflect documented under-heating behaviour. Recent UK
survey evidence during the 2022-23 cost-of-living crisis found mean
heating thermostat settings fell by 1.1 °C (20.3 °C to 19.2 °C), with the
households making the largest energy reductions also reducing daily
heating hours, not only setpoint [183]. Initiating the outage simulation
from an indoor temperature 2-4 °C below the code-assumed comfort
baseline, and/or with a reduced daily heating duration, is therefore
recommended. This distinction carries a direct methodological conse-
quence for the performance-curve indices discussed in Section 8:
because these indices are normalised against a pre-event baseline Qo
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(Section 8, Appendix A), applying a uniform code-assumed baseline to
energy-poor households will systematically overstate their resilience
margin relative to their actual lived starting conditions.

Beyond these two channels, several additional occupant categories
require parameterisation logic that is neither purely physiological nor
purely economic. As summarised in Table 3, these categories modify
physiological assumptions, behavioural response assumptions, pre-
event boundary conditions, health-risk interpretation, or solution
feasibility. These mechanisms should therefore not be treated as inter-
changeable modelling adjustments. Simulation studies should explicitly
specify which vulnerability category, or combination of categories, is
being represented and through which boundary condition channel,
rather than treating “vulnerable occupant” as a single homogeneous
category. Where no locally validated parameter set exists, the ranges in
Table 3 are recommended as a minimum standardised default, pending
the development of population-specific parameter sets through coordi-
nated physiological and survey data collection.

Step 6: Identification and packaging of solutions. Resilience
enhancement strategies are described in the literature as combinations
of passive, active, and hybrid technical measures, complemented by
behavioural, policy, and system-level interventions. Rather than being
universally applicable, these solutions depend on earlier decisions, such
as how and what stakeholders are prioritised, how system boundaries
are defined, and how hazards are characterised. Tenure status is treated
in Step 5 as a structural constraint on occupant vulnerability rather than
an occupant parameter; here, it directly constrains solution feasibility,
since renters and low-income owner-occupiers are systematically less
able to install PV-battery systems, envelope retrofits, or backup heating
regardless of the technical merit of these measures. Equity consider-
ations therefore emerge as a cross-cutting constraint, especially in terms
of access, affordability, and the distribution of benefits and risks. Among
the technical measures mentioned in Section 6, one policy-relevant
aspect deserves explicit guidance: where outdoor conditions, air qual-
ity, security, and operable openings permit, natural and mixed-mode
ventilation pathways can provide passive heat discharge capacity dur-
ing outages in highly airtight, mechanically cooled buildings. This
function is not necessarily captured by current NZEB compliance path-
ways and should therefore be considered explicitly in solution packages
for buildings otherwise reliant on active cooling. Solutions should be
evaluated not only by technical effectiveness but also by their ability to
reduce identified equity gaps between occupant profiles. The literature
emphasises that, without explicit consideration of these factors, poten-
tial solutions inadvertently reinforce existing vulnerabilities rather than
mitigate them.

To illustrate the analytical value of the proposed framework, a
representative case from the reviewed literature is interpreted through
its six components. The study by Ach-Chakhar et al. [187] examines the
2003 European heatwave as a reference event, quantifying its implica-
tions for occupant thermal comfort and cooling demand in a residential
building in Nantes. The 2003 heatwave, which resulted in thousands of
heat related fatalities in France, provides a well-documented epidemi-
ological context against which building-scale simulation results can be
evaluated.

Within the framework, the primary stakeholders (Step 1) correspond
to building occupants, whose thermal comfort and health risks are
directly affected, while secondary stakeholders include designers, urban
planners, and policy makers concerned with overheating in both existing
and future building stocks. The system boundary (Step 2) is defined at
the apartment and building level, with explicit consideration of the
surrounding urban microclimate, thereby linking indoor performance to
local outdoor conditions. The disruptive event (Step 3) is characterised
as an extreme heat episode, represented by the 2003 heatwave, with a
focus on its impacts on indoor environmental conditions and energy
demand. The study primarily addresses mitigation and adaptation at-
tributes (Step 4), by quantifying overheating risks, assessing the influ-
ence of UHI intensity, and evaluating design responses to reduce thermal
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Vulnerable-occupant categories and their corresponding boundary-condition

channel for Step 5 implementation.

Vulnerability Boundary- What differs from Recommended
type condition standard occupant default
channel parameter/
adjustment
Elderly occupants  Physiological Lower resting Use elderly-

(65+)

Mobility-limited

occupants

Infants/young
children

Chronic illness
(particularly

cardiovascular/

respiratory
conditions)

Income/tenure-
constrained
(energy-poor
households)

Medically power-
dependent
occupants
(dialysis,
ventilators,
refrigerated
medication)

Cognitive
impairment/
dementia

19

Behavioural /
delayed
response

Physiological;
No validated
model yet

Health-risk
interpretation

Behavioural/
economic
starting
conditions

Power supply,
not
temperature

Behavioural

metabolic rate and
slower
thermoregulatory
response to cold or
heat exposure

Reduced capacity to
relocate, access
resources, or
undertake protective
actions during
unsafe conditions

Higher surface area
to mass ratio;
immature
thermoregulation;
unable to adjust
clothing or location
independently
Elevated health
sensitivity to thermal
exposure, which not
be captured by
standard comfort or
temperature-decay
metrics alone

Physiologically
capable of
adaptation, but
heating or cooling
use is limited to
reduce cost
(“comfort
rationing™)

Vulnerability arises
from loss of power
supply rather than
temperature
exposure alone

Reduced capacity to
recognise risk,
operate controls,
open windows, or
undertake self-
protective action

specific body-heat
models [179,180]
rather than a
uniform metabolic
rate adjustment;
report cold-side
thresholds using
23 °C in the living
area and 18 °C in
other rooms
[181,182]

Extend response-
time assumptions
and model reduced
probability of
relocation or
adaptive
behaviour

No adult-derived
default is
appropriate;
identified as a gap
for future
parameter
development
Report exposure
outputs separately
for this group and
interpret them
using
epidemiological
risk functions
where available.
Apply the
mortality-risk
evidence already
cited in Section
7.1
(approximately
1-4% increase in
mortality per 1 °C
above baseline;
elevated
cardiovascular risk
below 15 °C)
Simulate a pre-
event indoor
temperature 2-4
°C below the
standard comfort
baseline; assume
reduced daily
heating duration
[183]

Specify a
minimum backup
power duration;
assess using
power-continuity
metrics (SSD,
E_def) rather than
temperature decay
metrics alone
Model a low
probability of
adaptive
behaviour (e.g.,
window opening,
thermostat

(continued on next page)
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Table 3 (continued)

Vulnerability
type

Boundary-
condition
channel

What differs from
standard occupant

Recommended
default
parameter/
adjustment

Socially isolated
occupants,
including
single-occupant
elderly
households

Delayed
detection/
response

Structural
feasibility
constraint
(Step 6)

Renters/insecure
tenure

Absence of nearby
support delay
recognition of unsafe
conditions and
reduce access to help

Limited authority or
incentive to modify
the envelope, install
PV-battery systems,
add backup heating/
cooling, or alter
ventilation systems

adjustment, use of
cooling strategies,
or relocation), in
contrast to the
standard occupant
Extend response
and recovery time
assumptions;
reduced mobility
and living alone
were both
associated with
elevated mortality
risk during the
2003 heatwave
[184,185], and
social isolation
independently
elevates risk [186]
Do not treat as a
Step 5 occupant
parameter;
instead, use it to
constrain which
Step 6 solutions
are feasible for this

occupant group

stress. On the other hand, preparedness, short-term response, and post-
event recovery dimensions are not explicitly addressed. With respect to
indicators (Step 5), the analysis deals with occupant-centric and energy-
related metrics, including overheating indices, duration of thermal ex-
ceedance, temperature rises attributable to UHI effects, and cooling
energy demand. These correspond to the occupant and hybrid indicator
categories identified in this review. In terms of solutions (Step 6), the
study highlights the importance of integrating climatic considerations
into building design and cooling system sizing and encourages the use of
resilience-oriented simulation metrics to support retrofit and design
decisions. The proposed measures emphasise passive and design-
oriented strategies, such as orientation, layout optimisation, and mate-
rial selection, to mitigate overheating and reduce cooling demand under
extreme heat conditions.

For example, the assisted living facility study by Sheng et al. [54]
evaluates passive survivability under heat and cold outages. Under dual-
profile resilience reporting, the same simulation outputs would be
evaluated against at least two occupant types: a standard healthy adult
and an elderly resident with cardiovascular vulnerability. A lower
tolerable SET or Heat Index threshold for the latter (e.g., shifting the
‘safe’ range down by 1-2 degrees) would convert a subset of hours
previously counted as ‘safe’ into ‘unsafe’, thereby reducing effective
Hours of Safety and increasing dangerous SET degree-hours This illus-
trates that resilience metrics derived under standard conditions over-
estimate protection for vulnerable populations, supporting the need for
dual-profile reporting.

In the Sankey-based synthesis, this case aligns with a pathway link-
ing occupant focused stakeholders, building-scale boundaries, and
heatwave hazards to adaptation-oriented attributes, occupant-centric
indicators, and predominantly passive design strategies. This mapping
demonstrates how the framework enables systematic classification and
comparison of diverse studies. More broadly, it illustrates that the range
of approaches observed in the literature can be structured within a
common outline, while still preserving context-specific detail.

These further highlight that state-of-the-art studies tend to pay
attention to specific sections of the resilience spectrum, often focussing
more on adaptation and mitigation stages over preparedness and
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recovery, thereby strengthening the need for more integrated assess-
ment approaches. The following Discussion section examines the im-
plications of this and considers the extent to which greater
standardisation could improve comparability and cumulative knowl-
edge development within the field.

10. Discussion

This review is best understood as a field-diagnostic systematic
scoping study rather than a conceptual theory paper or a purely
descriptive overview. Its primary contribution is a verified taxonomy of
29 building-scale energy and thermal resilience metrics, including
several unrecognised equivalence groups that explain why nominally
different indicators can produce identical outputs under shared as-
sumptions yet diverge under mismatched integration windows and
thresholds. On this basis, the review identifies two structural gaps that
must be closed for the field to consolidate: the absence of a cold-climate
passive survivability standard comparable to LEED IPpc100, and the
lack of equity-weighted resilience metrics that reflect the conditions of
populations most exposed to disruption-related health risks. Returning
to the four research questions that structure this review, three cross-
cutting findings shape the answers, and each has a different relation-
ship to existing information. The first confirms what literature had never
systematically documented at this scale: that passive envelope perfor-
mance is the most consistent and climate-agnostic determinant of
building energy resilience. The second reveals a blind spot in the liter-
ature: that the hazard, geographic, and methodological composition of
the research corpus is misaligned with the distribution of climate risk.
The third reframes what the field has mischaracterised: that energy ef-
ficiency and market-driven resilience policy are not acceptable proxies
for thermal resilience and equitable protection, respectively. These form
the basis for the interpretation that follows.

10.1. Answering the research questions

Conceptualisation and measurement. Definitional heterogeneity
is not merely a terminological issue in building energy resilience
research. It constitutes a barrier for cross-study synthesis, code inte-
gration, and policy translation. Only a quarter of the included studies
operationalise energy or thermal resilience through a formal, repro-
ducible definition, while approximately half deploy the term as rhetor-
ical framing without specifying either measurement criteria or the
reference population. This pattern is consistent with the umbrella use of
resilience documented across infrastructure and urban planning litera-
tures and indicates that the concept has diffused into building science
more rapidly than consensus on its meaning has emerged. A unified
definition must not only be grounded in vulnerability, resistance,
robustness, and recoverability, but also explicitly differentiate by hazard
type and occupant profile as integral elements rather than being context
specific.

Technical measures. The evidence on passive envelope strategies
represents the most consistent finding across the literature corpus. High
thermal resistance, continuous airtight assemblies with minimal thermal
bridging, and appropriate solar management extend passive surviv-
ability by hours to days as compared to code-minimum construction.
This effect is robust across climate zones, building types, and hazard
conditions, and is consistently reproduced across independent simula-
tion studies using different modelling tools and boundary assumptions
[7,8,143]. Distributed PV-BESS systems similarly extend autonomous
operation, by ~6-34+ hours depending on system sizing, load defini-
tion, and dispatch strategy, with variation driven primarily by the dif-
ference between critical-load and full-load operation rather than
absolute battery capacity. Individually, these findings are well estab-
lished. However, their replication across this literature collection, which
spans cold and hot climates, residential and non-residential building
types, and European, North American, and Asian contexts, provides a
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level of convergence that single climate studies cannot achieve. Another
important and recurring finding is the efficiency vs. resilience trade-off
in buildings. Where mechanical ventilation constitutes the only air ex-
change pathway and no operable window backup is provided, passive
survivability during power outages be reduced. This effect, first identi-
fied by Baniassadi and Sailor [6], has since been replicated across
multiple studies and climate contexts. Its continued absence from na-
tional building energy codes, despite several years of empirical evidence
and the increasing adoption of electrification and net zero energy
buildings, constitutes an actionable regulatory gap identified in this
review. The required distinction is not between efficient and inefficient
buildings, but between airtightness strategies that incorporate operable
natural ventilation fallback and those that prevent it.

Socio-economic outcomes and equity. The epidemiological evi-
dence linking indoor thermal conditions to adverse health outcomes
during disruptions is well established and extensively replicated, with
studies reporting a 1-4% increase in mortality per 1 °C above historical
temperature baselines and risk multipliers of 2-10x for elderly in-
dividuals and those with pre-existing cardiovascular, respiratory, or
metabolic conditions. This review does not extend the underlying
epidemiological evidence; rather, it positions it within a building per-
formance framework that the health literature rarely engages with.

The more consequential finding is structural. Equity-focused studies
and simulation-based building physics studies display minimal meth-
odological overlap within the corpus. As a result, the populations most
exposed to disruption-related health risks, including low-income
households, elderly residents, medically dependent occupants, and
renters in under-maintained housing, are largely absent from the
quantitative models used to assess building resilience performance. This
divergence cannot be attributed to sampling imbalance alone, nor
resolved by increasing the representation of social science studies within
reviews. Rather, it reflects a disciplinary separation in which tools for
informing protective interventions are developed and evaluated without
explicitly considering the populations at highest risk. This drawback
limits the ability of current modelling approaches to inform equitable
resilience strategies and represents a critical constraint on the trans-
lation of building-level performance analysis into public health protec-
tion outcomes.

Economic value of resilience investments. The economic evidence
represents the weakest aspect of the literature, and this limitation is it-
self a substantive finding. Most building-scale resilience studies do not
assume cost-benefit analysis of resilience measures as different from
energy efficiency investments. The subset of studies that do include
economic assessment suggests that the co-benefits of high-performance
envelope upgrades in cold climates, including avoided costs from pipe-
freeze damage, post-event displacement, and healthcare expenditure,
justify investment independently of energy savings [144]. Similarly,
PV-BESS configurations can achieve cost-neutral or cost-positive resil-
ience outcomes in contexts characterised by frequent grid outages.
However, these findings are derived from a limited number of case-
specific analyses and cannot be readily generalised. The more funda-
mental limitation is methodological. Building energy resilience and
energy efficiency are typically evaluated within separate frameworks,
passive survivability metrics on one hand and life cycle cost analysis on
the other, with no established method for integrating the two. As a
result, resilience-specific outcomes, such as avoided mortality, reduced
healthcare burden during disruptions, or the value of maintaining
thermal safety for medically dependent occupants, remain largely
unquantified in economic terms. Developing a standardised valuation
framework for these outcomes, analogous to the role of the social cost of
carbon in climate policy, represents a research priority yet to be sys-
tematically addressed within either building physics or health domains.

These findings indicate that developing energy resilience in the built
environment requires not only improved technical solutions, but a
reconfiguration of how resilience is defined, measured, and governed
across disciplines and scales. Without such alignment, the field risks
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continued fragmentation between evidence gathering and practical
implementation.

10.2. Research gaps and priorities: Cross-cutting findings

Addressing the fourth research question, this subsection identifies
cross-cutting research gaps and future priorities that arise from the
collective interpretation of findings across the descriptive mapping,
revealing issues that are not evident within the individual sections
alone.

Hot Climate Bias. The observed ratio of heat-to-cold studies does
not reflect proportional differences in mortality burden, infrastructure
risk, or policy relevance. Cold-related mortality is globally comparable
to heat-related mortality [154], and recent climate and geopolitical
events have demonstrated the population-scale consequences of cold
vulnerability. This imbalance instead reflects the geographic composi-
tion of the research community. Southern European, United States and
Australian contexts, where overheating dominates building design, ac-
count for a disproportionate share of studies. Prior works of resilient
cooling reflect and reinforce this bias. Although a post-2021 increase in
cold-climate and compound-event studies is observable, this shift ap-
pears driven primarily by disaster-triggered research activity rather than
anticipatory research planning, indicating a reactive pattern that has
implications for research governance.

Metric fragmentation. The twenty-nine building-scale resilience
metrics identified in Table A3 include multiple instances of mathemat-
ical equivalence that remain unrecognised across the disciplinary com-
munities utilising them. This is not a minor issue of terminology.
Assessments conducted under the LEED IPpc100 criterion (SET degree-
hours over a 7-day outage) are not directly comparable with Nordic
passive survivability approaches (e.g., hours above 15 °C), nor with
I0D/BCVF-based formulations developed within the building physics
literature. Partial standardisation efforts exist, including LEED IPpc100,
EN 16798-1, and work under IEA EBC Annexes, but these are climate-
specific, non-interoperable, and do not capture the full resilience
cycle. Addressing this requires a coordinated effort extending across
hazard types, climate zones, and occupancy contexts to establish a
unified, internationally validated metric set.

Global South Gap. There is an inverse relationship between
research density and climate vulnerability exposure. Fewer than 10% of
empirical studies in this corpus address contexts in the Global South,
despite these regions being home to the majority of the world's most
climate-exposed and energy-insecure populations. As a result, the
benchmarks, design strategies, and performance metrics treated as
standard in the field are derived predominantly from engineered
building stock, grid-reliable systems, and institutional conditions not
representative of all environments. This review quantifies this disparity
explicitly across a multi-disciplinary literature collection. More impor-
tantly, the issue extends beyond general underrepresentation: resilience
metrics, thresholds, and intervention strategies are being defined in
contexts fundamentally distinct from those in which disruption impacts
are most severe.

Compound Hazard Scarcity. Only 18 of 176 reviewed papers
addressed compound or cascading hazards. As discussed in Section 5.4,
this gap arises from two compounding constraints rather than one: a
data constraint, since standard weather files are not built to co-occur
with independently modelled outage or infrastructure failure sched-
ules; and a modelling tool constraint, since mainstream building simu-
lation engines accept single hazard weather-driven inputs rather than
natively coupled multi-hazard inputs. Advancing this research area will
likely require either standardised compound event datasets or simula-
tion tools that accept compounding multi-hazard boundary conditions,
rather than continued reliance on study-specific manual workarounds.

Occupant representation. Across simulation studies, occupant
behaviour during disruptions is typically represented through fixed
schedules, binary window operation, and standardised occupancy
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profiles. This simplification is particularly consequential for resilience
assessment, where passive survivability depends on assumptions
regarding occupant responses during system failure, such as ventilation
behaviour, adaptive clothing, spatial relocation, or reliance on external
support. While stochastic occupant modelling approaches capable of
capturing such variability are well established in the building simulation
literature [188], their application to resilience modelling remains
limited. Consequently, performance estimates derived under standard
occupant assumptions overestimate protection levels for vulnerable
populations, including elderly or medically dependent occupants.
Although social science studies in the corpus in this work document this
behavioural variability, it has not been integrated into building physics
models, reflecting a disciplinary divide rather than a lack of available
tools.

Climate Scenario Gap. A further limitation relates to the temporal
validity of resilience assessments. The majority of simulation studies rely
on historical weather data or present-day typical meteorological years to
define design hazards, rather than future climate projections. As a result,
buildings designed to perform under historical conditions be inadequate
over their lifetime. This is particularly important for envelope-based
strategies, whose performance characteristics are fixed at construction
and cannot be readily modified. Although a small but growing subset of
studies applies future climate projections, using weather-morphing
techniques or ensemble scenarios, this remains a minority practice.
The incorporation of probabilistic future climate conditions into resil-
ience assessment represents an important methodological boundary that
remains largely unexplored.

10.3. Implications for practice and policy

Passive Survivability. Evidence showing that envelope perfor-
mance governs passive survivability across climate zones and hazard
types points to an actionable code implication: the introduction of a
minimum passive survivability tier (alongside existing energy perfor-
mance requirements). This tier would specify minimum PHD/HoS
thresholds, differentiated by building type, climate zone, and occupant
vulnerability profiles. The LEED IPpcl00 criterion demonstrates that
explicit pass/fail thresholds for passive survivability are both technically
feasible and implementable within existing certification frameworks. Its
limitations are primarily geographic: the SET-based metric, the 7-day
outage assumption, and the use of Fahrenheit units reflect US building
practice and do not translate directly to European, Nordic, or Global
South contexts. An equivalent cold-climate standard is currently absent
and represents an immediate standardisation gap identified in this re-
view. Any such provision must explicitly address the efficiency-
resilience trade-off. Certification should require demonstration of min-
imum survivability performance under defined outage conditions as an
integral component of airtightness compliance, ensuring that highly
airtight envelopes do not become thermal risk amplifiers when active
systems fail.

Equity targeted policy. The literature constantly indicates that
resilience policies based on voluntary adoption or market-driven in-
centives, such as rebates, tax credits, and green financing instruments,
tend to concentrate benefits among households with the financial ca-
pacity and tenancy security to act. These groups systematically differ
from those most exposed to thermal disruption risks. While this imbal-
ance is well established within the energy justice literature, this review
establishes it explicitly within the domain of building resilience. The
populations most vulnerable to disruption-related health impacts are
also those least effectively reached by market-based mechanisms. In this
context, required minimum standards in social housing, care facilities,
and other high-vulnerability settings are likely to provide both more
equitable and more cost-effective protection than incentive-based pro-
grammes. The administrative infrastructure required for such targeting
(deprivation indices, energy poverty metrics, housing tenure data, and
medical dependency registers) already exists in a lot of high-income
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countries and could be utilised without the need for new data collec-
tion systems.

Vulnerable occupant profiles. An actionable implication of the
occupant representation gap identified in this review is procedural
rather than methodological. Existing resilience assessment frameworks
typically treat occupants as standardised recipients of indoor conditions,
rather than as agents whose physiological characteristics, economic
constraints, and behavioural capacity shape risk exposure. A minimal
but consequential procedural change would be to require the specifi-
cation and reporting of resilience performance for at least one vulner-
able occupant profile alongside the standard reference case. Where a
building satisfies passive survivability criteria for the standard profile
but fails for an elderly or medically dependent occupant, this perfor-
mance gap should be explicitly disclosed. In occupancy types charac-
terised by high vulnerability, such as social housing or old-age housing,
design compliance should require proof that such gaps are mitigated
rather than accepted. This recommendation aligns with emerging
health-equity principles in building standards, requires no new metric
development, and would shift the implicit reference population used in
resilience assessment toward those most at risk.

Research investment alignment. The inverse relationship between
research density and vulnerability exposure identified in this review
reflects characteristics of the global research system rather than indi-
vidual research choices. Institutions with the capacity to conduct
advanced building simulations and longitudinal studies are usually
located in high-income countries, leading to a concentration of evidence
in relatively low-vulnerability contexts. This imbalance contributes to a
self-reinforcing standardisation dynamic, in which the metrics, thresh-
olds, and benchmarks embedded in international guidance frameworks
are derived from the contexts most represented in the literature. As a
result, these standards not be transferable to regions characterised by
informal housing, limited grid reliability, or constrained institutional
capacity. International programmes such as IEA EBC Annexes, Horizon
Europe partnerships, and other development finance institution initia-
tives are well positioned to support research with institutions in climate-
vulnerable regions. Expanding such efforts is not only an equity
imperative but also a methodological necessity. A resilience field built
on geographically narrow evidence cannot credibly claim global
applicability.

The policy implications outlined above should be interpreted
considering the methodological constraints of the underlying evidence.
Several identified gaps, particularly the limited representation of Global
South contexts and the lack of systematic economic evaluation, are
shaped in part by the review's scope and search strategy and therefore
define priorities for future research as much as current policy
limitations.

11. Limitations

This review is subject to some methodological constraints inherent to
its scope and design. The literature search was conducted using Scopus
and Web of Science, which provide comprehensive coverage of peer-
reviewed research but do not fully capture grey literature from
governmental, institutional, and practitioner sources. Consequently,
applied resilience guidance be underrepresented relative to academic
studies. In addition, the search strategy relied partly on resilience-
related terminology. Given that relevant studies are also published
under adjacent framings, such as thermal comfort during outages, and
energy security, some studies not have been captured through the pri-
mary database search.

The review also reflects the interpretive characteristics of a scoping
methodology. Classification of studies by hazard type, methodology,
geographic context, and building typology involved human decision-
making, although consistency was maintained through structured dis-
cussion and consensus within the research team. In line with PRISMA-
ScR guidance, no formal quality appraisal was conducted. The
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synthesis therefore spans studies with varying designs and strengths of
evidence. Conclusions based on smaller subsets of simulation or case-
study evidence should be interpreted more cautiously than those
consistently replicated across the corpus. The literature base reflects
what was indexed up until October 2025 and given the rapid accelera-
tion of publication activity in this field, relevant papers published in late
2025 and 2026 be underrepresented.

A further limitation relates to the geographic distribution of the
available evidence. Studies addressing vulnerability, lived experience,
and equity are disproportionately concentrated in high-income country
contexts, restricting the extent to which the review captures the condi-
tions typical of settings where energy-disruption risks are most acute.

A further methodological constraint concerns language scope.
Although no formal language filter was applied during screening, the
search strategy was constructed using search terms in English and
executed within Web of Science and Scopus, both of which dispropor-
tionately index journals in English. Given that a substantial share of
Global South research, particularly from Latin America and North Af-
rica, is published in Spanish, Portuguese, French or Arabic, this
language-driven database skew is a plausible contributing factor to the
Global South underrepresentation identified in this review, alongside
the funding concentration and publication incentive factors discussed
above. Future reviews should incorporate regional databases (e.g.,
SciELO, Redalyc) and non-English search terms to distinguish an evi-
dence gap from a discoverability gap.

These limitations qualify the scope of this work but do not alter its
central findings. The main patterns, including definitional fragmenta-
tion, unharmonised metrics, geographic concentration, and limited
attention to equity, appear across several diverse types of studies. This
makes it unlikely that they are the result of the search strategy or clas-
sification methods.

12. Conclusion

Over the past decade, energy resilience in the built environment has
evolved from a niche intersection of building physics and emergency
management into a rapidly expanding cross-disciplinary field. More
than 60% of the literature in this field has been published in the three
years preceding this review, indicating that it is scaling faster than it is
consolidating, and making its structural weaknesses more, not less,
urgent.

This study contributes (i) a consolidated taxonomy of 29 resilience
metrics including equivalence groups, (ii) an integrated hazard-climate-
equity analysis across 176 studies, and (iii) a six-step operational
assessment framework for building resilience.

The literature reviewed here indicates that technical knowledge for
improving building resilience is largely established. High-performance
envelopes extend passive survivability by hours to days, while PV-
battery systems enable 6-34 h of autonomous operation. These find-
ings are consistent across climates and building types. The primary
constraints are therefore not technical, but structural: conceptual
standardisation, geographic representation, and equity integration.
Only 25% of the studies provide operational definitions of resilience;
fewer than 10% of empirical studies address the Global South; and
populations most exposed to disruption-related health risks remain un-
derrepresented in quantitative models.

Each of these gaps has a clear and actionable corrective. A cold-
climate passive survivability standard (the direct counterpart to LEED
IPpc100) addresses an immediate standardisation need and requires no
new technology. Likewise, NZEB and other airtightness mandating
standards should incorporate a mandatory operable natural-ventilation
fallback, independent of mechanical system availability, as a condition
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of compliance. Across the studies reviewed in this work, highly airtight
buildings without operable natural ventilation fallback consistently
exhibit reduced passive survivability during outages, exposing a signif-
icant gap in standards that still treat airtightness and ventilation as in-
dependent rather than interacting design parameters. Requiring
resilience assessments to report results for a vulnerable occupant profile
alongside standard assumptions would directly improve equity inte-
gration. Redirecting a portion of IEA EBC, Horizon Europe, or
development-bank funding toward co-produced research with in-
stitutions in climate-vulnerable regions would strengthen geographic
representation. The six-step assessment framework proposed in Section
9 provides an operational structure linking these actions to practice
through stakeholder definition, system boundaries, hazard characteri-
sation, indicators, and solutions.

Buildings can protect people during energy disruptions, and the
technologies required to do so are already mature and widely available.
The remaining gaps relate less to engineering capability than to stand-
ardisation, equitable implementation, and alignment of research with
the populations most at risk. Closing the gap between existing knowl-
edge and the populations most at risk remains the central challenge for
future research and policy.
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Appendix A. Appendix

Table Al

Comparative review of key studies on building energy resilience.
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Dimension

This review

Wei et al.
(2025, RSER)

Zhang et al.
(2025, E&B)

Ahmed et al.
(2021, RSER)

IEA EBC
Annex 80

Review type &

method

Heat hazard
coverage

Cold outage
coverage

Compound
hazards

Health evidence
Equity &

vulnerability
Resilience

metrics
Geographic scope

Systematic scoping (PRISMA-ScR)

All climates; heatwaves, UHI, heat
+ blackout
Co-primary: cold spells, winter
outages
Gaps identified:
heat + blackout,
cold + blackout etc.
Integrated
(epidemiological studies; mortality
thresholds)

Analytical dimension
(energy poverty, adaptive capacity,
vulnerable groups)

29 metrics; formulas, equivalence,
climate suitability
Global;

Global South share quantified

Structured review; no PRISMA
reporting
Primary focus; structured
disruption taxonomy
Included but heat-dominant

Cascading disruptions noted
Acknowledged;
not synthesised
Framed but not embedded
Most comprehensive prior
taxonomy

Global;
no regional analysis

Critical review: corpus not
formally defined
Heat + cold treated jointly

Explicitly included

Central framing
(extreme weather
+ outage)
Wellbeing discussed;
not integrated with building
evidence
Not addressed

Qualitative + quantitative
approaches
Global;
no regional breakdown

Narrative review

Strong focus; passive
cooling synthesis
Out of scope
(warm climate)
Single-hazard framing

Referenced;
not systematically
reviewed
Brief mention

Comfort/overheating
indicators only
Some Global South; not
systematic

Annex outputs

Defined within Annex
scope
Addressed in other
Annexes
Single-hazard
framing

Outside scope

Partially
acknowledged

Strong operational
guidance
Mostly high-income
countries

Table A2
Simulation and experimental studies evaluating resilience interventions under disruptive events.
Method Disruptive event Event Location Mitigation action Performance metrics Survivability extension outcome Reference
duration
EnergyPlus Power outage / 3 days Florida, San Natural ventilation; Load Energy efficiency, Delays onset of dangerous indoor [53]
whole- HVAC power Francisco & reduction; Envelope costs, Heat index heat conditions, extending the
building loss during Chicago insulation; Window period before critical thresholds
simulation extreme heat improvement; Shading; PV; are reached; active backup
Thermal storage required beyond passive limit in
some cases
EnergyPlus Power outage Heat wave Greater Envelope upgrades; SET degree-hours, Extends duration over which safe [54]
simulation + extreme hot 6 days; Cold Houston area Natural ventilation; Heat Index, Hours of indoor conditions are maintained,
and cold events snap 3 days Airtightness adjustment; Safety; ~19% reducing required backup
Efficiency package reduction in backup duration; reveals trade-offs
capacity affecting survivability span across
seasons
Experiment Summer power 3 days Shizuoka, PV + battery; Load PMV, WBGT, duration Maintains acceptable indoor [189]
(Net-zero outage Japan shedding; Circuit of supplied loads conditions and essential services
residential prioritisation across the full outage duration,
building) effectively sustaining
survivability span through active
support
Simulation Heatwave + ~6 days Brussels, Natural ventilation; Cool Indoor overheating Reduces rate and magnitude of [190]
(Energy Plus) power outage Belgium roof; Solar shading degree (0.59 — indoor overheating, prolonging
0.19 °C); exceedance the time before thermal
hours; SET; Heat index thresholds are exceeded
Whole building Power outage 3 day AllU.S. Code-driven efficiency Heat stress metric; Indicates that efficiency measures [116]
simulation + Heat wave outage +3 climate zones upgrades discomfort index can extend or, in some cases,
(Energy Plus) day heat shorten survivability duration
wave depending on climate and design
assumptions
Coupled Heat wave 5 day Phoenix, Cool roof; Street trees Heat exposure risk Lowers indoor heat exposure [191]
climate + Blackout outage Arizona indicator rates, passively extending the
-+ building within 8 day survivable period during
model heat wave prolonged outages
Building stock Power outage 5 days Phoenix, High thermal mass; Qualitative thermal Slows indoor temperature rise, [192]
models + Heat wave Arizona Basement refuge performance extending time before unsafe heat
levels occur; provides localised
zones with longer survivability
Modelica model =~ Heatwave shock Variable Ghent, Shading; Night ventilation; Degree of Shock Reduces combined severity [89]
+ experiment Belgium Thermal mass; Airtightness duration of thermal stress,
effectively extending acceptable
indoor condition duration
Simulation Power outage 2h Iraq PV + Battery Energy, cost, Maintains power availability [193]
(HOMER) emissions during short outages, preserving
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Table A2 (continued)
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Method Disruptive event Event Location Mitigation action Performance metrics Survivability extension outcome Reference
duration
operational conditions
throughout the disruption
Simulation Power outage Variable Tanzania PV + Battery + Generator Cost of energy; savings Extends survivability duration [194]
(HOMER) under longer outages with battery
systems; generators more effective
only for short-duration events
Simulation Extreme 7 days N/A PV + battery Resilience metric; SoC Improves system-level resilience [195]
(MATLAB) weather capacity, increasing the duration
over which building operation can
be sustained under disruption
Table A3

Consolidated set of KPIs for building energy and thermal resilience, including explicit calculation bases or definitions as reported in the literature. References indicate
studies in which the metric is explicitly defined, formulated, or applied in building resilience assessment.

# Metric
(abbreviation

Full name

)

What it measures (building-scale
meaning)

Formula

Implication for resilience

Reference

1 PSI
2 PHD / HoS
3 TA
4 T.CT

5 SET-DH / DoS

Passive
Survivability Index

Passive Habitability
Duration / Hours of
Safety

Thermal Autonomy

Time to Comfort
Threshold
Exceedance

SET Degree Hours
Outside Livable
Range / Days of

Safety

Robustness
Threshold Duration

Passive Thermal Survival Metrics
These metrics quantify how long a building can passively maintain habitable or safe indoor conditions without active HVAC, during or after a supply disruption.

Total duration (h) over which a
building passively maintains indoor
temperature within habitable bounds
during a loss of power/cooling/heating
event; aggregated across hot-season
and cold-season scenarios.

Time (h or days) from outage start until
indoor conditions first cross a defined
habitability threshold - the upper safety
temperature limit in a heat event, or
the lower limit in a cold event.

Fraction (%) of occupied hours over a
reference period during which the
building passively maintains indoor
conditions within an acceptable
comfort band without any active
heating or cooling.

Elapsed time (h) from the onset of a
disruption until indoor operative
temperature first exits the defined
comfort band. A ‘time-to-failure’ metric
that captures how quickly comfort is
lost once active systems are removed.

Cumulative Standard Effective
Temperature (SET) deviation outside
the defined ‘livable’ band (54-86 °F /
12-30 °C) during an outage. Days of
Safety (DoS) is derived as the time until
cumulative SET-DH exceeds a pass/fail

limit

PSI = PS_summer + PS_winter

where PS_summer = hours indoor T
stays < upper habitability limit (e.g.
30 °C) without cooling, and
PS_winter = hours indoor T stays >
lower habitability limit (e.g. 15 °C)
without heating, both evaluated
over a defined outage window.

PHD =tH - t0

where t 0 = outage start; t H = first
time T_indoor(t) crosses the
habitability limit T_H (e.g. 15 °C for
cold events; SET 86 °F / 30 °C for
heat events).

TA (%) = (N_comfort_passive /
N_occupied) x 100

where N_comfort_passive =
occupied hours the free-running
indoor operative temperature lies
within the defined comfort band;
N_occupied = total occupied hours
in the reference period.
TCT=tCT-1t0

where t_0 = disruption start; t CT =
first time T_op(t) exits comfort band
(e.g. [20,26] °C).

T_CT < RT (robustness threshold
duration) since comfort thresholds
are stricter than robustness
thresholds.

SET-DH = X [max(SET_i — 86, 0) +
max(54 — SET i, 0)] x At [°F-h]

DoS = (t.L — t.0) / 24 [days]
where t_L = first time cumulative
SET-DH(t) > limit L (e.g. L =
216 °F-h per LEED IPpc100 over a 7-
day design outage).

Thermal Failure & Degradation Metrics
These metrics characterise how, how fast, and how severely indoor thermal conditions degrade after a supply disruption

Duration (h) from outage start until
indoor temperature first crosses the
defined robustness threshold (e.g.
18 °C in cold events; building-specific
upper limit in heat events).
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RT = t_rob — t 0

where t_0 = outage start; t_rob =
min{t > t.0 \ T_indoor(t) crosses
T_rob}.

Higher is better. A higher PSI
means the building can protect
occupants for longer under both
heat and cold outages, a
composite measure of all-season
passive resilience.

Higher is better. Longer PHD /
HoS means occupants can safely
remain in the building without
active systems for a greater
duration; directly linked to life-
safety outcomes during
compound heatwave-blackout or
cold-outage events.
Higher is better. TA represents
the baseline passive robustness
of the building. High TA
buildings require less active
energy and are inherently more
resilient to supply disruptions.
Complements PHD/HoS for
chronic vs. acute resilience
assessment.

Higher is better. Longer T_CT
indicates the envelope and
passive systems delay comfort
failure; useful for comparing
design alternatives and sizing
backup systems.

SET-DH: lower is better. DoS:
higher is better. A building
passes the LEED IPpc100
survivability criterion when
cumulative SET-DH < 216 °F-h
over the 7-day design outage
window.

Higher is better. Longer RT
means the envelope resists
thermal degradation longer
before entering the ‘vulnerable’
zone. Together with T_CT and
PHD, RT characterises the 3-

[151]

[74]

[139]

[10]

[196]

[177]

(continued on next page)
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Full name

What it measures (building-scale
meaning)

Formula

Implication for resilience Reference

# Metric
(abbreviation)
7 IoF
8 AoE
9 CS
10 DoD

11 TRI / R_event

12 10D

13 AWD

Impact of Failure

Amplitude of Event

Collapse Speed

Degree of Disruption

Thermal Resilience
Index / Event
Resilience Ratio

Indoor Overheating

Degree

Ambient Warmness

Degree

Magnitude of the total indoor

temperature drop during an outage; the

thermal ‘shock’ experienced by
occupants. Split into two stages:
setpoint-to-robustness-threshold and
robustness-threshold-to-minimum,
capturing the full degradation path.

Similar to IoF but uses the measured or

simulated indoor temperature the
moment the disruption begins

(T_actual,start) rather than the design

setpoint. Captures the true amplitude
of thermal swing experienced during
the event.

Rate of indoor temperature decline
from the pre-event setpoint (or actual
start temperature) to the minimum

indoor temperature reached during the

outage.

Characterises how fast the building
‘collapses’ thermally once supply is
lost.

Normalised, dimensionless severity
index combining both the magnitude
and duration of performance
degradation over a defined reference
window. Can be computed for any
performance parameter (indoor
temperature, PMV, energy, etc.).

Integral resilience index adapted to
indoor thermal performance: the area
under the normalised thermal
performance curve during an event
window, divided by the ideal
(maximum) performance area.

Quantifies what fraction of ideal
performance is preserved.

IoF = (P_.ST — P_RT) + (P_RT —
P_min) = P_ST — P_min [°C]

where P_ST = design setpoint, P_RT
= robustness threshold, P_min =
minimum indoor temperature
reached during outage.

IoF uses the design setpoint as the
starting reference.
AoE = T_actual,start — P_min [°C]

where T _actual,start = measured/
simulated indoor temperature at
outage start t 0; P_min = minimum
indoor temperature reached during
the outage.
CS =
(P_ST — P_min) /
(t_min — t_0) [°C/h]

where t_0 = outage start;
t_min = time at which P_min is first
reached.

For cooling failure (summer), the
same applies in the overheating
direction (positive values indicate
heating rate).

DoD =
[(P_disruption — P_reference) /
P_reference] x
(t_disruption / t_reference)

where
P_disruption = performance during
disruption; P_reference = reference
(undisturbed) performance;
t_disruption = duration of
disruption;
t_reference = reference duration
TRI = R_event =
[1/(t1 — t0)] x [[t0 — t1] Q(t) dt

where Q(t) = normalised thermal
performance function (e.g. 1 when
within comfort/safety band, 0 when
completely outside);
[t0, t1] = event window.

TRILrel =
TRI_design / TRI_reference (for
comparison to a reference building).

Thermal Stress & Comfort Metrics
These metrics quantify the cumulative or instantaneous severity of indoor thermal conditions relative to comfort thresholds, primarily during normal occupancy or chronic overheating rather than
acute events.

Time-integrated indicator of indoor
overheating severity normalised by
occupied hours.

Accounts for both how much and how

long indoor operative temperature

exceeds a comfort preference, giving a

single number representing the

combined frequency and intensity of

overheating.

Climate-side analogue of IOD:
severity of outdoor warmness over
occupied hours, integrating the
intensity and duration of outdoor

temperatures exceeding a defined base

value.

10D = (1/N_occ) x
X max(T_op,i — T_pref,i, 0) [°C]

where N_occ = total occupied hours;
T_op,i = indoor operative
temperature at hour i;
T_pref,i = preferred/comfort
temperature at hour i

AWD_Tb = (1/N_occ) x ¥ max(T_a,i
—Tb, 0) [°C]

where T _a,i = outdoor air
temperature at hour i;
T_b = base outdoor temperature;
N_occ = occupied hours.
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stage degradation sequence:
comfort — robustness — safety.

Lower is better. Higher IoF
means a more severe thermal
disturbance and therefore poorer
resilience. The 2-step split allows
diagnosis of which degradation
stage is most critical.

[177]

Lower is better. AoE be larger or
smaller than IoF depending on
whether the building was pre-

conditioned above or below
setpoint at outage start.

[139]

Lower CS (magnitude) is better.
A building that cools or heats
slowly gives occupants more
time to respond. High CS
indicates poor thermal inertia or
high envelope conductivity.

[177]

Higher DoD indicates a larger
and/or longer disturbance >
worse resilience.
[19]
Being dimensionless, DoD
enables cross-building and cross-
parameter comparison.

Higher is better (TRI/R_event —
1 means conditions were
maintained throughout the

t).
event) [196]
Captures both duration and
severity of exceedance in a single
number.

Lower is better.

10D = 0 means no overheating.
Higher IOD reflects chronically

overheated indoor

environments. [197]

Increases with climate warming
unless mitigated by envelope or

shading upgrades.

AWD is a climate severity
descriptor, not a building
performance indicator on its

own. [10]
It provides the denominator for
alOD/BCVF.

(continued on next page)
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#

Metric
(abbreviation)

Full name

What it measures (building-scale
meaning)

Formula

Implication for resilience

Reference

14

15

16

18

19

alOD / OER

BCVF

UDH

HoE / %HoE

RS

RT rec

Adjusted Indoor
Overheating Degree
(alOD) /
Overheating-to-
Exposure Ratio

Building Climate
Vulnerability Factor

Unmet Degree
Hours

Hours of Exceedance
/ Percentage
Exceedance

Recovery Speed

Recovery Time

Sensitivity of indoor overheating to
outdoor climate: the slope of the
regression of IOD on AWD across

multiple climate scenarios.

Quantifies whether and how strongly a
building amplifies outdoor warmness
indoors.

Identical in form to alOD but framed
explicitly as a vulnerability indicator
for policy and design assessment.

Quantifies how strongly a building's
overheating severity responds to
climate-driven outdoor warming,

enabling buildings to be labelled or
ranked by climate vulnerability.

Time-integrated thermal discomfort
metric; Cumulative temperature
deviation (heating shortfall or cooling
excess) from a comfort setpoint or
threshold over occupied hours.

Number (or percentage) of occupied
hours during which indoor operative
temperature (or a PMV/PPD comfort
category) exceeds a defined upper
comfort threshold.

Widely used in European building
regulations (EN 16798) and national
overheating standards.

alOD = IOD / AWD_Tb

or, when fitted across multiple
climate scenarios:
alOD = d(IOD) / d(AWD)
[dimensionless]

BCVF = 10D / AWD_Tb
[dimensionless]

Mathematically equivalent to alOD.
also be expressed as the regression
slope when multiple climate
scenarios are available:
BCVF = d(IOD) / d(AWD)

UDH_heat =
% max(T _set,heat — T_op,i, 0) x At
[°C-h] (cold unmet)
UDH_cool =
¥ max(T_op,i — T_set,cool, 0) x At
[°C-h] (hot unmet)

where T_set = comfort setpoint or
threshold; T_op,i = indoor operative
temperature.

HoE =
% [I(T_op,i > T_thr)] x At [h]
(where I = 1 if condition met)
%HOE =
(HoE / N_occupied) x 100 [%]

Weighted variants apply.

System & Energy Performance Metrics
These metrics characterise the energy side response of buildings and their integrated systems during and after supply disruptions.

Rate of indoor temperature recovery
(°C/h) from the minimum value
reached during the outage back to the
pre-event setpoint once power or
heating is restored.

Characterises the ‘recoverability’
dimension of the resilience trapezoid.

Total elapsed time (h) from restoration

of energy supply until indoor thermal

conditions return to the pre-disruption

setpoint or comfort band.

A simple, operationally useful
‘recoverability’ metric for facilities
managers and emergency planners.
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RS =
(P_ST — P_min) / (t_recover — t_min)
[°C/h]

where t_min = time at which P_min

is reached (end of collapse phase);
t_recover = time at which T_indoor
recovers to setpoint P_ST after
power restoration.

RT_rec = t_setpoint restored —
t_power _restored [h]

where t_power restored = moment
active heating/cooling is resumed;
t_setpoint_restored = moment

T_indoor re-enters the comfort band

or reaches the design setpoint.

Higher AWD in a given climate
year means more severe climate
forcing, allowing building
response to be normalised.
Lower is better.

alOD <1: building damps
outdoor warming (thermally
resilient).

alOD >1: building amplifies
outdoor warmness, a direct
indicator of climate
vulnerability.

alOD = 1: building transmits
climate forcing without
attenuation.
Lower is better.

BCVF <1: building reduces
indoor overheating relative to
outdoor warming (‘climate-
resilient’).

BCVF >1: building amplifies
outdoor climate forcing
(‘climate-vulnerable’).

Used to classify or certify
buildings in resilience labelling
schemes.

Lower is better.
UDH can be split into heating
and cooling shortfalls and
summed across zones.

Less physiologically nuanced
than SET-DH or IOD but widely
understood.

Lower is better.

Many national standards specify
a maximum allowable %HoE (e.
8. < 1-5% of occupied hours
above threshold).

Simpler than IOD but does not
capture severity (degree of
exceedance). Two buildings with
the same HoE can have very
different overheating intensities.

Higher is better (faster recovery
to normal operation).

RS depends on both the installed
heating/cooling capacity and the
envelope's thermal resistance.

Buildings with high thermal
mass have low CS (slow collapse)
but also low RS (slow recovery),

a trade-off to be considered in
design.

Lower is better. Shorter recovery
time reduces occupant exposure
to residual adverse conditions
after the disruption event.

Strongly influenced by heating/
cooling plant capacity,
distribution system response,

[198]

[199]

[7]

[200]

[177]

[19]

(continued on next page)
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Table A3 (continued)
# Metric Full name What it measures (building-scale Formula Implication for resilience Reference
(abbreviation) meaning)
and thermal mass of the
building.
Unserved energy (kWh) during a E_def = [[t0 — t1] max(E_demand
disruption: the cumulative shortfall (t) — E_supply(t), 0) dt [kWh] Lower is better.
between energy demand required to A high E_def means occupants
- maintain design setpoints and the where E_demand(t) = hypothetical experience prolonged or severe
Energy Deficit . o . ; . -
20 E_def during Outage energy actually supplied by building energy demand to maintain thermal degradation. E_def is [201]
J g systems setpoints without outage; complementary to PHD/HoS, the
(grid + any local generation/storage). E_supply(t) = actual energy energy side of the same
supplied (grid + PV + BESS + resilience event.
A supply-demand gap metric. backup).
SSD = max{At: all defined loads are
fully met for t € [tO, t0 + At]} Higher is better.
The maximum duration (h) over which
Self-Sustainment the building can fully serve its defined Computed via energy balance SSD defines the effective energy
21 SSD Duration critical load in island mode without considering PV output (weather- autonomy window; the [202]
external grid supply, starting from a dependent), battery state of charge maximum outage the building
defined state of charge. trajectory, critical vs. non-critical can survive without shedding
load shedding policy, and EV critical loads.
availability (if applicable).
WUMTP_z = £.i [W_P,i x W.H,i x
WE,i x AT z,i x At.] [weighted Lower is better.
°Ch/m?]
Composite building-level resilience WUMTP_overall = ¥ z WUMTP_z / WUMTP captures robustness,
score that aggregates unmet thermal TzAz absorptive capacity,
Weighted Unmet performance across multiple disruption adaptability, and recoverability
22 WUMTP Thermal phases (before/during/after), hazard where W_P = phase weight; W H = simultaneously in a single [139]
Performance severity levels, and exposure durations hazard severity weight; W_E = number, weighted to reflect the
across all occupied zones, weighted by exposure duration weight; relative severity of each phase
multipliers for each dimension. AT = temperature deviation from and scenario. Enables single-
threshold; metric design comparison across
At = time step; the full resilience cycle.
A_z = zone floor area.
Higher is b 1>1
RCI — WUMTP _reference / _ Higher is better (RCI >
g X . indicates better-than-reference
) . ) WUMTP_building [dimensionless]
Relative resilience score comparing a performance).
building’s WFJMTP to a defined where WUMTP_reference = score of .
. reference design. Transforms the L . The reference choice (code-
Resilience Class . . the code-minimum or baseline .. .
23 RCI Index absolute WUMTP score into a ratio that building: minimum, archetype, policy [139]
enables policy-ready classification (e.g. o & baseline) is critical - must be
o . s . WUMTP _building = score of the s
resilience ‘classes’ A-F similar to energy . stated and justified.
. assessed design.
performance certificates). P
RCI > 1: more resilient than .
o Enables labelling and
reference; RCI < 1: less resilient. .
benchmarking
Physiological & Bioclimatic Metrics
These metrics integrate environmental conditions with human thermal physiology, capturing health-relevant heat or cold stress.
Number of hours during a heat event HI ﬁ:&lp:zi;:s:;:’fif;:i RH
when the indoor Heat Index J : Lower is better.
(a combined temperature-humidity .
HI-DH = X I(HLi > HI_thi At [h
apparent temperature) exceeds defined (HLi > HLthr) x At [h] HI-DH captures the combined
2% HL-DH Heat Index ‘ health-risk thre%holds (‘Danger’ or Variants: Degree-hour form: HI- temp?ratgre-humidity burden [203]
Dangerous Hours Extreme Danger’ bands per OSHA / X which is relevant for care
e DH_deg = ¥ max(HLi — HI _thr, 0) x s R
NWS classification). facilities, hospitals, and other
At ['Fhor °Chl settings where occupants cannot
Used in EnergyPlus-based passive Thresholds: ‘Danger” ~ 103 °F/39.4 thegrmore ulate eIf)fectivel
Srgy s basec b °C; ‘Extreme Danger’ > 125 °F/51.7 J ¥
survivability studies. o
Standard environmental heat-stress Indoor / simplified (no wind): Higher WBGT indicates higher
index combining natural wet-bulb WBGT = 0.7 x Tnwb + 0.3 x T_g combined heat load on the
temperature (humidity + evaporative [°C] human body.
cooling), Outdoor / full formula: WBGT = 0.7
25 WBGT Wet-Bulb Globe globe temperature (radiant heat), and x Tnwb +0.2xTg+ 0.1 xTa WBGT >28 °C is a widely [196]
Temperature optionally air temperature. recognised threshold for heat-
where T_nwb = natural wet-bulb related illness risk in healthy
The primary international standard for temperature; T_g = globe adults; lower thresholds apply
occupational heat stress assessment temperature (radiant); T_a = air for elderly or medically
and increasingly used for indoor temperature. vulnerable occupants.
environments.
DI =0.5 x T.a+ 0.5 x T_wb [°C]
Heat-stress index combining air where T_a = dry-bulb air Lower is better.
% DI Discomfort Index temperature and Wfatjbulb t'empt.arature temperature; T_wb = wet-bulb ng}{er DI indicates hlghe.r [204]
(a proxy for humidity). Historically temperature. combined heat and humidity
burden.

used in meteorology and epidemiology.

28

Threshold: DI ~ 24 °C = discomfort
begins for most; DI > 28 °C =

(continued on next page)
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# Metric Full name What it measures (building-scale Formula Implication for resilience Reference
(abbreviation) meaning)
‘extreme discomfort’ / passive
habitability limit often cited.
AT _indoor = CT x AT _outdoor Lower is better.
where AT outdoor = projected CT < 1: building damps future
change in seasonal mean (or outdoor warming - resilient to
Quantifies how strongly a building extreme) outdoor temperature; climate change.
Climate Change amplifies or damps projected future AT _indoor = corresponding change  CT > 1: building amplifies future
27 CT Amplification warming; identical to BCVF/alOD but in seasonal mean (or peak) indoor warming - increasingly [205]
Coefficient expressed in terms of absolute temperature. problematic under climate
temperature change. CT estimated from simulation or change.
monitoring regression across CT ~ BCVF ~ alOD when
scenario ensemble (slope of linear computed over the same
fit). scenarios.
Composite & Statistical Risk Metrics
These metrics characterise the distribution, tail risk, or multi-dimensional weighting of resilience performance.
CVaR_a = E[L | L > VaR a] Lower is better.
Tail-risk metric usually used in CVaR quantifies tail risk
financial risk theory: the expected where L = thermal performance loss scenarios where conventional
value of indoor thermal performance metric (e.g. overheating degree- resilience metrics might show
Conditional Value at loss in the worst a% of climate hours or temperature exceedance); acceptable average performance,
28 CVaR ) . . . [195]
Risk scenarios. VaR_o = Value at Risk at confidence but rare extreme events cause
CVaR captures the severity of rare but level « (threshold such that P(L > catastrophic failure. Relevant for
catastrophic overheating or VaR_a) = a%); future climate where the
underheating events. CVaR is the mean of losses distribution of risk matters as
exceeding VaR_a. much as the mean.
Wi i te (hot : AT,
At izx;ﬁgjen(; (ezksfa'ls“oi?itial)/ y Lower magnitude is better for
Rate (°C/h) at which indoor conditions - =P ot both heating and cooling.
.. . At_warm [°C/h]
change when HVAC is disabled, either .
: . Cooling rate (cold season): AT/ .
Indoor . heating up under solar and internal L . A low rate gives occupants and
Indoor Warming / . . At_cool = (T_initial — T_min) / .
29 Warm./Cool. X gains (heat event) or cooling down due N emergency responders more time [206]
Cooling Rate At_cool [°C/h]
Rate to envelope heat loss (cold event). to act.

Indicator of thermal vulnerability
determined by envelope performance.

Typically estimated over the first
6-12 h of an outage when the rate is
approximately linear.

Directly related to Collapse
Speed (CS).

Formal Equivalence of Performance-Curve Indices
Let P(t) denote a normalised building performance trajectory over a disruption window [t0, t1], where P = 1 denotes baseline (undisrupted)
performance and P = 0 denotes complete loss of critical function. The Thermal Resilience Index (TRI) is defined as the time-averaged performance

deficit over the analysis window:

. ito /: (1—P(t) dt)

TRI =

The event-based resilience ratio (Re,er) is defined as:

Revent = 1

/mt 1 P(t) dt

Expanding Eq. (2):

-t

@

(2)

1 1 1 1l
R, =1- P(t)dt = 1-P(t)dt
event t1*to/to ® tlfto/to ( ® )

Therefore TRI = Ry, under the following boundary conditions: (i) both indices are computed over the same disruption window [t, t;]1; (ii) both
use the same underlying normalised performance function P(t) (i.e., identical baseline definition and identical degradation metric); and (iii) both
apply the same integration/discretisation method (continuous integral or equivalent trapezoidal sum) over the same time step At. The two metrics
diverge where any of these three conditions are violated, for example, where R,,., is computed against a rolling or seasonally adjusted baseline rather
than a fixed pre-event baseline, or where the integration window differs (disruption only versus disruption plus recovery phase) which results in
reported discrepancies across studies using nominally the same metric.

29



R. Ramesh and H. Rehman
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Companies I
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Planners 1l
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Power outage .

Grid
- Pandemic —

Owners 1l

Resilience scope
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Indicator Solution
Occupant
Renewable and storage
Adaptation
Energy
Building design
Resilience
Preparedness y
Building retrofit
Economic
Response
Controls
Mitigation Risk
Micro grid
Recovery |

Fig. Al. Sankey Diagram illustrating relationships across resilience dimensions, disruptive events, system scales, and solution strategies.

Data availability

Data will be made available on request.
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