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Abstract

Climate change is intensifying overheating risks in cities, where the Urban Heat Island
effect and increasingly severe recent heatwaves are driving up thermal stress, cooling
demand, and outdoor discomfort. Shading is among the most effective passive strategies
for reducing solar-radiative exposure, yet research on shading systems remains fragmented
across building and urban scales, climatic contexts, and performance indicators, limiting
comparability across studies. This paper develops a multiscale, cross-climate KPI framework
for assessing shading systems for overheating resilience. Based on a PRISMA-based review
of 90 publications, the framework draws on the IPCC climate-risk and vulnerability literature
and develops an operationalisation of exposure, sensitivity, and adaptive capacity tailored
to shading-related overheating resilience. It proposes a multidimensional classification of
shading systems by application scale, physical mechanism, and temporal behaviour, and a
harmonised KPI set that distinguishes climate-invariant definitions from climate-sensitive
assessments requiring local calibration. The framework is then applied to a structured
database of 46 case studies, showing that most indicators are stable in formal definition
but not in interpretation—several units required climate-dependent calibration. Recurring
associations emerge between physical mechanism, application scale, and climatic context,
while tropical and continental climates and morphological self-shading remain markedly
under-represented in the current evidence base. The framework does not rank shading
solutions or validate performance outcomes; rather, it offers a structured methodological
basis for selecting, interpreting, and calibrating KPIs in future empirical and simulation-
based research on climate-resilient shading.

Keywords: urban heat island; heatwave resilience; overheating risk; climate-adaptive
shading; passive cooling strategies; cross-climate KPI framework; built environment vulner-
ability; multiscale resilience assessment; solar-radiative exposure; climate-sensitive

1. Introduction

Climate change is increasing overheating risks in buildings and urban spaces, driven
by rising air and surface temperatures, more frequent and severe heatwaves, and the ampli-
fication of thermal stress by the Urban Heat Island (UHI) effect [1-6]. These conditions
affect indoor and outdoor thermal comfort, cooling demand, peak electricity loads, and
the resilience of the built environment under heat stress [5,7-11]. Overheating should

Atmosphere 2026, 17, 984

https://doi.org/10.3390/atmos17100984


https://crossmark.crossref.org/dialog?doi=10.3390/atmos17100984&domain=pdf&date_stamp=2026-10-08
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-9720-7520
https://orcid.org/0000-0002-9477-5098
https://doi.org/10.3390/atmos17100984

Atmosphere 2026, 17, 984

2 of 43

therefore be considered not only a building-performance issue, but also a multiscale ur-
ban challenge involving solar exposure, thermal response, energy demand, and outdoor
environmental conditions.

Solar exposure is a key driver of overheating in both buildings and urban spaces.
Shading can reduce incident solar radiation before it is converted into sensible heat, thereby
limiting solar gains, surface heating, mean radiant temperature, and thermal discomfort.
Its effectiveness, however, depends on application scale, physical mechanism, temporal
behaviour, climatic context, and the performance indicator used to assess it. Building-scale
shading primarily affects envelope solar gains and indoor thermal conditions, whereas urban
shading also modifies pedestrian exposure, surface temperatures, and outdoor thermal
comfort. Recent heatwaves have also highlighted the limitations of approaches that address
overheating mainly through building-level regulations or technological systems. A growing
body of research supports a more systemic approach in which urban-scale adaptation
measures complement, and in some cases precede, building-level mitigation. The “Cooling
Ladder 2.0” [12], for example, emphasises a hierarchy in which urban measures such as
vegetation, shading, reflective materials, and ventilation corridors contribute to reducing
ambient heat before progressively moving toward building-level passive measures, efficient
systems, and active cooling. However, the evidence remains fragmented across building
and urban scales, shading typologies, climatic contexts, and performance indicators. This
fragmentation makes it difficult to determine which Key Performance Indicators (KPIs) can
be compared across contexts, which require climate-specific calibration, and how different
shading mechanisms relate to exposure reduction, thermal sensitivity, and adaptive capacity.

Within this context, climate resilience has become an important concept in built-
environment research. Climate resilience refers to the ability of buildings and urban sys-
tems to absorb, adapt to, and respond to climatic stresses while maintaining acceptable
performance under extreme and variable conditions [13,14]. Here, however, resilience is
considered in a bounded sense, referring specifically to the contribution of shading solu-
tions to overheating-risk reduction rather than to the full spectrum of climate hazards. This
perspective requires approaches that move beyond average climatic conditions and consider
robustness and adaptive capacity under progressive warming and extreme heat events.

Shading systems are a key component of this approach because they modulate solar
exposure, reduce unwanted heat gains, and can improve indoor and outdoor thermal
comfort while contributing to lower cooling demand. Their effects extend across spatial
scales. At the building scale, shading primarily influences envelope heat gains, indoor
thermal conditions, daylight availability, and cooling demand, whereas at the urban scale it
affects pedestrian solar exposure, mean radiant temperature, surface overheating, outdoor
thermal comfort, and local microclimatic conditions. These scales should therefore be
considered complementary, as overheating emerges from interactions among urban form,
outdoor microclimate, building envelopes, and human exposure.

The effectiveness of shading, however, is highly dependent on climatic context and
latitude, which influence solar geometry, seasonal radiative inputs, and the balance be-
tween cooling requirements and solar access. The same shading solution may therefore
perform differently in hot-arid, hot-humid, Mediterranean, or temperate conditions. Shad-
ing systems should consequently be selected and evaluated according to climatic conditions,
latitude, application scale, and temporal behaviour rather than treated as universally trans-
ferable solutions.

Despite the extensive literature on shading systems, existing evidence remains frag-
mented across spatial scales, climatic contexts, and evaluation criteria. Building-scale
studies generally focus on indoor comfort and energy-performance indicators, whereas
urban-scale studies tend to prioritise microclimatic parameters and outdoor comfort. Per-

https://doi.org/10.3390/atmos17100984


https://doi.org/10.3390/atmos17100984

Atmosphere 2026, 17, 984

30f43

formance indicators are also defined and applied heterogeneously, often according to the
requirements of individual case studies, with limited attention to their comparability across
climates, latitudes, and scales. As a result, it remains unclear which shading-performance
indicators can be directly compared across contexts and which require local calibration
before interpretation.

A systematic assessment of shading as an overheating-resilience strategy therefore
requires a framework capable of integrating shading classification, performance indicators,
spatial scale, and climatic context within a common structure. Such a framework should also
clarify how different indicators relate to the mechanisms through which shading contributes
to overheating-risk reduction, including exposure reduction through solar-radiation control,
sensitivity mitigation through reduced thermal response and cooling demand, and adaptive
capacity through dynamic, seasonal, or responsive behaviour.

1.1. Novelty

Existing approaches provide valuable foundations for understanding shading perfor-
mance, including OSAM [15], classification-oriented fagade studies [16], and multi-scale
urban-canyon simulations [17]. These studies demonstrate that shading performance is
influenced by climate, morphology, and application context, but they do not provide an
operational criterion for determining which KPIs can be directly compared across climatic
contexts and which require local calibration before interpretation.

This study addresses this gap by using the IPCC climate-risk and vulnerability litera-
ture as a conceptual reference and developing an operational KPI interpretation tailored to
shading-related overheating resilience. The proposed framework distinguishes between
KPIs that are climate-invariant in definition and those that are climate-sensitive in inter-
pretation. Climate-invariant does not imply climate-independent: it indicates that the
metric definition remains stable across climatic contexts, while its target values, thresholds,
and design relevance may vary with climate, latitude, season, and use patterns. Climate-
sensitive indicators, in contrast, require explicit consideration of local reference conditions
or thresholds before cross-context interpretation.

The novelty therefore lies not simply in proposing another classification of shading
systems, but in translating these dimensions into a multiscale KPI framework that explicitly
retains climatic specificity while supporting structured comparison. The framework is
subsequently examined against a systematically assembled body of empirical evidence
spanning different climates, spatial scales, shading mechanisms, and KPI families.

1.2. Objective and Research Questions

Against this background, the present study has four main objectives. First, it develops
a multiscale KPI-based framework for assessing shading systems by integrating building-
and urban-scale applications within a unified overheating-resilience structure. Second,
it classifies performance indicators according to their resilience contribution—exposure
reduction, sensitivity mitigation, or adaptive capacity—and their degree of climate trans-
ferability. Third, it applies the framework to a structured database of 46 published case
studies extracted and coded according to a transparent protocol. Fourth, it examines the
distribution of shading typologies, physical mechanisms, temporal behaviours, climatic
contexts, spatial scales, and KPI families within the assembled evidence base, identifying
recurring associations and assessing the consistency of the proposed framework across
heterogeneous studies.

In line with these objectives, the work focuses on four principal research questions:

e  What are the main concepts and analytical dimensions associated with overheating-
resilient shading solutions?
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e  How can shading systems be classified and their performance indicators harmonised
across different scales, climate zones, and latitudes?

e  How can classification and key performance indicators be integrated into a coherent
framework for comparing shading strategies across building and urban scales?

e  How is the existing empirical evidence on shading-system performance distributed
across scales, climates, typologies, and KPI families, and to what extent does the
proposed framework support its structured interpretation?

The scope of the study is limited to shading systems as strategies for overheating
resilience and climate adaptation, with particular attention to their contribution to reducing
solar exposure, thermal discomfort, and cooling demand under current and future climatic
conditions. Both building-scale and urban-scale applications are considered, recognis-
ing that shading effectiveness depends on spatial scale, climatic context, solar geometry,
and temporal behaviour. The study does not address climate resilience in its full multi-
hazard meaning; rather, it focuses specifically on the contribution of shading to overheating
resilience in the built environment.

This study is conceived as an evidence-based synthesis combining systematic evidence
mapping, framework development, and structured analysis of published case studies.
Its purpose is not to establish universal performance rankings or experimentally validate
the framework, but to determine whether heterogeneous evidence on shading systems can
be organised and interpreted consistently across spatial scales, climatic contexts, shading
mechanisms, and KPI families.

2. Methodology

This study adopts an evidence-based synthesis approach in which published litera-
ture is used as structured evidence to develop and apply a multiscale KPI framework for
overheating-resilient shading. The methodology (Figure 1) combines systematic litera-
ture review, evidence mapping, conceptual classification, KPI harmonisation, structured
case-study extraction, and descriptive quantitative and narrative synthesis.

KPI Identification Framework Case Study

Systematic Concepu‘:e.zlna‘slon & Harmonization Development Database
o P i & Classification Development
iterature Review
Key concepts and Selectioniand HMultisca's Extraction, coding &
PRISMA method Y P alignment of performance ’ 8

analytic dimensions analysis across 46
metrics . framework

m R B o

Figure 1. Methodological steps for developing the performance framework for climate-resilient

L(((

shading solutions.

The study does not include original empirical monitoring or a dedicated simulation
campaign; all quantitative evidence derives from previously published field measurements,
simulations, and combined studies, extracted and coded according to the protocol described
in Section 2.4. The framework was applied to 46 published case studies to assess its ability
to organise and interpret the available evidence. This application should not be under-
stood as experimental validation, since no original monitoring or simulation campaign
was conducted.

2.1. Literature Review

The methodological process began with a systematic literature review conducted fol-
lowing the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
protocol aimed at mapping evidence on shading systems, passive cooling approaches,
and performance indicators relevant to overheating resilience in the built environment. The
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review covered studies operating at both building and urban scales, with particular atten-
tion to evaluation methods, KPI selection, climatic dependencies, and assessment practices
across different climate zones and latitudinal contexts. The review was not intended to
produce a meta-analysis of numerical performance outcomes, but to identify recurring
shading typologies, performance domains, indicators, and interpretation criteria relevant
to the construction of the proposed multiscale KPI framework.

Review Protocol

The literature search was conducted in March 2026 using Scopus as the sole biblio-
graphic database. Scopus was selected because it provides broad multidisciplinary coverage
of research concerning building performance, urban microclimate, passive cooling, shading
systems, and thermal comfort. Web of Science was not included because institutional access
was not available during the review period. Accordingly, the review should be understood
as a Scopus-based systematic evidence synthesis rather than an exhaustive search across
multiple bibliographic databases.

The search was limited to publications in English published from 2000 to March 2026.
Peer-reviewed journal articles, conference proceedings, and review papers were considered.
Selected reports and technical documents issued by recognised international institutions
were additionally consulted to support the conceptual framing of the study, but they were
not treated as part of the primary bibliographic search corpus unless retrieved through the
defined selection procedure.

The Scopus search was applied to titles, abstracts, and keywords using the following
Boolean query:

(“shading system*” OR “solar shading” OR “shading device*” OR “dynamic shading”
OR “static shading” OR “adaptive shading” OR “green shading” OR “vegetation shad-
ing” OR “tree canopy” OR “urban shading” OR “self-shading” OR “solar control”) AND
(“overheating” OR “heat stress” OR “thermal stress” OR “thermal resilien*” OR “urban
heat island” OR “climate resilien*” OR “passive cooling”) AND (“built environment” OR
“building*” OR “urban microclimate” OR “outdoor comfort” OR “thermal comfort”).

The screening, eligibility assessment, and data extraction were conducted by the two
authors. The identified publications were divided between them, and each author applied
the same predefined inclusion and exclusion criteria and structured extraction scheme to
publications assigned to them. The review protocol was not preregistered. The review was
conducted following the PRISMA reporting framework (Figure 2) and predefined inclusion
and exclusion criteria.

The search process initially identified 354 records. After removing duplicates (n = 12),
342 records were screened. Titles and abstracts were reviewed to exclude contributions not
directly related to shading systems, solar control strategies, or heat-related performance
aspects, resulting in 78 records excluded and 264 records selected for full-text assessment.

Full-text articles were assessed against predefined inclusion and exclusion criteria,
leading to the exclusion of 174 records and a final selection of 90 publications.

Studies were included if they:

e addressed shading or solar control strategies applied to building-scale, urban-scale,
or multiscale built-environment context;

e provided a quantitative or structured qualitative discussion of performance aspects
related to solar radiation, overheating, thermal comfort, cooling demand, urban micro-
climate, or heat stress;

e reported, proposed, or discussed performance indicators, evaluation metrics, or as-
sessment criteria applicable to shading systems;
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e demonstrated relevance to overheating mitigation, heat-related climate adaptation,
or thermal resilience.
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J

Figure 2. PRISMA flow diagram.

Studies were excluded if they:

e focused exclusively on winter performance or solar gains for heating purposes;

e  considered shading only as a secondary or marginal design aspect without performance-
related discussion;

e addressed climatic hazards unrelated to overheating without a clear connection to
solar control, heat exposure, or thermal comfort;

e  were limited to local applications whose findings could not be linked to transferable
indicators, assessment procedures, climatic variables, or shading typologies.

Location-specific case studies were not excluded per se. They were excluded only
when the reported results did not provide transferable methodological or analytical insights
relevant to the framework.

The 90 included publications were analysed through a structured extraction process.
For each contribution, information was extracted on: (i) the shading system or solar-control
strategy considered; (ii) the application scale; (iii) the physical shading mechanism and
temporal behaviour; (iv) the performance indicators adopted; (v) the performance domain
addressed; (vi) the climatic variables, latitudinal context, and boundary conditions influ-
encing interpretation; and (vii) the assessment method, including simulation, monitoring,
experimental analysis, review, or mixed approaches.

The extracted information was subsequently used in two ways: first, to support the clas-
sification of shading systems according to application scale, physical mechanism, and tem-
poral behaviour; and second, to organise KPIs according to their relationship with exposure
reduction, sensitivity mitigation, adaptive capacity enhancement, and climate dependency.
This targeted evidence synthesis provides the methodological basis for the proposed multi-
scale cross-climate KPI framework.

2.2. Conceptualisation and Definition of Overheating-Resilience Shading

Based on the previous stage, the study identifies the key analytical dimensions needed
to conceptualise shading systems as strategies for overheating resilience in the built envi-
ronment. In line with the revised scope of the paper, resilience is not addressed as a general
multi-hazard concept but is operationalised in relation to heat-related risk, solar-radiative
exposure, indoor and outdoor thermal comfort, and cooling demand.
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The conceptualisation is structured through an author-defined operationalization of
exposure, sensitivity, and adaptive capacity, informed by IPCC climate-risk and vulnerability
literature [18,19]. In this context, exposure refers to the solar-radiative input reaching
buildings, urban surfaces, and pedestrians before thermal effects occur; sensitivity refers to
the resulting thermal response, including indoor overheating, surface temperature increase,
outdoor thermal discomfort, and cooling demand; and adaptive capacity refers to the
ability of shading systems to modulate their performance over time in response to diurnal
variability, seasonal solar geometry, heatwaves, and long-term warming.

The main analytic dimensions adopted in the framework are:

e application scale, distinguishing building-scale, urban-scale, and multiscale/inter-
face systems;

e  physical shading mechanism, distinguishing artificial /technological, nature-based/veg-
etative, morphological self-shading, and hybrid systems;

e temporal behaviour, distinguishing static/fixed, dynamic/operable, seasonal/ecologi-
cal, and adaptive/responsive systems;

e performance domain, including solar-radiative control, thermal-response mitigation,
cooling-demand reduction, and temporal modulation of shading performance;

e climatic and latitudinal context, which conditions solar geometry, overheating risk,
seasonal performance, and the interpretation of climate-sensitive indicators.

Within this framework, shading systems are not assessed in terms of absolute perfor-
mance values at this stage. Rather, they are conceptualised as passive and adaptive strategies
whose relevance depends on their interaction with climate-dependent variables such as
solar geometry, local microclimate, latitude, urban morphology, and temporal variability.
This conceptualization provides the methodological basis for the subsequent classification
of shading systems and harmonisation of KPIs across building and urban scales.

2.3. KPI Identification and Harmonisation

This step integrates the identification and harmonisation of KPIs into a coherent frame-
work for overheating-resilient shading solutions. The aim is to organise performance indica-
tors according to the analytical dimensions defined above, enabling structured comparison
across spatial scales, climatic contexts, and latitudinal conditions.

KPI selection followed a three-tier approach: (i) indicators defined by international
standards; (ii) indicators used in peer-reviewed studies on shading systems, building
thermal performance, urban microclimate, and outdoor thermal comfort; and (iii) indicators
derived from established physical principles governing solar radiation, heat transfer, and
thermal response, when supported by scientific literature.

The selected KPIs were organised according to the three resilience dimensions adopted
in the study. Indicators related to solar-radiative control were associated with exposure
reduction; indicators describing indoor or outdoor thermal response, comfort, surface
temperature, or cooling demand were associated with sensitivity mitigation; and indicators
capturing dynamic, seasonal, operable, or responsive behaviour were associated with
adaptive capacity enhancement.

The harmonisation process does not involve the calculation, normalisation, or ranking
of KPI values. Rather, it establishes a structured interpretative framework that clarifies KPI
definitions, performance domains, applicable shading typologies, baseline conditions, and
calibration requirements for future empirical or simulation-based applications.

Distinguishing Climate-Invariant and Climate-Sensitive

A specific distinction is introduced between climate-invariant definitions and climate-
sensitive assessments (Figure 3). In this study, climate-invariant does not mean climate-
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independent. It indicates that the operational definition, unit of measurement, and calcula-
tion procedure of a KPI remain stable across climatic contexts, even though target values,
thresholds, design relevance, and interpretation may vary with climate, latitude, season,
urban morphology, and use conditions.

[ KPI ]

Climate-sensitive

Climate-invariant
Climatic inputs

Operational definition Baseline scenarios
Unit of measurement Evaluation periods
Calculation procedure Performance/comfort thresholds

Local conditions

Cross-climate interpretation

Figure 3. Conceptual distinction between climate-invariant KPI definitions and climate-sensitive
assessments.

Climate-sensitive assessments, by contrast, require explicit calibration of climatic in-
puts, baseline scenarios, evaluation periods, and comfort or performance thresholds before
cross-climate comparison. The distinction therefore concerns the level at which climate
dependency enters the assessment: for climate-invariant KPIs, climate mainly affects inter-
pretation; for climate-sensitive KPIs, climate affects the assessment conditions themselves.

2.4. Case Study Database Development and Framework Application

To move beyond a purely conceptual assessment framework and evaluate its applica-
bility against real-world evidence, the framework was subsequently applied to a database
of published case studies extracted from the 90 publications identified through the sys-
tematic literature review (Figure 4). While the broader review supported the construction
of the conceptual multiscale KPI framework, this second stage was designed to populate
the framework with empirical evidence, allowing the analytical dimensions to be applied
against reported case-study data rather than discussed only at a conceptual level.

Publications not retained in OASIS (n=44)
« No quantificable KPI output
« Insufficient detail for framework classification
« Insufficient context fro cross-study comparison

Publications assessed for

Identification Case-study extraction (n = 90)

N

2
Screening Case studies included
OASIS database (n = 46)
3
Eligibilit Structured data extraction & coding
v Core/Recommended/Framework-derived variables — one row per Case x KPl x Comparison
4 - = =
Included Climate-stratified analysis
Climate stratification; KPI family grouping; typology comparison; evidence-family synthesis

Figure 4. Flow diagram of identification, extraction, coding, and analysis of 46 case studies.

For the purposes of this database, a case study is defined as one publication (one DOI)
reporting at least one quantifiable shading-related outcome. Where a single publication
reports multiple KPIs, comparison conditions, building types, or monitoring sites, these are
captured as separate rows within the same case rather than as separate cases.

Of the 90 publications included in the systematic review, a total of 46 case studies
met the additional OASIS (Overheating and Shading Indicators Dataset for Built Environment
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Resilience) database inclusion criteria and were selected for detailed analysis. The 44 publi-
cations that did not meet the additional OASIS inclusion requirements were retained in the
broader systematic-review evidence base but were not entered into the case-level database.
Exclusion decisions were based on the additional criteria described above and were made
before framework-derived coding. The selected cases:

e reported at least one quantifiable baseline-to-post-intervention comparison, or an
equivalent directional outcome, for a shading-related KPI;

e  specified the application scale, physical shading mechanism, and temporal behaviour
of the intervention with sufficient detail to be classified according to the framework
presented in Section 2.2;

e  provided enough contextual information—location, climate classification, and method-
ological approach—to support cross-study comparison.

The 46 case studies were first selected based on the availability and adequacy of the
reported evidence; only subsequently were the retained cases coded according to the an-
alytical framework. The remaining publications were retained in the broader evidence
base but were not included in the case-level database because they did not provide suffi-
cient quantitative or contextual information for the structured analysis. The selected cases
covered a wide range of climatic contexts, geographical locations, building and urban typolo-
gies, shading mechanisms, and methodological approaches, including field measurements,
simulation-based studies, experimental investigations, and combined methodologies.

The resulting structured database OASIS is openly available via Harvard Dataverse [20].

Data Extraction and Coding Scheme

To ensure the systematic and consistent collection of evidence across heterogeneous
studies, a structured data extraction and coding scheme was developed and applied to all
selected case studies in the OASIS database. The scheme was designed to capture both
information directly reported in the original publications and framework-derived variables
required for the subsequent resilience-oriented analysis.

The coding scheme comprised three main categories of variables, reflecting differences
in reporting consistency across the literature and in the epistemic status of the informa-
tion recorded:

e  Core extracted variables, directly reported in the original studies and treated as manda-
tory for a case to be included in the database: bibliographic information, DOI, climatic
and geographical descriptors, shading-system characteristics (typology and physi-
cal mechanism), methodological approach, KPI definitions, measurement units, and
reported performance outcomes, including baseline and post-intervention values or,
where a single comparable numerical pair was not reported, a directional quantita-
tive outcome.

e Recommended contextual variables, extracted whenever reported but not treated as
grounds for excluding a case when absent: latitude, intervention dimensions, temporal
resolution and evaluation period, absolute and percentage change (calculated directly
from baseline and post-intervention values where both were reported as single, com-
parable figures), uncertainty indicators and model validation metrics—recorded as
distinct fields to separate measurement or reporting precision from model fidelity—
and study limitations. No formal methodological quality or risk-of-bias assessment
was performed. The recorded information on uncertainty, model validation, and study
limitations was instead used as contextual information during evidence interpretation.

e  Framework-derived variables, generated during the coding process to support applica-
tion of the proposed assessment framework rather than extracted directly from the
literature, and visually and structurally separated from the extracted data to preserve
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the distinction between primary evidence and interpretation. These included the
resilience dimension associated with each KPI (Exposure, Sensitivity, or Adaptive
Capacity), the classification of KPI transferability, the need for local calibration, and the
identification of primary and secondary resilience contributions.

To facilitate comparison across studies, each row of the database was structured ac-
cording to a Case x KPI x Comparison logic: each row represents a single case x KPI
x comparison entry, and where a study reported multiple KPIs, each combination was
recorded as a separate row. Case-level descriptors such as location, climate, shading ty-
pology, and methodological characteristics were repeated identically for every KPI entry
associated with a given case study. This approach enhanced database consistency and im-
proved subsequent filtering, statistical analysis, and evidence synthesis procedures, without
requiring reconstruction of case-level context for each KPI.

In addition, each indicator was assigned to a broader KPI Family to account for the
diversity of performance domains addressed in the literature. Three primary families
were considered:

e  Thermal and Overheating Performance;
e  Visual and Daylighting Performance;
e  Energy Performance.

This classification was introduced after preliminary extraction indicated that several
shading interventions (particularly kinetic and biomimetic fagade systems) were evaluated
in the source literature through daylighting or glare indicators alongside, or instead of,
thermal metrics. Rather than restricting the database to overheating-specific indicators,
the KPI Family classification was adopted to preserve this evidence and to enable analysis of
how different performance domains are represented across shading typologies and climatic
contexts, consistent with the framework’s premise that the transferability of a KPI depends
on the properties of the indicator itself, not solely on climatic context.

Particular attention was devoted to the assessment of KPI transferability across climates.
Following the conceptual framework proposed in this study, two distinct coding questions
were applied to each indicator:

1. Is the KPI definition physically or mathematically invariant across climatic contexts?
2. Is the interpretation, threshold, or performance target of the KPI climate-dependent?

This distinction was adopted because a single invariant/sensitive label conflated two
analytically distinct questions, which do not necessarily covary: a KPI may have a stable def-
inition while still requiring locally calibrated thresholds for meaningful interpretation. It al-
lowed indicators to be evaluated beyond a simple binary climate-invariant/climate-sensitive
classification and provided a more robust basis for assessing cross-climate comparability
and calibration requirements.

The resulting database constituted the empirical foundation for the subsequent synthe-
sis and comparative analysis, enabling the investigation of relationships between climatic
conditions, shading typologies, resilience dimensions, and performance outcomes across
the 46 collected case studies.

2.5. Comparability and Synthesis Strategies

Before synthesis, candidate Case x KPI x Comparison rows were screened for com-
parability according to three criteria: the physical nature and location of the measured
quantity, the temporal basis of the reported value, and the type of baseline comparison.
Indicators sharing a nominal KPI label were not pooled when they referred to physically
different quantities, such as indoor air temperature, outdoor pedestrian-level air tempera-
ture, or facade-gap microclimate conditions. Similarly, instantaneous peaks, diurnal means,
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and aggregated ranges were treated separately where their direct combination would have
obscured the meaning of the reported effect.

Reported uncertainty and model-validation metrics were recorded where available
and considered when interpreting individual outcomes. They were not used as formal
exclusion criteria, because reporting was inconsistent across the reviewed studies; however,
values approaching the reported level of measurement or model uncertainty were identified
in the synthesis.

Evidence families represented by at least ten cases, spanning more than one climate
group and satisfying the above comparability criteria, were synthesised using descriptive
quantitative summaries. Case-level mean and maximum reductions were summarised
descriptively by climate group. These summaries were intended to describe the distribution
of reported case-level outcomes within each climate group rather than to estimate a pooled
intervention effect or a climate-specific effect. The case remained the primary unit of
evidence, and no weighting by sample size, measurement precision, or study design was
applied. This procedure does not constitute a formal meta-analysis, since it does not
use variance-weighted pooled effect sizes, confidence intervals, or heterogeneity statistics.
Where sufficient observations were available, the dispersion of case-level outcomes was
retained through case-level ranges and individual values reported in the corresponding
tables. For each case and KPI, one case-level mean and one case-level maximum were
derived from the corresponding OASIS rows: the mean is the reported average, or the
arithmetic mean of the reported scenario, point, or site values (the midpoint when only a
range is given), and the maximum is the largest reduction reported for that case. In the tables,
reductions carry their sign (negative = cooling, positive = warming) and are averaged with
their sign, so that null or adverse outcomes are retained; in the text, reductions are expressed
as positive magnitudes. Means and maxima are averaged separately, each over the cases
reporting that statistic (NR = not reported), and the denominators are stated separately for
means and maxima; a case reporting only one of the two statistics contributes only to that
summary. Cases whose reference condition differs from the shaded-versus-unshaded (or
vegetated-versus-bare) comparison, such as a fagade-gap measurement or a comparison
against an existing shade sail, were not pooled.

Evidence families that did not meet these conditions because of limited sample size,
single-climate representation, heterogeneous units, or incompatible comparison structures
were retained for structured narrative synthesis and evidence mapping. This two-tier
strategy enabled descriptive quantitative comparison where the published evidence was
sufficiently comparable while preserving evidence that could not be meaningfully pooled.

3. Conceptualizing Overheating-Resilience for Shading Systems

Resilience is commonly understood as the capacity of socio-technical and urban systems
to withstand disturbances, adjust to changing conditions, and reorganise when existing
configurations become inadequate [13,21-28].

In the built environment, this concept is often operationalised through three comple-
mentary capacities: absorptive capacity, adaptive capacity, and transformative capacity [29].
Absorptive capacity refers to the ability to withstand and cope with disturbances; adaptive
capacity refers to incremental adjustments that allow systems to maintain function under
changing conditions; and transformative capacity refers to structural changes enabled by
learning, innovation, and reorganisation. In the context of building cooling, previous re-
search has likewise proposed domain-specific operationalisations of resilience, including
absorptive capacity, adaptive capacity, restorative capacity, and recovery speed, highlighting
the need to translate broader resilience concepts into assessment criteria suited to thermal
performance and cooling systems [30].
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In this study, resilience is not addressed as a general multi-hazard property of the
built environment. Rather, it is deliberately narrowed to overheating resilience, understood
as the capacity of building and urban systems to reduce heat exposure, limit indoor and
outdoor thermal discomfort, reduce cooling demand, and maintain acceptable performance
under heatwaves, seasonal extremes, and long-term warming trends. This focus reflects
the central hazard addressed in the paper: overheating driven by solar radiation exposure,
elevated air and surface temperatures, and the degradation of thermal comfort in buildings
and open spaces.

Urban resilience provides the broader conceptual background for this interpretation,
since cities must respond to multiple shocks and stresses, including environmental, social,
infrastructural, and climatic disruptions [31-33].

However, the present study does not aim to develop a general theory of urban resilience.
Instead, it adopts a climate-risk-oriented perspective in which overheating is treated as a
specific and increasingly critical stressor for the built environment. From this perspective,
the most relevant resilience properties are robustness and flexibility [22]: robustness refers
to the capacity of urban and building configurations to maintain acceptable thermal per-
formance during heat stress, while flexibility refers to the ability of systems to adjust their
performance across diurnal, seasonal, and long-term climatic variability. The transition
from urban resilience to climate resilience is therefore interpreted here in a bounded sense.
Climate resilience is considered only in relation to heat-related risks, rather than to the full
spectrum of climatic hazards. Although hydro-geological risks, stormwater management,
and ecosystem services are relevant dimensions of urban climate adaptation [34-36], they
do not constitute the main assessment domain of this framework. They may be considered
co-benefits when associated with hybrid or nature-based shading solutions, but the primary
focus remains thermal: overheating risk, solar radiation exposure, cooling demand, and
indoor and outdoor thermal comfort.

To make this resilience lens operational, the study draws on the IPCC climate-risk
and vulnerability framework [18] and on related exposure-sensitivity-adaptive capacity
vulnerability studies [19] as a conceptual reference, but does not assume a one-to-one corre-
spondence between the IPCC terminology and the performance characteristics of shading
systems. In particular, the present study develops an author-defined operationalisation of
selected vulnerability dimensions for the specific problem of overheating-resilient shading.

The relationship between the climate-risk and vulnerability concepts discussed above
and shading-specific performance is operationalised in this study through three analytical
dimensions: radiative exposure, thermal sensitivity, and shading-system adaptive capacity
(Figure 5).

IPCC climate-risk framework Study-specific operationalisations Shading mechanisms, KPIs and contribution
(conceptual reference) (for overheating-resilient shading) (to overheating resilience)
Climate risk Radiative exposure Solar-radiative control b Reduces
Hazard x Exposure x Vulnerability Solar-radiative input before thermal effects KPIs: solar radiation, shaded area, SHGC, SVF solar heat input
Al Bpmaic VUGS Thermal sensitivity Thermal-response mitigation Reduces
Clmatic ooy Sensitivity Adaptive Thermal response to residual loads KPIs: o?eranve :empzrfélljlr:é:IRT, air > Overheating impacts
eventor assets or capacity eImperatiite,
trend systems Susceptibility
exposed to impacts Ability to adjust Shading-system adaptive capacity Temporal performance modulation ) Supports adaptation and

Thermal response to residual loads KPIs: response time, seasonal reversibility robustness over time

Figure 5. Author-developed operationalisation of climate-risk and vulnerability concepts for shading-
related overheating resilience.

Radiative exposure refers to the solar-radiative input reaching buildings, urban sur-
faces, or pedestrians before thermal effects occur. Thermal sensitivity refers to the ther-
mal response of indoor and outdoor environments to residual radiative and climatic loads.

https://doi.org/10.3390/atmos17100984


https://doi.org/10.3390/atmos17100984

Atmosphere 2026, 17, 984

13 of 43

Shading-system adaptive capacity refers to the ability of a shading system to modulate or
maintain its performance over time under varying climatic, seasonal, or operational conditions.

In this study, adaptive capacity is deliberately operationalised as a property of the
shading system. It therefore refers to the technical, biological, configurational, or opera-
tional capacity of the shading solution to adjust or maintain its performance across changing
conditions. It does not represent the broader adaptive capacity of the exposed population,
institution, community, or urban system, which may include social, economic, governance,
behavioural, and infrastructural dimensions. This narrower operationalisation is adopted
because the objective of the framework is to assess shading systems as physical and envi-
ronmental adaptation mechanisms rather than to provide a comprehensive assessment of
societal vulnerability.

These three dimensions provide the analytical structure for the KPI framework de-
veloped in the following sections. Exposure-related KPIs describe radiative control before
thermal effects occur; sensitivity-related KPIs describe the resulting thermal and com-
fort response; and adaptive-capacity KPIs describe temporal modulation, reversibility, or
persistence of shading performance.

On this basis, overheating-resilient shading solutions are defined as building and
urban shading elements, systems, or configurations designed to reduce solar-radiative
exposure, mitigate indoor and outdoor thermal stress, and support temporal adaptation to
heatwaves, seasonal variability, and long-term warming through static, dynamic, nature-
based, morphological, or hybrid mechanisms.

4. Classification of Shading Systems

This section develops a conceptual and descriptive classification of shading systems
based on application scale, physical shading mechanism, temporal behaviour, and func-
tional contribution to overheating resilience. The proposed classification has a structural
and methodological purpose: it does not aim to evaluate or compare the performance of
different solutions, but to organise shading typologies according to the mechanisms through
which they reduce solar-radiative exposure, mitigate thermal sensitivity, and support adap-
tive capacity.

A key limitation of conventional classifications is that categories such as static, dynamic,
adaptive, artificial, and nature-based are often treated as mutually exclusive, although they
describe different properties of a shading system. A nature-based solution may be static,
seasonal, or adaptive; an artificial device may be fixed, operable, or responsive; and a
morphological configuration may produce shading without being a discrete add-on device.
For this reason, the present study adopts a multidimensional classification based on four
complementary dimensions: application scale, physical shading mechanism, temporal
behaviour, and primary contribution to overheating resilience.

The application scale distinguishes between building-scale, urban-scale, and multiscale
or interface systems. The physical shading mechanism identifies how shading is produced,
distinguishing artificial or technological systems, nature-based or vegetative systems, mor-
phological self-shading, and hybrid systems. The temporal behaviour describes whether
the system remains fixed, can be operated, changes seasonally, or responds adaptively to
climatic or user-related conditions. Finally, the resilience contribution links each solution
to the analytical dimensions of exposure reduction, sensitivity mitigation, and adaptive
capacity enhancement.

4.1. Scale of Application: Building, Urban, and Multiscale Interface Systems

The building and urban scales are not interpreted as opposing domains, but as comple-
mentary levels of overheating mitigation. At the building scale, shading primarily regulates
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solar gains through the envelope, influencing indoor operative temperature, daylight avail-
ability, glare risk, and cooling demand. At the urban scale, shading modifies pedestrian
solar exposure, surface heating, mean radiant temperature, outdoor thermal comfort, and
local microclimatic conditions. Some systems operate at the interface between these scales,
simultaneously affecting facade exposure and outdoor environmental conditions. Examples
include green facades, vegetated pergolas, porticoes, arcades, courtyards, and street trees
adjacent to building envelopes.

This scale-based distinction is therefore analytical rather than oppositional. Building-
scale shading addresses the thermal response of indoor environments to solar gains, while
urban-scale shading reduces the ambient and radiative conditions that contribute to over-
heating before they affect buildings and pedestrians. This multiscale interpretation is
consistent with the overheating-resilience focus of the framework, in which shading is
understood as a distributed passive infrastructure acting across both envelope and urban
microclimate.

4.2. Physical Shading Mechanisms
4.2.1. Artificial and Technological Shading Systems

Artificial and technological shading systems include man-made elements specifically
designed to control solar radiation through geometry, material properties, optical modu-
lation, or mechanical movement. At the building scale, this category includes horizontal
overhangs, vertical fins, brise-soleil, light shelves, mashrabiya and jaali screens, venetian
blinds, sliding panels, movable louvers, chromogenic glazing systems, and adaptive facade
components [37-44].

The underlying principle of these systems is the interception, filtering, reflection,
or modulation of incident solar radiation before it produces thermal effects on building
envelopes, urban surfaces, or pedestrians. Fixed artificial devices rely mainly on geometric
obstruction and are strongly influenced by orientation, latitude, and solar altitude. Operable
or adaptive systems add a temporal dimension by allowing the degree of solar control
to vary according to climatic conditions, user needs, or control strategies. In resilience
terms, artificial and technological systems primarily contribute to exposure reduction
and, when dynamic or responsive, to adaptive capacity enhancement. At the building
scale, the technological evolution of the envelope has progressively transformed the facade
from a static barrier into a dynamic and complex interface capable of regulating energy
flows between indoor and outdoor environments [37,38]. Adaptive fagades are defined as
envelope components capable of reversibly responding to short-term climatic fluctuations
or changing occupant requirements [37,42,43]. These systems include movable mechanical
devices, chromogenic technologies, active solar facades, and ventilated facade systems that
combine solar control with convective regulation [42,44]. Mechanical adaptive systems may
rely on rotation, translation, folding, bending, stretching, or twisting mechanisms [38,40,45],
while control strategies can be extrinsic, based on sensors and actuators, or intrinsic, where
responsiveness is embedded in material properties [46,47].

Advanced adaptive systems also include biomimetic components, smart materials,
Shape Memory Alloys, Shape Memory Polymers, thermal bimetals, and hygroscopic wood,
which enable passive or active responsiveness to environmental stimuli [37,45-50].

4.2.2. Nature-Based and Vegetative Shading Systems

Nature-based and vegetative shading systems employ vegetation as a source of solar-
radiative control and microclimatic regulation. At the building scale, they include green
facades, living walls, climbing plants, vegetated screens, and vegetated systems either
integrated into or detached from the building envelope [51-53]. At the urban scale, they
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include street trees, urban forests, parks, vegetated pergolas, hedges, vegetative barriers,
and other green infrastructure elements whose canopy or foliage contributes directly to
shading [54-59].

For the purposes of this framework, it is important to distinguish between direct
shading effects, thermal co-benefits, and non-shading co-benefits. Direct shading effects
refer to the interception of solar radiation by foliage, canopy, or vegetative structures.
Thermal co-benefits include evapotranspiration, surface temperature reduction, local air
temperature moderation, and microclimatic cooling. Non-shading co-benefits, such as
biodiversity support, stormwater management, air quality improvement, and psychological
well-being, are relevant for broader urban climate adaptation but are not the primary
assessment domain of this shading framework.

Nature-based systems therefore contribute to overheating resilience through a combi-
nation of exposure reduction and sensitivity mitigation [60]. Their performance depends
on plant species, canopy density, leaf morphology, seasonal behaviour, irrigation conditions,
fagade or street orientation, local climate, and maintenance [54-56,61]. Deciduous vegeta-
tion introduces an additional seasonal dimension: it can provide substantial solar protection
in summer while allowing greater solar access in winter. This makes nature-based sys-
tems particularly relevant for the temporal dimension of adaptive capacity, although their
performance may also be vulnerable to drought, heat stress, and long-term climate change.

4.2.3. Morphological Self-Shading Systems

Morphological self-shading refers to shading generated by the geometry, orientation,
and spatial configuration of buildings and urban fabric, rather than by an added shading
device. This category addresses an important gap in conventional shading classifications,
since many effective shading effects in real design practice derive from architectural and
urban form itself.

At the building scale, morphological self-shading includes recessed windows, deep
reveals, balconies, loggias, projecting slabs, fagade articulation, overhangs integrated into
massing, courtyards, and stepped or articulated building volumes. These elements reduce
direct solar exposure through geometric obstruction and can influence the solar gains
received by transparent and opaque envelope components.

At the urban scale, morphological self-shading includes arcades, porticoes, colonnades,
continuous street walls, street-canyon geometry, height-to-width ratio, street orientation,
courtyards, and building-to-building mutual shading. These configurations affect the
amount of solar radiation reaching pedestrian spaces and urban surfaces, modifying sky
exposure, mean radiant temperature, surface heating, and outdoor thermal comfort.

Morphological self-shading is generally static in temporal behaviour, because it is
embedded in the physical configuration of the built environment. However, its performance
varies over time as a function of solar geometry, season, latitude, and time of day. In resilience
terms, it primarily contributes to exposure reduction, while indirectly supporting sensitivity
mitigation by reducing the thermal load imposed on buildings, surfaces, and pedestrians.
Because morphological self-shading is not an add-on technology, it is particularly relevant
for early-stage design, urban planning, and retrofit strategies based on spatial configuration.

4.2.4. Hybrid Shading Systems

Hybrid shading systems combine two or more physical mechanisms of solar control.
They may integrate artificial structures with vegetation, combine morphological shading
with green infrastructure, or incorporate adaptive technological components into nature-
based or architectural systems. Examples include vegetated pergolas, green arcades, artifi-
cial structures supporting climbing plants, temporary urban shading systems used while
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trees mature, adaptive vegetated canopies, and mixed systems combining textile shading,
vegetation, and urban furniture [54,62-64].

Hybrid systems are particularly relevant to overheating resilience because they can
combine the immediate effectiveness of artificial shading with the seasonal and ecological
benefits of vegetation. For example, an artificial pergola can provide a fixed support struc-
ture, while deciduous vegetation introduces seasonal variation in solar access. Similarly,
temporary artificial shading can reduce heat exposure in the short term while longer-term
tree canopy develops. In this sense, hybrid systems may contribute simultaneously to
exposure reduction, sensitivity mitigation, and adaptive capacity enhancement.

4.3. Temporal Behaviour of Shading Systems

In addition to their physical mechanism, shading systems can be classified according to
their temporal behaviour. This dimension cuts across artificial, nature-based, morphological,
and hybrid categories.

Static or fixed systems maintain a stable configuration over time. Examples include
fixed overhangs, vertical fins, brise-soleil, light shelves, recessed windows, loggias, arcades,
porticoes, and street-canyon self-shading. Their performance depends on geometry, orientation,
latitude, and seasonal solar trajectories. Although they lack real-time responsiveness, they
offer robustness, operational continuity, low maintenance, and low technical vulnerability.

Dynamic or operable systems can be moved, adjusted, opened, closed, deployed, or
reconfigured. Examples include venetian blinds, movable louvers, sliding panels, retractable
shade sails, operable screens, and temporary urban shading structures. These systems allow
more flexible control of solar exposure, but their performance depends on user behaviour,
control logic, mechanical reliability, and maintenance.

Seasonal or ecological systems change primarily through biological or seasonal pro-
cesses. Examples include deciduous street trees, green facades, climbing plants, vegetated
pergolas, and seasonal canopy structures. Their shading performance varies with leaf area,
canopy density, growth stage, pruning, irrigation, and climatic stress. These systems are
especially relevant for balancing summer solar protection with winter solar access.

Adaptive or responsive systems modify their performance in response to environmental
conditions, control inputs, or material behaviour. Examples include automated blinds,
sensor-controlled louvers, adaptive facades, chromogenic glazing, kinetic shading devices,
smart-material systems, and hybrid systems with active management. These systems
contribute directly to adaptive capacity because they can modulate shading performance
across diurnal variability, heatwaves, and changing climatic conditions.

4.4. Multidimensional Classification and Implications for KPI Selection

Figure 6 illustrates the proposed two-axis classification of shading systems. The hor-
izontal axis represents the physical mechanism of shading, distinguishing artificial or
technological, nature-based, morphological self-shading, and hybrid systems. The vertical
axis represents temporal behaviour, distinguishing static, dynamic or operable, seasonal or
ecological, and adaptive or responsive systems. This structure avoids treating categories
such as static, adaptive, and nature-based as mutually exclusive and instead allows each
shading solution to be positioned according to both its material or spatial mechanism and
its mode of temporal operation.

The multidimensional classification has direct implications for KPI selection. Artificial
static systems require indicators related to geometric solar obstruction and solar radiation
control. Artificial dynamic or adaptive systems require additional indicators describing
modulation range, response time, and control flexibility. Nature-based systems require
indicators that capture vegetation structure, canopy density, seasonal variation, and thermal
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co-benefits. Morphological self-shading requires indicators related to solar access, sky
exposure, facade or street geometry, and shaded surface or pedestrian area. Hybrid systems
require combined indicators able to capture both physical shading performance and seasonal

or adaptive behaviour.
Table 1 synthesises the proposed classification by linking scale, physical mechanism,
temporal behaviour, examples, resilience contribution, and methodological implications for

KPI structuring.

Table 1. Multidimensional classification of shading systems and implications for KPI structuring.

Scale

Physical
Mechanism

Temporal
Behaviour

Examples

Primary Contribution to
Overheating Resilience

Methodological Implications for

KPI Structuring

Building

Artificial /tech-
nological

Static/fixed

Fixed overhangs, vertical
fins, brise-soleil, light
shelves, fixed screens

Exposure reduction;
indirect sensitivity
mitigation

Indicators related to geometric
obstruction, solar transmittance,

shading factor, and cooling-load

response

Building

Artificial /tech-
nological

Dy-
namic/adap-
tive

Venetian blinds, movable
louvers, sliding panels,
adaptive facade,
chromogenic systems

Exposure reduction and
adaptive capacity
enhancement

Indicators related to modulation

range, actuator response time,

control strategy, SHGC variation,

and overheating response

Building

Nature-
based/vegeta-
tive

Sea-
sonal/ecolog-
ical

Green fagade, living walls,
climbing plants, vegetated
screens

Exposure reduction,
sensitivity mitigation,
seasonal adaptive
capacity

Indicators related to vegetation

coverage, LAI, seasonal variation,

surface temperature reduction,
and thermal response

Building

Morphological
self-shading

Static/fixed

Recessed windows, deep
reveals, balconies, loggias,
courtyards, fagade
articulation

Exposure reduction;
indirect sensitivity
mitigation

Indicators related to facade
geometry, shaded fagade ratio,

projection factor, solar access, and

indoor thermal response

Urban

Artificial /tech-
nological

Static/dy-

namic

Shade sails, canopies,
shelters, textile shading,
urban pergolas

Exposure reduction and
outdoor sensitivity
mitigation

Indicators related to shaded area,

radiative flux attenuation, mean

radiant temperature, and outdoor

comfort

Urban

Nature-
based/vegeta-
tive

Sea-
sonal/ecolog-
ical

Street trees, urban forests,
parks, hedges, vegetative
barriers

Exposure reduction,
sensitivity mitigation,
long-term adaptive
capacity

Indicators related to canopy
coverage, LAI, seasonal canopy

variation, air temperature, surface
temperature, and outdoor comfort

Urban

Morphological
self-shading

Static/fixed

Arcades, porticoes,
colonnades, street-canyon
geometry, H/W ratio, street
orientation, mutual
building shading

Exposure reduction and
outdoor sensitivity
mitigation

Indicators related to SVF, solar
access, shaded pedestrian area,
MRT, and urban geometry

Multiscale

Hybrid

Sea-
sonal/adap-
tive

Vegetated pergolas, green
arcades, temporary shading
while trees mature, artificial

structures with vegetation

Combined exposure
reduction, sensitivity
mitigation, and adaptive
capacity enhancement

Multi-domain indicators
combining radiative control,
thermal response, seasonal
variation, and
adaptive performance

The proposed classification does not assign each shading solution to a single fixed
category. Instead, each solution is positioned according to its scale of application, physi-
cal mechanism, temporal behaviour, and primary contribution to overheating resilience.
This multidimensional structure provides the basis for KPI selection, since different mech-
anisms and temporal behaviours require different indicators, baselines, and calibration
procedures. It also clarifies the relationship between building and urban shading: the two
scales are not alternative domains, but complementary levels through which overheating
risk can be reduced by controlling solar-radiative exposure, moderating thermal response,

and enhancing adaptive capacity across time.
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TEMPORAL BEHAVIOUR

Adaptive /
responsive

Seasonal/
ecological

Dynamic /
operable

Static / fixed

Cromogenic glazing
systems

Adaptive facade
components
Seasonal canopy

structures

Textile shading devices

Venetian blinds

Movable louvers

Fixed overhangs

Vertical fins / brise-soleil

Street trees

Green facades

Living walls

Vegetative barriers

Loggias / balconies

Arcades / porticoes

Adaptive vegetate canopies

Mixed systems with textile shading

and vegetation

Vegetate pergolas

Adaptive vegetate canopies

Temporary urban shading systems

Mixed systems with textile shading

and vegetation

Green arcades

Artificial structures supporting

climbing plants

Artificial / technological

Nature-based /
vegetative

Morphological
self-shading

Hybrid

PHYSICAL MECHANISM

Figure 6. Two-axis classification of shading systems according to physical mechanism and tempo-
ral behaviour.

5. KPI Framework for Overheating-Resilient Shading

The KPI framework translates the multidimensional classification of shading systems
into a structured set of performance indicators applicable across building and urban scales.
KPIs are organised according to the three analytical dimensions adopted in this study: expo-
sure reduction, sensitivity mitigation, and adaptive capacity enhancement. This structure
links the physical mechanisms and temporal behaviour of shading systems to measurable
performance outcomes while preserving the distinction between climate-invariant KPI
definitions and climate-sensitive assessment conditions.

The framework is organised into three complementary KPI domains:

e  exposure, describing the control of solar-radiative input before thermal effects occur;

e  sensitivity, describing the resulting thermal and comfort response;

e adaptive capacity, describing the ability of shading systems to modulate or maintain
performance over time under variable conditions.

5.1. KPI Assignment by Resilience Dimensions

KPIs are primarily associated with one of the three analytical dimensions adopted in
this study: exposure reduction, sensitivity mitigation, or adaptive capacity enhancement.

Exposure-related KPIs describe the radiative input to the system before it produces
thermal effects. At the building scale, these include indicators such as Solar Heat Gain
Coefficient [65-67], Shading Factor [68,69], Solar Transmittance [70,71], and Projection
Factor [72]. At the urban scale, exposure is described through indicators such as Sky View
Factor [73,74], Urban Tree Canopy Coverage [75-77], and Leaf Area Index [78,79], which
capture solar access, canopy interception, and vegetation-based radiative shielding.

Sensitivity-related KPIs describe the thermal response of indoor or outdoor environ-
ments after radiative loads have affected the system. At the building scale, these include
operative temperature reduction, Overheating Degree Hours [80,81], Exceedance Hours,
cooling demand indicators, and surface temperature decrease [82-86]. At the urban scale,
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they include Mean Radiant Temperature reduction [87-90], air temperature variation at
pedestrian level [91], surface temperature decrease [92], UTCI, and PET [93-97].

Adaptive-capacity KPIs describe the ability of shading systems to modify their perfor-
mance over time. At the building scale, this includes Modulation Range [37,42,43], Actuator
Response Time [37,43,98,99], Seasonal Reversibility [43,45,100], and seasonal LAI variation
for vegetation-based systems [101,102]. At the urban scale, adaptive capacity is represented
by Seasonal Canopy Variability [103], flexibility of temporary shading structures, and
Vegetation Growth Performance under Climate Stress [104].

Since some indicators capture more than one mechanism, the framework distinguishes
between the primary resilience dimension of each KPI and its secondary relevance. For
example, Mean Radiant Temperature is primarily interpreted as a sensitivity-related KPI, but
it also reflects changes in radiative exposure. Similarly, LAI can describe exposure reduction
when used to characterize canopy density, while ALAI expresses adaptive capacity when
used to assess seasonal variation.

5.2. KPI Applicability by Shading Typology and Scale

The revised classification of shading systems affects KPI selection because not all
indicators are applicable to all shading typologies. For this reason, the framework links
each KPI to the shading mechanisms for which it is most relevant.

For artificial and technological systems, such as overhangs, fins, brise-soleil, venetian
blinds, movable louvers, chromogenic systems, and adaptive facade components, relevant
KPIs include geometric and radiative indicators such as Projection Factor, Shading Factor,
Solar Transmittance, SHGC, and radiative attenuation. When these systems are dynamic or
adaptive, indicators such as Modulation Range, Actuator Response Time, control strategy
type, and Seasonal Reversibility become relevant.

For nature-based and vegetative systems, such as street trees, green facades, living
walls, climbing plants, vegetated pergolas, and vegetative barriers, relevant KPIs include
Urban Tree Canopy Coverage, LAI, ALAI, Seasonal Canopy Variability, surface temperature
decrease, MRT reduction, and outdoor comfort indicators such as UTCI and PET.

For morphological self-shading systems, such as recessed windows, loggias, balconies,
arcades, porticoes, street-canyon geometry, and mutual shading between buildings, relevant
KPIs include Projection Factor, Sky View Factor, shaded area ratio, solar access indicators,
MRT reduction, and outdoor comfort response. These indicators are particularly important
where shading is generated by geometry rather than by an added device.

For hybrid systems, such as vegetated pergolas, green arcades, temporary shading
combined with vegetation, or artificial structures supporting climbing plants, KPI selection
combines radiative, thermal, vegetative, and temporal indicators. These systems may require
both exposure-related indicators, such as shaded area or canopy coverage, and adaptive-
capacity indicators, such as seasonal canopy variability or flexibility of reconfigurable
shading structures.

5.3. Climate Dependency and Calibration Requirements

The framework also distinguishes between climate-invariant KPI definitions and
climate-sensitive assessments. This distinction does not imply that some KPIs are indepen-
dent of climate. Rather, it clarifies whether the KPI is transferable mainly at the level of
definition or whether its assessment requires local calibration.

KPIs such as SHGC, Shading Factor, Solar Transmittance, Projection Factor, Sky View
Factor, canopy coverage, and LAI have relatively stable operational definitions. However,
their target values and design interpretation vary with climate, latitude, season, solar
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geometry, and overheating risk. They are therefore treated as climate-invariant in definition,
but not climate-independent.

By contrast, KPIs such as operative temperature reduction, Overheating Degree Hours,
cooling load variation, surface temperature decrease, MRT, UTCI, PET, and vegetation
growth performance under climate stress require explicit calibration of climatic inputs, base-
line scenarios, evaluation periods, comfort thresholds, and local microclimatic conditions.
These are treated as climate-sensitive assessments.

Calibration requirements are therefore included in the operational matrix. Low calibration
indicates that the KPI is mainly based on a stable technical or geometric definition. Medium
calibration indicates that the KPI definition is stable, but interpretation depends strongly on
climate, latitude, season, or morphology. High calibration indicates that both assessment
conditions and interpretation must be locally defined before cross-climate comparison.

5.3.1. Building-Scale KPI Structuring

At the building scale, exposure-related KPIs are facade-oriented and geometry-
dependent. State-of-the-art research identifies shading factor, Solar Heat Gain Coefficient
(SHGC), incident solar radiation attenuation, and effective shading ratio as robust measures
of radiative control at the envelope level. These indicators are strongly conditioned by facade
orientation, latitude, and seasonal solar geometry, and are substantially climate-invariant in
their definition, though their target values differ across climatic and latitudinal contexts.

Sensitivity-related KPIs at the building scale address the indoor thermal response
to solar load reduction. Current evidence highlights operative temperature reduction,
cooling load variation, peak cooling demand, and surface temperature decrease as relevant
indicators of overheating mitigation. Resilient cooling literature further emphasises the
evaluation of thermal comfort degradation during extreme heat events—through indicators
such as Overheating Degree Hours (ODH) and Exceedance Hours above locally defined
thresholds—rather than relying solely on seasonal energy consumption metrics.

Adaptive capacity-related KPIs at the building scale reflect the dynamic performance
of shading systems across variable conditions. In the context of adaptive facades and
smart materials, relevant indicators include modulation range, actuator response time,
control strategy type (manual, automated, or intrinsic material response), and seasonal
reversibility. These indicators capture the ability of systems to adjust to diurnal variability
and heatwave conditions, which is central to contemporary climate resilience thinking. For
nature-based systems, Leaf Area Index seasonal variation (ALAI) constitutes the ecological
equivalent, directly conditioning the transmitted radiation differential between summer
and winter configurations.
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5.3.2. Urban-Scale KPI Structuring

At the urban scale, exposure-related KPIs shift from facade-level metrics to spatial and
morphological indicators. Urban tree canopy coverage, shaded area ratio, Sky View Factor
(SVF) modification, and radiative flux attenuation at pedestrian level are widely adopted in
recent microclimate studies to quantify exposure reduction in outdoor environments. These
indicators are particularly relevant in high-density contexts where shading performance is
conditioned by urban geometry and surface albedo interactions.

Sensitivity-related KPIs address the thermal response of outdoor environments to
shading interventions. The most robust and widely adopted indicators in recent evidence
include Mean Radiant Temperature (MRT) reduction, air temperature variation at pedes-
trian level, surface temperature decrease, and changes in composite thermal comfort indices
such as the Universal Thermal Climate Index (UTCI) and Physiologically Equivalent Tem-
perature (PET). These parameters directly reflect the mitigation of outdoor heat stress and
are increasingly integrated into climate adaptation planning and urban design guidelines.

Adaptive capacity-related KPIs at the urban scale are linked to seasonal variability,
ecological growth dynamics, and configurational flexibility of shading infrastructures.
Contemporary research on nature-based solutions and hybrid shading systems identifies
seasonal canopy variability, vegetation growth performance under climate stress, and
the flexibility of temporary or reconfigurable shading structures as relevant indicators.
These KPIs capture the long-term and evolutionary dimension of climate resilience in urban
systems, including the multifunctional integration of shading with stormwater management
and evaporative cooling functions.

5.4. Exposure KPIs Matrix

The exposure matrix groups indicators that describe radiative input before it produces a
thermal effect on the building or urban environment. At the building scale, exposure-related
KPIs include Solar Heat Gain Coefficient (SHGC) [65-67], Shading Factor (SF) [68,69],
Solar Transmittance (tsol) [70,71], and Projection Factor (PF) [72], which collectively
characterize solar transmission, shading effectiveness, and geometric solar obstruction
at the envelope level. At the urban scale, exposure is represented by Sky View Factor
(SVE) [73,74], Urban Tree Canopy Coverage [75-77], and Leaf Area Index (LAI) [78,79],
which describe solar access, canopy interception, and vegetation-based radiative shielding
in outdoor environments. Most exposure indicators are climate-invariant in formulation,
since they are defined through geometric or physical quantities that remain stable across
climatic contexts. Their interpretation, however, remains climate-dependent, because the
desirability of solar exclusion varies with latitude, season, and overheating risk. The matrix
therefore distinguishes between universal metric definition and context-specific design
relevance, providing a consistent basis for cross-context comparison without suppressing
climatic specificity.

5.5. Sensitivity KPIs Matrix

The sensitivity matrix groups indicators that measure the thermal response of indoor
and outdoor environments after radiative loads have already affected the system. At the
building scale, this includes operative temperature reduction (ATo) [84], Overheating
Degree Hours (ODH) [80,81], Exceedance Hours, Peak Cooling Demand reduction (APCL),
Cooling Load Variation (ACL) [85,86], and Surface Temperature decrease (ATs) [82,83],
which together describe thermal comfort response, overheating magnitude and duration,
peak and cumulative cooling demand, and the thermal response of the building fabric.

At the urban scale, sensitivity KPIs capture the thermal response of outdoor envi-
ronments through Mean Radiant Temperature reduction (AMRT) [87-90], Air Temper-
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ature variation at pedestrian level (ATa) [91], Surface Temperature decrease (ATs) [92],
and the composite indices UTCI and PET [93-97]. Within this set, AMRT and ATa de-
scribe specific environmental responses, whereas UTCI and PET provide an integrated
estimate of pedestrian thermal stress and perceived outdoor comfort. UTCI and PET are
expressed in °C according to their conventional reporting units, but these values represent
equivalent-temperature indices rather than direct air-temperature measurements. Their
interpretation depends on the underlying meteorological variables, human parameters, and
assessment conditions.

All sensitivity indicators are climate-sensitive, since their interpretation depends on
locally meaningful thresholds for comfort, overheating, and physiological stress. Their value
within the matrix therefore lies not only in documenting thermal response, but also in
clarifying which comparisons across studies require explicit climatic calibration before
interpretation. In this sense, the matrix strengthens methodological comparability while
preserving the climatic specificity required for resilience-oriented assessment.

5.6. Adaptive Capacity KPIs Matrix

The adaptive-capacity matrix groups indicators that express the ability of shading
systems to modify their performance over time in response to variable or extreme climatic
conditions. Unlike the previous two matrices, this set is explicitly structured by temporal
scale, distinguishing between diurnal, seasonal, and long-term adaptive behaviour. At the
building scale, the most relevant indicators include Modulation Range [37,42,43], Actuator
Response Time (ART) [37,43,98,99], Seasonal Reversibility [43,45,100], and ALAI [101,102],
which capture dynamic solar control, speed of response, seasonal reconfigurability, and
ecological adaptation in vegetation-based systems.

At the urban scale, adaptive capacity is represented by Seasonal Canopy Variabil-
ity [103], Flexibility of temporary shading structures, and Vegetation Growth Performance
under Climate Stress [104], which describe seasonal canopy dynamics, infrastructural recon-
figurability, and the long-term persistence of shading performance under future heat and
drought stress. These indicators extend adaptive capacity beyond short-term adjustability
and connect it to ecological resilience and long-term climate responsiveness.

Most adaptive-capacity indicators are climate-invariant in formulation at the diurnal
and seasonal scales, since they are based on physically or functionally defined properties of
system adjustment. By contrast, long-term adaptive-capacity indicators are climate-sensitive,
because their interpretation depends on projected climatic trajectories and local ecological
stress thresholds. The adaptive-capacity matrix therefore introduces a temporal and forward-
looking dimension that is largely absent from conventional shading assessment approaches.

5.7. Multiscale KPI Matrix

The matrix (Table 2) summarises the resulting KPI framework. Each indicator is
mapped according to its application scale, applicable shading typologies, primary resilience
dimension, secondary relevance, unit of measurement, climate dependency, calibration
requirement, and temporal scale where relevant. The matrix therefore provides an opera-
tional bridge between the classification of shading systems and the selection of KPIs for
future empirical, simulation-based, or comparative studies.

https://doi.org/10.3390/atmos17100984


https://doi.org/10.3390/atmos17100984

Atmosphere 2026, 17, 984

23 0f 43

Table 2. Multiscale KPI matrix for overheating-resilient shading solutions in the built environment.

. . Primary Secondary . Climate Calibration Main Calibration Factors/
KP1 Scale Applicable Typologies Dimension Relevance Unit Dependency Requirement Temporal Scale
EXPOSURE—radiative input before thermal effect
Solar Heat Gain Artificial /technological envelope . . )
. - ‘ o Climate- . Orientation; solar geometry;
Coefficient Building systems; adaptive facade; Exposure Sensitivity 0-1 . . Medium
L invariant seasonal target values
(SHGC) glazing-integrated systems
. Fixed, dynamic, and adaptive . . S .
Shading Factor Building artificial shading; hybrid Exposure Sensitivity 0-1 .Chm_ate— Medium Orientation; latltude,. r.e ference
(SF) invariant unshaded condition
fagade systems
Solar Glazing, screens, textiles, louvers Climate- Solar spectrum; incidence
Transmittance Building / Y Y / Exposure Sensitivity 0-1 . . Medium i ’
(o) adaptive materials invariant angle; seasonal target values
Projection Factor 1 Overhar}gs, fins, brlse-solellf e . Climate- . Latitude; orientation; seasonal
Building  recessed windows, morphological Exposure Sensitivity ratio . . Medium
(PF) ) invariant solar geometry
fagade shading
Sky View Factor Morphological self-shading; street . Climate- . Urban geometry; H/W ratio;
Urban canyons; arcades; tree canopy Exposure Sensitivity 0-1 . . Medium . .
(SVF) . . invariant orientation; sky exposure
configurations
Urban Tree Urban Nature-base(?l and hybrid urban Exposure Sensitivity o .Chm'ate- Medium Canopy geom'etry; species;
Canopy Coverage shading systems invariant season; maintenance
Leaf AreaIndex  Building/  Green facade, living walls, street Exposure Adapt.we m?/m? .Chm'ate— Medium Species; Canopy.der}sny;
(LAI) Urban trees, vegetated pergolas capacity invariant phenology; irrigation
SENSITIVITY—thermal response to residual radiative loads
Operative 1 . ; He- .
Temperature Building All bulldmg-scaile shading Sensitivity Exposre C Chn}aﬁc& High Weather file; occupancy;
. typologies sensitive comfort model; baseline
reduction (A To)
Overheating Adaptive
Degree Hours Building All bulldmg-sca.le shading Sensitivity capaaty “Ch/yr Chrr.1a.te- High Threshold; evaluation ‘perlod;
(ODH) typologies during heat sensitive heatwave scenario
events
Peak Cooling All building-scale shading Climate- Weather file; internal gains;
Demand reduction  Building i . > Sensitivity Exposure W/m? o, High SV -
(APCL) typologies affecting solar gains sensitive HVAC assumptions; baseline
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Table 2. Cont.

. . Primary Secondary . Climate Calibration Main Calibration Factors/
KP1 Scale Applicable Typologies Dimension Relevance Unit Dependency Requirement Temporal Scale
Cooling Load Buildin Al ;b m<l)(i1(l)n ;gézcaaflficst}iﬁdmg Sensitivit Exposure kWh/m?/yr Climate- High Weather file; simulation
Variation (A CL) & yfooli;glg demand & y p y sensitive & assumptions; setpoints; baseline
Adaptive
T capacity . 5 .
Exceedance Howrs  Building All l?ulldmg scalle Sensitivity during h/yr Chrr.la.te High Comfort threshold; occupancy
shading typologies sensitive schedule; heatwave period
extreme
periods
Surface g1 Envelope shading; urban canopies; . Material properties; solar
Temperature Blﬁﬁg;g/ trees; morphological and Sensitivity Exposure °C sCelIirinl’?iTe High exposure; wind;
decrease (A Ts) hybrid shading evapotranspiration; baseline
Mean Radiant - . .
Temperature Urban shading, trees, canopies, . B Climate- . Radlétlon mode?l, pede'strlan
. Urban . Sensitivity Exposure C . High height; sky view; wind;
reduction arcades, street-canyon self-shading sensitive Qa1
(A MRT) humidity
Ali};ffggoeia;rre Nature-based. hvbrid. and Microcli- Climate- Weather conditions; ventilation;
: Urban , WYOHC, an Sensitivity matic °C o High surface materials;
pedestrian level urban-scale artificial shading ) sensitive .
(A Ta) co-benefits measurement height
Universal Thermal Urban-scale shading affecting Integrated Climate- Meteorological inputs;
Climate Index Urban edestrian heat stress Sensitivity comfort °C sensitive High exposure scenario; local
(UTCI) p outcome stress thresholds
Physiologically Lo .
Equivalent Urban-scale shading affecting . Integrated . Climate- . Meteorological inputs; human
Urban . Sensitivity comfort C i High parameters;
Temperature pedestrian comfort sensitive
(PET) outcome comfort thresholds
ADAPTIVE CAPACITY—dynamic regulation over time
) s Dynamic, operable, adaptive, and Adaptive A SHGC or Climate- ) Control range; open/closed
Modulation Range  Building smart shading systems capacity Exposure % invariant Low/Medium reference states; diurnal scale
Actuator Response Buildin Alf;ﬁg;?:i;;i?sé I;o:gzle Adaptive Exposure min/s Climate- Low Control signal; actuator type;
Time (ART) & »acap ¢ capacity P invariant diurnal scale

components
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Table 2. Cont.

. . Primary Secondary . Climate Calibration Main Calibration Factors/
KP1L Scale Applicable Typologies Dimension Relevance Unit Dependency Requirement Temporal Scale
Seasonal Buildin Adaptive fagade, seasonal devices, Adaptive Expostre A SHGC or Climate- Medium Summer/winter reference
Reversibility & reversible shading configurations capacity P ASF invariant states; seasonal solar geometry
Delta s i1 ) . . e
LAI—Seasonal Building/ Green facade, climbing plants, Adapt.lve Exposure m?/m? ‘Chm.ate— Medium/High Phenology; spec1es,‘1rr1gat10n,
e Urban vegetated pergolas, street trees capacity invariant seasonal period
LAI Variation
Seasonal Canopy Street trees, urban forest§, Adaptive Exposure/ A LAI/A Climate- . . Canopy development; pruning;
o Urban vegetated pergolas, hybrid i o crown , . Medium/High seasonal climate;
Variability capacity Sensitivity . invariant .
green structures density maintenance
Flexibility of Tempqrary canopies, retractable Adaptive categorical/A Climate- . Deployment period; spatial
temporary Urban sails, modular pergolas, i Exposure o . . Medium )
. ' capacity coverage % invariant coverage; seasonal use
shading structures reconfigurable shelters
Vegetation Growth .
Performance Nature-based and hybrid Adaptive Exposure/ A LATor Climate- . Projected he.at .and. drought
. Urban . . . e A canopy o High stress; irrigation;
under Climate vegetative shading systems capacity Sensitivity o sensitive . i
Stress cover %/yr species resilience
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Define
assessment objective

Exposure reduction
Thermal comfort
Cooling demand

Adaptive performance

6. Operational Workflow for KPI Selection and Interpretation

The proposed framework is operationalised through a stepwise workflow that guides
the selection and interpretation of KPIs for overheating-resilient shading solutions, as shown
in Figure 7. The workflow is intended to support comparative assessment across build-
ing and urban scales without assuming that all indicators are directly comparable across
climatic contexts.

1.  First, the assessment objective is defined by specifying whether the analysis focuses on
radiative exposure reduction, indoor or outdoor thermal response, cooling-demand
reduction, pedestrian comfort, or adaptive performance under variable climatic con-
ditions. This step clarifies the dominant performance question and determines the
relevant KPI domain.

2. Second, the spatial scale and shading typology are identified. The system is classified
according to its application scale—building, urban, or multiscale—and according to the
multidimensional classification introduced in Section 4: physical shading mechanism
and temporal behaviour. This step determines which KPIs are applicable to the system
under assessment.

3. Third, KPIs are selected from the multiscale matrix according to their primary re-
silience dimension and secondary relevance. Exposure KPIs are selected when the
aim is to quantify solar-radiative input or shading effectiveness; sensitivity KPIs are
selected when the aim is to assess thermal response, comfort, or cooling demand;
adaptive-capacity KPIs are selected when temporal modulation, seasonal behaviour,
or responsiveness is relevant.

4. Fourth, the climate dependency of each KPlis identified. Indicators with climate-invariant
definitions can be transferred across contexts at the level of metric definition, although
their targets and interpretation remain climate-dependent. Climate-sensitive assessments
require local calibration before comparison, including climate inputs, baseline scenarios,
evaluation periods, comfort thresholds, and microclimatic boundary conditions.

5. Finally, the results are interpreted according to the assessment context rather than
as absolute performance values. The framework therefore supports KPI selection,
comparison, and interpretation, but does not replace empirical monitoring, simulation-
based evaluation, or context-specific performance validation.

Classify Identify Identify Define
shading system Relevant KPIs climate dependency calibration and interpret
3 4 5
Scale Applicable typology Climate-invariant Baseline
Physical mechanism Primary dimension Climate-sensitive Thresholds
Temporal behaviour Secondary relevance Evaluation period

Local climate

Figure 7. The Proposed KPI-Based Performance Framework for Climate-Resilient Shading Systems.

7. Results

Consistent with the evidence-based synthesis design, the results describe the distribu-
tion, comparability, and recurring performance patterns of the published evidence rather
than estimating pooled causal effects. Results are organised in five parts, following the
sequence for the quantitative synthesis: climate stratification of the sample, KPI-family
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grouping, comparison of shading typologies, and separate synthesis of the resulting evi-
dence families.

7.1. Climate Stratification

The Koppen—Geiger classifications recorded for each case were aggregated into four
climate families, Tropical, Arid, Temperate, and Continental, to support group-level com-
parison. Table 3 reports the resulting distribution.

Table 3. Case distribution by climate family.

Climate Family Climate Zone Number of Cases % of Sample
Temperate Cfa, Csa, Cfb, Cwb 29 63%
Arid BWh, BSk, BWk 13 28%
Continental Dwa, Dwb/Dwa 3 7%
Tropical Am 1 2%

Climate zone: Cfa—humid temperate climate, with no dry season and hot summers;
Csa—Mediterranean climate, with hot, dry summers; Cfb—oceanic temperate climate, with no dry
season and mild summers; Cwb—temperate climate with dry winters and mild summers; BWh—hot
desert climate; BSk—cold semi-arid (steppe) climate; BWk—cold desert climate; Dwa—continental
climate with dry winters and hot summers; Dwb—continental climate with dry winters and mild
summers; Am—tropical monsoon climate.

The sample is markedly concentrated in temperate climates (29 cases, 63%), with
substantial representation of arid climates (13 cases, 28%). Continental (3 cases) and,
in particular, tropical climates (1 case, [105]) are sparsely represented. This imbalance is
treated as a methodologically relevant finding in its own right rather than a limitation to
be concealed: it indicates that the published, quantitatively comparable evidence base on
shading-system performance is itself unevenly distributed across climate zones, with tropi-
cal and continental contexts remaining comparatively under-documented.

7.2. KPI-Family Grouping

The 46 case studies yielded 243 individual Case x KPI x Comparison rows. Table 4
summarises their distribution across the three KPI Family /Domain categories, and Table 5
reports the climate-transferability classification within each family.

Table 4. KPI rows and cases by KPI family.

KPI Family n Rows (of 243) Number of Cases
Thermal/Overheating 190 (78%) 38 (83%)
Visual/Daylighting 31 (13%) 9 (20%)
Energy 22 (9%) 9 (20%)

Table 5. Climate-transferability classification by KPI Family.

KPI Family Clin?aiilflllrz::;iant Cliﬁ:et!z?gret;zlr?gent
Thermal/Overheating (N = 190) 182 (96%) 182 (96%)
Visual/Daylighting (N = 31) 31 (100%) 31 (100%)
Energy (N = 22) 22 (100%) 17 (77%)
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As shown in Table 6, across the database, sensitivity-mitigation indicators (55%) are
the most frequent primary classification, followed by exposure-reduction indicators (37%)
and adaptive-capacity indicators (9%). This distribution reflects the composition of the
underlying evidence base: most reviewed studies report a thermal or visual response
(e.g., a temperature or comfort-index reduction) rather than a purely geometric exposure
metric or an explicitly time-resolved adaptive-capacity indicator, the latter requiring a dy-
namic or seasonally variable intervention to be meaningfully assessed. Adaptive-capacity
classifications are concentrated in the subset of cases involving dynamic/operable or adap-
tive/responsive shading, consistent with the framework’s structure; the Visual/Daylighting
domain, in particular, contains no adaptive-capacity classifications, since none of the re-
ported daylight or glare comparisons in the database evaluate a dynamic shading state
against itself over time.

Table 6. Primary Resilience Dimension by KPI Family.

ity pRw Sy A
Thermal/Overheating 67 105 18 190
Visual/Daylighting 14 17 0 31
Energy 8 11 3 22
All rows (N = 243) 89 133 21 243

Within the recurring evidence families a small number of specific indicators account
for a substantial share of the Thermal/Overheating domain, while wind speed and relative
humidity function predominantly as explanatory covariates rather than standalone outcome
measures, and 21 cases contribute indicators that are inherently case-specific (composite
indices, correlation coefficients, or design recommendations) and are retained for narrative
synthesis rather than pooled quantitative comparison.

7.3. Comparison of Shading Typologies

Figure 8 summarises the distribution of the 46 case studies across application scale,
climate family, physical shading mechanism, and methodological approach.

Field measurement

Field measurement + Simulation
Simulation

Morphological self-shading
Nature-based/vegetative
Hybrid

Artificial/technological

Tropical pm
Continental
Arid
Temperate l \
Multiscale ‘ ‘
Building : : : :
0 5 10 15 20 25 30 35

Figure 8. Distribution of the 46 case studies by application scale (blue), climate family (orange),
physical shading mechanism (green), and methodological approach (yellow).
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Building-scale interventions account for the largest share of the sample (23 cases,
50%), followed by urban-scale (19 cases, 41%) and multiscale/interface cases (4 cases,
9%). Regarding physical mechanisms, artificial/technological systems are the most fre-
quent (20 cases), followed by hybrid configurations (13 cases) and nature-based/vegeta-
tive systems (12 cases); morphological self-shading is represented by a single case [106].
Static/fixed (19 cases) and seasonal/ecological (17 cases) temporal behaviours together
account for the majority of the sample, while dynamic/operable (3 cases) and adaptive/re-
sponsive systems (7 cases) remain a smaller but methodologically distinct subset.

As shown in Table 7, artificial/technological systems are markedly concentrated at
building scale (16 of 20 cases, 80%), consistent with their typical implementation as window-
or facade-level devices, and are the only mechanism category represented across all four cli-
mate families. Hybrid systems, by contrast, are almost exclusively urban-scale (11 of 13 cases,
85%) and are absent from the tropical and continental subsets. Nature-based/vegetative
systems are evenly split between building scale (5 cases), urban scale (5 cases), and multi-
scale/interface applications (2 cases), with interventions reported both as facade-integrated
interventions [53,106-108] and as a freestanding urban-greening measure [54,109-113].
Given the limited tropical representation overall (N = 1), the absence of hybrid and nature-
based systems from that subset is read as a gap in the currently available evidence rather
than as a substantive finding about their applicability in tropical contexts.

Table 7. Physical shading mechanism by climate family and by application scale.

Climate Family Application
Mechanism Tropical Arid Temperate Continental Building Urban Multiscale
Artificial /technological 1 7 10 2 16 3 1
Hybrid 0 4 9 0 2 11 0
Nature-based/vegetative 0 2 9 1 5 5 2
Morphological self-shading 0 0 1 0 0 0 1

7.4. Separate Synthesis of Evidence Families

Air temperature, MRT, PET, and surface temperature each appear in 14-18 cases, pro-
viding a sufficiently populated basis for exploratory, climate-stratified descriptive synthesis
(Table 8). Summary values are reported as case-level mean and maximum reduction, aver-
aged separately over the cases reporting each statistic within each climate group, with sep-
arate denominators for means and maxima. These summaries describe patterns in the
available evidence rather than pooled intervention effects or climate-specific causal effects.
Given the limited tropical and continental representation, the synthesis for these four
families is restricted to a two-group arid-versus-temperate comparison, except for MRT,
for which one continental case is also reported.

Table 8. Recurring evidence families across the OASIS database, ranked by number of case studies.

Evidence Family/KPI Number of Cases KPI Rows
Air Temperature 18 24
Mean Radiant Temperature/Globe Temperature 14 18
PET/mPET 14 25
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Table 8. Cont.
Evidence Family/KPI Number of Cases KPI Rows
Surface Temperature 14 23
Visual/Daylighting (sDA, UDI, DGP, ASE, etc.) 10 30
Solar Gains/Radiation 13 27
UTCI 7 8
Wind Speed 5 5
Cooling Energy/Load 6 12
Sky View Factor 4 5
Relative Humidity 4 4
Evapotranspiration/Latent Heat 3 7
Total Energy Consumption 3 4
Overheating/Discomfort Hours 6 8
Operative Temperature 1 1
Other case-specific indicators 21 42

7.4.1. Air Temperature (Outdoor/Pedestrian Level)

Air temperature was reported in 18 case studies; the outdoor/pedestrian-level synthesis
is restricted to 14 cases reporting outdoor, pedestrian-level measurements, excluding indoor
air-temperature outcomes (three cases) and a fagade -gap microclimate measurement (one
case) not directly comparable to ambient outdoor conditions. As reported in Table 9, case-
level mean reductions averaged 1.92 °C in arid cases (N = 4 cases reporting a mean) and
1.18 °C in temperate cases (N = 8); maximum reductions averaged 3.88 °C in arid cases
(N =5) and 1.60 °C in temperate cases (N = 9). Two temperate cases show negligible or
adverse effects on air temperature and are retained with their sign, and the arid mean is
strongly influenced by a single hybrid case (5.89 °C; the arid mean without it is 0.60 °C).
The case-level values also show substantial variability within both climate groups, indicating
that the reported group averages should be interpreted as descriptive summaries rather
than as representative effect magnitudes.

7.4.2. Mean Radiant Temperature

Mean radiant temperature was reported in 14 case studies across arid (4), temperate
(9), and continental (1) climates; no tropical case reported this indicator. As reported in
Table 10, across the available cases, case-level mean MRT reductions averaged 9.13 °C in
temperate cases (N = 8); only two arid cases report a case-level mean (25.2 and 19.5 °C),
which are therefore given individually without a group average. For the arid group, the
available case-level mean reductions ranged from 19.5 to 25.2 °C, while the corresponding
temperate values showed a broader range across cases. The case-level maximum reductions
averaged 33.10 °C (arid, N = 4) and 10.79 °C (temperate, N = 9). One continental case
reported a case-level mean reduction of 4.92 °C. These values illustrate substantial between-
case variability and should therefore be interpreted as descriptive summaries of the available
evidence rather than as pooled estimates of MRT reduction.
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Table 9. Outdoor air temperature reduction by case and climate family. Note. Group averages include
every row with a numeric value in the corresponding column (NR = excluded). Arid: mean 1.92 °C
(n = 4; range 0.46-5.89 °C); maximum 3.88 °C (n = 5; range 1.20-6.08 °C). Temperate: mean 1.18 °C
(n = 8§; range —0.12 to 3.05 °C); maximum 1.60 °C (n = 9; range —0.20 to 5.10 °C).

Climate Case Mee?:?" ) M£<T(?C) Basis

Arid [114] —0.85 -1.20 shaded vs. unshaded sidewalks, daytime average

Arid [115] —-5.89 —6.08 hybrid staggered shading + trees, best scenario

Arid [112] —0.49 —-3.00 small park vs. sun-exposed rooftop;

Arid [116] NR —4.10 urban prototype, single time point (17:00)

Arid [117] —0.46 —5.00 shading-material comparison, best material
Temperate [118] -1.75 —2.00 boulevard (tree-lined) vs. alley/arcade
Temperate [119] —0.86 -1.32 integrated greening, best of 5 pedestrian points
Temperate [54] -3.05 -5.10 green pergola vs. rope-only /unshaded control
Temperate [120] —1.80 —1.80 shade vs. sun, courtyard
Temperate [52] —0.75 -1.00 mature trees vs. current minimal vegetation
Temperate [121] ~0.00 —1.60 green wall—Dbidirectional (—1.6 to +1.3 °C)
Temperate [122] NR —-0.26 shading-device material/size—negligible effect
Temperate [109] -1.37 —1.53 natural vs. artificial shading, housing estate
Temperate [123] +0.12 +0.20 greening vs. bare wall—null result

Table 10. MRT reduction by case and climate family. Note. Group averages include every row with
a numeric value in the corresponding column (NR = excluded). Arid: mean not averaged (n = 2:
19.5 and 25.2 °C); maximum 33.10 °C (n = 4; range 28.3-40.1 °C). Temperate: mean 9.13 °C (n = §;
range 1.00-27.25 °C); maximum 10.79 °C (n = 9; range 1.92-35.0 °C). Continental: single case (mean
4.92 °C; maximum 7.70 °C), not averaged.

Climate Case MS::[\IEF"FEZ) MAa 1::[?2) Basis

Arid [114] NR —34.0 max. reported reduction, shaded vs. unshaded

Arid [115] —252 —28.3 hybrid staggered shading + trees, best scenario

Arid [116] NR —40.1 daytime peak (16:00); +2 °C at night (reversal)

Arid [117] -195 —-30.0 coverage-ratio scenarios S1-S5 (mean); S6, trees
Temperate [124] -5.78 —-8.10 BEAV-10 scenario vs. non-built-up reference
Temperate [118] -14.0 -16.0 boulevard vs. alley/arcade
Temperate [105] NR —-4.7 best canyon geometry; wedge geometry +0.7 °C (E-W)
Temperate [119] —27.25 —35.0 4 of 5 points; 1 point 43.7 °C (radiation trap)
Temperate [125] -2.23 -2.23 single reported value
Temperate [126] —4.15 —6.30 optimised vs. reference awning
Temperate [127] —2.40 -3.20 PVC-coated tarp vs. no cover
Temperate [121] —1.00 -1.92 green wall, current-weather scenario
Temperate [109] —16.27 —19.65 best of 4 site x shading-type combinations

Continental [128] —4.92 -7.70 best/mean of 5 monitored squares, post-planting
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7.4.3. Physiologically Equivalent Temperature

PET was reported in 14 case studies across arid (4) and temperate (10) climates.
As reported in Table 11, case-level mean reductions averaged 13.70 °C in arid cases (range
5.7-17.4°C, N = 4) and 6.22 °C in temperate cases (range 1.0-12.6 °C, N = 10); maximum
reductions averaged 16.90 °C (arid, N = 4) and 8.67 °C (temperate, N = 10). The arid-
group values are higher than the temperate-group values in this descriptive synthesis,
although the substantial within-group ranges indicate considerable heterogeneity across
cases. The relatively broad within-group ranges indicate substantial between-case hetero-
geneity, reinforcing the descriptive rather than inferential nature of these climate-group
summaries. The higher descriptive average observed for the arid group is also apparent
in the air-temperature and MRT summaries, but these cross-KPI patterns should not be
interpreted as evidence of a common climate-specific effect.

Table 11. PET reduction by case and climate family. Note. Group averages include every row with a
numeric value in the corresponding column (NR = excluded). Arid: mean 13.70 °C (n = 4; range
5.7-17.4 °C); maximum 16.90 °C (n = 4; range 13.0-18.6 °C). Temperate: mean 6.22 °C (n = 10; range
0.98-12.6 °C); maximum 8.67 °C (n = 10; range 1.51-14.4 °C).

APET, APET,

Climate Case Mean (“C) Max (“C) Basis

Arid [114] -15.7 -17.6 shaded vs. unshaded canyon points

Arid [127] -17.4 —-18.6 hybrid staggered shading + trees

Arid [115] —-16.0 —184 best of 2 monitored public spaces

Arid [117] -57 —13.0 coverage-ratio scenarios (mean of 52-S5; S6, trees)
Temperate [124] —0.98 -1.70 BEAV-10 vs. non-built-up reference
Temperate [118] -9.5 —14.0 boulevard vs. alley/arcade (max PET)
Temperate [119] -7.5 —14.4 integrated greening scenario
Temperate [120] -12.6 -12.6 shade vs. sun, courtyard
Temperate [126] -1.8 -11.2 optimised vs. reference awning
Temperate [127] —1.45 —2.00 PVC-coated tarp vs. no cover
Temperate [129] —1.51 -1.51 comfort-optimised vs. planned pedestrian route
Temperate [113] —5.5 —5.5 100% vs. 0% canopy cover
Temperate [122] -12.0 -12.0 opaque shading material vs. no shading
Temperate [109] —9.34 -11.77 best of 4 site x shading-type combinations

7.4.4. Surface Temperature

Surface temperature was reported in 14 cases; the synthesis retains the 13 cases
with a shaded-versus-unshaded (or vegetated-versus-bare) reference, across arid (4) and
temperate (9) climates, and excludes one case whose reference is an existing shade sail.
As reported in Table 12, case-level mean reductions averaged 5.74 °C in arid cases (N = 4)
and 8.47 °C in temperate cases (N = 9); maximum reductions averaged 7.40 °C (Arid,
N = 4) and 11.66 °C (temperate, N = 9)—the only one of the four families in which the
temperate group shows a higher average reduction than the arid group. This difference
coincides with differences in the surfaces measured across climate groups, with the arid sub-
set including building envelopes and the temperate subset including several paved ground
surfaces under vegetation canopy [109,130]. The case-level values also show substantial
variation within the climate groups, indicating that these averages should be interpreted as
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descriptive summaries of the available cases rather than as generalised climate-specific effects.
Accordingly, the difference should not be interpreted as evidence of a climate-specific effect.

Table 12. Surface temperature reduction by case and climate family. Note. Group averages include
every row with a numeric value in the corresponding column (NR = excluded). Arid: mean 5.74 °C
(n = 4; range 1.7-7.7 °C); maximum 7.40 °C (n = 4; range 1.7-11.0 °C). Temperate: mean 8.47 °C
(n = 9; range 0.97-15.3 °C); maximum 11.66 °C (n = 9; range 1.75-19.0 °C).

Climate Case Me;?:S("’ ) MEiA)("l;i,C) Basis
Arid [82] -7.7 -7.7 sunny vs. shaded surface
Arid [115] —5.98 -9.20 facade/roof, best of 4 orientation x scenario combos
Arid [112] -1.7 -1.7 land surface temperature, park vs. rooftop
Arid [131] —7.59 -11.0 exterior wall, green wall vs. bare wall
Temperate [124] —-0.97 -1.75 BEAV-10 vs. non-built-up reference
Temperate [105] -3.65 -85 wall surface; pavement (pixelated, N-S) +1.1 °C
Temperate [54] -53 -53 thermal imaging, west orientation, peak hour
Temperate [120] -15.3 -15.3 shade vs. sun, all surfaces
Temperate [55] —-10.0 -12.0 vegetated/paved areas, final scenario
Temperate [110] —10.45 -11.6 greened vs. non-greened wall, best system
Temperate [130] -13.5 —-16.0 pavement cooling due to sun sails
Temperate [111] -19.0 -19.0 max. surface-temperature reduction, all materials
Temperate [123] -2.93 -15.5 exterior wall, 3 greening systems

Figure 9 summarises these case-level mean and maximum reductions across the four
thermal evidence families for direct visual comparison.
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Figure 9. Case-level reduction by climate family across four thermal KPI families.

7.4.5. Visual/Daylighting Indicators

Visual/Daylighting indicators (spatial Daylight Autonomy, sDA; Useful Daylight Illu-
minance, UDI; Exceeded Useful Daylight Illuminance, EUDI; Daylight Glare Probability,
DGP; Annual Sunlight Exposure, ASE) reported in 10 cases (nine classified under the Vi-
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sual/Daylighting family in Table 4, plus the indoor illuminance indicator of Case 46). Unlike
the four thermal families above, this evidence family is concentrated almost exclusively
in building-scale, artificial/technological shading systems (Cases 7, 11, 12, 13, 25, 28, 30,
31), with a single urban-scale (Case 36) and a single nature-based (Case 46) exception and
notably includes the database’s only tropical case (Case 30). Given the heterogeneity of
units (percentage of floor area, percentage of annual hours, glare-probability score) and
the frequent use of relative rather than absolute comparisons between shading configura-
tions, a climate-stratified numerical synthesis analogous to Tables 9-12 was not considered
appropriate for this family.

7.5. Evidence Synthesis Across Climates and Shading Typologies

Beyond the climate-stratified comparison of individual KPIs, the database allows
recurring associations between physical mechanism, application scale, and KPI family to be
identified across the sample as a whole.

Artificial/technological systems are markedly concentrated at building scale (16 of
20 cases, 80%), consistent with their typical implementation as window- or facade-level
devices. Hybrid systems, by contrast, are almost exclusively urban-scale (11 of 13 cases,
85%), reflecting their characteristic combination of built shading elements (canyons, arcades,
canopies) with street trees at the neighbourhood or block level. Nature-based/vegetative
systems are more evenly distributed between building scale (5 cases), urban scale (5 cases),
and multiscale/interface applications (2 cases), indicating that vegetation-based shading
is applied comparably often as a facade-integrated intervention and as a freestanding
urban-greening measure.

Cross-referencing Table 3 with the mechanism x climate distribution indicates that
artificial /technological systems are the only mechanism category represented across all
four climate families, including the sample’s sole tropical [105] case and two building-scale
cases in the continental climate family. Hybrid and nature-based systems, conversely, are
concentrated in temperate and arid climates and entirely absent from the tropical subset,
a pattern that—given the limited tropical representation overall (N = 1)—should be read
as a gap in the currently available evidence rather than as a substantive finding about the
applicability of vegetative shading in tropical contexts.

The concentration of Visual/Daylighting indicators in artificial/technological, building-
scale, and predominantly dynamic/adaptive systems further indicates that the trade-off
between shading and daylight availability is evaluated in the reviewed literature primar-
ily for kinetic and biomimetic facade systems, rather than for static shading devices or
vegetation-based systems, for which visual performance is rarely reported alongside ther-
mal performance in the same study.

8. Discussion

The proposed framework addresses a fragmentation that recurs throughout the shading
literature reviewed in this study. Individual investigations have demonstrated, in isolation,
the cooling potential of fixed and adaptive shading devices at the building scale [132],
of urban-canyon geometry and facade articulation at the neighbourhood scale [133] and
of vegetative systems such as green facades and vertical greenery [134-136], yet these
contributions remain confined to single scales, single typologies, or single climatic con-
texts. Existing classification schemes for solar shading generally organise solutions ac-
cording to morphological or technological criteria, such as fixed versus dynamic systems
or building- versus urban-scale interventions [16,21]. While descriptively useful, such
classifications do not establish a shared performance logic linking shading typology to mea-
surable overheating-resilience outcomes. The multidimensional classification adopted in
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this study—combining application scale, physical shading mechanism, temporal behaviour,
and resilience contribution—and its translation into a KPI architecture spanning building
and urban scales, responds directly to this gap and to the first three research questions
guiding the study.

The distinction between exposure and sensitivity adopted throughout the framework
is analytically necessary because radiative input and thermal response do not always covary.
Direct comparisons between natural and artificial shading report divergent cooling efficacy
depending on the receiving surface and climatic conditions [137], while urban morphologi-
cal interventions that reduce mean radiant temperature at street level do not necessarily
produce proportional reductions in cooling load at the building scale [133]. The finding
that MRT and PET showed the most consistent directional responses across climates in
the assembled database, whereas outdoor air temperature was comparatively insensitive
to localised shading, reinforces this separation empirically: aggregate exposure reduction
does not translate uniformly into sensitivity mitigation across all thermal metrics.

Among prior contributions, the Outdoor Shading Assessment Method proposed by
Elrefai and Nikolopoulou [15] comes closest to the present framework, using UTCI to show
that shading benefits are climate-dependent—advantageous under hot-arid conditions
but potentially counterproductive where winter solar gains remain desirable. OSAM,
however, remains confined to the outdoor urban scale and does not integrate building-level
indicators or a structured criterion for identifying which KPIs require local calibration.
The present framework extends this logic in two respects: it proposes an author-defined
operationalisation of an exposure-sensitivity-adaptive capacity structure informed by the
IPCC climate-risk and vulnerability literature [18] and by exposure-sensitivity-adaptive
capacity vulnerability assessments applied to composite urban-vulnerability indices [19];
and translates it into a shading-specific KPI architecture, which, to our knowledge, had
not been done previously; it examines that structure against a systematically assembled
body of 46 case studies and 243 Case x KPI x Comparison rows, rather than illustrative or
single-context examples.

Applied to this evidence base, the framework shows that most KPIs are stable in
formal definition but not in interpretation: 230 of the 243 comparison rows required climate-
dependent interpretation, confirming that a shared unit of measurement does not guar-
antee cross-climate comparability. This operational distinction between climate-invariant
definitions and climate-sensitive assessments—not previously formalised within a shading-
specific indicator structure—constitutes the principal methodological contribution of the
study and directly addresses the central research question motivating this work. The recur-
ring associations identified between physical mechanism, application scale, and climatic
context further show that the proposed classification holds consistently across a hetero-
geneous evidence base, answering the fourth research question, rather than describing
an idealised taxonomy without empirical application. The evidence base is unevenly dis-
tributed across climate families, with temperate and arid contexts accounting for most of
the analysed cases, while continental and tropical contexts remain sparsely represented.
This imbalance limits the extent to which the transferability of KPI interpretation and cal-
ibration requirements can be assessed across less represented climates and points to an
evidence gap in the current literature. Further studies in these contexts would therefore be
valuable for testing the applicability of the proposed framework across a broader range of
climatic conditions.

The framework has implications for three user communities. For researchers, it pro-
vides a shared structure to improve comparability across studies conducted in different
climates and at different spatial scales. For designers and planners, it supports early-stage
decision-making by linking shading typologies to relevant KPIs before detailed simulation
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or monitoring is undertaken. For policy and benchmarking, it clarifies which indicators
may support general guidance and which require local calibration before being incorpo-
rated into municipal guidelines or urban heat-mitigation plans. At the same time, the
framework should not be interpreted as a predictive or ranking tool: it does not assign
universal performance values to shading typologies. Its contribution is methodological, pro-
viding a structured basis for selecting, interpreting, and calibrating KPIs in future empirical,
simulation-based, or comparative studies.

Limitations

Several limitations should be considered when interpreting the findings of this study.
First, the systematic search was conducted using Scopus as the sole bibliographic database
and was restricted to publications in English; relevant evidence indexed elsewhere or
published in other languages may therefore not have been captured. Second, the OASIS
evidence base is unevenly distributed across climatic contexts, with most case studies
located in temperate and arid climates and limited representation of continental and tropical
conditions. Morphological self-shading is also represented by only one case study, limiting
the generalisability of conclusions for this category.

Third, the reviewed evidence is heterogeneous in terms of measurement methods,
simulation approaches, baseline conditions, temporal resolution, spatial scale, and reporting
of uncertainty and model validation. Although the quantitative synthesis was restricted
to physically and temporally comparable observations and conducted at the case level,
these differences limit direct quantitative comparability across studies. The climate-group
summaries should therefore be interpreted as descriptive patterns within the available
evidence rather than as pooled or causal estimates.

Finally, differences between climate groups cannot be attributed to climate alone, as the
distribution of shading mechanisms, application scales, measured quantities, methodologi-
cal approaches, and baseline conditions also varies across the evidence base. The framework
should therefore be understood as an evidence-structuring and interpretation tool rather
than as a basis for establishing causal climate effects or universal performance rankings.

9. Conclusions

This evidence-based synthesis developed a multiscale, cross-climate KPI framework for
assessing the contribution of shading systems to overheating resilience, which was applied
to 46 published case studies and 243 Case x KPI x Comparison rows.

The main conclusions are structured below according to the four research questions
guiding the study.

RQ1. Overheating resilience in shading systems is best understood through comple-
mentary dimensions of exposure, thermal sensitivity, and adaptive capacity at the shading-
system level. These dimensions distinguish solar and climatic exposure from thermal
response and the capacity of shading systems to adjust to changing conditions. The frame-
work uses the IPCC resilience concepts as a conceptual reference while operationalising
them specifically for shading systems.

RQ2. Shading systems can be classified through a common structure combining
application scale, physical mechanism, temporal behaviour, and resilience contribution.
KPIs can likewise be harmonised across building and urban applications, provided that
differences in scale, receptor, baseline, temporal resolution, and climatic context are re-
tained. Their formal definitions may remain stable, but their interpretation is not necessarily
climate-independent.

RQ3. The proposed framework integrates shading typology, scale, resilience dimen-
sion, KPI family, and climate dependency into a common analytical structure. Across
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the 243 comparison rows, 230 required climate-dependent interpretation, showing that
shared units or calculation procedures do not guarantee direct cross-climate comparability.
The framework therefore supports structured interpretation rather than universal ranking
or prediction.

RQ4. The evidence base is unevenly distributed across climates, scales, typologies,
and KPI families, with temperate and arid contexts more represented than continental and
tropical ones. Thermal and overheating indicators dominate the database, while visual,
energy, exposure, and adaptive-capacity indicators are less consistently represented. The
framework provides a structured way to interpret this heterogeneous evidence and to
identify areas where empirical coverage remains limited.

Overall, the study provides a multiscale and climate-aware framework for selecting,
interpreting, and calibrating shading-system KPIs. Its purpose is not to establish universal
performance rankings, but to support transparent comparison while preserving the cli-
matic, spatial, temporal, and methodological conditions under which shading performance
is assessed.
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