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Abstract

This paper examines building performance under extreme conditions by treating thermal
resilience as a process-based and time-dependent property. Existing approaches remain
fragmented: resentation, extreme event definition, resilience metrics, passive strategies,
and energy systems are typically handled in isolation, leaving current methods with lim-
ited capacity to explain how buildings respond to prolonged disruptions such as heat-
waves or power outages. The study offers a cross-domain synthesis of thermal resilience
research, drawing together climate modelling, indoor thermal response, resilience metrics,
passive design strategies, distributed energy systems, and regulatory constraints. Build-
ing on this synthesis, a trajectory-based framework is developed that links climate inputs,
event definition, indoor thermal response, and performance metrics within a unified
structure. This integration is extended into architectural design through a decision-ori-
ented framework that interprets resilience as the outcome of a hierarchy of decisions struc-
tured by reversibility and operational dependence. Early design decisions define the con-
straints and the range of achievable performance within which subsequent optimisation
occurs. Building performance emerges from the interaction of passive strategies and en-
ergy-supported systems under constrained conditions. The results establish that thermal
resilience cannot be inferred from conventional indicators; it must be understood through
the temporal evolution of indoor conditions. The proposed framework provides a con-
sistent basis for linking resilience assessment with design decision-making, supporting a
unified approach to resilience-oriented design.

Keywords: thermal resilience; indoor thermal response; extreme events; passive
strategies; distributed energy systems; design decision hierarchy

1. Introduction

For decades, building science has been dominated by a performance-optimisation
paradigm centred on typical operating conditions. Regulatory frameworks and design
practice have prioritised annual energy demand, peak loads, and compliance with stand-
ardised thermal comfort models. As a result, buildings have been evaluated primarily
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through long-term averages under assumptions of climatic stability, continuous energy
supply, and uninterrupted operation of active systems.

These assumptions no longer hold. The increasing frequency and intensity of heat-
waves, cold spells, and grid disruptions expose the limitations of performance metrics
derived from steady-state or seasonal conditions [1,2]. A building that performs efficiently
under nominal operation may nonetheless exhibit rapid indoor temperature drift during
prolonged extreme events or power outages. Conventional indicators, such as annual en-
ergy use intensity, yield no information on how long indoor conditions remain safe once
active systems fail.

Thermal resilience addresses this limitation by reframing the central question: no
longer how efficiently a building operates under average conditions, but how it behaves
when normal operation is disrupted. Resilience concerns both the duration for which ac-
ceptable or safe indoor conditions can be maintained during extreme events and the dy-
namics through which those conditions deteriorate.

Unlike energy efficiency, typically assessed through aggregated annual or seasonal
metrics, thermal resilience is event-specific and time-dependent. It is defined by the evo-
lution of indoor temperature and related indicators during extreme episodes: the rate of
degradation, the timing of threshold exceedance, and the accumulation of thermal stress.
As established by Homaei and Hamdy [3] and Flores-Larsen et al. [4], resilience cannot be
captured by a single steady-state parameter; it requires analysis of transient behaviour
under disturbance.

These challenges arise in both overheating and cold-stress conditions. During heat-
waves, elevated daytime temperatures combined with insufficient nocturnal cooling lead
to cumulative heat accumulation, progressive indoor overheating, and increased health
risk [5,6]. During cold spells combined with power outages, indoor temperatures decline
gradually, exposing occupants to prolonged low-temperature conditions [7,8]. In both
cases, average performance is secondary; the critical factor is the temporal trajectory of
indoor conditions under constrained energy supply.

Thermal resilience is thus not a static attribute of individual components but a sys-
tem-level property of the building in context. It emerges from interactions between enve-
lope characteristics, climatic forcing, and the availability of energy and mechanical sup-
port. A building’s capacity to protect occupants during disruption depends not only on
its efficiency under normal operation, but on the time-dependent indoor thermal response
governing the evolution of internal conditions under stress.

This shift introduces a clear distinction between thermal comfort and thermal safety.
Comfort-based models aim to maximise acceptability under normal conditions, typically
above 18 °C or within adaptive comfort ranges. Under extreme events, safety thresholds
become the primary reference: in cold conditions, these correspond to lower limits of ap-
proximately 12-15 °C; in heatwave scenarios, they are defined by physiological stress in-
dicators integrating temperature, humidity, and exposure duration [5,6,9]. Buildings that
satisfy comfort standards under normal conditions may accordingly fail to provide safe
environments during prolonged disturbances.

This distinction generates two complementary resilience paradigms. Operational, or
energy resilience, focuses on the role of active systems such as photovoltaics, storage, and
control strategies in maintaining performance during disruptions [10,11]. Passive, or ther-
mal resilience, derives from intrinsic building properties, including thermal mass, solar
control, and ventilation potential, which govern indoor thermal response when energy
supply is limited or unavailable [4,12,13]. While the former has been widely investigated,
the latter remains less systematically understood, particularly in relation to multi-day ex-
treme events and critical safety thresholds.
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Thermal resilience cannot be assessed solely in physical or energy terms. Functional
and health-related dimensions are integral to its evaluation. Prolonged exposure to ex-
treme thermal conditions produces significant physiological impacts, especially for vul-
nerable populations [5,14]; at the same time, resilience can be interpreted through a build-
ing’s ability to maintain operational continuity and support occupant activity during dis-
ruption [10]. Thermal performance is consequently linked directly to usability, safety, and
socio-economic impact.

Despite increasing research attention, the literature on thermal resilience remains
fragmented. Metrics are developed across different climatic contexts and disturbance
types, often without a shared conceptual framework [2,15,16]. Studies addressing passive
strategies, energy systems, climate representation, and regulatory frameworks are fre-
quently conducted in isolation, limiting comparability and applicability. Many analyses
also focus on either summer overheating or winter cold stress, without addressing both
within a unified framework.

Several research gaps follow from this fragmentation. The interaction between pas-
sive and active mechanisms under prolonged extreme conditions remains insufficiently
analysed [10,17]. The role of thermal mass and buffering mechanisms in limiting exposure
to critical thresholds is not yet fully quantified [4,18]. The non-linear and threshold-based
nature of building response is not adequately captured by metrics grounded in averages
or simplified indicators [3,16]. The relationship between physical performance and health-
related outcomes remains underexplored, particularly with respect to occupant vulnera-
bility and adaptive behaviour [19,20]. Finally, integrated frameworks linking climate rep-
resentation, metric selection, and building response are still absent.

This paper engages these gaps through an integrated approach that combines a com-
prehensive synthesis of the literature with the development of a unified analytical and
design-oriented framework. The review brings together key domains, including resilience
metrics, climate representation, extreme event definition, indoor thermal response, pas-
sive strategies, distributed energy systems, and regulatory constraints, and links them
within a coherent structure, establishing a continuous chain from external climatic forcing
to indoor response and, ultimately, to design decision-making.

Building on this synthesis, the paper develops a trajectory-based framework for ther-
mal resilience assessment that explicitly couples event definition, climate representation,
indoor thermal response, and resilience metrics (Section 3). This methodological integra-
tion extends into architectural design (Section 7), where resilience is interpreted as the
outcome of a hierarchy of decisions structured by reversibility and operational depend-
ence. Climate conditions, regulatory constraints, passive strategies, and energy systems
are integrated within a unified decision-oriented model linking performance outcomes,
trade-offs, and feedback processes. Within this hierarchy, early design decisions establish
the constraints within which subsequent optimisation occurs.

The contribution of this paper is twofold. First, it offers a comprehensive, cross-do-
main synthesis of the fragmented field of building thermal resilience, establishing a uni-
fied analytical perspective across climate modelling, building physics, and resilience as-
sessment. Second, it introduces an integrated multi-level framework that connects meth-
odological alignment with architectural decision-making, linking climate representation,
building response, and design decisions within a coherent model of thermal resilience.

Together, these contributions establish that thermal resilience is fundamentally a de-
sign-oriented and constraint-structured problem, requiring the integration of climate rep-
resentation, building physics, energy systems, and decision-making from the earliest de-
sign stages. The proposed framework reframes building performance as a time-dependent
process, shifting the focus from optimising steady-state conditions to managing dynamic
trajectories of indoor response under extreme events.
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The literature search was conducted using the Web of Science, Scopus, and Google
Scholar databases, without restrictions on publication year, although priority was given
to studies published between 2015 and 2026. The review considered peer-reviewed jour-
nal articles, conference papers, and relevant book chapters available online. Sources were
identified using the following search terms applied to titles, abstracts, and keywords: ther-
mal resilience of buildings; building overheating; blackout scenarios; extreme heat events;
passive strategies for thermal resilience; thermal resilience metrics; extreme weather data;
future climate scenarios; weather file construction; thermal mass; night ventilation; solar
shading; external blinds; phase change materials; ground coupling; micro-autonomy; dis-
tributed energy systems; collective thermal resilience; energy communities; design deci-
sion hierarchy; multi-criteria design optimisation; outcome-oriented building perfor-
mance; life-cycle carbon and resilience.

From the identified sources, those most relevant to the principal thematic areas of the
review were selected for detailed analysis and synthesis. These areas correspond to the
structure of the paper: resilience metrics and assessment approaches, extreme event defi-
nition and climate data construction, passive strategies and their interaction under pro-
longed heat stress, distributed energy systems and micro-autonomy, regulatory frame-
works, and design decision-making. Sources that addressed thermal comfort under nor-
mal operating conditions without reference to extreme events or disruption were included
only where they provided methodological or conceptual foundations directly relevant to
resilience assessment.

2. Metrics and Approaches for Assessing Thermal Resilience
in Buildings
2.1. Evolution of Approaches to Thermal Resilience Assessment

Assessment of indoor environmental quality has long relied on two dominant para-
digms: annual or seasonal energy performance indicators and thermal comfort criteria
defined under normal operating conditions. These approaches have significantly contrib-
uted to reducing energy consumption and improving occupant well-being, yet their lim-
itations become evident under intensifying extreme events, including heatwaves, cold
spells, and power outages [2,15,21].

As the frequency and severity of such disturbances increase, the analytical focus
shifts accordingly. Evaluation no longer centres on average performance, but on the abil-
ity of buildings to maintain safe conditions during disruption. This shift is reflected in the
emergence of time-based metrics quantifying how long indoor conditions remain within
defined safety limits. The concept of hours of safety, introduced by Ayyagari et al. [22]
and applied in studies of thermal blackouts [5,7], enables comparison of buildings based
on their capacity to delay threshold exceedance under emergency conditions.

Further developments expand this framework by incorporating exceedance and ac-
cumulation-based metrics such as Indoor Overheating Degree (I0OD) and degree-hours of
discomfort, integrating both intensity and duration of adverse thermal conditions [23-25].
More comprehensive approaches conceptualise building response as a multi-phase pro-
cess encompassing resistance, degradation, boundary maintenance, and recovery [3,26,27].

Despite this progress, recent reviews consistently point to fragmentation and the ab-
sence of a shared conceptual language for thermal resilience [2,15,16]. Metrics are often
developed for specific climates, seasons, or disturbance types, and their interpretation de-
pends strongly on selected thresholds and time horizons. In many cases, the term resili-
ence is applied to indicators that describe vulnerability or discomfort, not the system’s
capacity for absorption, buffering, and recovery.
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The proliferation of indicators has thus produced no equivalent conceptual clarity,
reinforcing instead the need for systematic alignment and theoretical consolidation, and
motivating the development of resilience metrics as a distinct, explicitly defined dimen-
sion of building performance [1,16].

2.2. Comfort, Health, and Resilience as Distinct Assessment Logics

A growing body of research calls for a clear distinction between thermal comfort,
health exposure, and thermal resilience, concepts that address different analytical objec-
tives and operate across distinct temporal and physiological domains [6,16,21].

Thermal comfort addresses subjective acceptability under normal operating condi-
tions, assuming the availability of environmental control systems and occupant adapta-
tion. Both static and adaptive models aim to maximise acceptability; neither is designed
to minimise risk under extreme conditions. Their applicability to prolonged heatwaves or
cold disruptions is accordingly limited [1,6,28].

Health-based assessment shifts the focus from acceptability to safety. Exposure-ori-
ented metrics quantify cumulative thermal stress by integrating intensity and duration.
Epidemiological evidence confirms that prolonged exposure to moderately elevated tem-
peratures can produce significant health impacts, even when short-term conditions are
not perceived as critical [5,6,14]. Risk is governed by cumulative exposure, not instanta-
neous temperature values.

Thermal resilience introduces a third evaluative dimension: the building’s capacity
to moderate the degradation of indoor conditions during extreme events. The central an-
alytical question concerns the temporal trajectory of indoor temperature, how rapidly con-
ditions deteriorate, how long critical states persist, and whether recovery occurs once the
disturbance subsides [3,4,16].

Compliance with comfort standards does not guarantee resilience. Buildings that
meet normative criteria may still experience rapid degradation during power outages,
while structures exceeding comfort limits under normal conditions may maintain safe
thresholds for extended periods during disruption [4,6].

This distinction carries direct methodological consequences. Comfort metrics do not
track the temporal dynamics of extreme events, and health-based indicators alone do not
describe the physical mechanisms governing buffering and recovery. Thermal resilience
demands analytical approaches that integrate time, temperature trajectory, and system
response within a unified framework [3,26].

2.3. Classes of Metrics Used in Thermal Resilience Assessment

The distinction between comfort, health exposure, and resilience calls for a corre-
sponding differentiation of measurement approaches. If resilience is understood as a pro-
cess involving degradation, boundary maintenance, and recovery, its assessment cannot
rest on single temperature values or isolated threshold exceedances [3,16]. It depends on
a structured set of metrics capturing complementary dimensions of time-dependent
building response.

The development of these metrics has followed a staged progression. Early ap-
proaches adapted indicators from seasonal overheating and comfort studies, including
hours of exceedance and percentage-based indices, to extreme-event contexts [23,24],
providing a first-order approximation of overheating risk. As research shifted toward
heatwaves and blackout scenarios, time-based survival indicators were introduced,
namely time-to-threshold and hours of safety [7,22], which directly measure a building’s
capacity to delay the loss of safe indoor conditions under constrained energy supply.

Subsequent developments introduced accumulation-based metrics to represent cu-
mulative thermal exposure. Indicators such as Indoor Overheating Degree (IOD), Unmet
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Degree Hours (UDH), and degree-hours integrate both intensity and duration of thermal
stress [24,25]. More recent approaches treat building response as a dynamic process, de-
scribing its temporal evolution through variables such as degradation rate, recovery rate,
and time-to-maximum temperature [3,4]. In parallel, composite indices combine multiple
indicators into aggregated performance measures, including Weighted Unmet Thermal
Performance (WUMTP) and multi-criteria resilience scores [3,6,27].

Within this framework, five broad classes of metrics can be distinguished, each cap-
turing a specific dimension of building response. Table 1 synthesises these categories and
compares their analytical scope, applications, and limitations.

Table 1. Classification and comparative overview of thermal resilience metrics used in building as-

sessment.

i Analytical Typical R i
Metric 1.1a ytufa Example Indicators =~ What It Captures yplc.a . Limitations epr.esentatlve
Class Dimension Application Studies

Regulatory .
F d du- D t t -
Threshold-based Boundary de- HE (Hours of Exceed- re'quency anc o compliance, Oe,s not capture I
. ration of threshold . tensity or temporal [1,15,24]
exceedance tection ance), % exceedance . . overheating .
violation . dynamics
screening
Durati f safe in- Blackout sce-
. ) Temporal en- Time-to-threshold, LTATION of SaTe N~ BIACKOUE 5ce Captures only initial
Survival-oriented door conditions un- narios, emer- . . [7,15,22]
durance HST (Hours of Safety) ) . . failure point
der disruption gency planning
Int ted th 1 Sensitive to thresh-
Accumulation- Cumulative ex-I0OD, UDH, degree- n egra. ¢ ferma Health risk as- ensitive to thres
stress (intensity + olds; may mask short[3,6,24]
based posure hours . sessment
duration) peaks
. System re- Degradation rate, re- . . .
Dynamic/process- . Temporal evolution Advanced sim- Lack of standardisa-
sponse dynam- covery rate, time-to- . .\ . .. [3,4]
based of indoor conditionsulation studies tion

ics

maximum

Composite indi-
ces

Integrated per- WUMTP, resilience

formance

Multi-criteria evalu- Depends on

. Design compar- | .
ation of system be- | & p weighting assump- [6,27]
scores . ison, portfolios .
haviour tions

The comparison reveals clear functional differences between metric classes. Thresh-
old-based and survival-oriented indicators identify boundary conditions and failure
points. Accumulation-based and process-based metrics track the progression and tem-
poral structure of thermal stress. Composite indices support cross-case comparison but
introduce uncertainty through weighting assumptions and aggregation methods.

No single metric captures the full behaviour of the system. Each class isolates a spe-
cific dimension of response, while thermal resilience emerges from their interaction.
Meaningful assessment therefore requires integrated interpretation across multiple met-
rics, not reliance on any individual indicator.

2.4. Thermal Resilience Metrics: Systemic Perspective and Research Gaps

Thermal resilience metrics have evolved along several parallel analytical trajectories,
encompassing threshold-based indicators, accumulation measures, dynamic metrics, and
composite indices. This diversity reflects genuine attempts to capture different aspects of
building response to extreme events. It simultaneously exposes a fundamental limitation:
the absence of a shared conceptual structure that clearly distinguishes between thermal
stress, cumulative exposure, and resilience as a system-level property. Metrics operating
at different analytical levels are consequently interpreted within a common framework
despite representing distinct dimensions of building behaviour, reducing both interpret-
ability and comparability of resilience assessments.

Indicators used in resilience assessment correspond to different analytical layers: in-
stantaneous thermal stress, cumulative exposure, and system response dynamics [15,16].
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Thermal stress indicators describe the severity of indoor conditions at specific moments;
exposure-based metrics integrate intensity and duration. Neither category captures resil-
ience as a system property. Resilience is increasingly defined as a building’s capacity to
maintain functionality, buffer degradation, and recover over time, an interpretation that
aligns with process-based frameworks describing building response as a sequence of
phases: initial stability, degradation, peak stress, and recovery [16,27]. Within this per-
spective, the metrics reviewed in Section 2.3 can be reinterpreted as describing specific
segments of a broader temporal response trajectory, not independent performance
measures. This reinterpretation is proposed by the present study as an organising princi-
ple for resilience assessment, not a conclusion drawn from the existing literature. Many
indicators labelled as measures of thermal resilience describe thermal stress or exposure
without representing the system’s capacity to absorb disturbance or recover from it [1,16].
Resilience is consequently inferred indirectly from overheating severity rather than ex-
plicitly quantified as a dynamic property of system response.

Several interconnected research gaps follow from this condition. At the conceptual
level, the most critical issue is the absence of a unified operational definition of thermal
resilience. In many studies, resilience is used interchangeably with vulnerability, over-
heating intensity, or cumulative thermal exposure [2—4,16], and no framework currently
exists to distinguish between delayed threshold exceedance, reduced exposure, extended
survival time, and recovery capacity as distinct dimensions of system behaviour. At the
methodological level, identically named metrics may be defined relative to different com-
fort or safety thresholds depending on climate, building type, or modelling assumptions
[1,15,16,24], and resilience metrics are frequently applied without explicit consideration
of disturbance characteristics, despite the strong influence of heatwave intensity, duration,
and temporal sequencing on building response [29]. Without alignhment between event
definition, weather data construction, and metric sensitivity, observed differences in re-
sults may reflect modelling assumptions rather than actual variations in building perfor-
mance [4,10,30,31]. At the application level, resilience metrics remain weakly connected
to design decision-making. Envelope properties, ventilation strategies, and thermal mass
are known to influence overheating performance, yet these relationships are rarely inte-
grated into operational assessment frameworks. Most indicators are also grounded in en-
vironmental variables and do not account for differences in occupant vulnerability, adap-
tive behaviour, or physiological response [5,6,19]. Additional challenges arise at larger
spatial scales, where aggregation methods and interactions between buildings, energy
systems, and urban microclimates remain insufficiently defined [2,15].

Progress depends not on introducing additional indicators, but on developing coher-
ent frameworks that distinguish analytical layers, integrate system dynamics, and link
resilience metrics to design-relevant parameters. This is a prerequisite for resilience as-
sessment to move beyond fragmented vulnerability analysis toward a consistent method-
ology applicable in design and decision-making. The following section addresses one
component of this challenge by examining how extreme events are defined and encoded
in climate data, and how this shapes the sensitivity of resilience metrics.

3. Extreme Heat Event Definition and Weather File Construction
for Thermal Resilience Assessment
3.1. Defining High-Temperature Episodes for Building-Oriented Analysis

Thermal resilience assessment begins with the definition of the external disturbance
against which building performance is evaluated. This step determines how external forc-
ing is represented and propagated through the assessment process. Heatwaves are not
neutral boundary conditions but analytical constructs that define the severity, duration,
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and temporal structure of thermal forcing. The way high-temperature episodes are de-
fined therefore directly shapes internal response trajectories and the interpretation of re-
silience metrics.

Existing approaches to heatwave detection display substantial diversity. Bracht et al.
[32] classify prevailing methods into three categories: absolute thresholds, percentile-
based definitions, and simulation-oriented approaches. Absolute thresholds, typically de-
fined by fixed temperature limits (e.g., Tmax > 35 °C for a given duration), offer opera-
tional simplicity and alignment with warning systems. They do not account for climatic
adaptation or background variability, and a fixed threshold represents different levels of
anomaly across climates, limiting transferability.

Percentile-based definitions anchor thresholds to historical distributions and better re-
flect local climatic context, enabling cross-regional comparison. For building applications,
however, they remain externally derived statistical constructs. As Hong et al. [2] and Yan et
al. [33] observe, statistical rarity does not necessarily coincide with the periods of greatest
indoor thermal stress. The discrepancy becomes more apparent when the temporal struc-
ture of climatic forcing is taken into account. Qian et al. [30] demonstrate that definitions
based on mean daily temperature generate more continuous and physically representative
events than those based solely on Tmax, highlighting the cumulative and delayed nature of
indoor thermal response. Yan et al. [33] report similar findings, showing that indoor condi-
tions are shaped by sequences of weather events rather than by isolated extremes.

Buildings respond to cumulative and temporally distributed heat input. Thermal mass,
solar radiation, and ventilation processes generate delayed and non-linear responses, pro-
ducing phase shifts and amplification effects in indoor temperature evolution [3,4]. Defini-
tions based solely on peak temperature may therefore fail to identify periods of highest in-
ternal stress, which are governed by the cumulative evolution of indoor conditions.

Further complexity arises when physiological indicators and multidimensional event
characteristics are considered. Kotharkar et al. [34] show that indices such as PET better
represent human thermal stress by integrating temperature, radiation, humidity, and
wind. Yan et al. [33] similarly emphasise the importance of expanded meteorological var-
iables in building analysis, including solar radiation and humidity. Event definitions
based only on air temperature may underestimate health-related risk. Toesca et al. [35]
extend this perspective by proposing a multi-indicator framework incorporating duration,
intensity, nocturnal cooling potential, and radiative characteristics, demonstrating that
extreme events form a multidimensional space. This interpretation is consistent with
broader climate research showing increasing variability and complexity of extreme events
under climate change [36].

3.2. Weather File Construction and Future Climate Trajectories

A defined heatwave remains an abstraction unless embedded within a coherent cli-
matic dataset. Weather files encode assumptions about variability, sequencing, and extrem-
ity, and therefore directly shape internal thermal response. The limitations of conventional
datasets are well established. Typical Meteorological Year (TMY) files smooth variability
and exclude extreme conditions, making them suitable for energy performance analysis but
inadequate for resilience assessment. Moazami et al. [37] show that reliance on TMY data
can underestimate peak cooling demand by up to 28%, leading to systematic misrepresen-
tation of critical conditions. Zeng et al. [36] identify a fundamental mismatch between cli-
mate modelling outputs and building simulation needs, particularly in temporal resolution
and extreme event representation, while Duan et al. [38] highlight the difficulty of capturing
variability and uncertainty in future climate-driven building performance.

To address these limitations, alternative datasets such as Extreme Warm Year (EWY),
Extreme Meteorological Year (EMY), and multi-year weather files have been developed
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to better represent extreme conditions. These approaches introduce additional methodo-
logical challenges, however. Cao et al. [39] show that assembling extreme months from
different years may disrupt temporal continuity, while full-year selection methods pre-
serve realistic sequences essential for capturing cumulative effects. Temporal coherence is
therefore critical, as buildings respond to sequences of conditions, not isolated events. Ar-
tificial concatenation may exaggerate accumulation processes and distort internal re-
sponse dynamics. Yan et al. [33] similarly emphasise that preserving temporal structure
in weather data is essential for accurately representing heat accumulation and recovery
processes within buildings.

Further complexity arises from the interaction between climate representation and
environmental context. Urban heat island effects significantly alter nocturnal tempera-
tures and recovery potential. Hostein et al. [40] show that neglecting urban microclimates
leads to systematic underestimation of night-time temperatures, while Shen et al. [41] con-
firm that urban-scale interactions strongly influence building performance under future
climate conditions.

Interannual variability introduces a second layer of complexity by shaping the prob-
abilistic structure of extreme events. Aliabadi and McLeod [42] demonstrate that multi-
year datasets provide a more robust representation of extreme conditions, and Zeng et al.
[36] emphasise that variability is not noise but a defining characteristic of climate-driven
building behaviour.

Future climate scenarios add a further dimension of uncertainty. Climate change al-
ters not only average conditions, but also the structure, duration, and sequencing of ex-
treme events. Shen et al. [41] report substantial increases in cooling demand across regions,
often exceeding reductions in heating demand, while Duan et al. [38] highlight uncertain-
ties associated with climate model selection and scenario assumptions.

Weather file construction therefore serves two interdependent roles: defining bound-
ary conditions and encoding assumptions about extreme events. Resilience metrics re-
spond differently depending on whether datasets preserve temporal continuity, incorpo-
rate urban effects, and represent plausible future scenarios. Climate representation is thus
not a neutral background but a structural determinant of resilience outcomes. Together
with event definition, weather file construction defines how external forcing is encoded
in simulation, forming a key component that directly shapes internal response trajectories
and determines the sensitivity of resilience metrics.

3.3. Dynamic Internal Response, Metric Sensitivity, and Methodological Gaps

Once extreme events are defined and encoded, resilience assessment depends on
how internal temperature trajectories are interpreted as time-dependent processes. Build-
ings do not respond instantaneously to external forcing. Their behaviour is delayed and
cumulative, with internal conditions evolving through interacting mechanisms. The rela-
tionship between external climate conditions and internal thermal response is therefore
non-linear and temporally distributed.

Studies consistently reveal systematic mismatches between external forcing and in-
ternal response. Qian et al. [30] and Bracht et al. [32] show that peak indoor temperatures
frequently occur during periods of limited nocturnal cooling, not at moments of maxi-
mum daytime temperature. Internal stress is thus governed not by instantaneous ex-
tremes, but by cumulative heat gains, thermal inertia, and restricted recovery potential.
Event definitions based solely on peak external conditions may therefore fail to represent
periods of maximum internal vulnerability. Empirical and simulation-based studies con-
sistently confirm that peak internal stress does not coincide with externally defined heat-
wave periods, but is governed by cumulative heat gains, thermal inertia, and limited noc-
turnal recovery [3,4,24]. Resilience metrics calibrated against external thresholds may
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therefore fail to represent actual indoor conditions, and the weak connection between ex-
ternal event definitions and internal response mechanisms limits the validity of current
assessment approaches.

This temporal decoupling directly affects the interpretation of resilience metrics.
Threshold-based indicators capture peak intensity and duration, whereas accumulation-
based metrics respond to the sequencing of thermal exposure. Consecutive moderately
hot days may therefore produce greater cumulative stress than a single extreme spike.
Flores-Larsen et al. [4] and Homaei and Hamdy [3] show that thermal mass amplifies these
sequence effects by redistributing heat over time, delaying peak conditions while increas-
ing the potential for multi-day accumulation. Within this dynamic context, metric sensi-
tivity varies across distinct phases of the internal response trajectory. Time-to-threshold
indicators primarily reflect initial buffering capacity, accumulation-based metrics capture
progressive degradation, and recovery-oriented indicators describe post-event dynamics.
Each class therefore represents a specific segment of the thermal response process, not a
complete measure of resilience. Without explicit alignment between event structure and
metric selection, interpretation becomes inconsistent. Identical buildings may exhibit dif-
ferent resilience outcomes depending on whether metrics emphasise peak intensity, cu-
mulative exposure, or recovery behaviour. Climate representation and metric selection
are therefore interdependent and cannot be treated as separate analytical steps.

Night-time conditions are critical to this process. Epidemiological evidence shows
that elevated nocturnal temperatures significantly increase health risks [5,6], and build-
ing-scale studies confirm that insufficient night-time cooling limits thermal recovery. Yan
etal. [33] further emphasise the importance of diurnal resolution in weather data, showing
that coarse temporal representations obscure recovery dynamics. Resilience is therefore
governed by the balance between daytime heat gains and night-time dissipation, not by
peak temperature alone. Compound events introduce an additional layer of complexity.
Wijesuriya et al. [7] and Tao et al. [6] show that heatwaves combined with power outages
significantly increase vulnerability, while Duan et al. [43] demonstrate that passive strat-
egies alone may be insufficient under future extreme conditions. Resilience cannot be eval-
uated under isolated climatic disturbances and must account for interactions between en-
vironmental forcing and infrastructural constraints.

Several methodological gaps follow from these observations. The core limitation
does not stem from a lack of indicators, but from persistent misalignment between three
fundamental components of the analytical process: event definition, climate representa-
tion, and metric selection, which are often developed and applied independently despite
their strong interdependence. A second limitation lies in the separation between climate
data construction and resilience modelling. Zeng et al. [36] identify a persistent disconnect
between the climate modelling community and building energy research, particularly in
translating climate projections into simulation-ready weather data. Weather file genera-
tion, event selection, and metric evaluation are frequently treated as independent model-
ling steps, yet the structure of climate inputs directly conditions internal response and,
consequently, the sensitivity of resilience indicators [27]. Ignoring this coupling leads to
inconsistent interpretation and reduces comparability across studies. Limited treatment
of night-time dynamics and compound events introduces further gaps. Shen et al. [41]
emphasise the importance of interactions between climate conditions and building energy
systems, while Duan et al. [38] highlight the uncertainty associated with predicting per-
formance under future climate scenarios. Comparability across studies remains limited
by the wide range of metrics applied using different temperature limits, exposure dura-
tions, and climatic datasets [29]. Without alignment between climate inputs, event defini-
tions, and metric selection, observed differences may reflect modelling assumptions rather
than actual variations in building performance [4,10,30,31].
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Addressing these limitations requires a shift from isolated analytical approaches to-
ward integrated methodological frameworks, giving priority to building-oriented event
definitions that reflect internal thermal dynamics, integrating physiological and health-
based indicators into performance assessment, and standardising weather file construc-
tion methods, particularly with respect to urban heat island effects and extreme event
representation [40,41]. Explicit coupling between climate scenarios and resilience metrics,
together with systematic modelling of compound events, is essential for capturing inter-
actions between climatic and infrastructural constraints. The present study addresses this
limitation directly by reframing thermal resilience assessment as a trajectory-based and
system-dependent process, integrating climate representation, event definition, internal
building response, and resilience metrics within a unified analytical structure. The frame-
work clarifies the distinction between thermal stress, cumulative exposure, and system
response, and links commonly used metrics to specific phases of the internal temperature
trajectory. These relationships are synthesised in Figure 1, which presents this integrated
framework within a consistent analytical structure.

The diagram illustrates a sequential process in which climate data and scenarios de-
fine boundary conditions for extreme event identification. These events determine the
structure of weather files, which act as an intermediate layer linking climate forcing with
building performance simulation. The resulting inputs shape the internal thermal re-
sponse of the building, including heat accumulation, phase shifts, ground-coupled heat
exchange, and recovery dynamics, which are then evaluated using different classes of re-
silience metrics.

The framework also represents bidirectional feedback interactions. Resilience assess-
ment depends on the dynamic coupling between event definition, climate inputs, and
metric sensitivity. Event characteristics determine the relevance of selected metrics, while
building performance outcomes inform the refinement of climate datasets and weather
file construction. Interactions between internal response dynamics and metric design fur-
ther determine which aspects of resilience, including peak intensity, cuamulative exposure,
and recovery potential, are effectively captured.

A key feature of the framework is the explicit representation of multi-scale dynamics.
Thermal response processes operate across different time scales, from short-term heat ex-
change and rapid temperature fluctuations to long-term storage effects associated with
thermal mass and ground coupling. Resilience therefore emerges from the time-depend-
ent accessibility of thermal storage, not from static building properties alone.

The framework incorporates external context and uncertainty, including climate
model variability, socio-economic pathways, and urban microclimatic conditions. These
factors influence all stages of the process and reinforce the non-deterministic character of
resilience assessment. The iterative loop shown in the figure reflects continuous refine-
ment of assumptions, models, and datasets as improved climate projections and perfor-
mance data become available.

The figure demonstrates that thermal resilience is an emergent outcome of interac-
tions between climate forcing, event construction, building physics, and metric design
across multiple temporal scales. It provides a structured basis for integrating these ele-
ments in resilience-oriented building assessment and decision-making.
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Figure 1. Integration of climate representation, extreme thermal event definition, weather file con-

struction, building thermal response, and resilience metrics into a unified analytical framework.

4. Passive Strategies for Thermal Resilience: Mechanisms
and Performance
4.1. From Energy Efficiency to Thermal Resilience: A Reframing of Passive Strategies

Building performance research has long been shaped by two dominant objectives:
minimising energy consumption and ensuring thermal comfort under normal operating
conditions. Within this paradigm, passive strategies were assessed primarily through re-
ductions in cooling demand or improvements in adaptive comfort indices [44—46], with
significant attention devoted to phase change materials [47,48], green roofs and fagades
[49-51], shading systems, and solar gain control [52,53].

Only in recent years has passive cooling been reinterpreted in this way. Rather than
being considered solely an energy-efficiency measure, it is increasingly recognised as a
core element of building resilience in response to the growing occurrence of heatwaves,
climatic extremes, and grid disruptions [2,15]. Under such circumstances, the objective
shifts from reducing average temperatures to moderating indoor temperature fluctuations,
delaying threshold exceedance, and limiting cumulative heat storage over multiple days
[4,12,54]. Evidence from studies of thermal mass shows that increased inertia can substan-
tially extend the time required to reach critical thresholds during blackout scenarios
[10,13,17,18]. Night ventilation serves a complementary regenerative role, although its
contribution depends strongly on nocturnal cooling potential and decreases significantly
when night-time temperatures remain elevated [12,54].

This section examines passive strategies primarily in the context of residential build-
ings, which constitute the principal focus of this review. In the resilience scenarios
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considered here, namely heatwaves combined with power outages, internal heat gains
from equipment, lighting, and active systems are absent by definition. The only remaining
internal gains are metabolic heat from occupants at minimal activity levels, which at in-
door temperatures frequently exceeding 30 °C and under high solar irradiance are negli-
gible relative to solar and fabric heat loads. Non-residential buildings are referenced se-
lectively and only where their findings on thermal mass, ventilation, or solar control are
directly transferable to the residential context.

From a system perspective, passive strategies correspond to distinct phases of the
building’s temporal response to heat stress: solar control limits the rate of heat gain, ther-
mal mass buffers and stabilises internal conditions, and ventilation dissipates stored en-
ergy and enables recovery. Evidence from diverse climatic contexts confirms that their
synergistic integration is necessary, as energy reduction alone does not guarantee resili-
ence [55-57]. This section interprets these strategies through the lens of a decision hierar-
chy structured by reversibility and operational dependence on occupant behaviour. First-
order decisions, including structural thermal mass and floor—ground coupling, establish
the fundamental performance limits of the building independently of user action. Second-
order decisions, such as external shading systems, modify performance within those lim-
its through technical interventions that do not rely on daily occupant behaviour. Third-
order decisions, including night ventilation through operable windows, depend strongly
on occupant preferences, habits, and external conditions. This hierarchy of dependencies
determines the reliability of individual strategies during disruptions and forms a central
element of the framework proposed in this study.

4.2. Solar Control, High-Albedo, and Vegetative Strategies as Heat-Gain Reduction Mechanisms

Limiting solar gains constitutes a foundational component of passive thermal resili-
ence. Within the decision hierarchy proposed in this study, external shading, dynamic
glazing, high-albedo surfaces, and vegetative systems share a common functional role:
they reduce the rate of heat gain and delay the initial phase of thermal degradation, ex-
tending the period of relative thermal stability before critical thresholds are reached
[52,53]. Their installation requires technical intervention and design-stage commitment,
but once in place their operation does not depend on daily occupant behaviour. They
therefore belong to the second order of the decision hierarchy, modifying performance
within the space defined by first-order structural decisions.

High-albedo strategies reduce surface heat absorption and moderate the slope of in-
door temperature trajectories. Cool roofs reduced near-surface air temperature by approx-
imately 1.5 °C during a Chicago heatwave [58]. Vegetative systems extend these effects
through shading and evapotranspiration, reducing indoor temperatures by 1-3 °C under
field conditions [46,50,59], although moisture retention may increase nocturnal tempera-
tures under humid conditions [58]. In hot and dry climates with sufficient diurnal tem-
perature swing, hybrid green roofs combining radiant cooling with evaporative systems
and night ventilation can reduce indoor temperatures by 9-13 °C relative to outdoor con-
ditions, with performance improving significantly when thermal mass is increased [53].

The resilience contribution of solar control and high-albedo strategies is fundamen-
tally dependent on event duration and temporal structure. Sengupta et al. [54] demon-
strate that while 87% of design variations maintain thermal resilience during shorter heat-
wave events, only 21% do so during prolonged high-severity episodes, underscoring that
delay mechanisms effective under moderate conditions progressively lose protective ca-
pacity as duration and severity increase. Their sensitivity analysis further confirms that
solar shading has approximately twice the impact on absorptivity time compared to en-
velope properties such as glazing type or orientation, while its relative influence decreases
as heatwave severity grows. Flores-Larsen et al. [4] reinforce this interpretation by
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showing that the thermal history of preceding days, particularly the degree of nocturnal
recovery, can be more influential on current indoor overheating than outdoor temperature
alone, especially in buildings with significant thermal mass.

Full-scale experimental evidence from residential buildings in a temperate Polish cli-
mate confirms this dependency directly. In monitored rooms with identical orientation and
window area, the installation of external blinds reduced average peak daytime temperature
by 2.7 K when combined with heavyweight construction and night ventilation [60]. Criti-
cally, the same intervention produced a markedly smaller effect in lightweight rooms,
demonstrating that the performance of second-order decisions is bounded by the structural
conditions established at the first-order stage. Solar control and high-albedo measures do
not eliminate overheating; they reshape its temporal development by reducing both the
magnitude and the rate of heat gain, thereby moderating the early phase of internal temper-
ature increase. Their primary contribution lies in extending time-to-threshold and lowering
the cumulative thermal load that must subsequently be managed by buffering and regener-
ative mechanisms. Under short or moderate heat events, this delay may be sufficient to pre-
vent threshold exceedance altogether [54]. Under prolonged multi-day exposure, particu-
larly when nocturnal temperatures remain elevated and night-time recovery is restricted,
their protective effect diminishes progressively. The heat that is not gained during the day
must still be dissipated; without effective coupling to thermal mass and ventilation, the de-
lay provided by solar control is temporary, not structural.

4.3. Thermal Mass and Phase Change Materials as Buffering and Stabilisation Mechanisms

Thermal mass governs the evolution of internal temperature following the initial
phase of heat gain. By absorbing and releasing energy over time, it reshapes the indoor
temperature trajectory, attenuating daily amplitude, delaying peak occurrence, and limit-
ing cumulative heat accumulation during prolonged events. In resilience terms, this trans-
lates into extended stability before critical thresholds are reached. Critically, this effect
operates independently of occupant action, energy supply, or system control. Thermal
mass therefore belongs to the first order of the decision hierarchy: it is structurally irre-
versible once the building is constructed, and it defines the boundary conditions within
which all subsequent passive and active strategies operate.

This reframing departs from the conventional treatment of thermal and material
properties as second-order specification decisions. When the intended level of thermal
mass determines the range of achievable thermal behaviour under extreme conditions, its
conceptual definition belongs to the first-order stage, regardless of when detailed material
specification occurs. This positioning enables multi-criteria Pareto optimisation while key
design choices remain open, allowing explicit consideration of trade-offs between thermal
resilience, embodied carbon, and life-cycle cost. Once the structural system is fixed, the
scope for fundamentally reshaping these trade-offs becomes substantially reduced.

Full-scale experimental studies consistently confirm the stabilising effect of high-in-
ertia materials. Comparative research in real-scale residential buildings in a temperate
Polish climate demonstrated that replacing lightweight frame walls with cellular concrete
reduced average indoor temperatures during a 14-day heatwave by 2.8 °C, with maxi-
mum differences reaching 3.4 °C at the hottest part of the day [61]. More critically, this
shift reduced the total time during which indoor temperatures exceeded 28 °C from 18.6
days to only 8 h, with the cooling effect remaining stable throughout the entire event,
independently of any occupant intervention. Assessment of these results using CIBSE
TMBb52 criteria [62] confirmed that increasing thermal mass from light to very heavy con-
struction reduced hours of exceedance of the absolute maximum temperature by up to
96.7% during individual heatwave episodes [61]. In office environments, compressed
earth brick systems produced comparable reductions in peak temperature and
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overheating hours, particularly when combined with night ventilation [63]. Buffering ca-
pacity is contingent upon effective nocturnal regeneration, however. Studies in warmer
Chinese climates reveal that thermal mass may exacerbate overheating when night venti-
lation is insufficient, leading to progressive multi-day heat accumulation [64]. Thermal
mass therefore cannot be evaluated in isolation from the third-order decisions that govern
its regeneration.

Full-scale experimental comparison between PCM-lined lightweight rooms and tra-
ditional heavy construction revealed a consistent performance gap under real heatwave
conditions [65]. During the summer 2022 heatwave, PCMs with a 22-27 °C melting range
reduced average daily maximum indoor temperature by only 1.0 °C, while heavy con-
struction achieved a 2.7 °C reduction. These results directly challenge the assumption that
appropriately selected PCMs can replace conventional thermal mass. Phase change mate-
rials introduce latent heat storage into this framework, offering targeted buffering within
specific temperature ranges. Their laboratory performance is well documented: peak re-
ductions of up to 4.2 °C have been reported when regeneration cycles are complete [45],
but field applications consistently show more modest effects of 1-2 °C, strongly depend-
ent on ventilation and occupancy patterns [48,52]. In optimised configurations, PCM inte-
grated within building envelopes can improve thermal stability, particularly in light-
weight constructions where structural mass is limited [66]. The performance of such buff-
ering also depends on the surrounding envelope, where the choice of insulation materials
influences how effectively stored heat is retained or released across the diurnal cycle [67].
A broader synthesis of eight full-scale monitored buildings further confirms that PCM
benefits are conditional on design integration, not material properties alone, and that ex-
cessive PCM thickness may reduce daily cycling efficiency [68].

Within the decision hierarchy proposed here, PCM additions occupy the second or-
der: they are technically modifiable and require system-level integration, but their effec-
tiveness is bounded by the structural thermal mass established at the first-order stage.
They refine performance within a predefined space; they do not redefine it.

Ground coupling represents an intensified form of first-order thermal buffering, ex-
tending the interaction between the building and a relatively stable thermal reservoir
without requiring any user intervention, energy input, or maintenance. The physical basis
of this mechanism is well established at the urban scale: beneath built surfaces, soil and
rock retain heat absorbed during preceding seasons, creating a thermally stable subsur-
face reservoir whose temperature evolves slowly and independently of short-term atmos-
pheric fluctuations. Simulation studies of Phoenix residential archetypes across over 1800
urban grid cells confirm that ground-connected zones consistently exhibited the lowest
indoor temperatures during power outages, identifying active soil mass as one of the two
primary passive heat sink mechanisms operating in the absence of mechanical cooling,
alongside nocturnal radiative exchange [69]. Buildings without ground contact, particu-
larly lightweight single-storey structures and top-floor apartments, were found substan-
tially more vulnerable, with indoor temperatures rising rapidly toward dangerous thresh-
olds once mechanical cooling was unavailable. The study further demonstrated that the
cooling capacity of the soil is not inexhaustible: under prolonged extreme exposure, the
ground progressively loses its buffering capacity as the temperature differential between
indoor air and subsoil diminishes, causing indoor conditions to follow ambient fluctua-
tions more closely.

At the building scale, full-scale empirical evidence from a temperate European climate
demonstrates that removing under-slab insulation to enable direct floor-soil contact elimi-
nated all major overheating indicators, including IOD, HIHH, and HE, during a multi-day
heatwave, while the lightweight reference building without ground coupling accumulated
581.1 °C-h of HIHH under identical meteorological conditions [13]. The temperature
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difference between the two buildings reached up to 6.5 °C during peak episodes. This buff-
ering effect is seasonal in nature: subsoil at 1.5 m depth retains heat absorbed during the
preceding summer, remaining cooler than indoor air during heatwave episodes and thus
establishing a persistent downward thermal gradient that continuously draws heat away
from the occupied space [18]. The winter trade-off associated with uninsulated floors is real
but more modest than standard calculation methods suggest: the measured seasonal heat-
ing penalty was 12.2%, compared to a model-predicted 23.7%, with the divergence emerg-
ing only in the latter part of winter once subsoil heat storage was exhausted [70,71]. Ground
coupling therefore acts as a long-term thermal sink that reinforces stabilisation through con-
tinuous heat exchange, and its decision to include or exclude it is made once, at the struc-
tural stage, placing it firmly within the first order of the hierarchy.

4.4. Ventilative Cooling as a Regeneration Mechanism

Where solar control delays heat gain and thermal mass buffers accumulation, venti-
lation governs recovery. By facilitating convective heat removal, natural ventilation ena-
bles stored energy to dissipate and internal conditions to return toward safer states before
the next heat cycle begins. In resilience terms, ventilation defines the slope of the recovery
phase, acting as a regenerative mechanism that restores the heat storage capacity of the
building fabric. Within the decision hierarchy proposed in this study, night ventilation
through operable windows belongs to the third order: its effectiveness is strongly condi-
tioned by occupant preferences, habits, security concerns, and noise exposure, and it re-
quires continued operation under conditions that may be precisely those in which occu-
pant action is most constrained.

Night ventilation, or night purge, is the most widely studied manifestation of this
process. Its effectiveness is expressed through the attenuation and temporal shifting of
peak temperatures. In Mediterranean climates, increasing nocturnal air exchange from 3
ACH to 5-15 ACH delayed daytime peaks by two to three hours [51]. Temperature-based
studies report peak reductions of 1.5-6 K for ventilation alone and up to 4-7 K when com-
bined with thermal mass and solar control [60,72]. Peak attenuation is the physical mech-
anism through which the building fabric is regenerated for the following day.

This regenerative effect becomes significantly stronger when ventilation operates in
conjunction with thermal mass. Night-time airflow removes heat stored in building ele-
ments, allowing the mass to function as a temporary heat sink during the following day.
This storage-release cycle is explicitly identified as the primary mechanism of regenera-
tion in optimisation studies, attributed to cooling storage and load shifting within internal
walls [73]. Simulations show that night ventilation cools both indoor air and thermal mass,
delaying cooling demand and improving next-day performance [74], while enhanced sys-
tems can achieve peak reductions of up to 7.5 °C [75]. Across these studies, a consistent
pattern emerges: thermal mass determines the magnitude of temperature attenuation,
whereas ventilation determines whether this attenuation can be effectively regenerated
across successive cycles.

Full-scale experimental evidence from residential buildings in a temperate Polish cli-
mate illustrates this dependency directly and constitutes an empirical demonstration of the
third-order decision structure. In monitored rooms, activating night ventilation at 10 ACH
in a lightweight room reduced average peak daytime temperature by 1.5 K and average
minimum night-time temperature by 5.9 K [60]. The same ventilation regime applied to a
heavyweight room produced a daytime reduction of 1.0 K and a night-time reduction of 3.4
K. The difference in outcome between identical ventilation regimes applied to rooms of dif-
ferent construction confirms that third-order decision effectiveness is bounded by first-or-
der structural conditions. Critically, these results were obtained under controlled experi-
mental conditions with ventilation operated mechanically. In residential practice, night
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ventilation depends on occupants opening windows, a behaviour that surveys consistently
show to be highly variable. More than half of respondents in representative studies were
unable or unwilling to open windows at night due to security concerns, noise, or habit [61],
and elderly occupants in particular showed significantly reduced ventilation behaviour
even during periods of severe thermal discomfort. This variability is not peripheral to resil-
ience assessment: it is a structural feature of third-order decisions, whose reliability under
disruption is inherently lower than that of first-order and second-order strategies.

The ability of ventilation to complete the regenerative cycle is strongly conditional.
Its performance depends primarily on the temperature gradient between indoor and out-
door air, which governs convective heat exchange. When night-time temperatures remain
sufficiently low, regeneration is effective; when this gradient is reduced, the system be-
comes progressively less efficient, as shown by the dependence of optimal airflow rates
on indoor-outdoor temperature difference and cooling load [73]. Sensitivity analyses con-
firm that climate conditions and air change rate are the dominant parameters controlling
performance [74]. This explains why regenerative potential declines in dense urban envi-
ronments or hot-night climates [76].

Within these boundary conditions, architectural and operational factors act as modi-
fiers of performance. Urban morphology can restrict airflow and reduce effectiveness [51],
while building configuration can enhance it. In high-rise buildings, features such as open
stairwells, double facades, and terraces amplify airflow and chimney effects, enabling
peak reductions of 5-6 °C and eliminating discomfort periods under favourable condi-
tions [77]. In low-energy buildings, natural ventilation has been shown to outperform me-
chanical systems in reducing overheating without increasing energy use, while also offer-
ing greater robustness under power outages [78].

Nocturnal thermal conditions carry particular significance for sleeping occupants,
who represent a distinct and underexplored dimension of residential thermal resilience.
Epidemiological evidence confirms that elevated night-time temperatures significantly in-
crease health risks [5,6], and that the physiological tolerance of sleeping occupants to ther-
mal stress is lower than during waking hours, with limited capacity for adaptive behav-
ioural response. A building that maintains acceptable daytime conditions through ther-
mal mass may nonetheless expose sleeping occupants to prolonged elevated temperatures
if nocturnal recovery is insufficient. This asymmetry between daytime and night-time re-
silience is not captured by metrics based on occupied hours alone and represents a re-
search gap specific to the residential context.

The effectiveness of ventilative cooling extends beyond purely physical processes.
Air movement enhances convective and evaporative heat loss from occupants, effectively
widening the acceptable thermal comfort range. Field studies show that acceptable indoor
temperatures can reach over 30 °C under naturally ventilated conditions, with additional
air movement further increasing tolerance [79]. Ventilation therefore contributes not only
to thermal regulation but also to adaptive resilience.

Overall, ventilative cooling can be understood as a climate-dependent regeneration
mechanism within a coupled passive system. Its performance emerges from the interac-
tion between thermal mass, airflow, and environmental conditions, and is governed not
by individual strategies but by the system’s ability to sustain a repeatable cycle of heat
storage, removal, and release. Its position in the third order of the decision hierarchy re-
flects not a lower contribution to resilience, but a fundamentally different mode of de-
pendence: conditional, behavioural, and operationally bounded
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4.5. Integrated Passive Strategies as a System of Thermal Resilience

Evidence presented in the preceding sections indicates that solar control, thermal
mass, and ventilation correspond to distinct but interdependent phases of the building’s
thermal response [55-57], organised within a hierarchy of decisions structured by revers-
ibility and operational dependence. Considered in isolation, each strategy modifies a spe-
cific aspect of indoor conditions; under prolonged heat stress, system performance de-
pends on their temporal coordination, not their individual effectiveness [2,15].

Passive resilience can be interpreted as a cyclic process composed of three coupled
mechanisms. Heat-gain reduction strategies, including shading, high-albedo surfaces, and
vegetation, limit the rate of temperature increase during the initial phase of exposure [52-
54]. Thermal mass governs the intermediate phase by absorbing and redistributing heat,
attenuating peak temperatures and delaying threshold exceedance [10,17,61]. Ventilation
defines the recovery phase, enabling the removal of accumulated heat and restoring the
storage capacity of the building fabric [51,73,74]. The absence or underperformance of any
of these phases disrupts the cycle and leads to progressive thermal degradation over suc-
cessive days [12,54].

The interaction between these mechanisms is not additive but conditional. The effec-
tiveness of thermal mass depends on its ability to release stored heat, which requires suf-
ficient nocturnal cooling potential [64,76]. Without adequate ventilation, accumulated
heat is retained within the structure, leading to multi-day temperature escalation despite
high inertia [12,80]. The benefits of solar control are equally time-dependent: by delaying
heat gain, shading extends the period before critical thresholds are reached, but in the
absence of sufficient buffering or regeneration, this delay does not prevent eventual over-
heating during prolonged events [4,54]. Ventilation, in turn, is constrained by external
conditions, particularly night-time air temperature, which determines the achievable heat
removal rate [73,74]. These dependencies indicate that each mechanism operates within
boundary conditions defined by the others.

This systemic behaviour becomes particularly evident under extreme and multi-day
heatwaves. Buildings that combine external shading, high thermal mass, and controlled
night ventilation consistently exhibit slower temperature rise, reduced peak values, and
improved recovery between consecutive days [81,82]. In such configurations, indoor tem-
perature trajectories remain flatter and more stable, even when outdoor conditions remain
persistently high [83,84]. Systems lacking one of these components, by contrast, tend to
show cumulative heat build-up, reduced night-time recovery, and increasing vulnerabil-
ity over time [12,76].

This broader view also clarifies the limitations of passive strategies under future cli-
matic conditions. Elevated night-time temperatures and reduced diurnal temperature
ranges diminish the regenerative potential of ventilation, thereby reducing the benefits
provided by both thermal mass and phase change materials [45,84]. Under such circum-
stances, measures that limit solar and internal heat gains become increasingly important,
as reducing the initial thermal load can partially offset the reduced capacity for heat dis-
sipation [54]. In climates characterised by pronounced diurnal cycles, by contrast, the in-
teraction between thermal mass and ventilation becomes the primary mechanism govern-
ing indoor thermal behaviour, enabling repeated daily regeneration [73,74].

These observations indicate that passive measures cannot be optimised in isolation.
Their contribution must be evaluated in relation to the complete thermal cycle, including
multi-day heat accumulation and the availability of recovery periods [2,15]. Indicators
such as time-to-threshold, cumulative heat exposure, and regeneration efficiency, as-
sessed using methodologies such as CIBSE TM52 and TM59 [62], provide a more repre-
sentative description of building behaviour than steady-state metrics or single-day anal-
yses [4,12]. Passive cooling should therefore be understood not as a collection of
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individual interventions, but as a coordinated approach to managing heat flows over time.
The ability to maintain safe indoor environments depends on sustaining repeated cycles
of heat-gain reduction, energy storage, and heat removal under varying climatic condi-
tions [57,85].

Table 2 summarises the roles, interactions, and limitations of the principal passive strat-
egies within this system framework. Studies addressing non-residential buildings are in-
cluded selectively, where their findings on thermal mass, ventilation, or solar control are di-
rectly transferable to the residential context that constitutes the primary focus of this review.

Table 2. Comparative overview of representative studies on passive strategies for thermal resilience

under extreme heat.

Strategy

Climate Context

Building Type = Key Metric(s) Reported Effect Limitation Key References

Hot-humid, Mediter-Office, glazed

Reduced effective-
ness under multi-

peak tempera-

Peak t -
eak tempera ture ~24 °C;

hadi . ) g
External shading ranean buildings :1111;6; dC ooling de cooling demand day exposure [83,86-88]
18-24% without buffering
. . peak tempera-  Requires night-
. Residential and  Peak tempera- . .
Thermal mass Temperate, continen- . . . ture ~3-4°C; time regeneration
. non-residential  ture, overheating . ) [61,63,89]
(heavyweight) tal oy overheating to avoid accumu-
buildings hours .
hours > 60% lation
ambient temper- Limited impact on
High-albedo sur- Urba’n, temperate, Residential, dis- Surface tgmpera— ature ~1-1.5 °C; indoor conditions
Mediterranean, hot | ture, cooling de- . . [61,63,90,91]
faces . trict scale cooling demand without envelope
arid mand . .
up to ~16% integration
indoor tempera- Potential increase
. .. Experimental and Indoor tempera- ture ~1-3 °C; .
. Hot-humid, Mediter- . X . . in nocturnal tem-
Vegetative systems residential build- ture, cooling de- cooling demand [46,50,65]
ranean . o perature under
ings mand up to ~50% (con- . .\
humid conditions
trolled cases)
Elimination of
Ground coupling Temperate Residential Threshold ex-  overheating; in- Cllmate-c.lepend- [18,70,71]
ceedance door tempera-  ent effectiveness
ture up to ~5 °C
Residential and  Peak tempera- peak tempera- Depends on full
PCM (latent stor- . . . . . ture ~1-3 °C; .
Mixed climates non-residential  ture, cooling de- . charge—discharge [48,68,90,91]
age) o cooling demand
buildings mand cycle
~1-30%
Mediterranean. tem Residential and  Peak tempera-  cooling demand Strongly reduced
Night ventilation ’ non-residential  ture, cooling de- 5-40%; delay of under high night- [51,75,78,92]
perate, hot-humid . K
buildings mand peak by 2-3h  time temperatures
Limited effect dur-
Hybrid ventilation Arid climates Office Cooling demand energy use ~20% ing extreme heat- [66,81,93,94]
waves

Integrated strate-
gies

Multi-climate

indoor tempera-

Requires coordi-
ture up to ~4-

Residential and ;
nation of delay—

Peak tempera-

non-residential  ture, cumulative 9 °C; cooling de- [55,60,83,95]
o buffer-recovery
buildings exposure mand up to .
65% mechanisms

The comparison presented in Table 2 confirms that no single strategy is sufficient
under prolonged extreme conditions. Thermal resilience emerges from the interaction of
complementary mechanisms, particularly the synchronisation between external climate
conditions, internal building dynamics, and nocturnal recovery potential. The position of
each strategy within the decision hierarchy, from irreversible first-order structural deci-
sions to conditionally effective third-order operational choices, determines not only its
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contribution to performance but also its reliability under disruption. The following section
examines the research gaps and systemic limitations that remain.

4.6. Research Gaps: From Passive Strategies to Systemic Thermal Resilience

Although the performance of passive strategies in reducing seasonal cooling demand
and mitigating overheating is well documented, their role within a fully articulated ther-
mal resilience framework remains insufficiently developed. A persistent gap exists be-
tween energy-efficiency optimisation and dynamic stability assessment under prolonged
extreme conditions [1,2]. Passive cooling is therefore still predominantly evaluated as an
energy-saving measure, not as a structural determinant of building behaviour during ex-
treme events.

A central limitation lies in the fragmented evaluation of passive components. Solar
control, thermal mass, and ventilation are typically analysed in isolation, using different
performance indicators such as cooling demand, peak temperature, air change rate, or
overheating hours [44,51,59,61,77,81,86,87]. Relatively few studies examine how these
mechanisms interact over time to shape internal temperature trajectories during multi-
day heat events [4,12], and integration is often acknowledged but rarely modelled as a
dynamic, time-dependent process. This fragmentation is compounded by the predomi-
nance of simulation-based analysis, whose reliability under extreme conditions depends
on assumptions regarding occupant behaviour, infiltration rates, and airflow patterns
[2,15]. Nik et al. [80] note that the assessment of building and urban energy performance
under extreme climate conditions remains highly sensitive to climate-model uncertainty,
temporal resolution, and embedded simulation assumptions.

A related gap concerns the limited treatment of multi-day accumulation and future
climate conditions. Many analyses rely on typical meteorological years or isolated heatwave
events [1,17], which do not capture cumulative heat storage, incomplete nocturnal regener-
ation, or progressive overheating. Rising night-time temperatures further reduce the effec-
tiveness of ventilation and the ability of thermal mass and PCM systems to complete regen-
erative cycles, increasing uncertainty in future performance [79,84]. Integration across spa-
tial scales also remains insufficient. While urban microclimate studies demonstrate that al-
bedo, vegetation, and airflow pathways influence thermal performance at the district scale
[11,94-96], resilience assessment is still predominantly conducted at the individual building
level, and boundary conditions used in building simulations often neglect urban heat island
amplification, airflow constraints, and inter-building interactions [2,15].

Metric fragmentation further limits interpretability. A wide range of indicators, in-
cluding energy use, peak temperature, overheating hours, adaptive comfort indices, and
degree-hour metrics, are applied inconsistently across studies [17,45]. Only a limited num-
ber of analyses explicitly link these indicators to resilience-specific measures such as time-
to-threshold, cumulative exposure, or recovery time [10,15,80]. Without alignment be-
tween energy and resilience metrics, comparative interpretation remains constrained and
may obscure underlying system dynamics.

Addressing these limitations requires a transition from component-based analysis
toward integrated, system-oriented frameworks. Future research should prioritise longi-
tudinal field monitoring during extreme events, modelling of compound scenarios, and
explicit coupling between passive strategies and event-based resilience metrics. Equally
important is the development of harmonised methodologies that align climate represen-
tation, event definition, and performance indicators within a consistent analytical struc-
ture. Within such a framework, passive cooling can be reinterpreted as a core component
of systemic thermal resilience. Its effectiveness depends on the building’s ability to main-
tain a dynamic balance between heat gain, storage, and dissipation over time, structured
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by a hierarchy of decisions whose reversibility and operational dependence determine
long-term reliability under climatic stress.

5. Micro-Autonomy and Collective Thermal Resilience: From Building
to System
5.1. Limits of Passive Stability Under Prolonged Disturbance

Thermal mass, solar control, natural ventilation, and envelope optimisation form the
foundational layer of thermal resilience. Under typical operating conditions and short-
lived extreme events, these mechanisms delay thermal degradation, reduce temperature
amplitude, and extend time-to-threshold. The analysis that follows takes the residential
building as its point of departure and progressively extends the analytical perspective
toward the district and community scale, where resilience emerges through coordinated
interactions among buildings within energy systems.

Passive stability is inherently time-bound, however. During blackout scenarios com-
bined with prolonged heatwaves, even buildings with high thermal inertia experience
progressive heat accumulation when elevated night-time temperatures prevent full regen-
eration of the envelope [7,12]. An analogous mechanism operates in cold climates: during
heating interruptions, thermal mass delays temperature decline but cannot indefinitely
prevent critical threshold exceedance under extended power loss [8].

Passive design should therefore be understood as a baseline layer of resilience, not
its final state. A building may meet stringent energy-efficiency standards while remaining
vulnerable to multi-day compound events, particularly under projected future climates
[17]. Increasing electrification of heating and mobility further introduces the potential for
elevated winter peak loads, amplifying the risk of systemic disruptions [97].

Under prolonged disturbance, thermal resilience is no longer determined solely by
envelope properties. It becomes a function of the relationship between building physics
and energy availability over time. The central design question shifts accordingly: not
whether a building is passively stable, but how long it can maintain safe internal condi-
tions under constrained energy supply.

This transition introduces micro-autonomy as a mechanism capable of extending the
period of thermal stability while preserving the logic of passive design. Micro-autonomy
does not substitute for passive resilience; instead, it enhances and prolongs it by linking
building physics with broader energy infrastructures. The focus consequently expands
beyond the individual building toward a relational scale, where the capacity to maintain
safe indoor conditions depends on coordinated resource sharing among buildings within
energy communities.

5.2. Micro-Autonomy as a Mechanism for Maintaining Thermal Safety

If thermal resilience is understood as a process reflected in the internal temperature
trajectory during extreme events, micro-autonomy can be interpreted as a mechanism that
modifies that trajectory through limited, selectively allocated energy support. Unlike full
off-grid autonomy, which assumes permanent independence, micro-autonomy is tem-
poral and functional. It enables the maintenance of critical functions over a defined time
horizon under restricted capacity and explicit prioritisation [57,98].

Research on active and distributed buildings characterises them as nodes capable of
generating and storing energy within decentralised networks [99]. Under disturbance
conditions, annual energy balance is of limited relevance. A more important consideration
is the degree to which available energy resources can delay the deterioration of indoor
environmental conditions. Consequently, attention shifts from self-sufficiency metrics to-
ward indicators that quantify the time required to reach critical health-related thresholds.
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Simulation and empirical studies indicate that even limited energy resources, when
directed toward critical subsystems such as ventilation, circulation pumps, or selected
zones, can significantly extend safe occupancy [7,12]. Load prioritisation is therefore de-
cisive. Optimisation models integrating photovoltaic systems, heat pumps, and storage
demonstrate that selective operation can maintain essential functions at substantially
lower energy levels than required for full-building comfort [96,100].

Within this framework, micro-autonomy modifies the slope of thermal degradation.
Thermal mass and envelope quality determine the baseline response time, while targeted en-
ergy input reduces the rate of temperature increase and extends time-to-threshold. This effect
is particularly pronounced in buildings with high thermal inertia, which more efficiently con-
vert limited energy input into temporal displacement of thermal load [101]. In lightweight
constructions, the same energy reserve translates into significantly shorter survival horizons.
Micro-autonomy therefore enhances passive stability but does not substitute it.

This reasoning links micro-autonomy directly to energy flexibility. Flexibility refers
to the ability to adjust demand and generation in response to changing operating circum-
stances [102,103], whereas thermal resilience focuses on maintaining safe indoor environ-
ments during disruptions. Micro-autonomy connects these concepts by placing occupant
protection ahead of balancing objectives. A building may contribute to load balancing
only if doing so does not accelerate the approach to critical thresholds.

In multi-carrier networks integrating electricity, heat, and mobility, coordinated op-
eration strengthens local balancing capabilities [97,104]. Conversely, unsynchronised de-
ployment of heat pumps and electric vehicles may substantially increase peak demand.
Micro-autonomy cannot therefore be assessed solely at the scale of an individual building;
its value depends on the reliability and coordination of the wider energy network.

For architectural design, this has implications at three interconnected levels. At the
spatial level, buildings should incorporate zoning strategies that create areas capable of
maintaining survivable indoor environments. At the material level, thermal mass acts as
a passive energy reservoir that enables heat storage and delayed release. At the opera-
tional level, participation in energy communities allows resources to be shared across both
time and location [105,106].

Within the framework proposed in this study, micro-autonomy should be under-
stood not as an additional technological layer, but as an intermediate mechanism linking
building physics and energy infrastructure. It does not eliminate dependence on the grid;
it transforms this dependence into controlled and temporally bounded reliance. The ob-
jective is not complete independence, but the strategic allocation of limited energy re-
sources to maximise thermal safety.

5.3. From Individual Autonomy to Relational Resilience: Collective Design as a Systemic Task

Stability achieved at the building scale can be redistributed across networks of build-
ings through collective coordination. At this broader scale, resilience is no longer viewed
as an intrinsic property of an individual building, but as a relational characteristic arising
from coordinated interactions among multiple actors and resources. Regulatory and en-
ergy-system literature describes renewable and citizen energy communities (REC, CEC)
as organisational structures based on shared resources, distributed generation, and par-
ticipatory governance [105,107]. In such arrangements, buildings function not as isolated
entities but as interconnected components of local energy networks.

This transition has important implications for thermal resilience. The degradation of
indoor conditions in one building during an extreme event may be moderated by re-
sources supplied from another. Energy hub and micro-energy hub concepts provide a
practical basis for such redistribution. By integrating electricity, heat, and storage at the
district scale, these systems enable dynamic balancing of loads among buildings with
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different occupancy patterns and demand profiles [106]. As a result, the ability to maintain
safe indoor conditions is no longer determined solely by the resources available within a
single building, but can be supported through coordinated energy exchange across the
wider network.

Functional diversity plays a critical role in this process. Mixed-use districts combin-
ing residential, commercial, and institutional buildings generate complementary load
profiles, increasing the potential for redistribution and reducing system-level stress [102].
In such configurations, buildings with lower immediate demand or higher energy availa-
bility can temporarily support others experiencing peak stress. Programmatic heteroge-
neity thus becomes a parameter of resilience, influencing the capacity of the system to
redistribute energy and maintain acceptable indoor conditions across the network.

The effectiveness of such systems is strongly conditioned by material and thermal
properties. Buildings with higher thermal inertia are more capable of converting short-
term energy inputs into extended periods of thermal stability, while lightweight struc-
tures exhibit faster degradation under comparable conditions [108]. Thermal mass there-
fore acquires a dual role: it acts as a stabilising element at the building scale and as a
shared buffering resource within the system. In dense urban configurations, high-inertia
buildings can absorb and redistribute excess energy, partially compensating for fluctua-
tions in supply and demand [109].

The present study interprets this scalar transition as a fundamental transformation
in the nature of resilience itself. Stability becomes an emergent property of flows, coordi-
nation mechanisms, and infrastructural coupling. Micro-autonomy extends the temporal
horizon of safe operation at the building scale, while collective organisation enables spa-
tial redistribution of energy. Thermal resilience thus evolves into a design problem span-
ning architectural, infrastructural, and organisational domains, requiring coordinated
strategies across multiple scales.

5.4. Research Gaps in Thermal Resilience Under Micro-Autonomy and Community Coordination

Despite significant advances in modelling distributed generation, storage systems,
and predictive control [97,99,104], the integration of these systems with internal thermal
dynamics and health-based thresholds remains limited. Unlike the earlier gaps related to
metric standardisation, the challenges identified here are systemic and operational. The
issue is not the absence of indicators, but their insufficient coupling with models that de-
scribe building and community behaviour under disturbance.

A pronounced disconnect persists between micro-autonomy modelling and building
thermal response modelling. Research on microgrids and hybrid energy systems focuses
primarily on load coverage, storage optimisation, and network stability [106,110]. Studies
of thermal resilience, by contrast, concentrate on time-to-threshold, cumulative exposure,
and internal temperature dynamics [7,12]. Integrated models that directly link energy
availability, state-of-charge, and system control strategies to indoor temperature trajecto-
ries remain scarce. Energy system modelling and indoor environmental analysis therefore
continue to evolve in parallel, without converging into a unified operational framework
focused on occupant safety.

Scaling represents another unresolved issue. Energy communities are typically eval-
uated in terms of infrastructure robustness, load balancing, and energy self-sufficiency
[105,111], whereas collective thermal resilience is rarely quantified in environmental terms.
It remains unclear to what extent aggregation of resources can extend time-to-threshold
in vulnerable buildings or reduce cumulative thermal exposure across a community. In
many cases, resilience is equated with system continuity, not with the maintenance of safe
indoor conditions.
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Systemic uncertainty introduces an additional layer of complexity. Occupant behaviour,
climatic variability, and heterogeneous load profiles introduce stochastic dynamics into multi-
building systems [102]. Thermal resilience models rarely incorporate these uncertainties in
probabilistic terms. Approaches that integrate operational variability with dynamic indoor re-
sponse within coherent risk assessment frameworks remain underdeveloped.

Architectural integration constitutes an additional gap. Micro-autonomy is predom-
inantly conceptualised as an energy infrastructure layer [57,112], with limited attention to
its spatial and typological implications. Design concepts such as survival zones, spatial
prioritisation of critical functions, and architectural configurations that support energy
redistribution are not yet systematically developed. Micro-autonomy therefore remains
largely a technical construct and does not yet function as a driver of architectural and
urban design.

These limitations indicate that advancing thermal resilience requires a transition to-
ward integrated, multi-layered modelling frameworks. Passive strategies, micro-auton-
omy, and collective coordination must be considered as interdependent components of a
single system, not as separate domains of analysis. This requires coupling physical pro-
cesses, energy systems, digital infrastructure, and spatial organisation within a unified
analytical structure.

Thermal resilience emerges not from individual components in isolation, but from
the coordinated interaction of passive strategies, energy systems, digital infrastructure,
and spatial organisation operating across scales.

6. Implications for Design Practice, Policy Frameworks,
and Future Research

6.1. From Comfort Standards to Survival Standards: Reframing Regulation

The adequacy of comfort-based design paradigms is increasingly questioned in light
of intensifying climatic extremes. Conventional standards were developed primarily to
define acceptable indoor conditions during normal operation, assuming the availability
of active systems and relatively stable climatic boundaries. Under severe heatwaves,
power outages, or compound events, this logic becomes insufficient. Lin et al. [9] argue
for integrating physiological thresholds directly into building simulation frameworks,
demonstrating that conventional comfort indices do not adequately capture health risk
during severe heat exposure. Energy performance indicators such as energy use intensity
(EUI) provide no reliable proxy for thermal safety; buildings with comparable annual en-
ergy use may generate markedly different temperature-humidity conditions relative to
physiological limits. The regulatory analysis that follows focuses primarily on residential
buildings, which face the most acute vulnerability during heatwaves and power outages
due to continuous occupancy, limited adaptive capacity among elderly residents, and his-
torically weaker regulatory attention to summer performance.

Proposed revisions to Canadian building codes reflect this conceptual shift. Siu et al.
[15] recommend explicit indoor temperature thresholds and minimum survival durations,
for example maintaining safe conditions for 72 h of light activity during power outages.
This approach departs from prescriptive component-based standards and reorients eval-
uation toward outcome-based health criteria, reframing building regulation from compli-
ance with material or system requirements toward the demonstrated capacity to protect
occupants during disruption.

A similar critique emerges in analyses of British housing policy. Hoggett et al. [113]
identify a structural “winter bias” embedded in regulatory priorities, where heating re-
duction and winter energy efficiency have historically dominated performance require-
ments. Summer resilience, overheating prevention, and passive-first cooling hierarchies

https://doi.org/10.3390/en19133006


https://doi.org/10.3390/en19133006

Energies 2026, 19, 3006

25 of 46

remain comparatively marginal. This imbalance risks reinforcing dependence on mechan-
ical cooling, increasing peak electricity loads, and deepening socio-economic vulnerability,
particularly among households with limited access to active cooling.

Empirical evidence challenges insulation-centric approaches. In cold regions of
China, Yu et al. [114] show that buildings constructed under more recent energy standards
may exhibit higher overheating risk than older constructions with greater thermal mass.
Comparable findings from Spain indicate that certified residential buildings do not nec-
essarily outperform pre-regulation stock in terms of summer comfort [115,116]. These
studies suggest that increasing envelope insulation without addressing inertia, solar gains,
ventilation, and adaptive control may inadvertently amplify thermal vulnerability.

Certification systems also tend to underestimate future cooling demand and insuffi-
ciently account for climatic evolution. Sarabia-Escriva et al. [117] show that energy per-
formance certification may lose accuracy when recent climate data are considered. D’ Ago-
stino et al. [118] demonstrate that climate change is reshaping the energy performance of
building envelopes across Europe, producing new patterns of heating and cooling de-
mand. Static U-values, historical climate files, and annual energy metrics are therefore
increasingly misaligned with emerging thermal risk profiles.

Three structural limitations characterise current regulatory frameworks in relation to
thermal resilience. First, energy indicators are often treated as surrogates for indoor envi-
ronmental quality, although they do not directly measure occupant safety during extreme
events. Second, seasonal averages continue to dominate assessment, while prolonged heat-
waves, elevated night-time temperatures, and compound outage scenarios remain marginal.
Third, building design is still largely decoupled from community and infrastructural con-
texts, despite the growing dependence of indoor safety on energy system stability.

The present study argues that addressing these limitations requires more than add-
ing new performance indicators. It requires a regulatory reframing in which thermal
safety becomes an explicit design objective. Architectural practice must therefore move
from comfort-based compliance toward survival-oriented performance assessment,
where health thresholds, disturbance duration, and passive survivability are integrated
into the core logic of building regulation.

6.2. Defining Thermal Resilience Objectives Under Full Design Trade-Offs

Embedding thermal resilience within architectural practice requires operating within
a multi-criteria decision space. Thermal safety, embodied carbon, operational emissions,
energy system stability, and life-cycle cost do not function as independent objectives. They
interact dynamically across design, construction, operation, and future adaptation. Se-
quential optimisation of isolated parameters may therefore produce configurations that
are efficient under one criterion but vulnerable under another.

Evidence from overheating studies confirms this risk. Intensified insulation may in-
crease summer vulnerability in lightweight constructions when not accompanied by ade-
quate solar control, ventilation, or heat storage capacity [114,115]. Shifting heating and
cooling balances across Europe also alter historical assumptions about envelope perfor-
mance and regulatory targets [118]. Energy targets derived from past climatic baselines
cannot guarantee thermal safety under future extremes.

Resilience-oriented design therefore begins by defining health-based constraints.
Maximum allowable operative temperatures in critical zones, minimum survival duration
under outage conditions, and permissible exceedance hours establish non-negotiable
boundaries within the design space. Only after these safety conditions are fixed can em-
bodied carbon, operational demand, life-cycle cost, and system integration be meaning-
fully negotiated. Thermal safety thus acts not as one performance criterion among many,
but as the primary constraint structuring subsequent design decisions.
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Trade-offs are unavoidable. Increased thermal mass may extend time-to-threshold
and improve passive survivability, but it can also raise embodied emissions. Material min-
imisation strategies may reduce upfront carbon impact while shortening survival dura-
tion during extreme events. Integrated life-cycle assessment frameworks reveal such ten-
sions when system boundaries are consistently defined [119,120]. These trade-offs are not
peripheral; they are central to resilience-oriented design.

Multi-criteria analysis should therefore expose Pareto frontiers, not seek a single op-
timum. This optimisation is most consequential at the first-order stage of design, where
structural thermal mass and insulation level are still open decisions. Once these parame-
ters are fixed, the range of achievable performance is largely determined, and subsequent
optimisation operates within constraints that can no longer be fundamentally altered. Re-
silience indicators such as Hours of Safety or time-to-threshold must be evaluated along-
side embodied carbon, operational demand, cost, and peak-load implications. The objec-
tive is not to maximise one parameter in isolation, but to identify acceptable solution
ranges aligned with explicit priorities. This approach allows designers and policymakers
to distinguish between low-carbon solutions that remain thermally unsafe and higher-
impact configurations that may be justified by improved survival capacity.

Energy transition considerations reinforce this integrative logic. Passive-first hierar-
chies can reduce structural reliance on mechanical cooling and mitigate peak-load pres-
sure [113]. Thermal inertia also enables load shifting within decentralised energy systems
[101], supporting flexibility without compromising indoor safety. Resilience cannot there-
fore be separated from broader questions of material strategy and long-term environmen-
tal responsibility.

Digital simulation tools and predictive models provide the analytical infrastructure
for negotiating these trade-offs. Building performance simulation, artificial intelligence,
and digital twin approaches support scenario testing, sensitivity analysis, and operational
forecasting [121]. Their reliability, however, depends on empirical validation, robust da-
tasets, and careful interpretation of model assumptions [122]. These tools inform design
judgement but do not replace it.

Designing for thermal resilience thus becomes a structured management of compet-
ing objectives. Thermal safety defines the primary boundary condition, while decarboni-
sation, cost, operational demand, and system integration are balanced within that bound-
ary. Resilience is therefore not an auxiliary performance attribute added after energy op-
timisation; it is an organising principle that shapes architectural decision-making under
climatic uncertainty.

6.3. Operational Validation and Adaptive Learning: Digital Infrastructure as a Resilience Instrument

Embedding thermal resilience within a structured design framework does not con-
clude the architectural process. The decisive question is whether design assumptions
translate into stable indoor conditions during real operation. At this stage, resilience shifts
from predictive modelling toward empirical validation, and data infrastructure becomes
a mechanism for continuous calibration and correction.

Simulation tools applied during conceptual design can estimate indicators such as
time-to-threshold or hours above defined limits. Field evidence demonstrates, however,
that discrepancies between projected and measured performance may be substantial, par-
ticularly in buildings with variable occupancy patterns and complex operational conditions
[122,123]. In the context of thermal resilience, the relevant object of verification is not annual
energy consumption but the actual indoor temperature trajectory during extreme events.

The integration of environmental sensors with dynamic simulation models enables real-
time assessment of proximity to physiological thresholds, identification of thermally unstable
zones, and verification of passive strategies such as shading and ventilation. Resilience thus

https://doi.org/10.3390/en19133006


https://doi.org/10.3390/en19133006

Energies 2026, 19, 3006

27 of 46

becomes an operationally observable condition, not only a declared design attribute. Indoor
environmental performance can be continuously monitored, revealing whether the building
maintains safe conditions under stress or deviates from expected behaviour.

Within this framework, the digital twin emerges as a key interface linking design
assumptions with real-world performance. It functions as a feedback mechanism connect-
ing simulation outputs with measured data [124], not as a technological objective in itself.
Parameters defined during design can be recalibrated based on monitored performance,
reducing the gap between predicted and actual resilience. This capability becomes partic-
ularly critical during extreme events and power outages, where maintaining safe indoor
conditions without active cooling determines occupant safety [125].

Predictive systems require long-term validation and robust datasets to avoid overes-
timating resilience capacity. Lessons from field implementations indicate that control
strategies based on model predictive control (MPC) or reinforcement learning may per-
form differently under real conditions than under simulated scenarios [122]. Their relia-
bility depends on continuous validation, calibration, and adaptation to changing bound-
ary conditions.

Operational validation also extends to environmental and life-cycle performance.
The multi-criteria trade-off space described in Section 6.2 evolves over time as buildings
age, usage patterns change, and climatic conditions shift. Dynamic life-cycle approaches
integrating operational data enable continuous refinement of embodied—operational
emission balances and adjustment of retrofit strategies [125,126]. Actual energy use in-
forms environmental accounting, while adaptive control strategies can be evaluated for
their long-term impact on system stability.

Occupant behaviour introduces an additional layer of complexity. Window opera-
tion, shading adjustments, occupancy schedules, and adaptive practices significantly in-
fluence indoor thermal conditions [127]. In resilience assessment, these factors may deter-
mine whether a building maintains safe conditions or exceeds critical thresholds. Incor-
porating behavioural data into predictive frameworks enables identification of risk-prone
patterns and alignment of control strategies with real occupancy conditions. Occupants
thus become active participants within the resilience system, not passive recipients of en-
vironmental conditions.

Thermal resilience therefore evolves from a design-stage objective into an adaptive
learning process. Buildings operate as dynamic systems in which temperature trajectories,
passive strategy performance, and operational interventions are continuously reassessed
under changing climatic, behavioural, and infrastructural conditions. Digital infrastruc-
ture provides the means to observe, interpret, and refine this process over time.

6.4. Toward Outcome-Oriented Thermal Resilience: From Design Logic to Long-Term Accountability

Thermal resilience cannot be inferred from energy efficiency metrics nor reduced to
isolated technical interventions. It emerges from coordinated spatial, material, operational,
and organisational decisions structured around explicit safety objectives. This requires a
shift from compliance-based design toward outcome-oriented evaluation, in which build-
ing performance is judged by the ability to maintain safe indoor conditions over time.

Health-based thresholds and disturbance scenarios play a central role in this trans-
formation. As demonstrated by Lin et al. [9] and Siu et al. [128], evaluation frameworks
that incorporate physiological limits and survival durations shift the focus from seasonal
optimisation toward the capacity of buildings to sustain safe conditions during extreme
events. Redefining indicators alone, however, does not resolve the structural tensions be-
tween resilience, decarbonisation, cost, and system stability.

Empirical evidence highlights the consequences of neglecting these interactions.
Overheating in lightweight constructions has been linked to increased insulation without
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sufficient thermal inertia [114], while certification systems have been shown to underesti-
mate cooling demand under evolving climatic conditions [116]. Design decisions opti-
mised for one objective may therefore produce unintended consequences when evaluated
under extreme conditions. As discussed in Sections 6.2 and 6.3, addressing this requires
explicit negotiation of trade-offs within clearly defined safety constraints, supported by
operational validation that transforms resilience from a projected attribute into a measur-
able and verifiable outcome [123,126].

Outcome-oriented architecture extends responsibility beyond regulatory compliance.
Building performance is assessed not only through adherence to standards, but through
the demonstrated capacity to maintain safe indoor conditions under real operating condi-
tions. Transparent reporting mechanisms and integrated environmental-operational da-
tasets support accountability across the building life-cycle.

The present study draws from this evidence a broader implication for the role of ar-
chitectural design itself. Design is no longer limited to minimising energy demand; it be-
comes concerned with maintaining stability under uncertainty. Thermal resilience func-
tions as a structural organising principle, shaping decisions related to form, material se-
lection, system integration, and operation.

Architecture transitions accordingly from compliance-driven optimisation toward
long-term performance stewardship. The objective is not only to meet current standards,
but to ensure that buildings can protect occupants under evolving climatic and infrastruc-
tural conditions. Thermal resilience thus becomes a defining criterion of sustainable ar-
chitecture, linking design intent with long-term accountability and measurable outcomes.

6.5. Research Gaps in Integrated Thermal Resilience Design

Sections 6.1-6.4 address thermal resilience from several complementary angles, includ-
ing regulatory requirements, design trade-offs, operational validation, and outcome-based
accountability. Despite substantial progress within each domain, connections between them
remain limited. The principal challenge is therefore not the generation of new knowledge,
but the effective coordination of existing knowledge within architectural practice. In this
context, resilience depends less on individual measures than on the extent to which these
components function together within an integrated and coherent design approach.

A first and fundamental gap lies in regulatory inertia. Building codes and standards
continue to rely predominantly on historical climate datasets and seasonal performance
averages, rarely requiring explicit testing under prolonged heatwaves, elevated night-
time temperatures, or compound outage scenarios. As demonstrated by Lin et al. [9] and
Siu et al. [128], the absence of health-based thresholds within binding regulations limits
the practical implementation of survival-oriented design. Buildings may therefore
demonstrate formal compliance while remaining vulnerable under future climatic stress.

A second limitation concerns the lack of mandatory operational verification. In most
regulatory contexts, performance assessment is based on design-stage simulation outputs,
not demonstrated behaviour under real conditions. The link between declared resilience
and measurable outcomes, such as survival duration, time-to-recovery, or cumulative ex-
posure, remains weak. Evidence from post-occupancy studies indicates that discrepancies
between predicted and actual building performance can be substantial, particularly under
variable occupancy patterns and extreme conditions [123,129]. Without longitudinal vali-
dation, resilience risks remaining a projected attribute, not a verified condition.

A third unresolved tension involves the relationship between embodied carbon and
survival capacity. Increasing thermal inertia can significantly extend time-to-threshold
and improve passive survivability, yet it often entails higher construction-related emis-
sions. Life-cycle assessment studies highlight this trade-off, showing that strategies mini-
mising embodied carbon may reduce thermal stability, while high-mass solutions can
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increase environmental impact [119,120]. Under extreme climatic conditions, additional
material use may therefore represent a resilience investment, not an environmental liabil-
ity. Systematic frameworks capable of evaluating this trade-off across different climates
and building typologies remain limited.

At the district scale, collective resilience remains insufficiently operationalised. While
energy community models and distributed systems are increasingly analysed in terms of
load balancing, flexibility, and infrastructure stability [105,106,111], few frameworks ex-
plicitly connect these configurations to indoor thermal safety across interconnected build-
ings. The extent to which resource aggregation can extend time-to-threshold in low-inertia
buildings or reduce cumulative thermal exposure at the community level remains largely
unexplored. Bridging building-scale resilience assessment with distributed energy system
modelling therefore requires methodological convergence across domains that are cur-
rently treated separately.

Systemic uncertainty represents an additional challenge. Occupant behaviour, cli-
matic variability, and heterogeneous load profiles introduce stochastic dynamics that are
rarely incorporated into resilience assessment frameworks [102]. Building performance
simulations often assume fixed behavioural patterns and deterministic climate inputs,
whereas real-world conditions exhibit significant variability. Approaches integrating
probabilistic modelling with dynamic indoor response and risk assessment remain under-
developed, limiting the robustness of resilience predictions.

Architectural integration constitutes a further gap. Micro-autonomy and energy flex-
ibility are predominantly conceptualised as technological or infrastructural solutions
[98,112], with limited translation into spatial and typological design strategies. Concepts
such as survival zones, spatial prioritisation of critical functions, and architectural configu-
rations that support energy redistribution have not yet been systematically developed. Re-
silience therefore remains partially external to architectural design, embedded within it.

Integration across disciplinary boundaries remains limited. Building physics, life-cy-
cle assessment, occupant behaviour modelling, digital monitoring, and governance struc-
tures continue to evolve largely independently. Advancing thermal resilience design re-
quires convergence across these domains within a shared analytical framework capable of
addressing climatic uncertainty, infrastructural instability, and long-term accountability.

These limitations indicate that thermal resilience cannot be achieved through incre-
mental refinement of existing tools alone. It requires the development of an integrated
methodological architecture in which climate representation, event definition, metric se-
lection, design trade-offs, operational validation, and governance structures are aligned
around explicitly defined safety objectives. Only through such systemic integration can
architecture move beyond fragmented optimisation toward the sustained protection of
occupants under intensifying environmental and infrastructural stress.

Addressing these gaps requires a conceptual shift in which regulation and integrated
architectural design are no longer treated as external constraints, but as active components
of thermal resilience.

7. From Performance to Design: Decision-Making Frameworks
for Thermal Resilience
7.1. Introduction: From Single Indicators to Thermal Resilience-Oriented Design

The intensification of extreme heat events and the increasing instability of energy
systems challenge conventional approaches to building design. Traditional performance
frameworks, based on assumptions of climatic stability and uninterrupted operation, pri-
oritise energy efficiency and thermal comfort under average conditions. Such approaches
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are insufficient to ensure occupant safety during heatwaves, power outages, and com-
pound extreme events [130,131].

Thermal resilience emerges in this context as a central design objective. It refers not
only to maintaining acceptable indoor conditions under normal operation, but to the ca-
pacity of buildings to sustain safe thermal environments under extreme and uncertain
conditions. This shift moves architectural design beyond efficiency-oriented optimisation
toward considerations of robustness, survivability, and performance under disruption.

A growing body of research demonstrates that building performance is largely de-
termined during early design stages. Decisions related to geometry, orientation, envelope
configuration, and structural systems define long-term environmental trajectories, often
determining a substantial share of life-cycle impacts [132,133]. These decisions also estab-
lish the boundary conditions for thermal response, influencing how buildings behave un-
der heat stress and system failure [64]. Despite the availability of advanced tools such as
Life-Cycle Assessment, Building Information Modelling, and performance simulation,
their influence on architectural decision-making remains limited. These tools are often ap-
plied too late in the design process, functioning primarily as verification mechanisms, not
as drivers of design exploration [134,135].

Single-indicator approaches compound this limitation. Metrics such as energy use
intensity or carbon emissions provide partial representations of performance and fail to
capture interactions between environmental, spatial, and operational factors. Improve-
ments in one domain frequently generate unintended consequences in another, including
the well-documented increase in overheating risk associated with highly insulated but
lightweight constructions [136,137]. Performance emerges from the interaction of interde-
pendent decisions, not from the optimisation of isolated parameters. The value of analyt-
ical tools such as LCA therefore lies not only in quantifying impacts, but in revealing their
temporal distribution and the consequences of decisions across different stages of the
building life-cycle [138].

Buildings are increasingly understood as dynamic systems whose behaviour evolves
as trajectories under changing climatic and operational conditions. Empirical and pro-
spective studies show that design-integrated strategies, including thermal mass, solar con-
trol, and ventilation, can fundamentally alter these trajectories, affecting both short-term
resilience and long-term environmental performance [138,139]. Early decisions are char-
acterised by low reversibility, as they define structural boundary conditions that cannot
be easily modified later. Later decisions are more adjustable but increasingly dependent
on systems, operation, and user behaviour. Building performance is therefore path-de-
pendent, and many critical trade-offs are embedded before detailed analysis is introduced.

Thermal resilience cannot be reduced to a set of performance indicators. It must be
understood as an emergent property of coordinated decisions operating across multiple
temporal scales. The framework introduced in this section links decision structures with
passive strategies, trade-offs, and feedback processes. Resilience is interpreted not only
through the effectiveness of individual strategies, but also through their reversibility, op-
erational dependence on occupant behaviour, and integration within the design process.
These two criteria, reversibility and operational dependence, constitute the defining con-
tribution of the framework proposed here, and distinguish it from prior decision-hierar-
chy treatments in the thermal resilience literature.

7.2. Decision Leverage, Reversibility, and Operational Dependence

A central concept in contemporary research is decision leverage, which describes the
unequal influence of design decisions across different stages of a project. This concept is
closely related to reversibility, understood as the extent to which a decision can be modi-
fied without significant intervention. Existing studies typically frame this relationship in
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terms of project sequencing, where early-stage decisions are considered more influential
but less flexible, while later-stage decisions are more adaptable yet increasingly depend-
ent on technical systems and user interaction [121,135,136].

This study departs from a purely chronological interpretation by introducing two
criteria that have not previously been combined in thermal resilience frameworks. The
first is reversibility: the distinction between decision types is determined not by when
decisions are made, but by the extent to which they can be altered without fundamentally
transforming the building. The second is operational dependence on occupant behaviour:
decisions are distinguished by the degree to which their effectiveness relies on user action,
system control, and energy availability during operation. Together, these criteria define a
three-tier hierarchy in which the reliability of each strategy under disruption is a direct
function of its position within the structure.

First-order decisions

First-order decisions define how the building operates as a physical system. They
establish the boundary conditions within which performance develops, shaping the inter-
action between form, climate, and internal thermal behaviour. These decisions include
building form, orientation, spatial configuration, and the conceptual definition of the
building envelope as a thermal strategy, including the intended level of insulation and
thermal mass.

A substantial body of research shows that early design choices exert a disproportion-
ate influence on long-term performance and environmental impact [132,136]. Classical
studies further demonstrate that form, orientation, and solar exposure define the primary
drivers of energy demand and indoor conditions [140,141]. The present study departs
from the conventional treatment of thermal and material properties as second-order spec-
ification decisions. When the intended level of thermal mass and insulation determines
the range of achievable thermal behaviour under extreme conditions, its conceptual defi-
nition belongs to the first-order level, regardless of when detailed material specification
occurs. A building constructed as a lightweight timber-frame structure cannot recover the
buffering capacity of a high-inertia masonry structure through any later intervention. This
is a structurally irreversible decision. Classifying thermal mass as a first-order design de-
cision enables multi-criteria Pareto optimisation while the range of achievable perfor-
mance is still being defined, allowing explicit consideration of trade-offs between thermal
resilience, embodied carbon, and life-cycle cost [142-145].

Full-scale experimental evidence from residential buildings in a temperate Polish cli-
mate illustrates the first-order character of thermal mass directly. Replacing lightweight
frame walls with cellular concrete reduced average indoor temperatures during a 14-day
heatwave by 2.8 °C, with maximum differences reaching 3.4 °C at the hottest part of the
day [61]. The total time during which indoor temperatures exceeded 28 °C was reduced
from 18.6 days to 8 h. The cooling effect remained stable throughout the entire event, in-
dependently of any occupant action, energy supply, or system control, confirming that
this decision operates at a level of performance that is intrinsic to the building fabric. As-
sessment using CIBSE TM52 [62] criteria confirmed reductions in hours of exceedance of
the absolute maximum temperature of up to 96.7% during individual heatwave episodes
[61]. Ground coupling constitutes a further first-order decision of equivalent character.
Full-scale empirical evidence demonstrates that removing under-slab insulation to enable
direct floor-soil contact eliminated all major overheating indicators, including IOD, HIHH,
and HE, during a multi-day heatwave, while the reference building without ground cou-
pling accumulated 581.1 °C-h of HIHH under identical meteorological conditions [13].
This effect required no user intervention, energy input, or maintenance, placing it firmly
within the first order of the hierarchy.
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First-order decisions thus define both the constraints and the range of achievable per-
formance within which all subsequent strategies operate and performance outcomes
emerge. At this level, design iteration focuses on shaping the fundamental characteristics
of the building rather than refining individual parameters [144,145].

Second-order decisions

Second-order decisions determine how effectively the system defined at the first-or-
der level performs. They include elements that remain technically modifiable but require
intervention and system-level adjustment, such as envelope configuration, glazing speci-
fication, and passive system integration including external shading.

At this stage, design translates the initial concept into measurable performance
through the specification of materials and components. Although often treated as primary
drivers of performance, their effectiveness depends on the boundary conditions estab-
lished earlier [136]. Empirical studies confirm that variables such as envelope design and
material selection significantly influence performance, but only within the limits imposed
by the overall building configuration [133]. Optimisation at this level therefore operates
within a predefined design space. Simulation-based methods refine alternatives but do
not redefine the underlying system [146].

Full-scale experimental evidence confirms the second-order character of external
shading. In monitored residential rooms with identical construction and orientation, the
installation and closure of external blinds reduced average peak daytime temperature by
2.7 K when combined with heavyweight construction and night ventilation [60]. The ef-
fectiveness of this intervention was conditional on the thermal mass established at the
first-order stage: the same shading configuration produced a markedly smaller effect in
lightweight rooms, demonstrating that second-order decisions operate within the perfor-
mance space defined earlier. Phase change materials occupy a comparable position: they
refine thermal performance within the constraints established by structural mass, but can-
not compensate for an unfavourable first-order system definition [64].

Second-order decisions are the stage at which competing objectives, including energy
demand, embodied carbon, thermal comfort, and overheating risk, become most visible
[130,147]. Their resolution remains constrained by choices made at the first-order level.
While optimisation can improve outcomes within these boundaries, it cannot fundamen-
tally overcome limitations embedded in the underlying system definition.

Third-order decisions

Third-order decisions define how the building is operated and used. They encompass
control, management, and occupant interaction, including system settings, ventilation
schedules, and adaptive actions such as window opening and shading adjustment.

Their influence is highly variable and depends on user behaviour, control strategies,
and external circumstances. Studies show that buildings with identical physical charac-
teristics may exhibit substantial differences in outcomes owing to operational variability
[148,149]. In the context of thermal resilience, these decisions function as conditional adjust-
ments rather than structural determinants of building behaviour. They can influence indoor
conditions over short time horizons, but their contribution relies on continued operation
and energy availability and may diminish precisely when disruptions occur.

The inclusion of operational dependence on occupant behaviour as a defining crite-
rion of decision order represents the second principal departure of the proposed frame-
work from existing approaches. Night ventilation through operable windows is classified
as a third-order decision not because it is less effective than thermal mass under favoura-
ble circumstances, but because its reliability is strongly shaped by occupant preferences,
habits, security concerns, and noise exposure. Full-scale experiments conducted in resi-
dential buildings in a temperate Polish climate illustrate this relationship directly.
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Activating night ventilation at 10 ACH in a lightweight room reduced average peak day-
time temperature by 1.5 K and average minimum night-time temperature by 5.9 K [60].
Applying the same ventilation regime in a heavyweight room resulted in a daytime re-
duction of 1.0 K and a night-time reduction of 3.4 K. The contrasting outcomes obtained
under identical ventilation settings demonstrate that the benefits of third-order actions
remain bounded by first-order structural characteristics. Under real residential conditions,
their reliability is further limited by occupant behaviour. Surveys consistently indicate
that more than half of respondents were unable or unwilling to open windows at night
because of security concerns, noise, or habit [61], reducing the practical value of this strat-
egy during extreme events.

Third-order actions therefore operate within boundaries established by higher-order
design choices. They influence realised outcomes but do not modify the fundamental per-
formance potential defined at earlier stages.

The hierarchy as a dependency-based framework

The hierarchy of decision orders does not correspond to a hierarchy of passive strat-
egy effectiveness. A wide range of passive and low-energy strategies, including solar con-
trol, vegetative shading, thermal mass, natural ventilation, evaporative cooling, and
ground-based cooling, can achieve significant reductions in overheating risk [141,150].
These strategies differ not in effectiveness under favourable conditions, but in the extent
to which they are embedded in the building fabric and in their dependence on operation,
maintenance, and external conditions.

First-order decisions are intrinsic and largely independent of user operation. Second-
order decisions involve system integration and moderate dependence. Third-order deci-
sions are strongly operation-dependent, requiring active management and, in many cases,
continuous energy input. Buildings that rely on deeply embedded, design-integrated
strategies tend to maintain more stable indoor conditions under disruption, whereas those
dependent on active systems may become vulnerable when these systems fail [10,151].
Thermal resilience is therefore not only a function of performance under normal operation,
but also of the degree to which building operation depends on external energy supply and
active control. Reducing this dependency through design-integrated strategies becomes a
fundamental pathway to improving resilience under extreme conditions.

Recognising the relationship between reversibility, operational dependence, and cost
shifts the focus of design from optimisation toward the strategic distribution of decisions
over time. Integrated design is therefore defined not by the number of strategies applied,
but by how early and how deeply they are embedded in the building. These relationships
are synthesised in Figure 2, which presents an integrated framework linking architectural
decision levels with passive strategies, indoor thermal response, building performance,
trade-offs, and feedback mechanisms in the context of overheating during heatwaves.

Unlike conventional representations, the diagram distinguishes between the effec-
tiveness of passive strategies and the structure of decision-making. Highly effective strat-
egies may occur at different decision levels, yet they differ in reversibility, operational
dependence, and long-term reliability. The framework highlights how their position
within the decision hierarchy reflects the extent to which they are embedded in the build-
ing fabric and their dependence on operation and maintenance, not their ranking by per-
formance alone.

Indoor thermal response acts as the physical intermediary between design strategies
and performance outcomes, translating design intent into measurable conditions under
dynamic environmental influences. Trade-offs emerge from this response, reflecting how
different configurations influence competing objectives such as thermal safety, carbon
emissions, cost, and flexibility. While these trade-offs are most actively negotiated at the
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level of second-order decisions, they also contribute to the long-term refinement of first-
order design principles.
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Figure 2. Integrated design framework for thermal resilience under extreme conditions, linking cli-
mate conditions, regulatory constraints, architectural decision hierarchy based on reversibility and
operational dependence, passive strategies, energy systems, and indoor thermal response as the
central mediator of building performance. The framework highlights performance outcomes, trade-

offs, and feedback mechanisms within a unified, decision-oriented structure.

Feedback processes, supported by monitoring, post-occupancy evaluation, and digi-
tal modelling approaches such as digital twins, enable learning across decision levels.
Feedback at later stages has limited capacity to influence realised buildings, however, and
primarily contributes to knowledge transfer between projects. It therefore operates asym-
metrically: operational data can inform future designs but rarely enable substantial mod-
ification of fundamental design decisions once construction is complete [145]. The design
process can thus be understood as a progressive layering of constraints, in which each
additional decision reduces the available solution space and increases dependency on
prior choices. This interpretation aligns with the concept of path dependency, where early
design decisions constrain future options and may create long-term lock-in effects in
building performance [147,152,153].

7.3. Temporal and Systemic Trade-Offs in Design

The dominance of early-stage decisions introduces a system of trade-offs that unfolds
across time and performance domains. In the context of thermal resilience, these trade-offs
are not secondary constraints but intrinsic features of the design problem. They emerge from
the indoor thermal response generated by passive strategies and their interaction with
evolving environmental conditions, not from isolated conflicts between parameters.
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One of the most significant trade-offs concerns the relationship between embodied
and operational carbon. Strategies aimed at reducing operational energy, such as in-
creased insulation or advanced envelope systems, often lead to higher embodied emis-
sions due to material intensification [136,137]. Reducing material use may compromise
thermal stability and increase overheating risk. This tension is particularly evident in com-
parisons between lightweight and heavyweight construction systems, where lower initial
emissions are often associated with reduced thermal buffering capacity [65]. Full-scale ex-
perimental evidence confirms this directly: over a two-week heatwave, cooling energy
savings were 1.6% for PCM-lined lightweight rooms and 12.3% for heavy construction,
while embodied carbon implications of the two systems differ substantially [65]. The de-
cision to prioritise one objective over the other cannot be made without explicit acknowl-
edgement of its consequences for the other.

These trade-offs should not be viewed as fixed relationships. Their importance
changes over time as climate conditions, energy infrastructure, and patterns of use evolve.
Under warming scenarios, cooling demand increases while heating demand declines, al-
tering the relative effectiveness of different design approaches [132,154]. Measures that
perform well under current conditions may become maladaptive as thermal loads inten-
sify, particularly when they depend on active control or occupant behaviour rather than
inherent building characteristics [65]. Environmental impacts are also distributed une-
venly across the building life-cycle. Embodied emissions occur primarily during construc-
tion, whereas operational impacts accumulate gradually throughout the use phase. As
energy supply becomes increasingly decarbonised, embodied carbon assumes greater sig-
nificance, magnifying the long-term implications of material choices [134,137]. During
heatwaves or power outages, energy availability may be restricted or absent altogether,
increasing the importance of passive and design-integrated measures for maintaining safe
indoor environments. This creates a persistent tension between long-term environmental
objectives and short-term thermal protection.

The presence of such interdependencies challenges conventional optimisation ap-
proaches. Multi-objective methods, including Pareto-based optimisation, can represent
trade-offs between competing objectives, but they typically assume fixed boundary con-
ditions and static decision spaces [142,143]. Design conditions evolve over time, and deci-
sion-making must account for uncertainty, changing climates, and shifting performance
requirements. Optimisation based solely on present conditions may therefore fail to cap-
ture long-term consequences. Within the decision hierarchy proposed in this study, Pareto
optimisation is most consequential at the first-order stage, where structural thermal mass
and insulation level are still open decisions. Once these parameters are fixed, the range of
achievable performance is largely determined, and subsequent optimisation operates
within constraints that can no longer be fundamentally altered.

Life-Cycle Assessment is most valuable in this context not as a tool for identifying
optimal solutions, but as a means of revealing the temporal distribution of impacts and
locating trade-offs within the hierarchy of design decisions [147]. Trade-offs are therefore
not anomalies to be eliminated, but structural features that must be explicitly interpreted
and managed. Thermal resilience reframes these trade-offs by introducing non-negotiable
constraints related to occupant safety. While energy use, carbon emissions, and cost can
be balanced within acceptable ranges, thermal safety under extreme conditions defines a
boundary that cannot be exceeded. This shifts design from optimisation toward con-
straint-based decision-making, where acceptable solutions must satisfy safety thresholds
while navigating competing objectives.
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7.4. Integration Gap: From Tools to Decisions

The role of design is not to eliminate conflict between competing objectives, but to
structure it. Trade-offs emerge from the indoor thermal response generated by passive
strategies and are interpreted primarily at the level of design configuration, while their
implications extend across decision levels through feedback and iterative learning. Design
becomes a dynamic process in which decisions, strategies, indoor thermal response, and
performance outcomes are continuously re-evaluated over time. Thermal resilience thus
transforms multi-criteria design from a problem of optimisation into a process of manag-
ing time-dependent and system-dependent conflicts within clearly defined constraints.

Despite significant advances in analytical tools, a persistent gap remains between
analysis and decision-making. This integration gap does not result from insufficient tech-
nology, but from misalignment between tools, processes, and decision structures. Con-
temporary architectural practice is characterised by the coexistence of advanced analytical
methods and limited mechanisms for translating their outputs into design action. The
availability of tools does not therefore automatically lead to improved environmental per-
formance or enhanced thermal resilience.

Building Information Modelling, Life-Cycle Assessment, and performance simula-
tion tools provide extensive analytical capabilities, including the ability to model indoor
thermal response under dynamic and extreme conditions. Their influence on architectural
decisions, however, remains limited. BIM is primarily used for modelling and coordina-
tion, not environmental decision-making [155,156], while LCA is often applied as a post-
design verification tool, not as a support for early-stage design exploration [134,135]. This
reflects a broader tendency to treat environmental analysis as an evaluative component of
the design process, applied after key decisions have already been made, rather than as a
generative input that shapes them.

This fragmentation extends across disciplines. Environmental assessment, energy
simulation, and architectural design are frequently conducted in parallel, not within inte-
grated workflows. Insights generated in one domain are therefore not systematically in-
corporated into decisions in another. LCA may identify high-impact materials while ther-
mal simulations reveal overheating risks, yet these findings often remain disconnected
from spatial and structural design decisions. Analytical depth does not therefore translate
into decision impact. Interoperability issues further limit integration. Differences in data
formats, levels of detail, and modelling assumptions hinder information exchange be-
tween tools. Even when technically feasible, integration often requires manual interven-
tion, reducing efficiency and limiting iterative use [134]. Technical interoperability does
not ensure conceptual integration, as data may be exchanged without being meaningfully
interpreted within the design process.

This fragmentation has important implications for thermal resilience. Designing for
extreme events requires the integration of multiple objectives, including thermal safety,
energy demand, embodied carbon, and system robustness, together with the dynamic in-
door conditions through which these objectives are realised. When analytical tools operate
independently, these relationships cannot be fully represented, particularly under cli-
matic uncertainty and infrastructure disruptions. The integration gap further constrains
the ability to address future uncertainty. Although simulation tools can account for future
climate scenarios and operational variability, their outputs are rarely incorporated into
iterative design workflows. Instead, they are primarily used to verify predefined solutions
rather than to explore alternative design pathways, limiting the adaptive capacity of
buildings under changing conditions.

A further limitation concerns the weak incorporation of feedback mechanisms into
architectural practice. Monitoring systems, post-occupancy evaluation, and digital twin
approaches offer opportunities to connect design assumptions with observed building
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performance. Their implementation, however, remains inconsistent, and operational data
are rarely used to inform future design decisions or subsequent projects [155]. Without
systematic feedback loops, design remains largely predictive rather than adaptive.

Over the course of the design process, the integration gap reflects a disconnect be-
tween decision leverage and the availability of analytical support. Environmental perfor-
mance is largely determined by early architectural choices, whereas advanced analytical
tools are commonly introduced only at later stages. As a result, the influence of analytical
methods on key design decisions is reduced, reinforcing reactive rather than proactive
approaches to environmental assessment. Within the hierarchy proposed in this study,
this issue is particularly important at the first-order stage, when structural thermal mass,
insulation level, and floor-ground coupling are still under consideration. At this point,
analytical methods have the greatest potential to influence long-term building perfor-
mance. Introducing LCA, thermal simulation, and resilience assessment at this stage, not
as verification tools but as instruments of design exploration, is essential for translating
the proposed approach into practice.

Addressing the integration gap requires repositioning existing analytical tools within
the architectural process rather than developing new ones. This involves bringing analyt-
ical methods into the earliest project stages, simplifying their application under uncertain
conditions, and establishing iterative feedback mechanisms that connect conception, op-
eration, and evaluation. More fundamentally, it calls for a shift from tool-centred ap-
proaches to decision-oriented practice, in which analytical methods are valued for their
ability to support informed choices through a better understanding of indoor environ-
mental dynamics and their long-term consequences.

Integrated design can thus be viewed as the coordination of choices across time scales,
organisational levels, and uncertain future conditions. It depends on connecting early-
stage architectural decisions, life-cycle assessment, simulation-based evaluation, and op-
erational feedback within a coherent process that supports long-term building adaptation
and informed decision-making. Without such coordination, analytical capabilities and ar-
chitectural practice will continue to develop along separate paths rather than as mutually
reinforcing components of the same process.

8. Conclusions

This review demonstrates that thermal resilience should be understood as a process-
based and system-dependent property, not an extension of conventional energy perfor-
mance. It emerges under conditions of disruption and is defined by the temporal evolu-
tion of indoor environmental conditions, particularly the duration for which health-based
thresholds can be maintained when external energy supply is constrained. Resilience
therefore shifts the focus from steady-state performance toward dynamic behaviour un-
der extreme conditions. This conclusion applies with particular force to residential build-
ings, which face continuous occupancy, limited adaptive capacity among vulnerable oc-
cupants, and historically weaker regulatory attention to summer performance.

A key finding is that commonly used performance metrics based on annual energy
demand or steady-state comfort are insufficient for assessing building behaviour under
extreme events. Buildings with similar energy performance may exhibit fundamentally
different thermal trajectories during heatwaves or outages, reflecting variations in thermal
inertia, heat accumulation, and recovery capacity. Resilience cannot therefore be inferred
from efficiency alone, but must be interpreted through the indoor thermal response that
governs these dynamics.

A primary contribution of this work is the development of a comprehensive, cross-
domain synthesis of thermal resilience research. The review integrates previously frag-
mented areas, including resilience metrics, climate representation and extreme event
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definition, indoor thermal response dynamics, passive strategies, distributed energy sys-
tems and micro-autonomy, regulatory constraints, and design-oriented perspectives. By
linking these domains within a coherent analytical structure, the study establishes a con-
tinuous chain from external climate forcing to indoor response and, ultimately, to design
decision-making. It thus moves beyond isolated reviews and provides a unified basis for
interpreting thermal resilience across scales and disciplines.

Building on this synthesis, a second and complementary contribution is the develop-
ment of an integrated multi-level framework that links methodological consistency with
design decision-making (Figures 1 and 2). The first framework provides a basis for ad-
dressing inconsistencies in resilience assessment by aligning climate inputs, event defini-
tion, weather data construction, and metric selection; the second translates these relation-
ships into a structured hierarchy of design decisions. Together, they bridge the gap be-
tween analytical assessment and practical design and are grounded in empirical evidence
from full-scale monitored residential buildings in a temperate European climate.

Within this integrated framework, building behaviour is governed by two comple-
mentary mechanisms: passive strategies embedded in the building fabric and energy-sup-
ported systems that help maintain functionality under constrained energy supply. Rather
than being a static property of the building envelope, thermal resilience reflects a dynamic
and path-dependent response shaped by climate forcing, building physics, energy sys-
tems, and operational conditions.

A central implication of this work is the reframing of building design as a hierarchy
of decisions organised by reversibility and operational dependence on occupant behav-
iour. Two departures from existing treatments define this framework. First, thermal mass
and insulation level are treated as first-order system-defining decisions rather than sec-
ond-order specification decisions, because these properties determine the range of achiev-
able performance within which all subsequent optimisation occurs. A building con-
structed as a lightweight structure cannot recover the buffering capacity of a high-inertia
system through any later intervention. This relocation enables multi-criteria Pareto opti-
misation during the early design stage, when major design alternatives are still under
consideration. Second, operational dependence on occupant behaviour is introduced as a
defining criterion of decision order. First-order decisions, such as structural thermal mass
and floor—ground coupling, operate independently of user action and maintain their effect
regardless of occupant behaviour or energy availability. Third-order decisions, such as
night ventilation through operable windows, are strongly conditioned by occupant prefer-
ences, habits, and external conditions, and their reliability under disruption is inherently
lower. This dependency structure determines not only the contribution of each strategy to
performance, but its reliability under the conditions of extreme events and power outages.

Despite these advances, a significant gap remains between analytical knowledge and
practical implementation. Current standards continue to rely on historical data and
steady-state criteria, while resilience-oriented metrics and health-based thresholds remain
only partially integrated. Bridging this gap requires repositioning thermal resilience as a
measurable and enforceable design objective grounded in observable indoor performance.

Trade-offs between thermal safety, embodied carbon, cost, and system performance
must be addressed explicitly within a constrained solution space, not through the sequen-
tial optimisation of isolated objectives.

Thermal resilience ultimately requires a transition from predictive evaluation toward
outcome-based performance. Buildings should be assessed based on their demonstrated
ability to maintain safe indoor conditions under real operating conditions. This calls for
the integration of monitoring, adaptive control, and long-term validation into the design
process, transforming resilience into a verifiable and accountable performance criterion.
Without this transition, analytical advances will continue to outpace their translation into
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design practice, limiting the capacity of buildings to protect occupants under intensifying
climatic and infrastructural stress.
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