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Abstract

Climate change is altering the use of public open spaces in historical urban environments,
compounded by urban heat island effects. Especially considering urban squares, rising
temperatures increase health risks for outdoor users, particularly for vulnerable individuals
(by, e.g., age and fragility). Rapid risk assessment under current and future climate scenarios
can exploit integrated simulations to support the process, considering both real-world
environments and Built Environment Typologies (BETs), which represent the recurring
morphological, constructive, and material features of such urban squares. Simulation-
based approaches can also support the assessment of mitigation strategies considering
sustainability, reversibility, visual integration, and compatibility with the heritage. This
work proposes a framework for simulation-based heat risk assessment of outdoor users
under current and future (2050 and 2080) overheating scenarios and considers pre- and
post-mitigation conditions of urban squares. Outdoor temperature conditions are simulated
using ENVI-met, enabling the multiscale assessment of users’ heat stress and thresholds
in exposure timings before critical dehydration. The approach is applied to two Italian
historical urban squares in Bari and Naples, and to their associated BETs. The results
highlight the framework’s capabilities in addressing the impact of climate scenarios and
pre-/post-mitigation conditions, considering the local and global conditions of the urban
squares. Moreover, the observed similarities between POSs and their corresponding BETs
demonstrate that these archetypes can support preliminary risk assessments, providing
decision makers with a rapid overview before adapting analyses and mitigation strategies
to the specific characteristics of each urban square.

Keywords: public open spaces; built environment typologies; heat stress; health risk;
mitigation strategies; users’ behaviour; ENVI-met modelling

1. Introduction

Historical urban built environments are increasingly exposed to the multiple effects
of climate change, which pose significant challenges to their preservation, functionality,
and habitability [1-4]. Among these, the progressive increase in air temperature represents
one of the most pervasive stress factors, directly influencing thermal comfort, altering the
liveability of built environments, and inducing health risks for users, especially in relation
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to outdoor areas and, in particular, public open spaces (POSs), such as urban squares and
streets [5,6].

Raising temperatures and possible overheating phenomena are classified as Slow-
Onset Disasters (SLODs), implying that their effects gradually rise over time, and are
often not immediately perceived by users [7,8]. This can lead to reduced awareness of
heat-related risks and to some limitations in both individual and collective adaptive re-
sponses. On the one side, exposure to relevant thermal conditions progressively alters the
way people use and experience the built environment, particularly POSs, affecting comfort
levels, behavioural patterns, and overall physical and psychological well-being [7,9,10].
On the other side, related heat stress on users can lead to significant physiological re-
sponses, mainly due to water loss phenomena at the individual level [7,9,11]. Effects grow
with the increase in outdoor permanence time [7]. Such heat stress on users can be ex-
pressed as hourly sweat rates, allowing the estimation of the potential amount of water loss
per hour [g/h] under a given level of heat stress [12,13]. Heat exposure increases sweating
and water loss, which, in extreme cases, can lead to dehydration and other heat-related
illnesses [14]. Moreover, prolonged exposure to heat stress can have cumulative effects on
health, particularly for vulnerable groups such as the elderly, children, and individuals
with existing health conditions [7,15]. Different thresholds of critical users’ risk levels due
to water losses are identified by previous works, starting from the onset of dehydration
symptoms (water loss > 4% of body weight [11,16]) up to increased heat-related mortality
risk [17]. Consolidated methodologies point out how the Universal Thermal Climate Index
(UTCI) can be used to evaluate basic conditions for heat stress, also considering different
user groups characterised by their individual features (e.g., age, gender, health conditions,
and fragilities) [7,11,18].

Heat stress intensity is not driven solely by regional climate, but is strongly modulated
by urban morphology and material characteristics [19]. Key parameters such as urban ori-
entation, the relationship between building height and open space width, surface materials,
and the presence of vegetation or water bodies directly influence heat dissipation and local
microclimatic conditions [7]. These combined factors are commonly manifested through
the urban heat island (UHI) effect [20,21], characterised by higher perceived temperatures
in densely built areas compared to surrounding rural zones [22-24].

In historical urban contexts, the UHI effect exacerbates local overheating by rein-
forcing the microclimatic consequences of compact urban form, limited vegetation, and
heat-retentive surfaces, with direct implications for outdoor thermal comfort [25,26]. These
phenomena become even more critical when considering POSs. POSs are essential com-
ponents of the urban fabric, and they shape the identity of cities and play a crucial role in
supporting social interaction, mobility, and outdoor activities [27,28]. In particular, histori-
cal urban squares are especially significant due to their symbolic, functional, and spatial
roles, acting as focal points for civic, cultural, and recreational activities [5,29,30]. Their
architectural and cultural value, combined with the concentration of heritage buildings
and tourist attractions, results in particularly high levels of use, especially during daytime
hours and warmer seasons [6,31].

High usage levels can imply an increased exposure to heat stress, especially in histor-
ical squares where morphological conditions, such as wide open spaces surrounded by
relatively tall buildings, limit the availability of shading [32-34]. The scarcity of vegetation,
the use of heat-absorbing materials, and restricted airflow further intensify surface and
air temperatures [35,36]. These combined factors amplify users” exposure to heat stress,
especially under projected climate warming scenarios [9,37]. At the same time, the slow and
progressive increase in temperatures can change how urban squares are used and perceived
over time, influencing the habits, the length of stay, and behaviour of users [15,29,38,39].
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Although possible critical levels of heat stress can affect historical POSs, the assessment
of health risk levels for users and the related definition of mitigation interventions should
face the general features of historical urban built environments.

Considering risk assessment, historical POSs are complex environments, due to
the combination of their morphological, constructive, and material-based features, and
require tailored and time-consuming efforts in data collection, organisation, and risk
analysis [10,25,40,41]. To boost the assessment process, previous works have introduced the
concept of Built Environment Typology (BET) [42], which serves as an idealised archetype
representing the typical morphological, geometric, and material features of different, sim-
ilar POSs [43,44]. In fact, BETs are defined by collecting basic features of POSs. They
can therefore be applied for preliminary assessment and comparative analysis purposes,
enabling simplified evaluations of POS thermal behaviour, heat stress for users, and, thus,
insights into POS mitigation potential [7].

Considering risk mitigation, the high degree of morphological compactness and
heritage protection constraints could limit the adoption and adaptability of structural
interventions [45,46]. These intrinsic features, while contributing to cultural value and
identity, often hinder the implementation of conventional adaptation strategies commonly
adopted in modern contexts [47]. In this context, resilience refers to the ability of the
built environment to absorb and adapt to climatic stresses while maintaining its cultural
and physical integrity [48]. Improving resilience in historical areas does not simply mean
introducing technological or structural solutions, but rather requires a careful balance
between the conservation of heritage values and the integration of sustainable, reversible,
and visually compatible interventions [41,45,46,49]. This balance is particularly critical
when addressing temperature-related risks, as heat accumulation and reduced ventilation
can amplify both the discomfort and health vulnerability of outdoor users [14,50].

In view of the above, the application of users” heat stress assessment methods, in both
historical POSs and BETs, still needs further exploration. On the one side, most studies
focus on present-day climatic conditions, without explicitly addressing future climate
change scenarios combined with the UHI effect. Moreover, potential retrofit or mitigation
alternatives specifically designed to reduce users’ heat stress in POSs are not analysed.
On the other side, while user exposure modelling is included, the translation of results
into practical decision-support tools for stakeholders, such as urban planners and heritage
managers, remains limited.

In this context, heat risk and its implications for user health should be assessed at
two spatial scales: the microscale, focusing on different areas within the POS, and the
mesoscale, considering the POS as a whole [29]. This approach can boost the heat risk
assessment by accounting for the way users behave in the POSs, as well as through a
rapid analysis perspective, which can be relevant for decision makers when prioritising
interventions in different POSs within the same historical urban environment [7]. Therefore,
this user-centred approach for user heat risk assessment should be better investigated
according to two main research questions (RQs), and considering climate change scenarios:
(RQ1) “Can this approach evaluate the effectiveness of mitigation strategies tailored for a
specific POS?”; and (RQ2) “Can BET represent typical heat risk conditions of POSs?”.

These RQs can be included in a wider perspective of potential goals, which include
the following: (i) the opportunity to assess the use of such POSs in climate change scenarios
as a first step to study the effects and effectiveness of strategies in multi-risk and behaviour-
based dimensions for cultural and historical built environments; and (ii) the possibility of
extending the results of success and failures to other similar cultural POSs by means of
typological environment as a minimal representation of possible complexities in historic
environments. In this perspective, the RQs represent the preliminary results of the REACT
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project (resilient urban and metropolitan built environments through inclusive multi-risk
behavioural-based models and simulations), which aims to provide models and simulation
tools for inclusive assessment and mitigation of POSs by means of archetypes in single-
to-multi-risk scenarios. Investigations are conducted through the assessment of possible
increasing risk scenarios determined by the combination of slow (heatwaves and the
growing trend for climate change projection) and sudden (e.g., flooding and earthquake)
hazards while considering conditions related to user vulnerabilities.

To face the research questions, the present study aims to develop and expand an
integrated, simulation-based framework for assessing heat risk in historical urban squares
as relevant reference POSs, considering both user exposure and vulnerability under current
and future climate conditions. The proposed framework integrates microclimatic modelling,
future climate scenario projections, and the testing of mitigation strategies compatible with
historical contexts and aimed at the reduction in surface and air temperatures, minimising
local overheating effects.

The framework is applied to two case studies (Piazza dell’Odegitria in Bari and Largo
Regina Coeli in Naples), which share similar morphological characteristics and can be
associated with the same BET identified in previous typological analyses [42]. Therefore,
modelling tasks are carried out both for the urban squares and for the corresponding BET
to compare results and assess the representativeness of the typological approach.

The final objectives of the study are to validate the use of BETs as reliable archetypes
for rapid and preliminary assessment of heat risk in historical urban contexts, to verify the
consistency and transferability of results between POSs and typological models, and to
provide operational support to local authorities and urban planners in selecting effective,
heritage-compatible, and sustainable mitigation strategies, promoting climate adaptation
in historical urban environments.

2. Methodological Framework

The study is structured in three main phases, as illustrated in Figure 1, which provides
a descriptive overview of the applied framework, along with the references to each specific
section in which related methods are discussed. In particular, the work phases concern
the following:

1.  The microscale simulation of outdoor UTCI conditions, according to GIS-based col-
lection of data and the related application of ENVI-met simulations on the resulting
model (Section 2.1);

2. The microscale simulation of user behaviour and spatial distribution within the
POS/BET, depending on the prevailing heat conditions (Section 2.2);

3. The micro- to mesoscale assessment of the physiological effects induced by heat
stress, accounting for user vulnerability, behaviour, and spatial distribution within
the POS/BET (Section 2.3).

According to the research questions defined in Section 1, this framework is applied
(a) to both POSs and their corresponding BETs, (b) by considering current climatic con-
ditions and projected future climate scenarios, and (c) by accounting for the implementa-
tion of mitigation strategies aimed at reducing heat stress. These issues are discussed in
Section 3, which presents the details of the selected POSS and thus the specific arrange-
ments adopted in the scenario modelling. Nevertheless, it is worth remarking that the
proposed framework can be applied to any other urban square, as well as in BETs, also
considering additional climatic conditions, by updating the modelling variables according
to the POS’s features. Therefore, the application is mainly intended to provide an overview
of the methodological capabilities in view of the investigation of RQ1 and RQ2, and is not
oriented towards a full generalisation towards other POS and BET conditions.
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Figure 1. Research framework, comprising connection to related tools, research questions (RQs), and

references to the methodological, case study presentation, and results sections in which each phase
is described.

2.1. Microscale Simulation of Outdoor UTCI Conditions

The first part of the framework uses ENVI-met simulations (a three-dimensional
Computational Fluid Dynamics (CFD) tool) and a GIS environment as pivotal tools for
the setup of scenarios and their assessment, since the model relies on microscale UTCI
analysis for evaluating heat stress, using consolidated approaches [7]. On the one hand,
due to the geo-spatial requirements in describing local conditions of case studies, ENVI-met
allows the Universal Thermal Climate Index (UTCI)-based scenarios to take into account
local boundary conditions (i.e., solar exposure, geographical orientation of the site, and
terrain elevation), and thus enables detailed evaluation of temperature variations, radiative
behaviour, and shading effects [51]. Moreover, according to previous works, ENVI-met
also enables a realistic analysis of how different retrofit elements contribute to reducing
heat stress and improving microclimatic comfort [52,53]. On the other hand, GIS allows
the comparison and calculation of users’ distribution and health stress, maintaining global
spatial references and detailed spatial accuracy.

Considering the main aim of determining the baseline for users’ distribution in POSs
and the relations with local overheating determined by heatwaves combined with local
morphological and material features, UTCI mapping requires the collection, modelling, and
management of data at the appropriate scale. Figure 2 (blue boxes) schematizes the levels
of detail and data, as well as the dimensions to consider for modelling and simulating
POSs as the preliminary activities in building scenarios (pre-/post-mitigation strategies,
and actual and future climatological conditions) for the setup of related UTCI-based maps.

In detail, POS modelling and simulation require the use of a multi-dimensional set
of data useful for describing the historical POS under analysis [54-56], as well as coherent
with the requirements of the fluid dynamic simulations [57,58]. The dimensions, details,
and data required can be described as follows:

- Climate change dimensions are managed by identifying future climatological condi-
tions coherently with a relevant IPCC scenario, which is useful for setting climatologi-
cal conditions of simulation in actual and future scenarios at the urban dimension.
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- Urban dimension includes the selection of the relevant local climatological features
in terms of temperatures, humidity, wind speed, and direction details, as well as
geographical details required to determine solar radiation intensity and cardinal
exposure. Compatible statistical climatological datasets of cities are selected to be
properly transformed coherently with the identified future scenarios, while identifying
the significant summer week for simulation.

- The boundary geometric conditions of POSs relate to modelling activities aimed
at determining the potential local variation in urban climatological details at the
district scale. To this end, three-dimensional geometric details of buildings and their
mutual distribution within the district are required, taking advantage of regional or
local technical models. Similarly, a plano-morphological distribution of the terrain
is required in order to ensure a coherent representation of the terrain. In that sense,
regional technical data may be considered to build the geometric model of POSs. The
global extension of the models should also include the bordering areas of the POS in
order to consider the features of the surrounding districts.

- In addition to the previous one, the POS dimension is enhanced with the material
properties (thermal and optical) of the surrounding surfaces. In this case, proper-
ties can be collected by on-site analysis of building and pavement finishes and by
modelling their optical features. In particular, optical properties are derived for each
finishing layer for buildings (walls and roof) and pavement. This collection of data
also allows the systematisation of original and added materials within historical POSs.

- Finally, the “heritage” dimension of a POS and its components (pavement, buildings,
materials, and uses, etc.) includes the recognition of the main relevant qualities to
be preserved, through the analysis of building listings and available preservation
regulations and guidelines for the historic case studies.

CLIMATE CHANGE URBAN BOUNDARY POS HERITAGE
i DIMENSION

Properties of buildings’

Technical details on buildings
facades

in urban distribution

Type of buildings

IPCC scenarios and types of
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Figure 2. Structure of dimensions, details, and data (blue boxes) required to setup POS model and
simulate it in CDF for the assessment of thermal comfort distribution (UTCI maps) (grey boxes).
The schema merges climate change and heritage dimensions as forcing features of starting UTCI
map distribution in POSs by considering future climate scenarios and/or the application of suitable

A

strategies (output). “+”: combining the two operational tasks.
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On the one hand, urban, boundary, and POS dimensions constitute the main basis for
modelling and starting fluidodynamic (CFD) assessments of local alterations of microcli-
matic conditions. On the other hand, the dimensions of heritage and climate change serve
as forcing conditions of the actual POS state, moving towards mitigated and compatible
scenarios and future climate conditions, respectively.

Consequently, UTCI maps for POSs can be derived using the results of dynamic
simulations and the UTCI calculation, as suggested by EU COST Action 730 [13,59], as a
simple stationary thermal comfort indicator for a fixed person setting wearing summery
clothing (grey boxes in Figure 2). Coherently with the paper’s aims, UTCI maps are setup
considering actual and future climatological scenarios, both for the baseline and improved
(with mitigative suitable strategies) POS models (output in Figure 2).

2.2. Microscale Simulation of Outdoor User Behaviour and Spatial Distribution

Users’ behaviour and spatial distribution are estimated according to UTCI values
for all the assessed scenarios selected, as defined in Section 2.1. A thermal acceptability
probability parameter (PA [%]) is used, originally defined in previous research [7]. For
each cell representing the POS, PA is calculated using Equation (1), by distinguishing
two user categories based on behavioural fruition of outdoor spaces, expressed in terms
of expected duration of stay in the outdoor environment: (a) users who remain outdoors
for less than 15 min (OO—Only Outdoor; e.g., passersby) and (b) users who stay for
more than 15 min (PO—Prevalent Outdoor; e.g., customers of bar and restaurant dehors).
This parameter provides a quantitative representation of user presence under different
microclimatic conditions across the analysed scenarios.

PA [%] = —0.0859-UTCT? + 4.019-UTCI + 54.119 for OO @
"7 ] -0.2485-UTCI2 + 12.914-UTCI — 85.681 for PO

2.3. Micro- to Mesoscale Assessment of Heat Stress Effects on the Outdoor Users

Two assessment levels are provided for the POS. The microscale level refers to the
evaluation of heat stress for each cell in the simulation grid (Section 2.3.1). These data are
then used to evaluate the overall effects of heat stress for the POS as a whole, thus moving
towards the mesoscale level (Section 2.3.2) [29]. On this basis, scenarios are compared using
both microscale maps and mesoscale indicators (Section 2.3.3).

2.3.1. Microscale Assessment of Heat Stress

The sweat rate [g/h] was computed to quantify the thermo-physiological response
of users exposed to UTCI conditions over time, according to consolidated simulation
approaches [7]. This parameter, defined on the basis of formulations reported in the
relevant literature [12,13], allows the estimation of the associated water loss as a function of
the duration of exposure to heat stress. For each time interval f [h], and for each cell in the
outdoor grid, sweat rate values are linked to specific UTCI-based heat stress categories, as
shown in Table 1. This classification provides a consistent framework for modelling water
loss across the analysed thermal conditions.

Water loss (WL [g/h]) is subsequently estimated for each grid cell of the outdoor area
of POSs and BETs, accounting for both the local environmental conditions and user-related
characteristics [7]. WL, calculated through Equation (2), represents the amount of water lost
through evapotranspiration and is used to evaluate the potential health impacts associated

with heat stress.
(Sweat rate - .- Ag)

WL =
(Aa . tcrit,tot)

()
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In Equation (2), the model incorporates the critical exposure time (¢,; [h]), defined
as the expected duration for which users are expected to remain in the area under given
thermal conditions, which is 0.25 h (15 min) for OO and 1 h for PO users. The total critical
exposure time (¢, ¢o¢ [h]) corresponds to the full hour associated with PO users’ potential
presence in the space. The calculation also considers the surface area of each grid cell
(A, [m?]), ensuring that water loss is spatially allocated across the entire study domain.
This parameterisation provides a consistent basis for comparing water loss patterns and
associated health risks across the pre- and post-retrofit scenarios.

Table 1. Stress categories corresponding to UTCI values, and related sweat rate to be used in Equation (2).

UTCI [°C] Stress Category Sweat Rate [g/h]
9-26 No heat stress Sweat rate = 0
26-32 Moderate heat stress Sweat rate = w
32-38 Strong heat stress Swvent rate — (100 UTCI=2600)
38-46 Very strong heat stress 3
>46 Extreme heat stress Sweat rate = 650

To better evaluate microscale effects on users, this work also calculates the time re-
quired for a user occupying the POS to lose 1% of their body mass through sweating.
According to the literature [11,60], a fluid loss of approximately 1% of body weight, al-
though classified as mild dehydration, has been shown to impair cognitive performance
and reduce the ability to perform complex tasks. This threshold, therefore, provides a mean-
ingful indicator for evaluating potential health risks associated with heat exposure. As the
amount of fluid corresponding to 1% body mass is inherently dependent on an individual’s
body weight, the estimation must account for demographic variability. Body weight is
closely linked to both age and gender; consequently, five age groups are considered in this
study [7]: toddlers (TU), children (PC), young adults (YA), adults (AU), and elderly users
(EU). Table 2 reports the hypothetical body weights assigned to each age group and gender
category for the purposes of the model.

Table 2. Average body weight values according to age groups and gender.

Age Classes [Years] Average( gt(‘)cglet',\)le[if;\]t—Male Average ?Sotd}]') Z\‘l’e;iﬁ(}:gt]—Female
Toddlers—T (0—4) 11 (4) 11 (4)
Parent-Assisted Children—PC (5-14) 40 (14) 40 (14)
Young Adults—YA (15-19) 77 (4) 65 (2)
Adults—AU (20-69) 89 (3) 76 (1)
Elderly—EU (70+) 83 (4) 70 (5)

The time required for a user to lose 1% of their body mass through sweating (¢19, [h])
is hence calculated for each grid cell of the POS using Equation (3):

o, = ©

In this formulation, gg¢. represents the amount of body mass corresponding to
1% of the total body weight for each age-gender group (as reported in Table 2) [g],
while WL denotes the water loss rate previously computed for each cell (as reported in
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Equation (2)) [g/h]. The resulting value of t;¢,, therefore, provides, for every cell and for
each demographic class, the estimated exposure duration leading to a 1% reduction in body
mass through sweating.

2.3.2. Mesoscale Assessment of Heat Stress

The mesoscale assessment provides an aggregated measure of the thermo-physiological
impact across the entire outdoor area, using a spatially averaged water loss indicator
(WLpps [g/h]). This parameter represents the mean water loss associated with user expo-
sure within the full extent of the POS/BET, integrating the WL values derived at the grid
cell level. The calculation of WLppgs, presented in Equation (4), allows the overall effect
of heat-induced fluid loss to be quantified consistently, thereby supporting comparative
assessments of thermal risk under different microclimatic conditions.

Z:O(Swe”t rate - (tcrit'Au))
():Z:O All) 'tcrit,tot

WLpos = (4)

Similarly, cell-level values of t1, are aggregated to produce a single indicator rep-
resentative of the entire POS. This is performed by weighting the t;¢, values for each
age-gender category according to its proportion within the total population of the case
study. Equation (5) shows t*1¢, [h], which describes the average exposure time at which a
typical user in the POS would reach a 1% body water loss through sweating. Minimum
and maximum #*¢, values are also calculated by considering the related values for specific
age classes, as traced in Table 2.

t’{% = Ztl%'%age (5)

The age group percentages of the POS (%;g.) used in Equation (5) were derived from
demographic data provided by the Italian National Institute of Statistics (ISTAT) [61],
referring to the total population of the respective municipalities.

In view of the above, this indicator complements the UTCI analysis by quantifying
safe outdoor exposure durations under different climatic conditions, by considering the
users’ health features and fragilities by age.

2.3.3. Comparison Methods and Criteria

For comparison purposes in respect to RQ1 and RQ2, the proposed framework is
structured by providing a systematic analysis of pre- versus post-retrofit conditions, current
versus future climate change scenarios, and POSs versus their corresponding BETs. To guide
the interpretation of the results, Table 3 summarises the main comparison methods, the
calculation of each indicator, and their expected interpretation at both micro- and mesoscale
levels. This table allows readers to understand how each comparison supports either RQ1,
RQ2, or both, and provides a clear link between the indicators (WLppg, t12, and t*19,),
including their percentage variations expressed by dI [%], as well as their interpretation.

Microscale maps of environmental conditions, exposure, and heat stress effects are
represented through chromatically coded spatial maps that allow a cell-by-cell evaluation
of the indicators. In particular, UTCI maps calculated according to ENVI-met-based
simulations (Section 2.1) display the microclimatic distribution of heat stress, reporting
values in degrees Celsius from the minimum to the maximum recorded in each scenario.
t1% maps (Section 2.3.1) use a similar colour scale, ranging from 0 h up to the maximum
exposure time detected in the given scenario. The indicators listed in Table 3 are used to
qualitatively compare local conditions under different scenarios (i.e., current/future climate;
pre-/post-mitigation), as well as to trace differences between POSs and the corresponding
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BETs. Moreover, minimum and maximum ty¢, values under each comparison scenario are
also provided to represent the local effects of the most and least critical heat stress.

At the mesoscale, WLppg values are used to compare POSs with corresponding BETs,
thus excluding user vulnerability by age, which can be different depending on the profiles
of hosted users. Conversely, both WLpog and #*19, values are used to provide POS-related
comparisons under climate scenarios and pre-/post-mitigation scenarios, considering the
user characterisation as constant in terms of population by age (according to Table 2).

Finally, percentage differences in microscale and macroscale indicators dI [%] are
calculated according to the equations in Table 3 for the comparisons between the following:
(a) POS and BET results; (b) current (cur) and future (fut) climate scenarios in POS and
BETs; and (c) pre- (pre) versus (post) post-mitigation scenarios in POSs. dI is calculated
considering the minimum and maximum #9, values at the microscale, and WLpps and
t*19, values at the mesoscale.

Table 3. Calculation and interpretation of percentage differences in microscale and macroscale
indicators dI [%] depending on the comparison aims given by research questions (RQs) discussed in

in the given pre- or

Section 1.
. . . dI Values Interpretation dI Values for Interpretation for
RQ: A Icul
Q: Comparison Aim Calculation for WLpos for WLpos t10, and 10, t10, and 10,
dI — Lutpos—lewpos Hioh "
= Tour POS igher negative . o
RQ1: dI on dl = Irut BET—lcur BET impact of future . Higher post tlv?
e = e . . s . impact of mitigation
pre/post-mitigation i1 the ei cur,BET Higher dI climate scenarios in Higher dI strategies in the given
comparison g etg“{f'n PtlTG' > the POS/BET cliriate scena§10
postmitgation conditions
scenarios
dl = Ifut, Pos —leur,Pos . . )
= Teur,pOS Higher negative Lower the negative
RQ1 and RQ2: dI on Af — Lput, BETTewr BET impact of future impact due to the
climate scenario Leur BET Higher dI climate scenarios in Lower dI reduction in possible

comparison

post-mitigation

the POS/BET
conditions

exposure time before

3 dehydration effects
scenarios

RQ2: dI on POS-BET

comparison

dl =

Similarities among
the POS and the
corresponding BET

—10% < dI < +10%

Iger—Ipos
IgeT

Not assessed Not assessed

BET results are more
dl >0 conservative than
POS-related ones

3. Details of the Selected POSs

This chapter describes the selected POSs used as case studies in the application of
the proposed framework. Sections 3.1 and 3.2 present the geometric, morphological, ma-
terial, and functional characteristics of Piazza dell’Odegitria in Bari and Largo Regina
Coeli in Naples, respectively, highlighting their historical value and spatial configuration.
Section 3.3 introduces the mitigation strategies considered for the two POSs, discussing
their selection and spatial implementation in relation to heritage constraints and urban
morphology. In fact, mitigation strategies imply a specific setup of microscale simulations
of outdoor UTCI conditions, thus representing POS inputs for the simulation-based frame-
work. Section 3.4 defines the reference BETs associated with the urban squares in Bari
and Naples, outlining their geometric alignment and comparability. Finally, Section 3.5
reports the climatic inputs and model data adopted for the UTCI-based assessment of the
analysed scenarios.
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3.1. Piazza dell’Odegitria, Bari

The first case study, Piazza dell’Odegitria in Bari (Figure 3), is a historical square that
opens forecourt in front of the Cathedral of San Sabino; the square’s form and prominence
are directly tied to the medieval and post-medieval phases of the cathedral complex.
Archaeological investigations in the cathedral’s “succorpo” (the sub-structure/crypt area)
have shown layered building phases (late antique/paleo-Christian structures overlain by
a Byzantine cathedral and then by the Romanesque San Sabino), which explains why the
church and therefore the piazza occupy a concentrated, historically complex footprint
in Bari Vecchia [62,63]. Due to these historical relations, the square and the Cathedral
cannot be considered independently in terms of their identity and when assessing possible
strategies for climate-related improvements. Piazza dell’Odegitria is surrounded by typical
residential buildings, mainly characterised by clear-coloured plastered walls or unplastered
ones. Roofs reflect the transformations undergone over their long existence, alternating
flat pavements in red or calcareous tiles with dark or light bituminous waterproof external
layers. The surrounding built fabric is dense, with building heights ranging between
14 and 24 m, creating a relatively enclosed urban space with limited sky-view factors. As
for the pavements, clear calcareous tiles are located all around the perimeter of the flat
square, while dark basalt pavement has more recently replaced the central part of the square.
Apart from its openness in front of the cathedral, Piazza dell’Odegitria is included in a very
close district, characterised by complex and narrow streets, consistent with Mediterranean
historical practices. The main wide access to the square is located in front of the cathedral,
remarking their strong relation. The other five minor accesses allow access into the public
area that is fully pedestrianised, limiting vehicular circulation to residents. The square
covers an area of approximately 1300 m? and presents a convex layout with an overall
compact plan (width-length ratio ~ 0.72). Functionally, the square is a central attractor
within the old town, hosting a mix of residential, commercial, and religious functions.
Commercial activities, including outdoor bar areas organised through fixed terraces, occupy
most of the ground floors. The combination of compact morphology, limited ventilation
corridors, and extensive hard surfaces makes Piazza dell’Odegitria particularly sensitive to
overheating effects, conditions that are expected to worsen under future climate change
scenarios. For these reasons, the square represents a representative Mediterranean POS for
assessing local overheating risks and evaluating mitigation strategies.

Piozza dell'Odegitria, Bari

271 Square’s barder

[ Square’s area A Accesses

Figure 3. Location and spatial configuration of the investigated POS: Piazza dell’Odegitria in Bari, shown
within its historic centre. Metric scale is provided for the detailed POS view only, while orientation
applies to all panels. Major public buildings, including the church, are indicated by white markers.
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Finally, according to the methods outlined in Section 2.3.2, the weighted contribu-
tions of each age—gender group to the total population are as follows: TU—1.67% males,
1.56% females; PC—4.12% males, 3.93% females; YA—2.47% males, 2.29% females;
AU—31.76% males, 33.06% females; and EU—8.11% males, 11.02% females.

3.2. Largo Regina Coeli, Naples

The second case study, Largo Regina Coeli (commonly tied to the church and
monastery of Santa Maria Regina Coeli) in Naples (Figure 4), occupies a small piazza on the
Decumano Superiore (the historic east-west axis of central Naples). The present church and
convent complex were established in the late 16th century when a noble palace was con-
verted into a monastic house for the canonical women (Lateran Canonesses/Augustinian
rule) [64]. Older documentary references name the place historically as “Capo de Trio” (a
nod to three converging streets), and urban historians emphasise that this small piazza is a
node where multiple medieval streets meet—hence its persistent role as a local urban node
rather than as a large, monumental square [65]. In contrast to the case of Bari, the relation
between the church and the square is mediated by streets that border the public open space,
rather than creating a direct visual openness to the church. The square has a relatively small
footprint, covering 416.76 m?, and is framed by narrow converging streets that create an
enclosed spatial configuration. Surrounding buildings typically range between 18 and 22 m
in height, producing a pronounced canyon effect that influences local shading and airflow
patterns. The fagades facing the square are predominantly composed of light-coloured
plastered surfaces or stone masonry, consistent with traditional Neapolitan construction
techniques. The pavement is characterised by stone slabs and other high-reflectance mate-
rials commonly found in historical streetscapes. Largo Regina Coeli also hosts a special
building, the Church of Santa Maria Regina Coeli, which acts as the main architectural
landmark. A bar dehor is present in the square, increasing the frequency and duration of
pedestrian presence in the outdoor environment. The area is pedestrianised, with vehicular
access restricted exclusively to residents; commercial activities are concentrated on the
ground floors, while the upper storeys are primarily residential. The compactness of the
geometry, the narrow access streets, and the abundant shading contribute to generally
lower thermal loads compared with more open Mediterranean POSs. Nevertheless, Largo
Regina Coeli still experiences significant heat stress, particularly in future climate change
scenarios. Its spatial and functional characteristics make it a representative case for assess-
ing microclimatic behaviour in highly enclosed historical environments and for evaluating
the effectiveness of localised mitigation strategies.

Largo Regina Coeli, Maples

Local the POS in the historic

7 Swaboni [ Oubr e iz (D
Figure 4. Location and spatial configuration of the investigated POS, Largo Regina Coeli in Naples,

shown within its historic centre. Metric scale is provided for the detailed POS view only, while orientation
applies to all panels. Major public buildings, including the church, are indicated by white markers.
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Finally, according to Section 2.3.2’s methods, the weighted contributions of each
age—gender group to the total population are as follows: TU—1.99% males, 1.89% females;
PC—4.88% males, 4.58% females; YA—2.90% males, 2.75% females; AU—31.85% males,
33.41% females; and EU—6.49% males, 9.27% females.

3.3. Mitigation Strategies for the POSs

The POSs in Bari and Naples are analysed considering their peculiarities in terms of
historic squares, and thus also in view of intervention compatibility and place identity,
while also taking into account principles of sustainability, visual integration, and reversibil-
ity [66-69]. In detail, Table 4 summarises possible mitigation strategies, coherently with
previous classification for heatwave exposure [68], and indicates their compatibility with
both case studies. As a result, suspended shading is selected as the most flexible technology.
In fact, due to its reduced extension, Largo Regina Coeli in Naples cannot host large furni-
ture like traditional green or blue strategies. On the other hand, the possible effectiveness of
fixed shading is supported by its high potential to mitigate the main determinant in UTCI
assessment, direct solar radiation, as already demonstrated in several Mediterranean expe-
riences [70,71]. As far as their application details are concerned, sunsails can be suspended
by steel stretchers punctually fixed to facades, in order to minimise wall perforations.

Table 4. Analysis of mitigation strategies as described in [68] for the selected case studies, describing
recommendations (R) and suitability (S).

Mitigation

Strategy Piazza dell’Odegitria (Bari) Largo Regina Coeli (Naples)
Trees R: far from the facades of buildings and the church ~ R: far from the facades of buildings and the church
S: yes, possible in the larger part of square S: no, geometric incompatibility with narrow square
R: far from the fégade of theld.u.lrch, maintaining R: far from the facade of the church
visual accessibility S: yes, ensuring visual accessibility of the church
Fixed shadings S: yes, ensuring visual accessibility of the church’s $Yes, & 4

fagade from the main access; quote equal to floor

fagade from walk paths; quote equal to floor course

course of buildings of buildings

Cool pavement and
permeable pavers

R: recovery original materials for pavements
S: yes, replacement of basalt pavement with
calcareous one, featured by good optical properties

R: maintain original materials for pavements
S: no, limiting replacement of basalt pavement

R: preserving original clear colours and material R: preserving original clear colours and material
Cool fagades ‘ in facades o . in facades o
S: good properties at the actual states; limited S: good properties at the actual states; limited
potentiality of strategy potentiality of strategy
R: preserving original clear colours and material R: preserving original clear colours and material
Green walls in facades in facades
S: no, any possible alteration of walls both for S: no, any possible alteration of walls both for
buildings and church buildings and church

Figure 5 summarises the distribution of fixed shading along the modelled POSs, which
reflects the specificities of each urban square. For Piazza dell’Odegitria in Bari, the visual
openness of the monumental facade of the church in the western part of the POS should be
preserved through horizontal intermediate layering. For this reason, a system of suspended
but fixed solar shading is located in the eastern part of the POS, taking advantage of
buildings to connect them, while ensuring the visual continuity of the church fagade in the
entrance of the square. In the case of Largo Regina Coeli in Naples, shadings are distributed
all along the boundary streets, limiting the overlapping effect on the Santa Maria Regina
Coeli church.
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Piazza dell’Odegitria, Bari

My

Largo Regina Coeli, Naples

171 Moddledoma [l Shedngs o2 (D) it 2 (D)

Figure 5. Spatial configuration of the two POSs considering the implementation of selected
mitigation strategies.

3.4. Reference BETs

Reference BETs are selected among Italian historical urban squares identified by
previous works [42], and have already been applied in user-centred, simulation-based
approaches for SLOD risk assessments [7]. These works investigated 1111 urban squares in
Italian historical city centres, defining objective and quantitative indicators for application
beyond individual sites. On this basis, previous research demonstrated that historical POSs
often share recurring morphological, constructive, and functional characteristics, which
are represented by the defined indicators and influence users” exposure and vulnerability.
These characteristics have been described and grouped into a limited number of archetypal
conditions, namely, the BETs. Each BET is described by a range of values, or by a median
value, for each defined indicator. When all the indicators of a given POS are similar to those
of a certain BET (within the representative range or with equal medians), the POS can be
associated with the BET. Given this rationale, the POSs defined in Sections 3.1 and 3.2 are
aligned with the corresponding BETs, addressing RQ1.

Considering the reference Italian historical context [42], the selected case studies share
similarities with the so-called BET4. This compact BET is characterised by a relevant
maximum height of built fronts relative to the open space width, and a good distribution
of accesses along its perimeter (which can also impact square ventilation). Nevertheless,
the POSs also have specific features. Piazza dell’Odegitria in Bari (BET4) seems to have
an overall slight “L-shaped” layout, but the main areas of the urban square are placed
in front of the cathedral (east side of the POS) and thus the area behaves as a convex
open space with medium compactness and regular building-front alignment (Figure 6).
Largo Regina Coeli in Naples presents similar levels of compactness and morphological
regularity, but its significantly smaller geometric scale prevents a direct match with the
standard BET4 configuration. For this reason, it was associated with a reduced-scale
sub-typology of BET4 (namely, sub-BET4), selected to ensure geometric comparability
with the Neapolitan case study (Figure 6). Figure 6 summarises these issues in terms
of plan and section comparison of the POSs and of the related BETs. The quantitative
values of the geometric and morphological indicators underpinning this comparison are
reported in Table 5, which also highlights minor deviations between the POSs and the
BET validity ranges, without compromising their typological correspondence. Together,
Figure 6 and Table 5 demonstrate the suitability of the selected POSs to be assimilated to
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BET4 and sub-BET4, providing the basis for their subsequent use in the overheating risk
assessment framework.

Comparison schemes between real-world POS and BETs

Piazza dell’Odegitria, Bari . BET 4
_____ s =
i i /I
S H el
" E ey
e 2P ] i
...... 7 ! '
@ 5 (D e
b
_________ Hmean | ___________::5?: E Hmean s
. ' | ! 15
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Section 2 : Section 1
Largo Regina Coeli, Naples i Sub-BET 4
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o : 5
O S ©
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H 2
b
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Section 2 E Section 1
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Figure 6. Comparison diagrams (planimetric layouts and cross-sections) between POSs and BETs. The
dashed lines indicate the locations of Sections 1 and 2, from which the corresponding cross-sectional
views are derived.
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Table 5. Geometric and morphological parameters of the two POSs and the respective BET4 and
sub-BET4. BET parameters are reported using value ranges or median values (*) since BETs are built
from different POS conditions [42]. Notations are graphically reported in Figure 6 to identify their
relevance in the POS and BET description. *: dimension related to the main POS in front of the
cathedral. +: minimum value for the L-shaped part of the POS.

Parameters Piazza dell’Odegitria BET4 Largo Regina Coeli Sub-BET4
Circumference diameter 1—D1 [m] 62.7 (44.8") 28.0 + 50.0 30.9 18.0 = 33.0
Circumference diameter 2—D2 [m] 25.1 13.0 = 24.0 16.2 7.6 <192

D2/D1 0.4 (0.59 ") 0.42 =+ 0.58 0.52 0.42 =+ 0.58
Plan dimension L1 [m] 249 21.3 +34.7 15.8 99 +16.2
Plan dimension L2 [m] 45.0 (14.0 ) 30.3 +494 26.2 16.5 =299
Plan dimension L3 [m] 64.0 (14.27) 10.8 +21.0 26.2 16.5 +29.9
POS area [m?] 1300.0 (805.0 %) 291.0 = 775.0 416.8 165.0 + 440.0
Mean building height Hnean [m] 15.0 12.0 +29.0 16.5 12.0 +29.0
Max building height Hpyax [m] 30.0 18.0 +29.0 21.0 18.0 +29.0
N. of accesses A [#] 6 3+6 4 3+6
n.Al [#)/dim. [m] * 5/5.7 4/6 1/4.5 2/6
n.A2 [#]/dim. [m] * 1/2.7 1/3 3/4.0 2/3
Special buildings [#] * 2 1 1 1
Ground slope difference [m] 0.93 09 +32 0.95 09 =32
Green area [%] * 0 0 0 0

Given these general characteristics, these BETs can be considered representative not
only of the case study POSs in Mediterranean historical cities, but also of their morphology
and level of compactness [10,56,71]. The relevance is discussed in Section 3.5 by considering
relevant climate conditions of POSs and BETs.

3.5. Climate and Model Data for the UTCI-Based Assessment of Scenarios

As far as the morphological dimensions are concerned, the selected case studies are
characterised by some similarities proper of historical urban built environments located in
southern Italy. As shown in Figures 3 and 4, these urban squares are placed in vulnerable,
compact, and intricated layouts, typical of Mediterranean cities, and have also a high
touristic interest [10,49,72].

Moreover, they are characterised by a typical Mediterranean climate, which is expected
to be critically affected by increasing trends in summer mean conditions and the frequency
of climatological heatwaves [73]. Finally, both these urban squares share similarities with a
corresponding BET in the Italian context [42], as demonstrated in Section 3.4.

Table 6 summarises the data collected and used according to POS modelling for UTCI-
based assessment in actual and future scenarios (Section 2.1), as well as in the mitigated
ones (Section 3.3). In detail, for the urban climatological dimensions of POS modelling,
TMY (Typical Meteorological Year) files for Bari and Naples were obtained using standard
statistical reference periods. TMY files include temperature, relative humidity, wind speed,
and velocity used for CFD simulations. Then, TMY files are used to solve the climate
change dimension of the modelling, transposed into the future considering the Shared
Socio-economic Pathways SSP2-4.5 scenario, as the most representative “middle-of-the-
road” pathway into the IPCC AR6 framework. Its selection is motivated by its wide
adoption in climate impact studies across Europe and the Mediterranean, as it provides a
balance between overly optimistic assumptions (e.g., SSP1-2.6) and high-end projections
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(e.g., SSP5-8.5). The future climate data were calculated by morphing the TMY using
the Future Weather Generator [74,75], a climatological morphing tool that incorporates
recent AR6 IPCC scenario guidelines [76]. The identified projections are set for 2050 and
2080, intended as the representative mid-term and long-term horizons, in accordance with
the IPCC scenarios. Then, regional technical details are used to address the boundary
dimension of the model, combining DTM to define the 2D extent and spatial distribution
of buildings, as well as their main height, and DSM to represent morphological variations
in the squares. This is necessary due to the urban square location in complex urban
contexts. Material details for POS dimensions are collected by on-site inspections, while the
mitigation strategy is modelled coherently with the opportunities discussed in Section 3.3.

Table 6. Details and type of data and sources used to model and simulate the selected case studies,
linking them to the dimensions of modelling activities (Section 2.1).

Details and Type of Data/Source

for Modelling

Piazza dell’Odegitria (Bari) Largo Regina Coeli (Naples)

Climatological data—Urban Dimension

Statistical climatological file

IPCC pathway
Future terms

TMY climatological file for TMY climatological file
“Bari_Wojtyla” (.epw) “Napoli_Capodichino” (.epw)
Future Scenarios—Climate Change dimension
SSP2-4.5 scenario
2050 middle term, 2080 long term

Geometric modelling—Boundary Dimension

Terrain Regional DTM
Buildings Regional CTR
Material properties—POS dimension (Building)
Buildings
Clear calcareous stone for unplastered walls: o = 0.6
Clear-coloured plastered walls: o« = 0.5
Reflectance Stone clear-coloured pavements: o = 0.6
(in terms of Albedo «) Aged tiles: o« =0.5
Dark bituminous layer: o« = 0.15
Clear bituminous layer: « = 0.5
Pavement
Reflectance Stone clear-coloured pavements: ot = 0.6 o
(in terms of Albedo ) Basalt dark pavement: o = 0.4 Basalt dark pavement: o = 0.4

Detail of CFD simulation

Cell dimensions

ImxImx1m

[x xy x z]
Model area extension (cells) 100 x 100 100 x 100
Duration of simulation 72 h
Simulated day 25 July 26 July
Wind speed (m/s) and 2.5m/s; 180° 1.9m/s; 180°

direction (°)

All the details describing the POSs are thus used to model them by combining GIS
and ENVI-met tools, as synthesised in Table 6. In particular, the microscopic assessment
approach relies on the discretisation of outdoor POS areas into cells (1 m for each side).
Therefore, UTCI values are estimated for each cell using the ENVI-met simulation [77].
Considering the necessity to assess it in the worst summer scenarios [7], UTCI maps show
the mean values among the 11:00-16:00 period of the simulated day for each cell.
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4. Results

This chapter presents the results of the microclimatic simulations and indicator-based
analyses carried out on the selected POSs and their corresponding BETs. Section 4.1 fo-
cuses on Piazza dell’Odegitria in Bari, first discussing the results obtained under pre-
and post-retrofit conditions through UTCI and t;¢, spatial distributions and aggregated
indicators, and subsequently presents the comparison between the POS and its refer-
ence BET. Section 4.2 follows the same analytical structure for Largo Regina Coeli in
Naples, presenting the effects of the mitigation strategy and the comparison with the
corresponding BET.

4.1. Results on Piazza dell’Odegitria, Bari and BET Comparison

The UTCI maps for Piazza dell’Odegitria (Figure 7) highlight a clear reduction in
heat stress under all simulated scenarios following the introduction of the sunsails. In the
pre-retrofit conditions, the urban square exhibits extensive areas with high UTCI values,
particularly in the central corridor and in the sector facing the cathedral, where exposure
to direct solar radiation is most persistent. This pattern intensifies in the 2050 and 2080
projections, with large portions of the square reaching critical thermal stress levels. Under
the post-retrofit scenario, the sunsails produce a noticeable mitigation effect in the shaded
portion of the POS. UTCI values within the sunsails’ footprint decrease across all climate
scenarios, with greater effectiveness under future conditions due to higher background
temperatures. The shaded area exhibits a shift toward lower UTCI classes, while the
surrounding unshaded areas maintain values similar to those of the pre-retrofit scenario.
Overall reductions within the shaded area range between approximately 2 and 4 °C. In
summary, for Bari, the comparison demonstrates that the sunsails effectively reduce peak
UTCI values, shrink the extent of high-stress zones, and delay the onset of extreme thermal
conditions, even though future climate projections still push the square toward critical
UTClI levels.

RASE 50 2080

A B [

Mitigation with Sunsail 2050 Mitigation with Sunsoil 2080 Mitigation with Sunsail
[+ ] E F

— > (D
- N Dm I5m  SOm

Figure 7. Mean UTCI values (°C) for the 11:00-16:00 time window in Piazza dell’Odegitria (Bari)
under baseline, 2050, and 2080 climate change scenarios (top row), compared with the corresponding
post-retrofit simulations including the sunsails mitigation system (bottom row).

https:/ /doi.org/10.3390/heritage9020060


https://doi.org/10.3390/heritage9020060

Heritage 2026, 9, 60

19 of 34

The maps of t;9, for Piazza dell’Odegitria (Figure 8) reveal a consistent pattern of short
exposure tolerances across all climate scenarios. In the pre-retrofit condition, most of the
POS shows values close to 1.0-1.3 h, indicating that, under baseline climatic conditions,
users may reach the dehydration threshold after approximately one hour of exposure.
Slightly longer tolerable times (up to 2.0-2.3 h) are limited to localised facade-adjacent
areas benefiting from partial shading. In future scenarios (2050 and 2080), most of the
square shifts toward values below 1.0 h, confirming a marked intensification of heat-related
dehydration risk. The post-retrofit simulations introduce a notable mitigation effect pro-
duced by the sunsails. In the shaded portion of the POS, t;, increases by approximately
0.3-0.5 h relative to the pre-retrofit condition. Across all scenarios, shaded areas consistently
maintain higher exposure tolerances than unshaded zones. Overall, the mitigation strategy
does not eliminate risk, but it significantly delays the onset of the dehydration thresh-
old, especially in future climate scenarios where its contribution becomes proportionally

more relevant.

Mitigation with Sunsail
o

2050 Mitigation with Sunsail 2080 Mitigation with Sunsail
E F

II____L__‘I‘ = =
B B

i —
i

Om _ 25m  50m @
000h 030 100 130 200 230 300 330 4000
Figure 8. ¢+, values [h] for the 11:00-16:00 time window in Piazza dell’Odegitria (Bari) under baseline,
2050, and 2080 climate change scenarios (top row), compared with the corresponding post-retrofit
scenarios (bottom row).

The aggregated indicator t*;9, shows a progressive reduction in safe exposure time
from the baseline to future scenarios (Table 7). In the pre-retrofit condition, t*1¢, decreases
from 1.41 h (baseline) to 1.31 h in 2050 and 1.21 h in 2080, confirming that users are expected
to reach the dehydration threshold increasingly quickly under projected warming. The
reduction in maximum values (from 2.46 h to 1.60 h) and in SS indicates that, in 2080,
almost the entire square approaches uniformly critical conditions.
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Table 7. Aggregated t*19, values [h] for Piazza dell’'Odegitria (Bari) under baseline, 2050, and 2080
climate change scenarios, compared with the corresponding post-retrofit configurations including
the sunsails mitigation system. Cell colors varies from dark red (more sensible dI reduction) to dark
green (more sensible dI increase). n.a.: not assessed since related to the baseline for the dI comparison.

. dI Comparison dI Comparison . dI Comparison S ¢
Scenarios t[ﬁ‘i‘ Climate Pre/Post- Méﬁ(ﬂt 1% Climate Pre/Post- M"lll]t 1% Climate Pre/Post-  St. Dev. S u:rn;so(SS)
Scenario Mitigation Scenario Mitigation Scenario Mitigation !
Baseline 1.41 n.a. n.a. 1.94 n.a. n.a. 1.15 n.a. n.a. 0.31 123.76
2050 1.31 —7% n.a. 1.49 —23% n.a. 1.15 0% n.a. 0.19 48.13
2080 121 —14% na. 1.15 —41% na. 1.15 0% na. 0.1 1252
whaeline 146 na. ~1% 2.01 na. 4% 115 na. 0% 0.31 12266
2050 with o o o 9 o 0
Sunanil 1.32 —-10% —3% 1.55 —23% 4% 1.15 0% 0% 0.19 48.1
2080 with o o o o o 0
Someni] 1.22 —16% -1% 1.22 —39% 6% 1.15 0% 0% 0.11 1593
Table 8 also reports the WLppg values for both transient (OO) and permanent (PO)
users under future climate change scenarios. For Piazza dell’Odegitria, the comparison
between pre- and post-mitigation scenarios shows that WLppg varies only marginally
following the installation of the sunsails: the maximum improvement corresponds to a
reduction of approximately 3% in the 2050 scenario with shading.
Table 8. Aggregated WLppg values [g/h] for Piazza dell’Odegitria (Bari) under baseline, 2050,
and 2080 climate change scenarios, compared with the corresponding post-retrofit configurations
including the sunsails mitigation system. Cell colors varies from dark red (more sensible dI reduction)
to dark green (more sensible dI increase). n.a.: not assessed since related to the baseline for the
dI comparison.
dl Comparison for OO dI Comparison for PO
Scenari WLpos for Climat Pre/Post WLros Climat Pre/Post
cenarios 00 [g/h] imate re/Post- for PO [g/h] imate re/Post-
Scenario Mitigation Scenario Mitigation
Baseline 141.71 n.a. n.a. 566.84 n.a. n.a.
2050 149.79 6% n.a. 599.16 6% n.a.
2080 156.54 10% n.a. 626.14 10% n.a.
Baseline with 140.72 na. 1% 562.87 n.a. 1%
Sunsail
2050 with 145.94 4% 3% 583.4 4% —3%
Sunsail
2080 Wl.th 154.24 10% —1% 619.94 10% —1%
Sunsail

This limited variation reflects the open morphology of the POS, which constrains the
overall effectiveness of localised shading interventions. As a result, the minimum recorded
1o, values remain unchanged in all scenarios (1.15 h), indicating that the most critical
sectors of the square are only minimally influenced by mitigation. The post-mitigation
simulations show a modest but consistent improvement due to the sunsails. *1¢, increases
slightly in all scenarios (e.g., from 1.41 h to 1.46 h in the baseline; 1.21 h to 1.22 h in 2080).

Considering the POS-BET comparison, Figure 9 shows that the spatial patterns of the
UTCI simulated for Piazza dell’Odegitria closely mirror those produced for BET4 across all
scenarios, including the increasing severity of heat stress toward the future time horizons.

In both the POS and the BET, the highest UTCI values occur in the portion of the
square facing the cathedral, especially near the dehor area, where shading is limited and
direct solar exposure is sustained during the analysed hours. Peak UTCI values reach
approximately 44 °C in the baseline and progressively increase to about 46 °C in 2050 and
48 °C in 2080, confirming the high thermal load affecting this area. It should be noted that
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the UTCI maps shown in Figure 9 correspond to the same simulations presented in Figure 7
(top row), reported here to allow a direct visual comparison with the BET4 results.

BASE 2050 2080
A B i c

BASE 2050 2080

Om 25m 50m @
B

0 55

Figure 9. Mean UTCI values (°C) for the 11:00-16:00 time window under the baseline, 2050, and 2080
scenarios for Piazza dell’Odegitria (Bari, top row) and the corresponding BET4 (bottom row).

Table 9 summarises the values of the spatially averaged water loss indicator (WLppg)
for Piazza dell’Odegitria and for BET4 across the three climate scenarios, distinguishing
between transient users (OO, t < 15 min) and permanent users (PO, t > 15 min). The table
also reports percentage differences for both POS-BET and climate scenario comparisons.
The WLppg values reported for Piazza dell’Odegitria are the same as those previously dis-
cussed in the analysis of mitigation effects. They are reproduced here to ensure consistency
and comparability within the POS-BET framework.

Table 9. Average water loss values of the whole POS (WLppg, g/h) for transient users (OO, t < 15 min)
and permanent users (PO, t > 15 min) in Piazza dell’Odegitria (Bari) and in BET4 in the baseline
scenario, 2050, and 2080. n.a.: not assessed since related to the baseline for the dI comparison.

Piazza dell’Odegitria (Bari) BET 4
. . 1 i i
Scenario WLpos dI Comparison for OO WLpos dI Comparison for PO WLpos d Cf(:) T%ag son WLpos I C?;ql))glson
for OO - for PO - foroo — —— ——  forPO —
[ % ] POS-BET Climate [ % 1 POS-BET Climate [% ] Climate [ % 1 Climate
Scenario Scenario Scenario Scenario
Baseline 141.71 —2% n.a. 566.84 —2% n.a. 139.10 n.a. 556.41 n.a.
2050 149.79 0% 6% 599.16 0% 6% 149.12 7% 596.48 7%
2080 156.54 0% 10% 626.14 0% 10% 157.12 13% 628.47 13%
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4.2. Results on Largo Regina Coeli, Napoli, and BET Comparison

Pre- and post-retrofit results are first presented according to the microscale level in
Figure 10.

2050 Mitigation with Sunsail 2080 Mitigation with Sunsail

S . o o (V)
30 55 — 1

Figure 10. Mean UTCI values (°C) for the 11:00-16:00 time window in Largo Regina Coeli (Naples)
under baseline, 2050, and 2080 climate change scenarios (top row), compared with post-retrofit
simulations including the sunsails mitigation system (bottom row).

Although absolute values remain lower than those observed in Bari, the spatial pattern
confirms the presence of thermally stressed areas, particularly under future climate projec-
tions. The introduction of the sunsails in the post-retrofit simulations results in a decrease
in the UTCI within the shaded zone, with the most substantial reductions occurring in
the central open area where users are most exposed. The mitigation effect becomes more
evident in future scenarios, where the sunsails partially offset projected climatic warming
by maintaining lower UTCI classes. In fact, across all scenarios, UTCI values within the area
covered by the sunsails decrease by approximately 2-3 °C, depending on the scenario. The
cooling footprint is spatially well defined, and while the remainder of the square remains
influenced by high background temperatures, the intervention consistently provides a
meaningful reduction in heat stress within its coverage area. Overall, the sunsails also
reduce heat stress in Largo Regina Coeli, although with a more modest magnitude than in
Bari due to the already more shaded and ventilated configuration of the square.

The behaviour of t1¢, in Largo Regina Coeli (Figure 11) is hence consistent with the
UTClI results, although higher tolerable times are observed compared with Bari.
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Figure 11. ¢, values [h] for the 11:00-16:00 time window in Largo Regina Coeli (Naples) under
baseline, 2050, and 2080 climate change scenarios (top row), compared with the corresponding
post-retrofit scenarios (bottom row).

In the pre-retrofit condition, the baseline scenario shows exposure durations mostly
between 1.3 and 2.0 h, with some zones approaching 2.3 h in areas benefiting from shading
and favourable airflow. In the 2050 and 2080 scenarios, the central portion of the POS shifts
toward 1.0-1.3 h, while only a small area retains values near 1.8-2.0 h. Under post-retrofit
conditions, the sunsails provide a noticeable but spatially confined improvement In the
baseline scenario, shaded areas reach t;¢, values of approximately 1.8-2.3 h, compared with
1.3-1.8 h without mitigation. In the 2050 scenario, mitigated areas predominantly remain
in the 1.3-1.8 h range instead of dropping toward 1.0-1.3 h. Even in 2080, the sunsails
stabilise f1¢9, around 1.0-1.3 h in the shaded cells, whereas unshaded areas fall closer to
0.7-1.0 h. Overall, the sunsails extend safe exposure duration by approximately 0.3-0.5 h, a
smaller but still meaningful effect compared to Bari, due to the more compact and shaded
morphology of the square.

The aggregated indicator #*1, highlights a progressive reduction in safe exposure times
across future climate scenarios (Table 10). Under pre-retrofit conditions, the baseline value
of 2.30 h decreases to 1.86 h in 2050 and stabilises around 1.83 h in 2080. This reduction
reflects the increasing difficulty for users to tolerate outdoor heat without reaching the 1%
dehydration threshold. Maximum values also decline (from 3.68 h to 2.61 h), indicating that
even the most favourable micro-locations become less resilient under projected warming.
Then, Table 11 reports the WLpog values for both transient (OO) and permanent (PO) users
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under future climate change scenarios. The comparison between pre- and post-mitigation
scenarios shows that WLpps remains largely stable, due to the limited size and compact
layout of Largo Regina Coeli, which restrict the extent of shading achievable by the sun-
sails. Only minor variations are observed between pre- and post-retrofit conditions across
all scenarios.

Table 10. Aggregated t*9, values [h] for Largo Regina Coeli (Naples) under baseline, 2050, and 2080
climate change scenarios, compared with the corresponding post-retrofit configurations including
the sunsails mitigation system. Cell colors varies from dark red (more sensible dI reduction) to dark
green (more sensible dI increase). n.a.: not assessed since related to the baseline for the dI comparison.

dI Comparison

dI Comparison dI Comparison

. 19 - Max ty - Min ty9 - Sum of
Scenarios 1% Climate Pre/Post- 1% Climate Pre/Post- 1% Climate Pre/Post-  St. Dev.
hi Scenario Mitigation hl Scenario Mitigation hi Scenario Mitigation Squares (SS)
Baseline 2.3 n.a. n.a. 2.85 n.a. n.a. 1.78 n.a. n.a. 0.31 123.76
2050 1.86 —19% na. 22 —23% na. 152 —15% na. 0.19 4313
2080 1.83 —20% na. 184 [17-85% | na 144 —19% na. 0.1 1252
whaeline 128 na. ~1% 275 na. —4% 187 na. 5% 031 122,66
2050 with 9 . 0 o 0 0
Sunsail 1.85 —19% —1% 2.18 —21% —1% 1.57 —16% 3% 0.19 48.1
2080 with 9 . 0 0 0
Sunsail 1.73 —24% —5% 2.02 —27% - 1.5 —20% 4% 0.11 15.93
Table 11. Aggregated WLppg values [g/h] for Largo Regina Coeli (Naples) under baseline, 2050,
and 2080 climate change scenarios, compared with the corresponding post-retrofit configurations
including the sunsails mitigation system. Cell colors varies from dark red (more sensible dI reduction)
to dark green (more sensible dI increase). n.a.: not assessed since related to the baseline for the
dI comparison.
dl Comparison for OO dI Comparison for PO
. WLPOS for OO " WLPOS for PO R
Scenarios [g/h] Climate Pre/Post- [g/h] Climate Pre/Post-
Scenario Mitigation Scenario Mitigation
Baseline 82.66 n.a. n.a. 330.63 n.a. n.a.
2050 100.59 n.a. 402.36 n.a.
2080 106.82 n.a. 427.28 n.a.
Baseli ith
aseune wi 83.24 na. 1% 332.97 n.a. 1%
Sunsail
2050 with
wi 100.59 402.36
Sunsail
2080 with 107.58 430.33
Sunsail

After analysing mitigation effects, results from Largo Regina Coeli and its typological
counterpart sub-BET4 are provided. The UTCI maps in Figure 12 show that Largo Regina
Coeli and sub-BET4 exhibit similar spatial patterns and trends of increasing heat stress
across future scenarios.

In both Largo Regina Coeli and sub-BET 4, the area directly in front of the church
facade is the most exposed to high heat stress. The UTCI values progressively increase
across future climate change scenarios, showing comparable overall magnitudes between
the POS and its typological counterpart. It should be noted that the UTCI maps for Largo
Regina Coeli shown in Figure 12 correspond to the same simulations already presented in
the first row of Figure 10; they are reproduced here to facilitate direct comparison with the
sub-BET4 results.
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Largo Regina Coeli, Naples
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Figure 12. Mean UTCI values (°C) for the 11:00-16:00 time window under the baseline, 2050,

and 2080 scenarios for Largo Regina Coeli (Naples, top row) and the corresponding sub-BET4
(bottom row).

Table 12 reports the values of WLppg for transient users (OO, t < 15 min) and perma-
nent users (PO, t > 15 min) across the three scenarios for both Largo Regina Coeli and the
sub-BET4. Percentage differences are reported to compare POS-BET correspondence and
climate scenario effects. The WLppg values reported for Largo Regina Coeli are the same

as those previously discussed in Table 11 and are reproduced here to ensure consistency
within the POS-BET comparison.

Table 12. Average water loss values of the whole POS (WLpps, g/h) for transient users (OO,
t <15 min) and permanent users (PO, t > 15 min) in Largo Regina Coeli (Naples) and in the sub-
BET4 in the baseline scenario, 2050, and 2080. n.a.: not assessed since related to the baseline for the
dI comparison.

Largo Regina Coeli (Naples) Sub-BET 4

dI Comparison I Comparison for PO dI Comparison dI Comparison
Scenario WLpos for OO WLpos P WLpos for OO WLpos for PO

for OO - for PO - for OO _— for PO _—
[£1 POS-BET Chmat‘e [£] POS-BET Chmatﬁe [£] Chmat‘e [£] Chmat.e
Scenario Scenario Scenario Scenario

Baseline 82.66 11% n.a. 330.63 11% n.a. 99.66 n.a. 370.66 n.a.

2050 100.59 13% 22% 402.36 13% 22% 115.36 24% 461.45 24%

2080 106.82 19% 29% 427.28 19% 29% 131.43 42% 525.73 42%
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5. Discussion

The results provide valuable insights into overheating risk assessment and mitigation
for urban squares in historical environments, as discussed in Section 5.1. In particular,
they suggest a multiscale assessment of the impact of mitigation strategies under different
conditions (in view of RQ1) and illustrate how BETs could be representative of the tested
POSs under current and future climate scenarios (in view of RQ2). In particular, considering
RQ2, this work provides the basis for the replicability of the approach in a BET-based
perspective (Section 5.2). At the same time, it also paves the way for future applications
by decision makers and designers from the POS-based perspective (Section 5.2), although
some limitations exist and need to be addressed by future works (Section 5.4).

5.1. Key Findings and Comparison Analysis by RQ

Considering RQ1, the proposed assessment methodology and indicators effectively
highlight differences between pre- and post-mitigation scenarios at both the micro- and
mesoscale levels. Simulations generally demonstrate how sunsails modify users’ heat stress
exposure, while remaining compatible with heritage constraints. Nevertheless, some overall
limitations in their effectiveness can be observed. On the one hand, the application of
sunsails limits heat stress indicators by up to approximately 10%, especially under extreme
future climate scenarios (i.e., 2080). On the other hand, microscale impacts prevail over
mesoscale ones. In fact, the mitigation effects on the estimated exposure duration leading to
a 1% reduction in body mass through sweating at the cell level (1¢,) are significantly higher
than those observed at the scale of the entire POS (expressed by t*19,). This difference
is related to the aggregation process, which averages the impact across user age groups,
resulting in differentiated effects depending on user-related factors under POS conditions.
Some additional case-specific differences can be highlighted between the two POSs:

- For Piazza dell'Odegitria, Bari (see Section 4.1), the most evident improvements
concern maximum tj¢, values under future climate scenarios, indicating a local at-
tenuation of extreme conditions. Although the overall improvement remains limited
at the scale of the entire POS, these results clearly reflect the local cooling effect of
the shading device, which enhances exposure tolerance in the most critical sectors.
Standard deviation values remain nearly unchanged, indicating that mitigation shifts
average conditions without substantially altering the spatial variability of risk. Over-
all, these results show that the sunsails provide a targeted but meaningful reduction in
dehydration risk, particularly under future climatic conditions where exposure times
become increasingly constrained.

- For Largo Regina Coeli, Naples (see Section 4.2), improvements in maximum #;9,
values under future climate scenarios are more limited than in Bari, reflecting a
generally lower sensitivity of the POS to extreme conditions due to its more compact
configuration. However, unlike the Bari case, minimum t#;¢, values also decreased
slightly in Naples, highlighting that certain confined areas remain more vulnerable
to heat stress despite mitigation. Overall, while the aggregate effect remains limited,
the indicator captures a local delay in dehydration onset within shaded areas. Spatial
variability, expressed through standard deviation and SS values, decreases from
baseline to future scenarios, showing how the entire POS becomes more uniformly
stressed under projected warming.

Considering RQ2, the current work preliminarily demonstrates the validation of
BETs as archetypal tools for overheating risk assessment in urban squares, based on the
comparison of results across the selected case studies and climate scenarios. In particular,
the following findings can be highlighted:
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- For Piazza dell'Odegitria, Bari (see Section 4.1), POS-BET percentage differences
remain below 10% across all climate scenarios, indicating a substantial affinity in
thermo-physiological response. WLpps values for the real POS are systematically
slightly higher than those of BET4, but both the POS and the corresponding BET show
increasing WLpps values from baseline to future scenarios, reflecting the intensifica-
tion of heat stress associated with rising UTCI values. The increase remains within
approximately 10% for Piazza dell’Odegitria and up to about 15% for BET4, as mainly
shown in Table 7. Despite minor quantitative differences, these results confirm that
the POS and its archetype exhibit comparable trends and magnitudes of heat-induced
water loss under future climate conditions.

- For Largo Regina Coeli, Naples (see Section 4.2), POS-BET differences are more pro-
nounced than in the Bari case, generally ranging between 10% and 20%, reflecting the
stronger influence of localised microclimatic features in the real POS. Nevertheless,
these differences remain within a range that supports satisfactory correspondence,
with BET values providing a conservative approximation. Future climate scenarios
induce marked increases in heat-induced water loss for both the POS and sub-BET4,
exceeding 20% relative to baseline conditions, indicating a higher sensitivity to pro-
jected thermal intensification. These key findings, mainly reported in Table 8, confirm
that sub-BET4 provides a sufficiently representative approximation of the thermal dy-
namics of Largo Regina Coeli under both current and future climate change conditions,
supporting the use of BET-based typological models for preliminary assessments.

5.2. From Validation of BETs as Archetypal Tools to Reproducibility Implications

In this work, the attention is focused on a compact BET, namely BET4 [42]. Although
this BET is derived as an archetype of urban squares in Italian historical city centres [42],
its compactness, morphology, and construction features are also typical of historical city
centres in the Mediterranean area [10,49,56,71,72]. In this sense, the selection of POSs, which
are in the same geographical context, allows supporting the capabilities of the methods
and the potential extendibility of results on BET4.

Both Piazza dell’Odegitria, Bari, and Largo Regina Coeli, Naples, exhibit spatial con-
figurations, such as compactness, enclosure levels, and fagade continuity, which correspond
well with the features embedded in BET4 and its scaled sub-variant. The comparisons
carried out across UTCI and WLppg indicators show that BET4 and sub-BET4 effectively
replicate the direction and magnitude of thermal stress trends observed in the real POSs,
especially under future climate change scenarios. Although local morphological aspects
in the real-world POSs (e.g., irregular enclosure, specific shading patterns, and airflow
channelling) introduce small deviations in absolute values, the overall alignment between
BET archetypes and real POSs confirms their suitability for preliminary risk assessment.
Furthermore, BET values are always higher than the POS-related ones, suggesting that the
adoption of archetypical scenarios could provide conservative results in common practices.

In view of the above, this work confirms that BET4 could be used to allow rapid
simulation of heatwave vulnerabilities and provide early insights into how geometrical
configurations influence microclimatic exposure, before extending the analysis to detailed
case-specific modelling. Nevertheless, this study also points out the reliability of the BET-
based application of the proposed framework, since it validates the usefulness of BETs
as quick-to-apply diagnostic tools, capable of supporting early stage decision-making
under limited data availability. In this sense, the framework could be replicated in other
BET-related contexts and considering other BET-POS conditions, independently from the
specific use of the spaces, while differences in building height and orientation, such as
those related to churches, are acknowledged as factors influencing shading, wind flow,
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and thermal conditions. Indeed, these variations do not limit the framework’s transferabil-
ity, as the BET-based methodology provides clear guidance for adapting the analysis to
different orientations and urban configurations. At the same time, climate data for POSs
and BETs are well structured in the whole simulation-based framework, comprising the
connection with the urban square modelling thanks to different dimensions (compared
with Section 2.1). Therefore, additional climatic data and future climate scenarios could
substitute the ones adopted in this work, without altering the general structure of the
framework, the simulation tool usage, and the user-oriented assessment goals. Scalability
to other kinds of POSs (e.g., streets, riverfronts, and seaside avenues) is indeed guaran-
teed using the same micro-to-mesoscale standpoint [29]. Similarly, wider historical urban
environment scales could still be explored. For instance, different BETs representing the
aggregation of POSs in historical urban built environments could still be investigated by
adopting the proposed framework. This can contribute to ranking and priority assess-
ment in large settings, thus moving the attention of decision makers towards the urban
planning dimension.

5.3. Implications for Stakeholders and Decision Makers

Beyond the methodological contribution, the findings of this study can be framed
within broader climate resilience and adaptation frameworks for historic urban districts. In
line with current approaches to urban resilience and disaster risk reduction, the proposed
BET-POS workflow supports anticipatory, preventive, and low-regret adaptation strategies,
which are increasingly advocated in climate-sensitive heritage management.

First, the typology-driven application of Built Environment Typologies (BETs) directly
supports strategic planning and prioritisation processes. Municipalities and heritage
authorities can adopt BET-based screening approaches to rapidly identify public open
spaces that are most exposed to heat-related risks and to allocate resources accordingly.
This contributes to the development of evidence-based adaptation pathways for historic
districts, where financial, technical, and operational capacities are often constrained.

Second, the results demonstrate that reversible and heritage-compatible mitigation
measures, such as suspended shading systems, can effectively reduce users’ heat exposure,
even under future climate scenarios. This supports policy directions that promote adaptive
reuse, reversibility, and minimal-impact interventions in protected environments. In prac-
tice, this suggests that local adaptation plans for historic centres should explicitly include
“temporary and reversible climate-adaptation measures”, supported by simulation-based
ex ante evaluations.

Third, the use of user-oriented indicators (UTCI, WLpgs, t19,, and £*19,) facilitates the
translation of microclimatic analyses into metrics directly linked to public health, usability,
and social equity. These indicators can be operationalised as performance criteria within
local climate-adaptation guidelines, helping decision makers to define threshold-based
priorities, for example, by identifying spaces where safe exposure time falls below critical
values during heatwaves. Based on the empirical evidence provided by this study, several
actionable recommendations can be proposed for practitioners and policymakers operating
in heritage contexts:

- Integrate typology-based screening tools (e.g., BETs) into preliminary vulnerability
assessments for historic districts;

- Require simulation-based evaluations of climate-adaptation measures prior to imple-
mentation, particularly in protected public spaces;

- Prioritise reversible, lightweight, and visually compatible solutions as first-step adap-
tation options in heritage-sensitive environments;
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- Adopt user-centred thermal risk indicators within local adaptation plans to support
transparent and health-oriented decision-making;

- Promote the systematic inclusion of public open spaces in climate-adaptation policies,
recognising their dual role as social infrastructures and critical exposure environments.

Overall, the proposed framework helps bridge the gap between microclimatic research
and operational climate governance in historic urban environments, offering a scalable and
decision-support-oriented approach for adaptation-driven heritage management.

5.4. Study Limitations and Directions for Future Research

Despite the robustness of the proposed workflow, several methodological limitations
should be acknowledged. First, BETs represent simplified typological scenarios, and their
abstraction smooths out finer spatial or material characteristics present in POSs. While
adequate for preliminary assessments, BET-based analyses should be complemented with
detailed case-specific simulations when intervention planning reaches more advanced
stages [42].

Second, the climatic inputs rely on standardised climatic files and projected future
scenarios that cannot fully capture local microclimatic variability or recent temperature
escalations. The use of statistical meteorological data may underestimate real heat stress, es-
pecially in historic urban centres, where the increasing frequency and intensity of heatwaves
in the Mediterranean region are not fully captured.

Third, the behavioural model employed for estimating thermal acceptability and water
loss uses standardised user categories and population-weighted distributions [78]. Further
research could refine these assumptions by integrating local demographic data, context-
specific behavioural patterns, and potentially vulnerable groups (e.g., tourists unfamiliar
with local climatic conditions).

Looking ahead, several developments could further strengthen and refine the pro-
posed framework, also in view of the definition of user-centred, simulation-based ap-
proaches for climate resilience and adaptation in heritage contexts. A first possible direction
concerns the exploration of a broader range of mitigation strategies, extending beyond
sunsails to include other reversible and heritage-compatible solutions [10,25,52,68]. In
this sense, structural solutions could include, but not be limited to, reflective pavements,
temporary shading systems, evaporative devices, or selected forms of greenery. Such
strategies could be assessed individually and in combination, thus comparing how the
combination of different interventions could support redundancy in risk mitigation. This
would also help clarify how different interventions interact in terms of shading, ventilation,
and radiant heat reduction [79,80]. Another promising advancement lies in the integration
of real-world monitoring data into the simulation and assessment process. Incorporating
on-site microclimatic measurements and observed patterns of users’ presence would allow
progressive calibration and validation of model outputs, reducing uncertainties in UTCI in-
dicators, and ultimately strengthening the robustness of risk estimations. Finally, applying
the methodology to additional climatic contexts and diverse historical settings would make
it possible to test its transferability and understand how local environmental conditions
influence heat exposure dynamics. Such comparative applications would contribute to
shaping a more adaptable and widely usable framework for the preliminary assessment of
heatwave risks in POSs [42].

Overall, the study confirms that typological modelling, combined with user-oriented
heatwave risk indicators, offers a scalable and operational framework for assessing and
mitigating heatwave impacts in both archetypal and historical POSs. For this reason,
the comparative approach adopted in this study combines both levels of analysis. BETs
provide an initial, idealised reference scenario, while POSs allow these assumptions to be
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validated and adapted to actual urban contexts. The POS-BET association provides the
basis for comparing real-world conditions with the corresponding ideal configuration and
for transferring mitigation strategies typically linked to BET4 into each specific POS.

For both the BET and the POSs, overheating risk was assessed by analysing microcli-
matic conditions, user exposure, and thermo-physiological indicators. Potential mitigations
were then defined and tested under pre- and post-retrofit scenarios. The resulting metrics
allow the evaluation of both the current level of heat stress and the expected reduction in
risk following the implementation of the mitigation measures.

This integrated BET-POS approach, therefore, makes it possible to investigate how
idealised typologies and urban spaces correspond, where they diverge, and to what extent
mitigation strategies can be effectively transferred from archetypal models.

6. Conclusions

This study presented an integrated workflow for assessing heat-related risks in POSs
of historical urban environments, combining microclimatic simulations, user-exposure mod-
elling, and behavioural metrics such as sweat-derived water loss (WLpps) and the aggre-
gated dehydration indicator (*1¢,). The comparison between POSs (Piazza dell’Odegitria
in Bari and Largo Regina Coeli in Naples) and their corresponding typological archetypes,
demonstrated that Built Environment Typologies can effectively support preliminary eval-
uations, offering a rapid and structured way to frame microclimatic vulnerabilities and an-
ticipate the spatial distribution of heat stress before engaging in more detailed case-specific
analyses. Results showed consistent trends between archetypes and POSs, confirming the
reliability of BETs as diagnostic tools [42]. At the same time, simulations of mitigation
scenarios highlighted the relevance of designing mitigation interventions compatible with
historical settings; even lightweight and reversible solutions such as sunsails produced
measurable benefits in terms of UTCI reduction and increased safe-exposure time (t;o,),
particularly in highly irradiated zones. These findings underscore the importance of inte-
grating microclimatic evidence into conservation-aware planning processes, where thermal
comfort, cultural heritage constraints, and user safety must coexist [68,69].

The workflow presented here can be applied to a wide range of historical contexts,
supporting both rapid screening and more targeted evaluations of heatwave vulnerabilities.
Moreover, while this study focused specifically on heat stress, the same methodological
structure can be extended toward a multi-risk perspective [5]. Developing such an inte-
grated view will be essential for future climate-resilient planning in dense historical areas,
where interventions must remain lightweight, reversible, and fully compatible with cultural
heritage requirements. In fact, the overheating assessment explored in this study, can be
combined with analyses on other SUODs, such as air pollution [7,81], as well as with user
vulnerability and exposure to additional hazards in POSs, including seismic risk, flood risk,
terrorist attacks, or mass gathering conditions [5].

Finally, the results confirm that the proposed approach offers a robust and transferable
basis for informing planning decisions, supporting heritage-sensitive mitigation design,
and guiding public administrations toward proactive strategies to safeguard the health and
well-being of urban users under evolving climatic conditions.
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UHI Urban Heat Island

BET Built Environment Typology
POS Public Open Space

SLODs Slow-Onset Disasters

UTCI Universal Thermal Climate Index

WL Water Loss

GIS Geographic Information System

™Y Typical Meteorological Year

PA Thermal acceptability probability parameter
CFD Computational Fluid Dynamics

RQ Research Question

IPCC Intergovernmental Panel on Climate Change

DTM Digital Terrain Model
DSM Digital Surface Model
CTR Regional Technical Cartography

00 Only Outdoor

PO Prevalent Outdoor

TU Toddlers

PC Parent-assisted children
YA Young Adults

AU Adults

EU Elderly
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