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LUCIDiT: A Lean Urban Comfort Intelligent Digital Twin for
Quick Mean Radiant Temperature Assessment
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Abstract

The intensification of Global Warming and Urban Heat Island phenomena necessitates
advanced, computationally effective tools for evaluating outdoor thermal comfort and
microclimatic dynamics by means of Mean Radiant Temperature assessment. However,
existing high-resolution physical models often suffer from prohibitive computational costs.
This research proposes LUCIDiT (Lean Urban Comfort Intelligent Digital Twin), a phys-
ically based modeling framework implemented for a quick mean radiant temperature
assessment inside complex urban morphologies. The method integrates a simplified bal-
ance of mutual radiative heat exchanges with recursive time-series filtering to account for
the thermal inertia of different urban materials, alongside greenery heat exchange due to
evapotranspiration. This architecture creates an operational urban comfort digital twin
that reduces computational times by orders of magnitude for large-scale mappings, with-
out sacrificing physical accuracy. Validation against drone-acquired thermographic data
and the established Urban Multi-scale Environmental Predictor model demonstrates high
reliability and coherence with the real physical phenomena and context. The application
to an urban pilot site in Florence reveals that strategic interventions, such as substituting
impervious surfaces with irrigated greenery and arboreal canopies, can mitigate radiant
loads by up to 20 ◦C. Findings show that the proposed urban comfort digital twin can be a
robust, scalable instrument for designing evidence-based climate adaptation strategies and
quick testing mitigation scenarios to enhance urban resilience.

Keywords: outdoor thermal comfort; urban comfort digital twin; mean radiant tempera-
ture; built-up/greenery and radiative integrated modeling; Urban Heat Island

1. Introduction

The Global Warming (GW) phenomenon and the increasing frequency of extreme
weather events intensify the Urban Heat Island (UHI) effect, leading to severe physiological
and psychological discomfort in densely populated areas [1–14]. The complex interplay
between urban morphology, impervious surfaces with low albedo, anthropogenic heat,
and reduced green infrastructure synergistically traps solar radiation, creating UHI and
thermal “cul-de-sacs” characterized by elevated daytime peaks and reduced night-time
cooling [15–21]. To preserve the usability of urban spaces and mitigate thermal stress, it
is crucial to devise robust, computationally efficient modeling tools capable of mapping
outdoor thermal comfort and evaluating mitigation strategies [22–25].

Atmosphere 2026, 17, 305 https://doi.org/10.3390/atmos170303051
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In this context, Urban Digital Twins (UDTs) have been suggested as a transformative
paradigm for urban planning and environmental management. A UDT is a highly detailed,
virtual replica of the physical city, integrating static morphological information—such
as 3D building geometries, street canyons, and material properties—with dynamic data
streams from real-time fixed meteorological stations or sensor networks.

Within the domain of urban microclimate, UDTs provide a powerful, interactive
framework capable of simulating complex thermodynamic interactions and visualizing
spatial thermal distributions. Moreover, they can be used as a virtual testbed for predictive
analysis, allowing the evaluation of mitigation climate change scenarios (i.e., “what and/or
if”) such as the integration of green infrastructures, planting trees with higher canopy
expansion, or the application of high-albedo pavements compared to any building/urban
regeneration solution. In particular, the UDTs effectively bridge the gap between complex
environmental physics and regenerative resilient urban design integrating multi-source
data into a cohesive digital environment.

To effectively enhance the use of these digital environments, the existing literature
provides comprehensive approaches for modeling urban-scale comfort using indices like
the Universal Thermal Climate Index (UTCI) and Physiological Equivalent Temperature
(PET) [26–31]. For example, a recent notable research [32] has demonstrated the feasibility
and efficacy of an open-source UDT capable of simulating the Mean Radiant Temperature
(MRT) in an interactive 3D environment by integrating the well-established Urban Multi-
scale Environmental Predictor (UMEP) model [33].

While highly effective and widely recognized as a robust benchmark for microclimatic
simulations, such state-of-the-art models like UMEP typically rely on complex explicit 3D
geometries, extensive boundary condition datasets, and significant computational overhead
to solve transient heat exchanges. This computational burden heavily limits their scalability
for large urban areas.

To overcome these computational limitations and capture the multi-scale complexity
of the urban environment, recent advancements have increasingly integrated Machine
Learning (ML) techniques. Several studies have successfully employed algorithms such as
Random Forest, CatBoost, and Deep Neural Networks (DNN) to predict MRT and Land
Surface Temperature (LST), quantifying the impact of different road morphologies, shading
configurations, and material properties [34–43].

However, this shift introduces a significant methodological dichotomy. On one hand,
purely data-driven ML models offer rapid predictions, but their “black-box” nature often
limits generalizability outside their specific training domains. On the other hand, pure ML
models can struggle to maintain thermodynamic consistency especially for evaluating novel
urban resilience regeneration scenarios, such as introducing new highly reflective paving
and building materials or new vegetation layouts, effective integration of Nature-Based So-
lutions (NBS), that is, de facto, the core of any UDT. Furthermore, explicit physically based
models ensure rigorous thermodynamic consistency, but with higher computational cost.

Therefore, a critical gap exists between the computational speed of data-driven al-
gorithms and the physical reliability of explicit models. To bridge this specific gap, our
research proposes LUCIDiT (Lean Urban Comfort Intelligent Digital Twin).

Faced with the challenges of poor data availability and prohibitive calculation times,
LUCIDiT is designed as an effective, immediate, and highly scalable tool. By using basic
physical and thermodynamic equations rather than relying solely on data-driven infer-
ences, LUCIDiT guarantees the reliability and robustness required for suitable scenario
testing. At the same time, its primary novelty lies in an innovative and lean computational
architecture that achieves execution speeds comparable to ML models without reducing

https://doi.org/10.3390/atmos170303052
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physical coherence. Specifically, LUCIDiT integrates a simplified multi-physics thermal
balance with particular attention to mutual radiative heat exchanges and while bypassing
computationally expensive explicit differential equations connected to thermo-physical
behavior over time of different materials. Thermal capacity and inertia of each material are
successfully emulated using an Exponential Weighted Moving Average (EWMA) [44]. This
approach allows for a rigorous yet simplified evaluation of the phase shift and damping of
the thermal wave as a function of material properties (mass, specific heat, thermal diffusiv-
ity, density). Furthermore, the model treats urban greenery as an active thermodynamic
component, solving equations for the evapotranspiration cooling effect via a parameterized
Penman–Monteith approach [45,46]. By overcoming the traditional bottlenecks associated
with the reliance on hard-to-source specific data, LUCIDiT enables the generation of ultra-
high-resolution diurnal thermal maps with very high computational efficiency, preserving
physical accuracy while facilitating rapid large-scale scenario testing.

The structure of the manuscript is organized as follows. Section 2 presents the mod-
eling framework behind LUCIDiT and its implementation using readily accessible real-
world data. Section 3 details the validation of the proposed model against drone-derived
thermographic measurements and provides a comparative performance analysis with a
well-established open-source model (UMEP). Section 4 demonstrates the application of
LUCIDiT for the rapid analysis of future urban regeneration scenarios. Finally, Section 5
outlines the conclusions and future developments.

2. Materials and Methods

2.1. The Radiative Physical Model

The estimation of outdoor thermal comfort under clear-sky conditions, heavily relies
on the MRT, which integrates the complex radiative exchanges between the human body
and the urban environment. To facilitate the rapid estimation of MRT within complex urban
canyons, a physically based simplified radiative model is developed. This model computes
the total radiative flux absorbed by a reference pedestrian, approximated as a vertical
cylinder, by accounting for the interplay between solar geometry, urban morphology, and
material properties. The MRT is subsequently derived from the Stefan–Boltzmann law,
incorporating both shortwave solar radiation and longwave thermal emission from the
surrounding environment:

εbodyσMRT4 = σ∑
i

FiεiT4
i + αk Isw. (1)

The left-hand side of Equation (1) represents the total long-wave radiation emit-
ted by the human body to achieve equilibrium with an ideal, isothermal enclosure.
σ = 5.67·10−8 Wm−2K−4 is the Stefan–Boltzmann constant, εbody = 0.97 is the aver-
age emissivity of human body. The two components on the right-hand side of Equation (1)
represent the short and long-wave radiation, e.g., the total amount of radiation received
by the human body. The short-wave component, αk Isw, quantifies the solar radiation
adsorbed by the subject, where αk is the absorption coefficient for a standard pedestrian
and Isw is the total incident solar radiation on the subject. The term ∑i FiεiT4

i accounts for
the long-wave radiation, received from surrounding urban surfaces, including building
facades, ground materials, vegetation, and the sky vault. Each surface i is characterized by
its emissivity εi and a surface temperature Ti which is dynamically computed based on
the local configuration and solar exposure, due to the inertia of different materials. The
relative influence of these surfaces on the pedestrian, is weighted by the view factors Fi.
Figure 1 shows the schematic view of the described balance (Equation (1)).

https://doi.org/10.3390/atmos170303053
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Figure 1. Schematic view of contributions used in the urban energy balance. In yellow color
shortwave contribute, dashed line for direct radiation, dotted line for reflected radiation and dashed
curve for diffuse radiation. In blue color is the longwave contribution.

The geometric coefficients Fi represent the fraction of the pedestrian’s field of view oc-
cupied by each environmental component, effectively linking the urban morphology—such
as canyon narrowness or open spaces—to the thermal sensation.

Two parameters are defined to characterize the complexity of the urban morphology:
the Sky View Factor (SVF) and the density of trees (gftrees), representing, respectively, the
portion of sky viewed and the amount of arboreal vegetation surrounding the pedestrian. By
exploiting these two parameters, the normalized view factors Fi can be defined as follows:

Fground = 0.5 (2)

Fsky = 0.5·SVF·(1 − τtrees·g f trees) (3)

Fwall = 0.5·(1 − SVF)·(1 − τtrees·g f trees) (4)

Fveg = 0.5 − Fwall − Fsky (5)

With this parametrization, it is assumed that the leaf cover of the trees is a screen
in front of everything, which, therefore, dampens the portion of sky and buildings with
a transmittance factor τtrees. The assignment of a fixed value of 0.5 to the ground view
factor (Fground) is firmly rooted in standard biometeorological practices for assessing pedes-
trian thermal comfort (e.g., ISO 7726 and VDI 3787 Part 2 [47,48]), which are structurally
implemented in state-of-the-art benchmark models such as RayMan pro3.1, ENVI-met
5.8, and SOLWEIG/UMEP 4.4. In this framework, the pedestrian is approximated as a
vertically oriented cylinder or sphere at a reference height of 1.1 m. Consequently, on a flat
surface, the lower hemisphere of the subject’s radiant field of view is entirely occupied by
the ground (Fground = 0.5).

Notably, this geometric relation remains robust even in densely built urban canyons, as
surrounding obstructions primarily affect the upper hemisphere—redistributing the view
factors between the sky and vertical walls—without significantly altering the pedestrian’s
view of the street surface.

However, it is important to note that this assumption is theoretical. Inside highly com-
plex urban topographies featuring slopes, staircases, or immediate low-level obstructions,
the actual Fground may deviate from this theoretical constant.

https://doi.org/10.3390/atmos170303054



Atmosphere 2026, 17, 305

Recent empirical analyses by Zhengrong Li et al. [49] have quantified the critical sensi-
tivity of MRT to the ground view factor, demonstrating that a deviation of 0.1 in Fground can
induce an MRT calculation error of up to 5 ◦C, and deviations as small as 0.01 can still shift
the MRT by over 1 ◦C. While the constant 0.5 value provides a reliable baseline for the flat
topographies simulated in this study, future iterations of the LUCIDiT framework will aim to
implement a dynamically variable Fground. This could be achieved by incorporating a param-
eterized dependence on the SVF or high-resolution 3D morphological features [19], further
enhancing the model’s accuracy in capturing the thermal nuances of complex urban terrains.

The longwave radiative exchange is modeled by summing the thermal emissions from
four primary surfaces: sky, ground, building walls, and vegetation.

Surface temperatures are estimated using a simplified heat balance rather than full
computational fluid dynamics. Following the approach suggested in [19], ground and wall
temperatures are modeled as deviations from the air temperature:

Twall(ground) = Tair + dTwall(ground). (6)

However, to address the limitation of static coupling, we introduce a time-dependent
radiative term that accounts for the thermal inertia of different urban materials. The surface
temperature deviation is calculated as proportional to an inertial solar irradiance (Iinertial):

dTi = Ki·SAF·Iinertial
Imax

·(1 − αi), (7)

where αi is the albedo of the surface material i, Ki is a scaling coefficient [◦C], Imax = 1000 Wm−2

a normalizing factor. This value is selected as it represents a widely accepted standard refer-
ence for peak Global Horizontal Irradiance (GHI) at sea level under clear sky conditions at
medium low latitudes (exactly like the one that concerns Florence), aligning with the reference
irradiance used in Standard Test Conditions (STC) for solar applications [50,51]. It effectively
scales the radiative forcing for typical urban summer conditions in temperate climates.

In geographical regions characterized by high elevation, tropical latitudes, or ex-
tremely high atmospheric transparency, the actual solar irradiance can systematically
exceed 1000 Wm−2 and the Imax parameter within the LUCIDiT framework can be ad-
justed to reflect the local climatological upper bounds to prevent underestimation of the
thermal forcing.

SAF is the Solar Access Factor, a geometric proxy introduced to easy integrate the
shading effect, defined as:

SAF = max(1 − a·Sd, SAFmin), (8)

with a = 0.5 and SAFmin = 0.5. SAF depends directly form the shadow density (Sd).
This parameter, included in [0, 1], represents the amount of direct solar radiation

shielded by buildings or trees. This is dynamically updated from the solar angle, projecting
the shape of the obstructions onto the surface at height z = 1.5 m. Shadows generated by
buildings give values of Sd = 1, while the shadow density from trees depends on specific
vegetative parameter, the Leaf Area Index (LAI), and the Sun elevation β (the angle between
the Sun’s rays and a horizontal plane), following a Beer–Lambert exponential decay [52]:

Sd = 1 − exp
{

ke·LAI
sin(β)

}
, (9)

with the attenuation factor ke = 0.6.

https://doi.org/10.3390/atmos170303055
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The term Iinertial is not the instantaneous solar radiation, but a historical convolution of
the radiation that affects the surface. To simulate heat storage and release without solving
differential equations, EWMA is employed [44]. This acts as a recursive low-pass filter on
the radiation time series:

Iinertial(t) = γ·Iglobal(t) + (1 − γ)·Iinertial(t − 1). (10)

The decay factor γ (0 < γ ≤ 1), directly related to the thermal time constant τ,
determines the thermal memory of the system.

Radiative contributions from the sun are obtained starting from the decomposition of
GHI into direct and diffuse components using the semi-empirical model proposed by [53].
Based on solar elevation β and the clearness index, the model determines the diffusive
fraction kd. Consequently, the Diffuse Horizontal Irradiance (DHI) and the Direct Normal
Irradiance (DNI) are calculated as follows:

DHI = GHI·kd, (11)

DNI =
GHI − DHI

sin(β)
. (12)

For the walls, Iglobal = DNI e γ = 0.25, corresponding to a value τ = 2 − 3 h. For the
soil, a primary composition of two classes of different materials, asphalt and greenery is
assumed. Greenery concentration is characterized using a density fraction gfground. The
resulting temperature of the soil will be an average of the surface temperature deviation of
the two material (obtained from Equation (7)) weighted by the gfground:

Tground = Tair +
(

1 − g f ground

)
·dTasphalt + g f ground·dTgreenery. (13)

For this surface, the main assumption is: an incident solar radiation Iglobal = GHI,
γasphalt = 0.25, corresponding to a value τ = 5 − 6 h and γground = 0.8, corresponding
to a value τ � 1 h. The scaling factor Ki is chosen to represent the potential maximum
temperature rise for the material under global solar exposure. Following the literature
experimental/simulation evidence [54,55], a value of Kwall = 25 ◦C, and Kasphalt = 45 ◦C and
Kground = 7 ◦C (otherwise until 18 ◦C for extreme limit conditions) is imposed. These values
physically correspond to a maximum increase in surface temperatures with respect to the
air temperatures of 15 ◦C, 30 ◦C, and 5 ◦C (otherwise until 15 ◦C), respectively.

The bifurcated choice for the Kground coefficient is introduced to distinguish between
healthy, irrigated grass—where evapotranspiration has a significant impact on the adiabatic
saturation effect of the air and therefore on local cooling, reducing surfaces’ warming—and
the condition in which the herbaceous green cover is dry and/or subjected to water stress,
and does not trigger cooling processes, thus reaching higher surface temperatures [56].
Unless explicitly specified, in this study, the greenery, all types of green cover, is considered
healthy, both biophysically and structurally, and well-irrigated. Essentially, the European
directives [57] on plant health and biosecurity are also taken into account, which require
all plants (entire plants, fruit trees, lawns, and green cover, etc.) imported into the EU
to be accompanied by a phytosanitary certificate (exemptions: bananas, coconuts, dates,
pineapples, and durians, which are not easily direct introduced into urban areas, like
Florence due to their climate, morphology, and hydrogeology).

Deep sky is modeled as a heat sink, with an apparent temperature derived from
ambient air temperature adjusted by a cloud-cover proxy calculated from the diffuse
fraction ratio:

Tsky = Tair − 12·
(

1 − DHI
GHI

)
. (14)

https://doi.org/10.3390/atmos170303056



Atmosphere 2026, 17, 305

In this, a maximum cooling effect up to 12 ◦C with respect to ambient temperatures
can be assumed.

Vegetation is modeled as life system; indeed, trees temperature is evaluated taking
in account the evapotranspiration effect of the vegetative system, modeled as a Penman–
Monteith equation [45,46]. This model calculates the energy balance of the canopy by
solving for the latent heat flux (λE) and the sensible heat flux. The standard aerodynamic
resistance (ra), which governs the heat and mass transfer is considered, estimating the water
vapor mass as a function of wind speed and surface roughness, this last one parameterized
as a constant (ra = 20 sm−1) [58]. This parameterization decouples the model from explicit
wind speed field inputs, a climatic parameter that usually is mapped through urban
canyon modeling with computationally expensive Computational Fluid Dynamics (CFD)
simulations or dense sensor networks.

The canopy temperature is derived from the residual sensible heat flux after accounting
for evapotranspiration:

Tveg = Tair +
(Rn − λ·E)·ra

ρ·Cp
, (15)

where ρ·CP is the volumetric air heat capacity and Rn is the net solar radiation, estimated
as a balance between shortwave absorption (accounting for albedo α = 0.2) and a net
longwave loss (assumed as average constant value −60 Wm−2).

The physiological regulation of transpiration is modeled via the canopy stomatal
resistance (rs), which follows a multiplicative Jarvis-type approach [59]. This formulation
accounts for the limiting factors of available solar energy and atmospheric demand:

rs =
rs,min

flight· fVDP
, (16)

where rs,min represents the minimum stomatal resistance (set to 100 sm−1). The scaling
functions flight and fVPD modulate stomatal aperture, based on GHI and Vapor Pressure
Deficit (VDP), respectively, simulating the physiological closure of stomata during periods
of low light or high evaporative demand.

For the short-wave component, the total solar flux Isw needs to be estimated. This is
highly sensitive to the spatial distribution of shadows, which is modeled through a shadow
density parameter (Sd).

The total shortwave flux (Isw) incident on the pedestrian aggregates four distinct
contributions: direct beam radiation, diffuse sky radiation, and reflected radiation from
both vertical walls and the horizontal ground:

Isw = Idir + Idi f f + Iwall
re f + Iground

re f . (17)

The direct component is modulated by the projected area factor of the human body and
the probability of shading, which is dynamically determined by the presence of buildings
and vegetation:

Idir = DNI·(1 − Sd)· fp, (18)

where the term (1 − Sd) represents the pedestrian’s exposition to direct sunlight. This
parameter is introduced to modulate the impact of direct beam radiation and differentiate
the conditions of complete solar exposure from shaded areas. The parameter fp is the
projected area factor, which accounts for the cylindrical geometry of the standing subject
as a function of the Sun elevation β [60], neglecting the shadows produced by the 3D
cylinder/person:
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fp = 0.308·cos
(

β·
(

0.998 − β2

50000

))
. (19)

The scattered radiation is weighted by the portion of sky observed by the pedestrian:

Idi f f = DHI·Fsky. (20)

The reflected radiation contributions from the ground and walls are subsequently
calculated by modulating the incident flux by the surface albedo and the specific view
factors for the surface i = ground, wall:

I(i)re f = I(i)incident·SAF·αi·Fi, (21)

where SAF is the surrounding sun factor defined as Equation (8), with a = 0.6 and SAFmin =
0.4. In this way it is assumed that when the pedestrian is in the shade, the surfaces from
which it receives the reflected radiation are also placed in the shade, but with a variable
portion of these remaining exposed to the sun.

The ground albedo is the average between the albedo of two main materials composing
it, i.e., asphalt and greenery, weighted by the green fraction of the greenery gfground.

The incident horizontal solar radiation on the ground is GHI, i.e., I(ground)
incident = GHI, the

total radiation incident on vertical walls I(wall)
incident must be explicitly derived.

The latter one is defined as the sum of the vertical component of the direct beam,
diffuse sky radiation and the radiation reflected from the ground onto the walls:

I(wall)
incident = Iverical_dir + Iverical_di f f + Ivertical_re f _ground. (22)

These vertical components are approximated by the following group of three
similar equations:

Iverical_dir = 0.5· DNI·cos(β), (23)

Iverical_di f f = 0.5·DHI, (24)

Iverical_re f _ground = GHI·αground·Fground. (25)

The factor of 0.5 applied to the direct and diffuse vertical component, relies on the
statistical assumption that within a random urban orientation, approximately half of the
vertical surfaces are exposed to the sun while the other half are in shade.

2.2. Mapping and Implementation on Real Urban Scenario

To demonstrate the applicability of LUCIDiT model on real data, a geospatial pipeline
is developed to translate real urban geometries into the input feature of the model. This
process integrates static georeferenced datasets with dynamic climatological series to
generate all the inputs required by the model.

The mapping process utilizes OpenStreetMap (OSM) [61] and, where provided, munic-
ipal cadastral data to reconstruct the building footprints and their respective heights, which
are essential for determining the local urban morphology. This geometric information is
discretized into a high-resolution grid (typically 1 × 1 m), where each cell is treated as a
potential pedestrian location. To optimize computational efficiency, static morphological
features are precomputed for each grid cell.

The SVF, as obstruction made from the buildings, is derived using a simplify sector-
based ray-tracing algorithm that scans the surrounding environment to identify obstruction
angles caused by urban elements, integrating these into a view factor representing the
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visible sky dome. Simultaneously, vegetation density is modeled as a continuous field
rather than a binary classification; an inverse distance weighting approach smooths the
discrete presence of trees and grass to assign effective green fraction values (gftrees, gfground)
to each cell, based on the proximity factor.

Meteorological boundary conditions are established using data from meteorological
station, or, if not provided, Typical Weather Year (TWY) datasets retrieved via the PVGIS
database [62]. For every simulation time step, the pipeline extracts air temperature Tair, rel-
ative humidity RH and GHI while solving the solar geometry to determine Sun elevation β.
These dynamic variables drive the shadow-casting algorithm, which projects the footprints
of buildings and trees onto the ground plane based on the instantaneous solar position.

The resulting shadow polygons are intersected with the grid centroids to compute the
Shadow density Sd. Building shadows are modeled as binary obstructions blocking direct
radiation, whereas vegetation shadows are treated probabilistically; within tree shadows,
intensity follows an exponential decay function of the local green fraction gftrees and LAI to
simulate canopy transmittance (Equation (9)).

Finally, surface albedos are assigned, with ground albedo dynamically interpolated
between vegetative and asphalt reference values. This procedure yields a complete, time-
resolved dataset for the entire domain, serving as the input for LUCIDiT model to generate
high-resolution MRT maps.

The use of LUCIDiT model allows for generating a spatially continuous map of the
MRT in a fraction of the time required by traditional CFD or ray-tracing simulations. This
efficiency enables the rapid transition from a static urban representation, to a dynamic UDT
capable of simulating various microclimatic conditions and using all easily accessible and
available data/information in an integrated approach.

3. The Case Study

To ensure the reliability of the surrogate model, a validation phase is conducted by
comparing the model’s predictions against experimental data collected during a field mea-
surements campaign in an urban area of Florence (Firenze Nova district) and, consequently
with UMEP, an open source tool for QGIS (v.3.44.7 Solothurm), a validated model from [33].

The experimental investigation has been carried out for the EU LIFE-ESCAPOS project
implementation, on a representative and significant urban area, from the UHI formation
point of view, used as a primary pilot site.

The proposed method lays the foundation for one possible approach to the Dy-
namic Control Volume (DCV) modeling, a thermodynamic approach specifically designed
for the multi-scale analysis of urban energy and entropy flows [63]. The studied area
(43◦48′ 23.472′′ N, 11◦13′ 40′′ E; elevation 50 m a.s.l.) covers approximately 0.15 km2 and is
characterized by a heterogeneous urban fabric, which includes varying building heights
and vegetation densities, providing a challenging benchmark for the UDT.

The core of this urban site is Lippi’s Garden, an expansive green space featuring a
different arboreal canopy. Existing greenery includes mature specimens (exceeding 20 m
in height) and younger trees. This green infrastructure is integrated into a residential
context, where building geometries generate urban canyon effects (buildings’ height does
not exceed 25 m due to the presence of the airport site few kilometers away).

The district is further characterized by the presence of a nursery school in the north-
western sector and a large industrial facility to the south-west (Figure 2).

Due to its geographical location, Florence occupies a transitional zone between a
humid subtropical (Cfa) and a hot-summer Mediterranean (Csa) climate [64,65]. The region
is characterized by temperate, humid winters and hot, often sultry summers frequently
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marked by convective phenomena. Long-term meteorological records (1991–2020) provided
by LAMMA Consortium [66] indicate an annual mean temperature of 15.5 ◦C, which rises to
a seasonal average of 24.5 ◦C during the summer months. Historical temperature extremes
for the city range from a minimum of −10.2 ◦C to a maximum of 41.3 ◦C. Relative humidity
typically fluctuates around 70%, peaking at 80% in winter and reaching its minimum
average (approx. 65%) in July. Prevailing winter winds are predominantly south-westerly
(SW), with average velocities ranging between 10–12 km/h.

 
Figure 2. Top view of the study area in the North–East part of Florence—Google Maps web version
source (enclosed by yellow line). In particular: red rectangle identifies drone flight zone above the
Lippi’s Garden, blue rectangle the parking lot where the LUCIDiT model can be applied for suitable
regenerative future scenarios.

In the first subsection we report the results obtained from the validation of LUCIDiT
model with the data obtained from the drone measurement, in the second the comparison
between LUCIDiT and UMEP models.

3.1. LICIDiT vs. Drone

The validation of the surrogate model in a real-world operational context, is obtained
by means of model predictions compared against the high-resolution thermographic data,
acquired for the Lippi’s Garden. The experimental campaign is carried out exploiting
drone surveys techniques. In particular, the Unmanned Aerial System (UAS) is equipped
with a gimbal-stabilized thermal sensor 13.5 mm focal length, spectral sensitivity in the
8–14 μm range). Data acquisition is carried out through automated flight missions, enabling
high-resolution coverage thanks to the match of hundreds of georeferenced thermal and
RGB frames, aiming at the generation of an overall ground surface temperature map
across the study area (referred to a mission conducted on 12 August 2025). The data
post-processing procedure and aggregation used, is that suggested in [67]. Figure 3 shows
the area considered for the analysis, as RGB image obtained by processing the photographs
provided by drone flights (Figure 3a), and the digital reconstruction derived with the
previously presented pipeline (Figure 3b).

To map the surface radiosity detected by the drone into a Mean Radiant Temperature
(MRTdrone), directly comparable with the model’s output, a simplified longwave radiation
balance is applied. Specifically, the MRTdrone is derived by aggregating the radiative
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contributions from the surrounding environment—including sky, buildings, trees, greenery
and ground—according to the fundamental relationship, as follows:

εbodyMRT4
drone = ∑ εiFiTi. (26)

In this formulation, the ground surface temperature (Tground) is directly derived from
the drone measurements. The temperatures of trees and buildings are approximated as
equal to the ambient air temperature. Although this assumption may seem broad and
lax in relation to building facades, its impact is numerically and physically negligible in
the investigated Lippi’s Garden scenario, where the geometric view factor of buildings
(Fbuildings) approaches zero. The sky temperature (Tsky) is parameterized according to the
previously defined physical model (Equation (14)).

 
(a) (b) 

Figure 3. The studied area by drone in RGB (a) and in virtual representation of UDT (b).

Furthermore, constant emissivity values are assigned to the different radiating surfaces:
0.94 for the ground (representing an average between vegetation and asphalt), 0.80 for
the effective sky vault, 0.97 for trees, 0.90 for walls, and 0.97 for the reference pedestrian
body (εbody). The view factors (Fi) are maintained consistent with those derived from the
morphological analysis algorithm.

The surrogate model, driven by boundary meteorological variables acquired from a local
weather station, is specifically tuned to emulate the actual surveyed site conditions by setting
the ground thermal scaling factor to Kground = 18 ◦C, in agreement with the hypothesis made
for the scale factor for dry grass. Complementing this thermal tuning, the surface albedos
within the model, are explicitly calibrated to reflect the specific thermal conditions of the local
materials during summer: the asphalt albedo is set to 0.15, representative of an aged, dry, and
light-colored pavement, while the grass albedo is fixed to 0.26, typical of a dry, unirrigated lawn.

Figure 4 shows the spatial comparison between the model predictions (Figure 4a), the
drone-derived MRT obtained using Equation (26) (Figure 4b), and the difference between
the LUCIDiT prediction and the drone-derived estimation of MRT (Figure 4c). It can be
noted that a good agreement is achieved between the modeled data and the measurement-
derived results, with a mean error of −0.3 ◦C and a standard deviation of 5.6 ◦C, and a
detailed observation of the spatial error distribution reveals two interesting points.

The first concerns a close inspection of the spatial map, which indicates that the
drone-derived MRT values in shaded areas tend to be systematically lower than those
predicted by the model. The second concerns the visual and statistical analysis, which
highlights a broad simplification for the classification of different surfaces. Indeed, while
the surrogate model successfully captures thermal gradients at the macroscale, its rigid
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categorization of horizontal surfaces into just two basic material classes—asphalt and dry
grass—oversimplifies physical morphologies.

Consequently, the model generates thermal maps that do not take into account of
highly intricate micro-variability of surface materials, localized variability of moisture lev-
els, and subtle shading variations that are intrinsically present in the physical urban fabric,
which instead are accurately captured by the drone’s high-resolution thermal sensors.

  
(a) (b) 

 
(c) 

Figure 4. MRT maps for the real data test area predicted by LUCIDiT (a), Drone measurement
(b) and the difference between LUCIDiT and Drone estimation (c). Areas in green color indicate the
trees obstruction.

3.2. LUCIDiT vs. UMEP

The efficiency, performance, and specific behavioral traits of the LUCIDiT framework
are evaluated by comparing its spatial and temporal predictions with those obtained with
the established UMEP model. The area considered for comparison, the extent of which is
approximately 38 ha, is shown in Figure 2. Meteorological inputs used for simulations are
extracted from the TWY dataset.

Figure 5 provides the spatial comparison between the two model predictions at 3 p.m.
on August 12, the same day of the drone flight, with a maximum air temperature of 32.5 ◦C.
In Figure 5a the MRT map predicted drone by LUCIDiT, in Figure 5b the UMEP prediction,
and in Figure 5c the difference between our model and UMEP prediction.

The raw comparison yields a Mean Absolute Error (MAE) of 3.6 ◦C and a Mean Bias
Error (MBE) of −0.9 ◦C.

However, this global metric is heavily skewed by highly localized peak deviations.
To assess the baseline agreement of the radiative solvers across the bulk of the urban
domain, a filtered metric is computed by excluding the absolute differences greater than
15 ◦C. When isolating the general domain from these specific boundary and microclimatic
divergences—the physical reasons for which are detailed below—the baseline MAE drops
to 1.5 ◦C with a positive bias of 0.7 ◦C.

LUCIDiT exhibits a wider variability in its spatial predictions, with extreme localized
differences bounded within a range of [−20, 20] ◦C. These peak deviations do not indicate a
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systemic model failure but rather highlight fundamental differences in how the two models
handle spatial discretization and applied thermodynamics.

Specifically, positive discrepancies (i.e., LUCIDiT predicting MRT values up to 20 ◦C
higher than UMEP) are predominantly clustered along building perimeters and within
narrow urban canyons. This is driven by two factors: firstly, the analytical parameterization
of shortwave and longwave radiation trapping in LUCIDiT, which is strictly scaled by
(1-SVF), resulting in pronounced thermal loads in deep geometries. Secondly, the boundary
effects between LUCIDiT’s continuous vector raytracing and UMEP’s discrete raster grid
generate sharp pixel-wise discrepancies along shadow terminators. A slight sub-pixel offset
can result in one model computing full direct solar irradiance while the other computes
deep shade, inherently generating an instantaneous ΔMRT of 15–20 ◦C.

 
(a) (b) 

 
(c) 

Figure 5. MRT maps for the models test area predicted by LUCIDiT (a), UMEP (b), and the difference
between LUCIDiT and UMEP predictions (c). Black areas indicate buildings; green areas indicate the
trees obstruction. The spatial domain is titled due to the latitude–longitude orientation.

Conversely, the extreme negative deviations (LUCIDiT predicting MRT up to 20 ◦C
cooler) are strictly localized beneath and immediately surrounding vegetation canopies.

Because LUCIDiT treats trees as active thermodynamic entities—incorporating evapo-
transpiration cooling mechanisms—rather than mere passive optical filters for shortwave
radiation, the longwave emission from the foliage is substantially lower.

This formulation is particularly important because yields a deep, localized microcli-
matic mitigation, highlighting the model’s high sensitivity to nature-based solutions.

The temporal dynamics and the aforementioned divergences are effectively captured
in the boxplots of Figure 6, which shows the hourly evolution across the entire day of
August 12. The diurnal trends are accurately respected by LUCIDiT, capturing a broader
daytime statistical dispersion of MRT extremes compared to UMEP, before converging
tightly with UMEP’s baseline during the nighttime cooling phase.
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Notably, the implementation of a delayed radiative forcing approach for surface
temperature estimation, allows LUCIDiT to successfully replicate the nighttime cooling
trends demonstrated by UMEP, which instead relies on explicitly solving transient heat
exchange models for urban surfaces.

Consequently, LUCIDiT achieves comparable prognostic capabilities at a fraction of
the computational cost: executed on equivalent hardware, the UMEP simulation required
approximately 2.5 h, whereas the LUCIDiT pipeline converged in merely 90 s.

 

Figure 6. Comparison of MRT calculation by LUCIDiT and UMEP for the extreme day of the TWY.

4. Results and Discussion

The previous sections (Sections 3.1 and 3.2) demonstrate a fulfilling coherence between
the LUCIDiT model and the local experimental results obtained by drone flights, such as
between the same proposed method and the UMEP tool for QGIS.

With the objective of testing the power and the capability of the model, LUCIDiT is
applied in a specific zone of the pilot area for the impact assessment of some suitable urban
interventions. The evaluation of the MRT is achieved in the area of the parking lot (Figure 7a
in RGB and Figure 7b in the UDT) simulating: (i) the current layout, (ii) substitution of the
asphalt with grass, and (iii) grass and planting of four new rows of trees (8 m height with
a diameter of 5 m for each tree, the distance between the trees of each row is 8 m and the
spacing among the rows is 16 m). These different solutions are analyzed in the extreme day
of the TWY, which corresponds to 24 August 2023 (at 3 p.m.). The weather inputs for the
simulation are Tair 37.7 ◦C, RH 21.7% and GHI 613 Wm−2.

 
(a) (b) 

Figure 7. The area studied for different suitable solutions in RGB (a) and in the UDT (b). In the UDT
images, buildings are in black, and trees in green color.
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The current configuration exhibits a critical thermal scenario as shown in Figure 8: the
parking lot is mainly paved with asphalt or dry ground and the radiative contributions,
due to shadows’ absence, drive MRT to values between 60 ◦C and 65 ◦C (with an average
value of 63 ◦C).

Figure 8. MRT map for the parking lot in the existing scenario. Black areas identify buildings; green
areas the trees obstruction. The spatial domain is titled due to the latitude–longitude orientation.

Building upon this framework, a vegetated lawn is modeled into the central portion
of the parking area (of about 5000 m2). The changes of the MRT values are mapped as a
difference ΔMRT, relative to the initial baseline configuration (Figure 9a).

Thanks to the increasing in the albedo and the scaling coefficient Kground (set at 7 ◦C for
a well-irrigated healthy turfgrass), a drop in MRT is achieved for about 6 ◦C, even without
integrating shade effects. Furthermore, the inclusion of trees results in a more significant
decrease in MRT values. This enhancement is a direct consequence of the combined effect of
evapotranspiration and shading, with the latter playing a crucial role in a local reduction in the
radiant load on the ground. A maximum temperature reduction of 20 ◦C is observed in this case
(Figure 9b). Again, LUCIDiT demonstrates high versatility and computational efficiency. Once
the boundary conditions—including georeferencing, soil morphology, and material properties—
are defined, each scenario requires approximately 10 s to generate high-resolution MRT maps.

 
(a) (b) 

Figure 9. Difference of MRT in respect to the initial scenario: (a) adding turfgrass and (b) adding
turfgrass and trees. Grey areas indicate buildings, and green areas color the trees obstruction. The
spatial domain is titled due to the latitude–longitude orientation.

https://doi.org/10.3390/atmos1703030515



Atmosphere 2026, 17, 305

A limitation observed during the spatial validation is the primary strict categorization
of horizontal surfaces into broad macro-classes (e.g., standard asphalt versus dry grass),
which provides a strong simplification of the real complex micro-variability of different
materials. To address this, future development of LUCIDiT framework will be designed to
incorporate an oriented much more granular, pixel-specific material classification—such as
spatially variable different albedo, emissivity, and thermal admittance matrices derived
from high-resolution satellite or multi-spectral drone imagery.

The authors believe that the integration of this level of granularity will not compromise
the model “lean” computational advantage. Because LUCIDiT processes morphological
and thermophysical properties as a priori input matrices, shifting from constant class-based
values to heterogeneous spatial arrays will only slightly increase the initial memory allo-
cation, while the execution time of the fundamental physical equations remain unaltered.
Another simplification aspect of the proposed model is that it neglects fluid dynamic
inside the urban context that which would require CFD simulations with greater com-
putational costs. A CFD approach would undoubtedly enhance the method’s accuracy,
by integrating local air-flow and velocity fields into the heat exchange analysis, but its
application would involve greater complexity, both due to the multiplicity of necessary data
required and to slow solutions due to the multi-physics coupling. Indeed, e.g., standard
fixed meteorological stations are not suitable to provide the high-resolution data required
for CFD-multi-physics modeling, needing to complex, hyper-local experimental data for
its validation.

Furthermore, CFD-enhanced tools require highly specialized personnel, significant
computational costs and resources, leading to substantially longer simulation times which
would not allow the rapid-assessment by means of LUCIDiT.

In particular, convective heat exchange phenomena at the urban scale becomes sig-
nificant when natural convection occurs in turbulent flow regimes, such as long, straight
avenues aligned with prevailing winds (wind channels) or narrow high-rise streets. In these
specific geometries, LUCIDiT will systematically underestimate convective cooling, leading
to a conservative overestimation of surface temperatures and MRT. Conversely, in highly
complex, deep, and with air stagnant and/or corto-circuit phenomena canyon geometries
(e.g., narrow historical alleys), the lack of air mixing might lead to an underestimation of
the perceived thermal stress.

In the investigated case, used for LUCIDiT application, hyperlocal air motion is mainly
induced by very low mean air velocity values, ensuring that the radiative heat exchange is
strong and prevalent. Indeed, the real measured thermal conditions show high external
air temperatures, high material surface temperatures, and an average air velocity never
exceeding 2 ms−1, that is a value usually associated to convection in turbulent flow regimes
and modeled with CFD simulations [68,69].

5. Conclusions

This research proposes a novel methodology, based on LUCIDiT, for the dynamic as-
sessment of MRT at the urban scale. Grounded in applied physics and thermodynamics, the
algorithm effectively quantifies radiative heat exchange and the microclimatic influence of
different materials of built-up and green areas. By bypassing computationally heavy explicit
solvers, LUCIDiT drastically reduces execution times while maintaining high reliability—as
demonstrated through validation against experimental drone data and established benchmark
models like UMEP. The minimal requirements for input data—which in many cases are already
readily accessible through modern open-source repositories—makes the tool operational for
non-expert users, such as urban planners, municipal authorities, and various stakeholders.
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The potential and effectiveness of LUCIDiT are further supported and corroborated by
the results of the sensitivity analysis (Appendix A), which confirm the expected thermody-
namic behaviors: an exponential cooling effect associated with increasing the LAI (consistent
with the Lambert-Beer law) and the linear, yet distinct, impacts of ground and wall albedos.
While these parameters act as independent design variables that can be actively modified for
climate mitigation, intrinsic thermal properties—such as the thermal scaling coefficient (Ki)
and time decay constant (γ)—were intentionally maintained as empirical “thermal footprints”
to preserve physical realism. Arbitrarily modifying them would be mathematically equivalent
to simulating the properties of fictitious, non-existent materials. However, a theoretical explo-
ration of these parameters presents a highly valuable future prospect for advanced materials
engineering, particularly for assessing the microclimatic impact of advanced next-generation
urban surfaces with customized thermal inertia.

Future perspectives for LUCIDiT involve the development of a platform that, starting
from local urban data to global databases on urban morphology (such as the Global Building
Atlas [70]), facilitates extensive studies on urban comfort and design of effective, integrated
climate adaptation interventions and strategies to mitigate UHIs across multiple scales, from
local neighborhoods to global urban assessments. Moreover, additional intensive drone
flight missions will be designed with a view to developing the method for the real radiative
phenomena measurements, in several areas of the city, more densely built-up and with
different environmental morphology, aiming at capillary validation of the model in contexts
where the built-up is more predominant and/or strictly combined greenery and NBs.

The authors are currently investigating the application of their proposed tool to
generate extensive datasets for training ML algorithms. This studied approach, aims to
identify large-scale statistical correlations—while maintaining a rigorous link to the physics
and thermodynamics of the underlying phenomena—to further accelerate outdoor thermal
comfort assessment in urban environments.

Ultimately, LUCIDiT effectively bridges the gap between explicit 3D microclimatic
modeling and computational efficiency. By providing a versatile, upgradeable, and fast
framework for MRT evaluation, it empowers the implementation of intelligent UDTs,
enabling rapid “what-if” scenario testing and the immediate comparison of climate adapta-
tion strategies across different urban morphologies and climatic conditions, making it an
effective and attractive tool for planners and decision-makers.
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Abbreviations

The following abbreviations are used in this manuscript:

CFD Computational fluid dynamics
DCV Dynamical control volume
DHI Diffuse horizontal irradiance [Wm−2]
DNI Direct normal irradiance [Wm−2]
DNN Deep neural network
EWMA Exponential weighted moving average
EU European union
GHI Global horizontal irradiance [Wm−2]
GW Global warming
LAI Leaf area index [-]
LST Land surface temperature
LUCIDiT Lean urban comfort intelligent digital twin
MAE Mean absolute error
MBE Mean bias error
ML Machine learning
MRT Mean radiant temperature [◦C]
NBS Nature-based solutions
OSM OpenStreetMap
PET Physiological environmental temperature [◦C]
PIML Physics-informed machine learning
PVGIS Photovoltaic geographical information system
RH Relative humidity [%]
SAF Solar access factor [-]
SHAP Shapley additive explaining
SVF Sky view factor [-]
STC Standard test conditions for solar applications
TWY Typical weather year
UAS Unmanned aerial system
UDI Urban digital twin
UHI Urban Heat Islands
UMEP Urban multi-scale environmental predictor
UTCI Universal thermal climate index [◦C]
VDP Vapor pressure deficit [Pa]
α Albedo [-]
β Sun elevation [◦]
γ Decay factor of EWMA [-]
ε Emissivity [-]
λ Latent heat of vaporization [Jkg−1]
ρ Density [Kg m−3]
σ Stefan Boltzmann constant [Wm−2K−4]
τ Thermal time constant [s−1]
τtrees Tree transmittance [-]
a Dispersion coefficient of SAF [-]
Cp Specific heat [Jkg−1]
E Evapotranspiration rate [kgm−2s−1]
Fi View factor [-]
flight Light scaling function of stomatal aperture [-]
fp Projected area factor [-]
fVDF Evaporation scaling function of stomatal aperture [-]
Idir Direct irradiance on pedestrian [Wm−2]

https://doi.org/10.3390/atmos1703030518



Atmosphere 2026, 17, 305

Idiff Diffuse irradiance on pedestrian [Wm−2]
Iincident Incident solar irradiance on surface [Wm−2]
Iinertial Inertial solar irradiance [Wm−2]
Imax Maximum reference irradiance [Wm−2]
Iref Reflected irradiance from surface on pedestrian [Wm−2]
Isw Short wave irradiance on pedestrian [Wm−2]
Ivertical_dir Direct irradiance on vertical surface [Wm−2]
Ivertical_diff Diffuse irradiance on vertical surface [Wm−2]
Ivertical_ref_ground Reflected irradiance from ground on vertical surface [Wm−2]
kd Diffusive fraction [-]
ke Attenuation factor [-]
Ki Scaling coefficient of surface [◦C]
gftrees Trees density [-]
gfground Greenery density [-]
ra Aerodynamic resistance [sm−1]
Rn Net solar radiation on tree [Wm−2]
rs Stomatal resistance [sm−1]
Sd Shadow density [-]
Tair Air temperature [◦C]
Ti Surface temperature [◦C]

Appendix A. Sensitivity Analysis

To evaluate the impact of the key parameters included in the modeling framework, a
sensitivity analysis is performed on the Leaf Area Index (LAI) and the albedo of both the
ground and the walls. The main aim is to assess how these parameters’ variation, affect the
Mean Radiant Temperature (MRT) predicted by the model.

For a straightforward evaluation, all baseline model parameters are kept constant
while the specific parameters selected for the sensitivity analysis are individually varied,
calculating the resulting MRT values at strategic locations of interest.

Specifically, to evaluate the impact of the LAI, a location directly beneath a tree canopy
is selected to quantify how this parameter dictates the shadow density Sd (Equation (9)).

To assess the influence of the ground albedo, which alters both the ground surface
temperature and the reflected shortwave radiation, a location in an open, fully sunlit
space is chosen. This fact effectively minimizes the interference from vegetation and the
canyoning effects of surrounding buildings. Finally, to evaluate the impact of the wall
albedo, a location adjacent to a single wall, but situated in its shadow, is considered. This
isolates the weight of the wall’s albedo on the MRT—primarily driven by longwave and
reflected radiation—by removing the direct radiative effects of the sunlit ground and
surrounding vegetation.

The obtained results are provided in Figure A1. Specifically, Figure A1a shows the
sensitivity analysis for the LAI, Figure A1b for the ground albedo, and Figure A1c for the
wall albedo.

It can be noted that increasing the LAI from values corresponding to bare trees
(LAI = 0.5) to very dense canopies (LAI = 8), causes the MRT to decrease exponentially.
This behavior consistently follows the increase in shadow density, also shown in Figure A1,
which is modeled with a decreasing exponential trend according to the Lambert–Beer law
(Equation (9)).

Conversely, the albedo variations result in a linear increase in the MRT. This trend
emerges from the thermodynamic balance between the reflected shortwave radiation and
the emitted longwave radiation; both of them depend linearly on the albedo parameter,
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but with opposite slopes. However, it is noteworthy that while an increase in the ground
albedo from α = 0.05 to α = 0.5 leads to a substantial MRT increase on the order of ten
degrees, the impact of the wall albedo is significantly less pronounced, resulting in an MRT
increase on the order of only one degree.

   
(a) (b) (c) 

Figure A1. Sensitivity analysis to quantify the impact of LAI (a), soil albedo (b), and wall albedo
(c) on MRT predictions.
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Abstract

Through a comprehensive analysis of urban vegetation summer seasonal and interannual
patterns in the Bucharest metropolis in Romania, this study explored the response of
urban vegetation to heat waves’ (HWs) impact in relation to multi-climatic parameters
variability from a spatiotemporal perspective during 2000–2024, with a focus on summer
HWs periods (June–August), and particularly on the hottest summer 2024. Statistical
correlation, regression, and linear trend analysis were applied to multiple long-term MODIS
Terra/Aqua and MERRA-2 Reanalysis satellite and in situ climate data time series. To
support the decline in urban vegetation during summer hot periods due to heat stress,
this study found strong negative correlations between vegetation biophysical observables
and urban thermal environment parameters at both the city center and metropolitan
scales. In contrast, during the autumn–winter–spring seasons (September–May), positive
correlations have been identified between vegetation biophysical observables and a few
climate parameters, indicating their beneficial role for vegetation growth from 2000 to 2024.
The recorded decreasing trend in evapotranspiration from 2000 to 2024 during summer
HW periods in Bucharest’s metropolis was associated with a reduction in the evaporative
cooling capacity of urban vegetation at high air temperatures, diminishing vegetation’s
key function in mitigating urban heat stress. The slight decline in land surface albedo
in the Bucharest metropolis due to increased urbanization may explain the enhanced air
temperatures and the severity of HWs, as evidenced by 41 heat wave events (HWEs) and
222 heat wave days (HWDs) recorded during the summer (June–August) period from
2000 to 2024. During the severe 2024 summer heat wave episodes in the south-eastern
part of Romania, a rise of 5.89 ◦C in the mean annual land surface temperature and a
rise of 6.76 ◦C in the mean annual air temperature in the Bucharest metropolitan region
were observed. The findings of this study provide a refined understanding of heat stress’s
impact on urban vegetation, essential for developing effective mitigation strategies and
prioritizing interventions in vulnerable areas.

Keywords: heat waves; urban vegetation; climate variables; land surface albedo; aerosol
optical depth; Bucharest metropolitan area

1. Introduction

Global climate change, associated with increasingly frequent and intense heat wave
events that kill thousands of people each year, is considered a global priority for sustain-
able development in terms of adaptation and mitigation [1,2]. Heat waves, defined as
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consecutive days of abnormally high temperatures exceeding local or regional norms, are
among the most extreme climate events and negatively impact people’s health, urban
ecosystems, and infrastructure. HWs can amplify urban heat island (UHI) effects, exacer-
bating air and land-surface temperatures and triggering major impacts on urban vegetation
ecosystems [3,4].

Urban vegetation (green areas, including parks, gardens, and urban forests) is gaining
increasing significance in the context of sustainable urban development. As future projec-
tions predict, by 2030, the increase in the frequency, duration, seasonality, and intensity of
HWs in the Euro–Mediterranean regions will lead to a decrease in summer precipitation
rates [5]. As a consequence, in the context of forecasted climate change, the state of urban
vegetation and its heat- and water-stress vulnerability will increasingly affect the urban
microclimate, and adaptation strategies [6,7] will be adopted. During summer seasons,
urban vegetation faced significant complex environmental heat and water stressors over
the past 25 years in the south-eastern part of Romania. Thermal stress, exacerbated by
the HWs and UHI effects, elevated day–night time temperatures, and changes in evapo-
transpiration rates, may alter the cooling efficiency of urban vegetation [8]. However, the
interaction between air pollution and high air temperature adds a significant complexity to
global warming, particularly the alarming rise during compound climate events, such as
heat–ozone extremes driven by the increased temperatures in synergy with non-carbon
pollutants [9,10].

Several studies investigating the physical mechanisms driving HWs in the North-
ern Hemisphere found that large-scale atmospheric dynamics and persistent synoptic
anticyclones are responsible for prolonged HWs through subsidence, light winds, and
warm-air advection [11–17]. Also, prolonged droughts can decrease soil moisture and
increase surface sensible heat fluxes, amplifying HW [18–20]. Other studies have found
that strong adiabatic warming within anticyclones and increased solar radiation due to
clear skies, which trigger increased surface sensible heating, play a crucial role in produc-
ing high near-surface temperatures during HWs [21,22]. According to these studies, the
surface sensible-heat flux plays a dominant role in increasing the daytime urban planetary
boundary layer (PBL) height during HWs, which become deeper and hotter, providing
crucial information for extreme-temperature weather climatology [23,24]. PBL climatology,
its characteristics, and its relationship with meteorological parameters play a significant
role during HWs, being affected by solar radiation and by deeper PBL during summer
seasons [25,26]. Another important parameter in describing the radiative properties of the
Earth’s surface, urban land surface albedo (LSA), an essential primary climate variable
(ECV), is a crucial tool of climate change at the local urban scale [27]. Moreover, climate
parameters at both local and regional scales, and their seasonal variability, affect the in-
teraction between heat waves and vegetation [28–31]. Heat stress induced in vegetation
by high air and land surface temperatures in synergy with water stress can impact the
possible physiological or biochemical mechanisms of urban green, being a critical limiting
factor of vegetation growth and development [32–35], from the cellular to whole-vegetation
scale, reducing photosynthesis, stomatal conductance, growth, reproduction, and leading
to premature leaves deaths depending on the heat stress episode’s duration, frequency, and
severity [36–39].

Also, during heatwaves, air pollution negatively impacts urban vegetation health
through the retention of particulate matter (PM2.5 and PM10) by dry and wet atmospheric
deposition onto leaf surfaces, increasing light reduction, blocking stomata, and reducing
photosynthesis [40–42]. Absorption of surface-level gaseous air pollutants (nitrogen dioxide—
NO2, ozone—O3, and sulfur dioxide—SO2, carbon monoxide—CO, formaldehyde—HCHO,
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volatile organic compounds—VOCs) can cause chlorophyll degradation and induce oxidative
stress in plants [43–45]. CO2 promotes urban vegetation health through the fertilization effect,
while O3 causes oxidative damage to vegetation [46,47]. Urban aerosols exert dual effects on
urban vegetation by altering surface radiation for photosynthesis.

Satellite-based remote sensing monitoring of HW events allows the regional-to-global
analysis of urban vegetation ecosystem responses to climate change, and may prove helpful
in identifying trends in urban vegetation health, for achieving UN SDGs goals 3, 11, and 13:
“Ensure healthy lives and promote well-being for all at all ages”, “Make cities and human
settlements inclusive, safe, resilient and sustainable”, and “Take urgent action to combat
climate change and its impacts [48].

While several studies investigated the role of urban vegetation in air pollution removal
capacity [49–53], or mitigating heatwaves and urban heat island influenced by high levels
of air pollutants in large cities by conducting extensive air quality measurements and using
analytical methods [54–56], limited research focused on the response of urban vegetation
to summer heat stress and climate variability from a spatiotemporal perspective [57–60].
The year 2024 was the warmest on record at both the global and European scales, with the
global mean surface temperature exceeding the pre-industrial level by more than 1.5 ◦C,
and Europe was the fastest-warming continent at twice the global average [61].

In the Bucharest metropolitan area in Romania, urban vegetation has faced increasingly
complex environmental stressors over the past 25 years, including the 2024 summer HWs,
which were the warmest on record. This study explored the impact of heatwaves on
urban/periurban vegetation in Bucharest from a spatiotemporal perspective during the
2000–2024 period, focusing on summer (June–August) months and heatwave periods in
relation to climate seasonality. Time series of in situ monitoring data have been used in
synergy with biophysical variables generated by the NASA MODIS Terra/Aqua satellites,
the NCEP/NCAR and Giovanni MERRA-2 reanalysis datasets, and analytical processing
methods, along with statistical cross-correlation and regression analysis. The present study
addresses the need to assess the impacts of multiple climatic parameters on biophysical
observables of urban vegetation during the 2000–2024 period, for the interannual and
summer seasons (June–August), in the Bucharest city center and the metropolitan area. The
main objective of this study was to comparatively quantify the effects on vegetation of the
main environmental parameters (mean air temperature at 2 m height (TA) and its maximum
value (TAmax), land surface temperature (LST), air relative humidity (RH), wind speed
intensity (w), surface solar irradiance (SI), total aerosol optical depth at 550 nm (AOD),
land surface albedo (LSA)) on vegetation parameters (normalized difference vegetation
index (NDVI), leaf area index (LAI), the fraction of absorbed photosynthetically active
radiation (FPAR), evapotranspiration, and net primary productivity (NPP)). The number
of summer HW events (HWEs) and the number of HW days (HWDs) per summer season
have been considered.

2. Materials and Methods

2.1. Study Area

The study site, Bucharest metropolitan region, is situated in the Romanian Plain, on the
banks of the Dâmbovit,a River, a small tributary of the Danube, and the south-eastern part
of Romania, and south-eastern Europe. It is bounded by latitudes 44.33◦ N and 44.66◦ N
and 25.90◦ E and 26.20◦ E longitudes. Its center is placed at 44.4355381◦ N Latitude and
26.100049◦ E Longitude (Figure 1). The Bucharest metropolitan area, with approximately
2.2 million inhabitants and a 1811 km2 area, includes Bucharest city, the capital of Romania,
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with 1.8 million people and a 240 km2 area, of which urban green infrastructure (forests,
parks, small green gardens) covers almost 10% of its area [62].

Figure 1. Bucharest city in the metropolitan test area.

The periurban areas, distributed across five counties, cover approximately 543 km2

and have a population of approximately 0.81 million. The most important relief units
are Vlăsiei Plain and Mostiştea Plain, with low altitudes ranging between 5 and 150 m.
In the Bucharest metropolitan area, significant human-related impacts associated with
urbanization and climate change have altered natural vegetation land cover, reducing its
extent and altering its floristic structure and composition, thereby favoring aridization
processes. Over the last 30 years, the metropolitan vegetation land cover in Bucharest
has decreased, from 4839 ha in 1993 to 4506 ha [63], encompassing multiple urban-to-
rural transition areas and comprising different vegetation types (shrubs, grass, forest,
crops, etc.). The rapid urbanization of Bucharest after 1990, along with urban expansion,
reduced vegetation cover and increased impervious surfaces, contributed to higher air and
land surface temperatures associated with HWs and UHIs recorded during the summer
(June–August) period. According to the Copernicus Urban Atlas in 2018, land use land
cover (LULC) distribution (km2) of different surface land cover classes in the Bucharest
metropolis was: 53% agricultural area, 33.6% artificial area, 10.7% natural areas, 2.4% water,
and 0.2% wetland [64]. Urban green infrastructure in Bucharest’s metropolis, including
periurban forests, provides recognized cultural ecosystem services that are important for
enhancing social well-being and resilience [65]. With a diverse landscape, including the
spatial distribution of different land cover types and flat plains, Bucharest is one of the
most polluted cities in Romania and Europe, ranking 9th out of 96 most polluted cities in
Europe in 2022 [66].

With a temperate continental climate and Western European Climate Circulation,
Mediterranean Cyclones, and the East-European Anticyclone, Bucharest’s climate is char-
acterized by very hot summers, particularly during frequent heat waves recorded since
2000, and cold, humid winters. The annual mean air temperature belongs to the (10.6 to
11.5) ◦C range, for periurban to urban areas, while the mean annual rainfall belongs to the
(613.2 to 578.9) mm range for periurban to urban areas. Frequent HWs occur during the
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June–August period, and sometimes extend from May to September. Co-occurrence with
UHI events results in this area experiencing significantly higher summer temperatures.

2.2. Data Sources

To analyze interannual spatiotemporal urban vegetation greenness and summer
heatwaves—urban vegetation interaction in Bucharest metropolitan area during (June–
August) periods of 2000–2024, this study used available observational, satellite remote
sensing, and reanalysis data provided by various free sources. The climate and other
environmental time series datasets were supplied by different monitoring networks and
satellite platforms:

1. Meteorological driving factors. Air temperature (TA) at 2 m height and its maximum
values TAmax, air relative humidity (RH), air pressure (p), wind speed intensity (w)
and direction, planetary boundary layer height (PBL), and solar surface irradiance
(SI) have been provided by MERRA-2 Version 2 (Modern-Era Retrospective Analysis
for Research and Applications) [67], C3S (Copernicus Climate Change Service) [68],
and the online database NASA’s Center (GES DISC) Geospatial Interactive Online
Visualization and Analysis Infrastructure (GIOVANNI) V4.28 via its portal [69], as
well as from NOAA Physical Sciences Laboratory [70].

2. Air Pollution load. Time series of total aerosol optical depth (AOD) at 550 nm were
supplied by MERRA-2 Version 2 (Modern-Era Retrospective Analysis for Research
and Applications) on the GIOVANNI platform.

3. MODIS LST data. From the Terrestrial Ecology Subsetting & Visualization Services
(TESViS) Global Subsets Tool at the ORNL DAAC, MODIS Terra/Aqua data [71].
Among the available LST products developed through the different retrieval al-
gorithms based on TIR sensors from different satellite missions (MODIS, Land-
satTM/ETM+/OLI, AVHRR, SENTINEL, AMSR-E, AATSR, VIRR), this study consid-
ered MODIS Terra/Aqua to be a suitable data source for LST monitoring due to its
high observation frequency, moderate spatial resolution, and free availability [72,73].
DAAC, MOD11A2 LST_Day_1 km and MOD11A2 LST_Night_1 km collected within
8 days [74], provide time series LST data for the Bucharest metropolitan area. The
root mean square error (RMSE) of the MODIS LST data is within 2.0 ◦C and exhibits
high accuracy in the major global cities [75].

4. Vegetation MODIS NDVI data. MOD13Q1 MODIS/Terra Vegetation Indices NDVI/EVI
16-Day L3 Global 250 m SIN Grid V06116-day, MODIS NDVI data, from TESViS.

5. Vegetation MODIS LAI/FPAR data. MOD15A2H MODIS/Terra Leaf Area Index/FPAR
8-Day with 500 m spatial resolution, mainly for their capacity to detect anthropogenic
and climate impacts on urban vegetation land cover changes, from TESViS.

6. Vegetation Evapotranspiration MODIS data. MOD16A2ET_500 m, at 8-day data for
evapotranspiration monitoring, from TESViS.

7. Vegetation Annual Net Primary Production data. MOD17A3HGF v061, MODIS/Terra
Net Primary Production Gap-Filled Yearly L4 Global 500 m SIN Grid, from TESViS.

8. Land Surface Albedo MODIS LSA data. MCD43A1 MODIS/Terra + Aqua BRDF/Albedo
Model Parameters Daily L3 Global—500 m V061, from TESViS.

2.3. Methodology

This study aims to provide insight into the spatiotemporal evolution of the urban veg-
etation ecosystem in one of the most dynamic urban–rural systems in south-eastern Europe,
namely the Bucharest metropolitan area. Our analysis focused on annual and summer
(June–August) datasets spanning the entire period of 2000–2024. For this research, a heat
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wave analysis has been performed using time-series data from the Copernicus GIOVANNI
platform. A robust methodology was used to investigate, in a comprehensive manner,
the complex interplay between summer intense HWs and heat stress on urban green land
cover, in relation to environmental variables, incorporating satellite and in situ time-series
datasets and an approach less commonly employed in urban vegetation contexts.

In climate science, HWs are defined as extended periods of excessive heat [76,77], char-
acterized by different measures for each of these features (intensity, maximum amplitude,
duration, frequency, and spatial extent) [78–80]. This study uses the definition of HWs as
persistent periods of at least 3 consecutive days of high air temperature anomalies, during
which the daily maximum TA exceeds the 90th percentile in a given region [81]. Also, as
a main characteristic of HWs, the heat wave duration (HWD) is defined as n, the total
number of heat wave days in the event [82].

Cross-correlation statistical analysis was adopted for the similarity between two time
series data of the outdoor daily, monthly or annual averages of meteorological multipa-
rameters (TA, RH, SI, PBL, LST, LSA), and vegetation parameters (NDVI, LAI, FPAR, ET,
NPP) in Bucharest capital of Romania (both center defined by a 6.5 km × 6.5 km area, and
metropolitan area defined by a 4.5 km × 40.5 km area). NDVI values range from −1.0
to 1.0, representing vegetation for positive values; clouds, water, and snow for negative
values; and bare soils and rocks for values close to zero [83]. When vegetation dries out
or becomes sick, its color usually turns from green to brown. This change is particularly
significant in the near-infrared region of the spectrum, where absorption increases when
vegetation is damaged. Therefore, NDVI can accurately detect chlorophyll and is related to
plant health [84].

Cross-correlation analysis, nonparametric test coefficients, trend analysis, and linear
regression have been used to assess the dependence between dependent and independent
variables in the time series of mean environmental parameters. The strength of relationships
between variables was described by linear regression values, ranging from 0 to 1, with
values closer to 1 signifying stronger connections.

Because climate observables exhibit non-normal distributions during extreme events
such as HWs, the Kolmogorov–Smirnov test of normality has been applied to assess the
normality of daily or monthly mean time-series datasets [85]. This method is efficient for an-
alyzing the diverse characteristics of vegetation phenology across different spatio-temporal
scales of summer seasonal variation, and especially in complex urban environments. The
Spearman rank correlation coefficient, r, ranging from −1 to 1, with higher absolute values
indicating stronger correlations, is used to measure the strength and direction of both
linear and nonlinear relationships between variables. Significant correlations correspond
to a p-value between 0.01 and 0.05. These statistical methods were applied to investigate
associations between independent variables (explanatory variables), such as NDVI, LAI,
FPAR, ET, NPP, and AOD, and the dependent variable (response variable), which represents
TA, LST, LSA, HWE, and HWD. The main novelty of this research is the introduction of
correlations between urban vegetation and environmental parameters under HWs, which
can help understand trends in climate change and temperature variation in the present
and future periods. To determine the statistical significance of the correlation, we used the
p-value (p < 0.01). ORIGIN 10.0 software version 2021 for Microsoft Windows, and ENVI
5.7 were used for data processing. All time series datasets were preprocessed using the
TIMESAT 3.2 software. Several preprocessing levels were tested, including smoothing and
phenometrics computation.
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3. Results

Climate change intensifies heat stress on urban vegetation ecosystems, creating an
urgent need to understand how climate variables influence vegetation health. The present
study explored NDVI, LAI, FPAR, and NPP urban vegetation health biophysical variables’
temporal relationship with different climate drivers, such as TA, TAmax, LSA, PBL height,
RH, w, SI, and AOD, for a period spanning twenty-five years between 2000 and 2024 in the
Bucharest metropolitan area. In a comparative analysis, the heat-stress impact of summer
HWs on urban vegetation was examined from June to August.

3.1. Spatiotemporal Patterns of the Urban Vegetation During 2000–2024 in Bucharest

Urban vegetation NDVI daily means exhibit annual patterns in Figure 2 (2000–2024 at
16-day intervals), with clear seasonality: maximum values during summer and minimum
during winter.
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Figure 2. Spatio-temporal patterns of daily means NDVI for Bucharest city center area and metropoli-
tan area during the 2000–2024 period.

For the analyzed period, the daily mean NDVI registered values of (0.2736 ± 0.11848)
in the range (−0.00273 to 0.47214) for Bucharest center, defined by a (6.5 km × 6.5 km) area,
corresponding to classified as slightly dense and stressed vegetation. At the Bucharest
metropolitan scale, MODIS-derived NDVI registered a daily mean value of (0.42705 ± 0.15913)
in the range (−0.0386 to 0.6922) for the defined area of (40.5 km × 40.5 km), corresponding
to classified as moderately dense vegetation. During all seasons, at the metropolitan scale,
LAI recorded a daily mean value of (0.91962 ± 0.68978) in the range of (0.1–2.8473), while
FPAR recorded a daily mean value (0.3688 ±0.1761) in the range of (0.0734–0.7392).

The results of this analysis also suggest stress vegetation in both central and metropoli-
tan areas and reveal a range from sparse to rich periurban vegetation influenced by diverse
urban microclimates. The time of maximum greenness is similarly distributed from early
June to early August, findings which are consistent with previous studies [86,87].

Annual computed mean time-series of the NDVI vegetation index show an overall
increasing trend from 2000 to 2024 (Figure 3), explained by climate change at mid-latitudes,
and therefore, vegetation appears more active. Similar results were reported in the scientific
literature [88,89]. Urban vegetation satellite monitoring in the central part of the city and
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metropolitan area is essential for efficient planning and management, especially in the
south-eastern part of Romania, where HW events are more frequent.
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Figure 3. Annual patterns of daily means NDVI in Bucharest city center and metropolitan areas
during the 2000–2024 period.

3.2. Variability in Heatwaves and Urban Vegetation Fluctuations over Summer (June-August)
Seasons of 2000–2024

Summer 2024 recorded the most extreme and longest heatwaves in the South-eastern
part of Europe, especially in July 2024, with persistent and stable drought conditions mostly
in the Balkans and Romania [90,91]. From the NOAA NCEP/NCAR reanalysis Europe map
in Figure 4, it is clear that an extreme high-air-temperature composite anomaly of more
than 3.5 ◦C at 1000 mb was observed over South-eastern Europe and Bucharest, marked by
a star during the summer months of 2024 [90].

 

Figure 4. Air temperature composite anomaly map for Europe during the summer season (June–
August) 2024.
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Between 2000 and 2024 summer (June–August) seasons, in Bucharest, a total of 41 in-
dependent summer heat wave events (HWE) were identified, corresponding to 222 heat
wave days (HWD) with considerable variability in both duration and intensity, of which
2024 exhibited the strongest hot period with 5 HWE and 43 HWD. Neither duration nor
intensity exhibited significant temporal trends. The most severe HWs associated with
higher mean values of air TA max, lower mean air relative humidity RH, and lower values
of mean vegetation indices NDVI, LAI, FPAR, and ET have been recorded in Bucharest
during mostly summer seasons of 2000, 2012, and 2024 (Table 1).

Table 1. The most significant heatwaves recorded during the summer (June–August) periods in the
Bucharest metropolis, with their main characteristics and corresponding mean values of TAmax, RH,
and vegetation indices (NDVI, LAI, and FPAR).

Year
(June–August)

HWE HWD
Mean TA Max

(◦C)
Mean RH

(%)
Mean
NDVI

Mean
LAI

Mean
FPAR

2000 5 22 32.77 38.17 0.43805 1.11454 0.41469

2012 5 29 33.37 44.21 0.51408 1.57357 0.5270

2024 5 43 34.89 44.06 0.4313 0.98797 0.40939

Lower values of vegetation parameters recorded in 2000, 2012, and 2024 may indicate
that stress induced by higher maximum air temperatures, in synergy with water stress
during HWs, can affect the physiological or biochemical mechanisms underlying urban
green infrastructure, a critical limiting factor for vegetation growth and development.

The increasing trends of the summer annual mean HWD and TAmax over the
2000–2024 period are clearly illustrated in Figure 5.
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Figure 5. Temporal patterns of summer annual heat wave number (HWD) and annual mean maxi-
mum air temperature at 2 m height (TAmax) in Bucharest between 2000 and 2024.

3.3. Planetary Boundary Layer Height During Summer (June–August) Seasons of 2000–2024 and
Its Impact on Urban Vegetation

Although large-scale persistent synoptic circulation anomalies are considered key
factors in generating HWs, urban vegetation–atmosphere interactions and feedbacks seem
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to play a crucial role in HW intensity. During the summer (June–August) 2000–2024
periods, PBL height in Bucharest displayed a mean of (1170.81 ± 146.20 m in the range of
(900.26–1547.63) m, and was positively correlated with daily mean TA, TAmax, and LST. A
good correlation between PBL height and air temperature at 2 m height indicates (r = 0.55;
p < 0.01), while better positive correlations are found for TAmax (r = 0.75; p < 0.01) and daily
mean land surface temperature LST (r = 0.76; p < 0.01). However, the high temperatures
during the HWs extend to a higher range, indicating stronger thermal convection and
a higher PBL during these periods, results consistent with other studies [25,92]. Also,
compared with the same months during 2000–2024, HWs significantly increased PBL
height during the June–August period, results similar to those of other studies [93,94].

A strong anticorrelation between PBL height and key biogeophysical variables char-
acterizing vegetation structure and functioning (NDVI, LAI, FPAR, ET, and annual mean
NPP) in the Bucharest metropolitan area is shown in Table 2 and Figure 6. During the
summer (June–August) 2000–2024 periods, PBL height in Bucharest displayed a mean of
(1170.81 ± 146.20 m in the range of (900.26–1547.63) m, and was inversely correlated with
vegetation observables NDVI (r = −0.71; p < 0.01), LAI (r = −0.74; p < 0.01), FPAR (r = −0.79;
p < 0.01), and ET (r = −0.95; p < 0.01). It was also reflected in the annual mean NPP.

Table 2. Spearman rank correlation coefficients and p-values between the monthly means of vegeta-
tion variables and the main climate variables in the Bucharest metropolis during the June–August
analysis period (2000–2024).

Vegetation/
Environmental

Factors

PBL
(m)

TA
(◦C)

TAmax
(◦C)

LST
(◦C)

LSA
RH
(%)

SI
(W/m2)

w
(m/s)

AOD HWD

NDVI −0.71 * −0.76 * −0.85 * −0.83 * −0.41 ** 0.71 * −0.68 * −0.29 ** −0.72 * −0.67 *

LAI −0.74 * −0.58 * −0.76 * −0.82 * −0.27 *** 0.72 * −0.63 * −0.31 ** −0.71 * −0.68 *

FPAR −0.79 * −0.66 * −0.86 * −0.86 * −0.30 *** 0.78 * −0.68 * −0.30 ** −0.74 * −0.68 *

ET
(kg m−2 s−1)

−0.95 * −0.55 * −0.80 * −0.28 *** −0.37 ** 0.87 * −0.61 * −0.42 * −0.85 * −0.60 *

NPP
(g C m−2 year− 1)

−0.77 * −0.61 * −0.80 * −0.79 * −0.10 *** 0.82 * −0.57 * −0.30 *** −0.69 * −0.64 *

Note: NDVI (normalized difference vegetation index), LAI (leaf area index), FPAR (photosynthetically active
radiation), NPP (net primary production), PBL (planetary boundary layer height), TA (air temperature at 2 m
height), TAmax (maximum air temperature at 2 m height), LST (land surface temperature), LSA (land surface
albedo), RH (air relative humidity), SI (surface solar irradiance), w (wind speed intensity), AOD (total aerosol
optical depth at 550 nm), HWD (total number of HW days per summer study period); * and ** indicate p < 0.01
and p < 0.051, respectively, and *** indicates p > 0.05.

3.4. Land Surface Albedo Variability and Impact on Vegetation in Bucharest Metropolitan Region

This study analyzed the spatiotemporal variations in urban land surface albedo in the
Bucharest metropolitan area in Romania from 2000 to 2024, and assessed the relationships
between the spatial and temporal patterns of the albedo and associated influencing factors
(vegetation, air pollution, and climate parameters) on a seasonal and interannual basis
using satellite products and reanalysis data.

As Figure 7 shows, the monthly mean LSA fluctuated over the 2000–20,024 period
and exhibited a clear downward trend after 2020, which may explain the observed climate
warming in the Bucharest metropolitan region. The derived MODIS multiannual mean LSA
in the Bucharest metropolitan area in the 2000–2024 analyzed period was (0.2547 ± 0.04962),
in the range of (0.13467–0.50673) for all seasons.
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Also, Spearman correlation coefficients between LSA and NDVI in Bucharest for all
seasons during the entire analyzed period 2020–2024 show negative correlations for both
the center city/metropolitan area, as follows: r = −0.56 (p < 0.01)/r = −0.36 (p < 0.01).

The 25-year albedo showed a weak decline trend, mainly due to a significant summer
(June–August) reduction, reaching 30% at (0.17833 ± 0.0013) in the range (0.17493–0.18135).
This research found an inverse correlation between LSA and NDVI, which explains the es-
sential role of urban green infrastructure in reducing land surface temperatures, particularly
during hot summers, heat waves, and urban heat islands.
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Figure 6. Temporal patterns of the planetary boundary layer (PBL) height and urban vegetation parameters
in the Bucharest metropolitan area during the summers (June–August) of the 2000–2024 period.
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tan area during the 2000–2024 period.
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As a consequence, the reduction in LSA enhanced TA, a result that may explain the
high summer temperatures of 41 HWE and 222 HWD recorded during the summer (June–
August) from 2000 to 2024. A clear anticorrelation was found between LSA and vegetation
ET (r = −0.37; p < 0.05) during June–August seasons (Table 2). Also, significant decreases
in LSA and ET were found throughout the summer (June–August) over a 25-year study
duration (Figure 7).

Lower land surface albedo values recorded after 2020 in the Bucharest metropolitan
region are associated with greater absorbed solar radiation and higher air and land surface
temperatures, while reduced urban vegetation land cover and increased impermeable
surfaces decrease ET. It leads to a higher proportion of energy being converted into sensible
heat, driving higher temperatures and enhancing urban heat stress during HWs and the
urban heat island effect.

Table 2 shows that the decreasing trends in ET and the strong anticorrelation between
air temperature TA and its maximum TAmax, as well as between TA and evapotranspiration
ET during summer HWs of the 2000–2024 period, are associated with reduced evaporative
cooling effects, likely due to stomatal closure at high air temperatures. This effect will
diminish vegetation’s key function in mitigating urban heat stress.

This study also found an anticorrelation between LSA and urban NDVI (r = −0.41;
p < 0.05), in good agreement with other studies exploring LSA variability and its impact
on vegetation, which found that over vegetation-covered areas, interannual variation in
albedo was more sensitive to NDVI [92,93].

Our results reveal a stronger negative correlation between LSA and LST (r = −0.80;
p < 0.01) during the summer time in both Bucharest city areas with dominant impervious
surfaces, hurting the urban thermal environment. Broadband albedo, which measures
urban surface properties, also depends on the atmospheric conditions.

3.5. Air and Land Surface Temperature Variability and Their Impacts on Urban Vegetation During
Summer Seasons

Daily and monthly mean surface air temperature (TA) and its maximum value, TAmax,
measured at around 2 m above the surface, have significant impacts on both human and
natural ecosystems, affecting urban vegetation and biodiversity, agriculture, and energy
demand. Due to the synergy of HWs and UHIs during hot summers, this study found in
Bucharest’s center, with increased artificial built areas, higher temperatures at 2 m height
of 3.6 ◦C compared to the adjacent, less urbanized periurban zones. The findings of this
study support the need to increase urban green spaces, such as street trees, parks, and
green roofs, to provide shading and evaporative cooling and mitigate urban heat island
effects, especially during heat waves in the Bucharest metropolis.

Also, as one of the most important Earth System variables and a key parameter in
urban climate research, land surface temperature (LST) reflects the interaction between
solar radiation and the land surface, influencing thermal radiation from the vegetated areas
or the ground. In urban areas, LST provides a crucial indicator of HWs and UHIs’ effects,
vegetation ecosystem health, energy consumption, and responses to climate change [94,95].
Also, this study analyzed the interannual variations in LST data and their relationships
with air temperature, AT. The rank correlation analysis shows that, at the pixel-scale, during
summer seasons (June–August) 2000–2024, air temperature at 2 m height, TA, and LST
present a strong positive correlation (r = 0.96; p < 0.01). As the physical climate system is
highly sensitive to changes in land surface albedo, urban/periurban vegetation systems
could significantly feed back into projected climate change scenarios. As Table 2 shows,
during the June–August summer analysis period from 2000 to 2024, TA, TAmax, LST, and
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HWD display strong inverse correlations with the vegetation variables NDVI, LAI, FPAR,
and NPP, which means that urban vegetation’s growth is limited during persistent HWs.

Table 2 and Figure 8 clearly show existing anticorrelations between TA, TAmax, LST,
and ET, and LSA. Computed for the Bucharest metropolitan area the monthly mean TAmax
recorded during the summer (June–August) 2000–2024 periods was (31.06 ± 1.64) ◦C in
the range of (27.36–34.89) ◦C, while evapotranspiration ET registered very low mean value
of (3.02654 × 10−5 ± 9.02518 × 10−6) kg m−2 s−1 in the range of (8.99333 × 10−6–4.58667
× 10−5) kg m−2 s−1.
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Figure 8. Temporal pattern of the monthly mean land surface albedo (LSA), air temperature at
2 m height (AT), land surface temperature (LST), and evapotranspiration (ET) in the Bucharest
metropolitan area during the summers 2000–2024 period.

This finding confirms a decrease in urban vegetation’s cooling effect during summer
heat stress associated with HWs and higher temperatures. However, urban vegetation’s
evapotranspiration (ET) has significant cooling effects, helping mitigate the summer urban
thermal environment and reduce heat exposure risks in large metropolitan areas [96,97]. De-
spite increased air temperatures during HWs, urban vegetation continued to cool through
evapotranspiration, but further studies are needed to identify the best-suited vegetation
species to optimize cooling.

3.6. Air Relative Humidity, Surface Solar Irradiance, and Aerosol Optical Depth Impact on Urban
Vegetation During Summer Seasons

This research found that higher values of air relative humidity RH enhance vegeta-
tion’s growth and evapotranspiration, and surface heat exchange, thereby strengthening
vegetation’s cooling effect. This finding is consistent with other studies [98–103]. Knowing
the relationship between evapotranspiration and heat stress during HWs is essential for
effective water resource management, irrigation planning, and climate change assessments
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in urban vegetation systems [104–106]. As key thermal and water-related factors influenc-
ing urban microclimates, air relative humidity and solar radiation have high impacts on
urban vegetation growth during summer hot periods.

The results of this study revealed that among several climate factors during frequent
HWs recorded in the summers 2000–2024 in the Bucharest metropolitan region, solar
surface irradiance SI was an important influential factor limiting the urban vegetation
growth. From Figure 9 and Table 2, it is evident that increased solar radiation during
heatwaves affects urban vegetation growth, as indicated by lower values of NDVI, LAI,
and FPAR.
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Figure 9. Temporal patterns of the monthly mean air relative humidity (RH), surface solar radiation
(SI), and vegetation characteristics NDVI, LAI, FPAR, and ET, in the Bucharest metropolitan area
during the summer (June–August) 2000–2024 periods.

Figure 9 and Table 2 clearly show decreasing trends in the monthly mean summer
(June–August) time series of urban vegetation parameters NDVI, LAI, FPAR, and ET,
associated with decreasing air relative humidity and increasing solar radiation during
heatwaves, which affect urban vegetation growth.

During the summers 2000–2024 period, the total aerosol load over Bucharest metropoli-
tan area AOD at 550 nm had an increased monthly mean value (0.26413 ± 0.05526) in
the range (0.19767–0.39567), being negative correlated with all monthly mean vegetation
indices NDVI (r = −0.61; p < 0.01), LAI (r = −0.71; p < 0.01), FPAR (r = −0.74; p < 0.01), ET
(r = −0.83; p < 0.01). Positive correlations between AOD and air temperature TA (r = 0.59;
p < 0.01), TAmax (r = 0.76; p < 0.01), and HWD (r = 0.73; p < 0.01) confirm that increased
air pollution in synergy with air temperatures during summer HWs may have negative
impacts on urban vegetation health. Environmental parameters primarily govern the diur-
nal and seasonal variations in vegetation characteristics, including NDVI, LAI, FPAR, NPP,
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and ET, in Bucharest’s metropolis. According to Table 2, higher levels of air temperature at
2 m height (AT), ATmax, land surface temperature (LST), planetary boundary layer height
(PBL), wind speed intensity (w), surface solar irradiance (SI), and total aerosol optical depth
at 550 nm (AOD) decrease urban vegetation’s cooling effect during heatwaves and vegeta-
tion’s growth. Long-term changes in vegetation are essential indicators for understanding
the response of ecosystems to climate change. NDVI and other vegetation parameters
could be used for urban ecosystem monitoring and as an additional criterion for assessing
the impact of extreme climatic events.

In a comparison with Table 2, Table 3 shows that while during summer seasons,
vegetation greenness indicators NDVI were inversely correlated with TA, TA max, LST,
PBL heights, and SI, during September–May months, corresponding to autumn–winter–
spring seasons of 2000–2024, these turned to positive correlations in both the Bucharest
center area as well as at the metropolitan scale. Also, opposite correlations were found
for air relative humidity RH, which was positively correlated with NDVI during summer
seasons and negatively correlated during autumn–winter–spring seasons. In all seasons,
land surface albedo LSA, total aerosol optical depth (AOD), and wind speed intensity (w)
were negatively correlated with all vegetation parameters, highlighting their damaging
effects on urban vegetation.

Table 3. Spearman cross correlation coefficients between monthly mean NDVI variables in Bucharest
center city/metropolitan area, and main climate variables during autumn–winter–spring seasons,
September–May analysis period 2000–2024.

NDVI
Vegetation//Environmental

Factors

PBL
(m)

TA
(◦C)

TAmax
(◦C)

LST
(◦C)

LSA
RH
(%)

SI
(W/m2)

w
(m/s)

AOD

NDVI Bucharest
Center area (6.5 km × 6.5 km)

0.78 * 0.86 * 0.74 * 0.89 * −0.58 ** −0.65 * 0.85 * −0.24 ** −0.63 *

NDVI Bucharest metropolitan
area

(40.5 km × 40.5 km)
0.62 * 0.52 * 0.51 * 0.67 * −0.35 ** −0.47 * 0.67 −0.29 ** −0.51 *

Note: NDVI (normalized difference vegetation index), LAI (leaf area index), FPAR (photosynthetically active
radiation), NPP (net primary production), PBL (planetary boundary layer height), T (air temperature at 2 m
height), TAmax (maximum air temperature at 2 m height), LST (land surface temperature), LSA (land surface
albedo), RH (air relative humidity), SI (surface solar irradiance), w (wind speed intensity), AOD (total aerosol
optical depth at 550 nm); * and ** indicate p < 0.01 and p < 0.05, respectively.

3.7. Hot Summer 2024 Analysis

Due to rapid urbanization and extensive infrastructure development, Bucharest is
highly vulnerable to extreme heat events [107]. By tracking NOAA positive temperature
anomalies relative to the 1991–2020 climatology, Figure 3 shows the extreme hot summer
of 2024, when temperatures exceeded 3.5 ◦C. Cumulative positive anomalies highlight the
intensity and duration of extreme heat events over time, with high values suggesting the
development of severe heat wave conditions. The temporal variations in the monthly mean
air temperature at 2 m height (TA), its maximum mean value (TAmax) and its minimum
mean value (TAmin) in the Bucharest metropolitan area during the summer (June–August)
2024 period are illustrated in Figure 10 that display very high temperatures (daily mean
TAmax = 34.89 ◦C, daily mean TA = 27.11 ◦C, and daily mean TAmin = 20.07 ◦C especially
during July observed when some typical heat wave processes took place. This period was
important due to 5 significant heat wave events, totaling 43 HW days. Urban vegetation
characteristics, NDVI, LAI, and FPAR in the Bucharest metropolitan area registered lower
values compared with other summer periods when there have not been HWs (Figure 5).
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Also, during the severe 2024 summer heat wave episodes in the south-eastern part
of Romania, this study identified increases of 5.89 ◦C in mean annual LST and 6.76 ◦C in
mean annual TA in the Bucharest metropolitan region.

Understanding the relationship between HWs’ interaction with urban vegetation in
the Bucharest area, in a comparative analysis for both the city center and the metropolitan
area, and urban heat during HWs is crucial for mitigating the thermal environment and
improving environmental quality.
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Figure 10. Temporal pattern of the daily mean air temperature at 2 m height TA, its maximum mean
value TAmax, and its minimum mean value TAmin in the Bucharest metropolitan area during the
summer (June–August) 2024 period.

4. Discussion

Successive record-breaking summer temperatures, both globally and in south-eastern
Europe, including Romania, raise the urgent question of how to better protect vulnerable
people’s health and urban vegetation ecosystems. Also, compound drought–air pollution–
heat wave events are associated with several risks, including vegetation fire risk during
summer extreme hot temperatures [85]. Several recent studies analyzed the impacts of
HWs on vegetation in large metropolitan areas.

As essential metrics for assessing urban vegetation greenness and health from satellite
sensors, the normalized difference vegetation index (NDVI) indicating photosynthetic
activity, is a strong indicator for essential climate variables (ECVs) like as leaf area index
(LAI), and fraction of absorbed photosynthetic radiation (FPAR) provided by satellite
images, which show their condition based on how much light of different wavelengths
plants absorb and reflect without in situ measurement data. In urban ecosystems with high
spatial heterogeneity, vegetation responses to climate and air pollution variability at the
city scale exhibit diverse spatiotemporal patterns. As a global index used to analyze the
characteristics of vegetation land cover and its dynamic spatiotemporal patterns, NDVI is
a key parameter for assessing vegetation stability and its complex interaction with climate
and anthropogenic stressors. LAI and FPAR indicators were used to characterize the
effects of climate parameters and urbanization on vegetation health and growth, and to
assess their changes. Urban vegetation phenology in LAI is the primary driver of seasonal
variation in FPAR, which, in turn, drives photosynthesis. While FPAR absorbed by urban
vegetation is a key biophysical variable for monitoring vegetation growth, productivity,
and the energy balance of urban ecosystems, evapotranspiration (ET) is a key process in the
water cycle. Moreover, monitoring variations in these indices over time allows scientists
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to track seasonal development, detect early signs of stress, and plan interventions before
damage becomes critical. During summer hot periods, a sudden decline might indicate
drought stress, disease or pest outbreaks, nutrient deficiencies, or harvesting.

Urban vegetation in the Bucharest metropolitan area is sensitive to climate change,
being significantly affected by variations in climate parameters and exhibiting considerable
differences in distribution patterns during summer heat waves and during the autumn–
winter–spring seasons. However, during the 2000–2024 period, as reported in other studies
in Europe [102–106], vegetation greenness in Bucharest’s metropolitan area, as measured
by NDVI, showed a slight increasing trend after 2000, with 2000 identified as a turning
point. This was explained by climate change in European mid-latitudes, and therefore,
vegetation is observed to be more active.

There is an important interplay between deeper and hotter planetary boundary layer
PBL, especially during the daytime HWs, and its synergies with the enhanced urban
heat island (UHI) effect, and urban vegetation, which can alter how heat is mixed and
how it interacts with large-scale synoptic weather patterns, affecting turbulence and air
quality [107–109]. It was demonstrated that heatwaves are driven by persistent large-scale
circulation anomalies, and that land–atmosphere interactions intensify and propagate them.
In urban areas, various vegetation types play a vital role in land–atmosphere interactions
by modulating energy and water exchange through different pathways. Similar to other
studies, the present research found a strong anticorrelation of urban greenness during the
summer seasons with PBL heights between 2000 and 2024 in Bucharest [110–112].

While HWs are significantly associated with high air and land surface temperatures, it
is also crucial to examine changes in the other meteorological factors, especially air relative
humidity, wind speed intensity, and solar surface irradiance, which are critical controls
of urban thermal comfort and heat stress on vegetation [113–116]. A serious impact on
local and regional climate due to the alteration of the effective surface albedo, a change in
land surface albedo can have a positive (cooling) or negative (warming) effect on climate
change [117,118].

Land surface albedo (LSA), air temperature at 2 m (TA), and land surface temperature
(LST) are thermophysical parameters that define the urban thermal environment, including
urban heat islands (UHIs) and heat waves (HWs) [119,120]. These parameters are correlated
such that materials with low albedo (low reflectivity of solar radiation) exhibit higher heat
absorption and, consequently, higher TA and LST values, intensifying the effects of UHI and
HWs. While Bucharest center predominantly consists of impervious surfaces such as roofs,
parking lots, streets, and sidewalks, which have low albedo, absorbing significant amounts
of heat, in contrast, periurban metropolitan counties with increased vegetation land cover
mitigate heat through natural shading and evapotranspiration. However, the ongoing
conversion of green spaces with concrete and asphalt exacerbates the effects of urban heat
stress on the vegetation ecosystem [121,122]. However, long-term vegetation dynamics
that significantly impact the climate are reflected by the dramatic variations in urban land
surface albedo. The slight decline in land surface albedo in the Bucharest metropolis due
to increased urbanization may explain the enhanced air temperatures and the severity
of HWs, as evidenced by 41 heat wave events and 222 heat wave days recorded during
the summer (June–August) period from 2000 to 2024. Bucharest, densely packed with
heat-retaining concrete and limited green space, is highly vulnerable to summer heatwaves
and the urban heat island (UHI) effect. Land surface albedo and heat waves in cities
are closely linked because low-albedo urban surfaces (like dark, impermeable materials)
absorb more solar radiation, significantly increasing urban heat island (UHI) effects and
intensifying heat waves. Conversely, increasing the albedo of urban surfaces—making
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them more reflective—is a key strategy to reduce daytime heat absorption, lower surface
temperatures, and mitigate the negative impacts of heat waves on urban environments and
human thermal comfort [123,124].

Quantifying the impact of TA, TAmax, and LST during HWs on urban vegetation in
the highly heterogeneous metropolis like Bucharest is challenging. However, this research
found that the normalized difference vegetation index (NDVI) is the most significant
indicator of urban vegetation affecting LST with a significant cooling effect, particularly in
summer. The total effects of all vegetation indicators are anticorrelated with LST, with the
greatest impact in spring and the least in winter. Also, seasonal metropolitan morphology
has a high impact on the urban thermal environment during HWs [125,126].

The interplay between urban heat environments and air pollution is deeply intercon-
nected; their synergistic effects, associated with stagnant synoptic conditions and lower
PBL heights, reduced wind speeds, and reduced turbulent flux, reduce the dispersion of air
pollutants [127].

Like other scientific publications [128], this study found that heat waves and high
air temperatures can severely stress urban vegetation in Bucharest, thereby reducing the
cooling effect it provides to the metropolis. This effect is explained by vegetation stomatal
closure, which conserves water and reduces evapotranspiration, thereby diminishing its
cooling effect. However, this stress cycle can damage vegetation health, limit its growth,
and make cities more vulnerable to extreme heat. It was demonstrated that local and
regional background climate conditions, vegetation types, and spatial configuration influ-
ence the cooling effectiveness of urban vegetation [129]. In densely built-up urban areas
with limited vegetation cover, there is a significant lack of summer thermal regulation
during the day, especially in the early morning and late evening, thus exacerbating thermal
stress. Other studies considered that thermal impacts of heat waves vary by urban green
space type, with broad-leaved forests showing the strongest cooling [130]. Also, urban
impervious-surface expansion reduces ET, offsetting the increase from anthropogenic heat.
The replacement of natural landscapes like forests and grasslands by built impervious
surfaces is leading to changes in meteorological factors, such as air temperature, humidity,
precipitation, and wind speed near the ground in urban areas, and further affecting the
energy and water balance. An additional heat load during heat waves must account for
the heat generated by densely populated areas and frequent human activities. However,
the mechanisms linking urban vegetation to climate drivers are very complex at temper-
ate latitudes; therefore, a targeted investigation is required to detect possible trends in
evapotranspiration and in urban surface morphology and roughness, to support under-
standing of the dynamics of urban vegetation during heat waves. Several studies found
that heat stress negatively affects vegetative photosynthesis, thereby affecting tree growth
and, eventually, survivability [122–124].

The mechanisms underlying the interactions among urban vegetation health and
growth, heat stress, and HWs are of immense importance for assessing vegetation cooling
effects and developing mitigation measures. Another aspect to consider is the existing
differences among plant and tree species in their tolerance and adaptation to climate
change [82,84,125]. Understanding the interplay between summer heatwaves, urban vege-
tation, air pollution, and climate variables is essential for developing evidence-based public
health strategies and mitigating environmental health risks.

Like other studies in the field [126–128], this study has revealed the mechanism of a
bidirectional influence between environmental and climate factors and urban vegetation
greenness, emphasizing the green space protection needs during heat wave periods in
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reducing air pollutant emissions, promoting environmental technology innovation, and
safeguarding ecological measures

Study Limitations and Future Directions

Despite providing valuable insights into the impact of summer heatwave variability
on Bucharest metropolitan vegetation, this study has several limitations that underscore the
need for a more complex approach. Our results might not fully align with those spatial and
contextual variations. Also, MODIS Terra/Aqua datasets have coarse spatial resolution;
higher-resolution imagery, such as Worldview-3 (WV-3) satellite imagery [129] or ESA
Copernicus Sentinel imagery, will be preferred in urban greenness studies.

Recent studies highlight that urban vegetation (forest trees, parks, yards, streets, etc.)
structure and vertical morphology, particularly mean tree height, canopy aggregation, and
spatial continuity, can have a greater impact on LST than total green land cover, with effects
modulated by urban form in seasonal LST patterns [130]. Conventional metrics used in
this study for urban greenness —NDVI, LAI, and FPAR—derived from MODIS satellite
observations do not capture vertical vegetation structure or spatial configuration, offering
limited insight into intraurban spatiotemporal HWs—vegetation interactions and their
cooling effects during the day.

However, the use of remotely sensed LST and LSA datasets to quantify the heat
waves–urban vegetation interaction may introduce uncertainties, because the derived
MODIS satellite LST and LSA reflect emitted radiation from the urban surface of an object
seen from the point of view of the thermal sensor, which is not a good proxy for the
air temperature TA perceived by people, compared to in situ TA monitoring, which is
important to be considered for the realistic mitigation strategies of alleviating urban heat
stress on vegetation and people during synergies of HWs with UHIs through increasing
vegetation land cover [131].

In general, urban vegetation plays a significant role in the interaction between heat-
waves, urban heat islands, and vegetation, lowering daytime temperatures, but the magni-
tude of their cooling effect is notably amplified when using only satellite datasets [132,133].
In the context of increasing frequency of globally deadly heatwaves, declining urban vege-
tation land cover, and rising imperviousness, which intensify decision-makers’ concerns,
there is an urgent need, especially in European Southern cities, to improve the adaptive
capacity of biosystems.

One significant hypothesis that can be made is that the conditions for vegetation
growth and health during hot summers and heat waves have deteriorated (i.e., high air and
land surface temperatures, low precipitation, and heat stress), caused by climate change
at mid-latitudes, and, therefore, vegetation can be observed from satellites to be more
affected. Similar patterns have been observed in the other parts of the World [134–136],
and further studies are needed to confirm and characterize this change across the different
biogeographical regions and urban landscapes.

These insights are essential for developing human and alth urban vegetation health
adaptation strategies during summer heat stress and informing sustainable metropolitan
environmental management practices in the face of ongoing climatic changes [137–140].

5. Conclusions

This study aims to explore the response of urban vegetation to the impacts of heat
waves in relation to multi-climatic parameter variability, from a spatiotemporal perspective
during 2000–2024, with a focus on summer HWs (June–August), particularly the hottest
summer of 2024 in the Bucharest metropolitan area, Romania. In the frame of worsening
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heat wave severity under future warming, this research revealed the interannual and inter-
seasonal relationships between HWs and urban vegetation parameters NDVI, LAI, FPAR,
ET, and their interplay with environmental variables and background climate conditions,
with implications for the management of urban resources.

The results of this study highlight the importance of considering land surface albedo,
land surface temperature, aerosol optical depth, surface solar irradiance, and other climate
variables when assessing mitigation strategies to reduce summer extreme heat in urban
areas. In the frame of sustainable urban development, optimizing the structure of green
space and the built environment in cities helps mitigate the adverse impacts of extreme
summer heat on public health and the environment.

Urban heat stress–vegetation-induced biophysical feedbacks have been considered
for moderating increases in land-surface air temperature and reducing warming during
summer heat waves and under urban heat island effects. Recognized for the cooling effect
associated with changes in surface convection and reduced transmissivity of shortwave
radiation, evapotranspiration from urban vegetation has shown high spatiotemporal vari-
ability in response to the urban thermal environment in Bucharest. The impacts of heat
waves on urban vegetation evapotranspiration during hot summers limit the cooling bene-
fits of urban vegetation. In such conditions, the preservation of urban ecosystems becomes
a priority for urban decision-makers, who need scientific information to develop mitigation
and adaptation strategies for sustainable planning and design of green-blue infrastructure,
thereby guaranteeing the conservation of biodiversity in cities.
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populations in İstanbul to heat extremes. Environ. Dev. Sustain. 2024. [CrossRef]

https://doi.org/10.3390/atmos1701010948



Atmosphere 2026, 17, 109

134. Kovács, L.N.; Jordan, G.; Berglund, F.; Holden, B.; Niehoff, E.; Pohl, F.; Younssi, M.; Zevallos, I.; Ágoston, C.; Varga, A.; et al.
Acting as we feel: Which emotional responses to the climate crisis motivate climate action. J. Environ. Psychol. 2024, 96, 102327.
[CrossRef]

135. Nishioka, S. A challenge for sustainability science: Can we halt climate change? Sustain. Sci. 2024, 19, 7–18. [CrossRef]
136. Wu, W.; Xu, Y. Factors affecting climate adaptation behavior among grain farmers in China. Environ. Dev. Sustain. 2025, 27,

13933–13946. [CrossRef]
137. Oliveira, M.C.Q.D.; de Miranda, R.M.; de Fátima Andrade, M.; Kumar, P. Impact of urban green areas on air quality: An integrated

analysis in the metropolitan area of São Paulo. Environ. Pollut. 2025, 372, 126082. [CrossRef]
138. Degirmenci, T.; Aydin, M. A path towards the sustainable environment from environmental governance: Testing the LCC and

EKC hypotheses with the environmental policy stringency and government effectiveness in France. J. Knowl. Econ. 2025, 1–27.
[CrossRef]

139. Liu, L.; Zhao, J.; Li, Z. Sustainable Urban Development: A Comprehensive Model for Assessing Health Risks from Compounded
Pollution in Xi’an. Sustainability 2024, 16, 9799. [CrossRef]

140. Hojabri, J.; Nguyen-Huy, T. Spatio-temporal dynamics of vegetation and water bodies in the Lake Urmia Basin (1984–2022): An
analysis using MODIS and Landsat data with new perspective. J. Arid. Environ. 2026, 232, 105500. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/atmos1701010949



Article

Bridging Heritage Conservation and Energy Efficiency:
Retrofitting Historic Social Housing in Mediterranean Cities

Zoe Kanetaki 1,*, Evgenia Tousi 2, Athina Mela 2, Eleni Kanetaki 3, Gianluca Pappaccogli 4

and Emmanouel Proestakis 1

1 Faculty of Engineering, Department of Mechanical Engineering, University of West Attica, 12241 Athens,
Greece; eproest@uniwa.gr

2 Faculty of Engineering, Department of Civil Engineering, University of West Attica, 12241 Egaleo, Greece;
etousi@uniwa.gr (E.T.); amela@uniwa.gr (A.M.)

3 School of Applied Arts & Culture, Department of Conservation of Antiquities and Works of Art, University of
West Attica, 12241 Egaleo, Greece; elkanet@uniwa.gr

4 Department of Biological and Environmental Sciences and Technologies, University of Salento, 73100 Lecce,
Italy; gianluca.pappaccogli@unisalento.it

* Correspondence: zoekanet@uniwa.gr

Abstract: Historic social housing in Mediterranean cities faces the dual challenges of
energy inefficiency and cultural preservation. This study presents a pilot methodological
framework for energy retrofitting of historical residence buildings, using the Kaisariani Asia
Minor refugee housing complex in Athens as a case study. A bibliometric analysis revealed
a research gap, as clusters concerning heritage retrofitting and social housing remain weakly
connected, highlighting limited interdisciplinary integration between cultural conservation
and energy-efficient design. The proposed framework combines historical analysis, energy
consumption assessment, and technical evaluation to examine three retrofit scenarios that
integrate thermal insulation, upgraded HVAC systems, renewable domestic hot water, and
photovoltaic installations. Results demonstrate that substantial performance improvements
can be achieved without compromising architectural authenticity. The most comprehensive
scenario achieved a 97% reduction in primary energy demand, a 63–76% decrease in
heating and cooling loads, and significant CO2 emission reductions, maintaining economic
feasibility with a payback period of approximately ten years. The findings emphasize
that conservation-compatible retrofitting can transform obsolete housing into low-energy
buildings, fostering environmental, social, and cultural sustainability. Beyond quantitative
energy gains, the study underlines the importance of integrating heritage values and
community identity into urban regeneration strategies, offering a transferable model for
Mediterranean municipalities seeking to align climate action with cultural continuity.

Keywords: urban microclimate; thermal comfort; sustainable urban space; thermal
performance; retrofit; historical social housing; Mediterranean areas; sustainability; cultural
sustainability; aging building stock

1. Introduction

In the era of sustainable urban transitions, cities worldwide face mounting pressure to
modernize infrastructure, reduce environmental impacts, and promote inclusive growth.
However, this transformation often presents significant challenges to the preservation
and integration of cultural heritage. As urban landscapes evolve to meet sustainability
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targets, historic sites, traditional practices, and community identities are frequently at risk
of marginalization or erasure. From this point of view, cultural sustainability plays a critical
role in ensuring that progress does not come at the expense of cultural identity.

European cities are undergoing a major shift from greenfield development to the
regeneration and in situ retrofitting of existing urban housing, a process underscored by the
urgent need to meet ambitious climate and sustainability targets at scale [1–3]. A central
challenge within this transition is the deep energy renovation of traditional social housing—
often protected for its architectural or cultural value—to achieve near-zero energy standards
while safeguarding historical identity and social fabric [1,4]. The technical complexities are
considerable, including the integration of internal insulation, moisture, and thermal bridge
mitigation, and the selection of minimally invasive, reversible interventions that respect
conservation principles [5,6]. At the same time, these projects must navigate economic
feasibility and long-term affordability, especially under non-profit and public housing
constraints [1,5,7].

Increasingly, scholars and practitioners are advocating for the explicit recognition of
cultural sustainability as an essential fourth pillar in urban development, alongside the
more established environmental, economic, and social dimensions [4]. However, opera-
tionalizing this concept remains a challenge; while some research proposes frameworks
for balancing energy performance and heritage value, the development of quantitative
indicators and participatory tools to capture intangible assets—such as authenticity, place
attachment, and community rituals—lags behind technical innovation [6].

Recent years have seen the growth of methodological approaches that combine technical
assessment methods (such as life-cycle analysis and energy simulation) with participatory,
user-centered design processes, particularly in the context of social housing pilots [2,6,8,9].
Decision-support frameworks based on European standards, such as EN 16883, are increas-
ingly being adopted to guide the selection of “conservation-compatible” retrofit strategies that
maximize energy, comfort, and cultural value [6,10]. Yet, empirical studies demonstrating the
alignment of environmental and cultural goals at the block or district scale remain limited,
and lessons from innovative models—such as the block-scale, community-oriented retrofits of
Vienna—have only partially influenced mainstream practice [1,11].

Positioned at the intersection of environmental and cultural sustainability, this study
investigates the energy retrofit of a former social housing complex in Kaisariani, within
the metropolitan area of Athens, Greece. To elaborate further, this study investigates
the integration of heritage retrofitting within social housing, recognizing that many social
housing complexes—particularly those constructed in the early twentieth century—face the
dual challenge of improving energy performance while preserving architectural character.
Although not all social housing developments possess formal heritage status, the proposed
framework is designed to accommodate both historically significant buildings and more
contemporary examples. The primary emphasis, however, is placed on social housing
complexes that exhibit notable architectural value, in order to acknowledge their unique
contribution to cultural sustainability. Architecture, as a tangible form of heritage, conveys
layered narratives across time and shapes the evolving character of urban landscapes. By
foregrounding both technical and cultural dimensions, this approach provides a flexible
and adaptable model suitable for a wide range of housing typologies.

The selected case study, rich in historical and social significance, serves as a compelling
case study for examining how energy-efficient interventions can be harmonized with
heritage preservation, offering insights into sustainable urban transitions that respect both
ecological imperatives and cultural values [12,13]. The Kaisariani neighborhood is deeply
rooted in the events following the 1922 Asia Minor Catastrophe, which led to the forced
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displacement of over 1.5 million refugees. In response to these historic pressures, urban
areas across Greece were rapidly transformed into refugee settlements, with Kaisariani
becoming one of the most emblematic examples [14,15]. The selected social housing
complex reflects design principles inspired by the Viennese superblocks and the iconic Karl
Marx-Hof, yet it currently suffers from severe deterioration [16,17].

As a pilot initiative, this research aims to establish a methodological framework for the
energy retrofit of similar social housing developments that share comparable architectural and
historical attributes. It is important to note that, despite the fact that several English-language
studies have investigated energy retrofitting of Greek residential and social housing, these
works mainly focus on technical performance, cost effectiveness, or workflow integration
rather than on heritage-sensitive methodological frameworks. Studies such as those by [18–
20] provide valuable insights into energy-efficient renovation practices in Greece, but do
not address the specific challenges of historic or refugee housing typologies. The Tavros
Project, implemented by the Hellenic Passive House Institute and Passivistas, represents an
important pilot initiative in applying Passive House principles to social housing in Athens;
however, it does not extend to the older interwar housing stock that forms part of Greece’s
refugee housing heritage. Therefore, there remains a significant gap in the literature regarding
comprehensive, conservation-compatible frameworks for the energy retrofitting of historic
social housing, which this study aims to fill through the examination of the Kaisariani case.
The study not only seeks to safeguard the layered cultural heritage of the area—shaped by
displacement, resettlement, and community resilience—but also to propose contemporary
technical strategies for the large-scale energy upgrading of aging social housing stock. Three
core research questions frame the scope of this study, as presented below:

RQ1: How can historic social housing in Mediterranean climates be retrofitted to
improve energy efficiency while preserving cultural and architectural heritage?

RQ2: What type of methodological framework may be effective in cases of historic
housing complexes, with the mission to achieve contemporary energy efficiency goals?

RQ3: Which retrofit scenario provides the best balance between cost effectiveness,
CO2 reduction, and preservation values?

This study opens a crucial dialog on the often-neglected issue of integrating energy ef-
ficiency with heritage preservation, underscoring the significance of the early 20th-century
Modernist social housing complexes in Europe. By focusing on the retrofitting of historic
social housing complexes, such as the Kaisariani complex in Athens, it sets a solid founda-
tion for further application and development in this area. The proposed methodological
framework combines technical retrofitting strategies with cultural sustainability issues,
addressing both environmental, cultural and social dimensions, which have been largely
overlooked in existing research. This work paves the way for future studies and practical
applications in similar Mediterranean contexts, offering a novel approach that can be
adapted and expanded upon in the field of heritage-compatible energy retrofitting.

2. Literature Review

In order to focus on the most recent scientific developments in the research field, a
bibliometric analysis of keywords has been performed to define the research gap.

2.1. Bibliometric Analysis of Keywords Methodology

An initial step before reviewing the related works consists of an advanced document
search in the Scopus database, based on a set of targeted keywords. The specific query
includes keywords derived from the manuscript title, combined with additional keywords
and limitations in the time period that this search is limited to.
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The query returning 126 related articles has been launched as follows:
(TITLE-ABS-KEY (“energy efficiency” OR “building retrofit” OR “energy retrofit” OR

“thermal performance”) AND TITLE-ABS-KEY (“historic building*” OR “heritage housing”
OR “social housing” OR “residential building*” OR “old building*” OR “aged building*”
OR “aging building*”) AND TITLE-ABS-KEY (“Mediterranean climate*” OR “southern
Europe” OR “Mediterranean region” OR “Mediterranean countr*”) AND TITLE-ABS-KEY
(“framework” OR “methodology” OR “pilot study” OR “case study” OR “model”)) AND
PUBYEAR > 2009 AND PUBYEAR < 2026.

The time period has been limited after the year 2010 in order to refine the results
and focus on the most recent advances in the field. An RIS file has been exported from
the Scopus database, which was inserted into the VOSviewer (2023) software in order
to analyze bibliographic data of various scientific publications and journals, as well as
the link strength and the occurrence [21–23]. A keyword co-occurrence analysis has been
conducted for the specific time period [24–26]. Network maps have been generated as
shown in Figure 1, indicating the frequency or co-occurrence, identifying five research
clusters based on the weight of the keywords. The links and weights of the clustered
items in the mapping represent all core components. It is important to note that the
inclusion of the term “social housing” within the bibliometric search string was a deliberate
methodological choice. While social housing represents a specific subcategory of residential
buildings, it was incorporated to capture studies that engage with both energy efficiency
and social dimensions in the context of historically or culturally significant housing stock.
This decision broadens the scope of analysis beyond purely architectural or technical
retrofits, encompassing research that addresses the intersection of energy performance,
heritage preservation, and social sustainability. In Mediterranean cities, many early-to-mid-
twentieth-century social housing complexes have now acquired historical or cultural value,
reflecting collective memory and urban identity. Therefore, including “social housing” in
the search strategy provides a complementary rather than alternative perspective to other
typologies such as “historic” or “heritage” buildings, enriching the bibliometric mapping
and ensuring a more holistic understanding of the research field.

 
(a) (b) 

Figure 1. (a) Network visualization map of keywords indicating five clusters and (b) overlay
visualization map of keywords from the time period 2010–2026.
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2.2. Bibliometric Analysis: Networks Maps of Keywords

The network visualization map reveals a keyword co-occurrence network where nodes
represent keywords and their size represents their co-occurrence. The size of the nodes
reveals the strength of the keywords. The size of each circle (node) shows its frequency of
occurrence within the dataset. The color coding (as shown in Figure 1a) represents distinct
clusters of related terms, identified through co-occurrence analysis.

An overlay visualization of the imported data is presented in Figure 1b, including
similar information as shown in Figure 1a, with the addition of the color bar indicating the
color mapping in the selected time period of publication. The legend bar at the bottom of
Figure 1b indicates the time period within which the query has been launched in the Scopus
database (from 2010 to 2026). Keywords (nodes) in the colors yellow and vivid green are
derived from the most recent publications (2020–2026), therefore representing the most
recent trends. Those keywords are “climate models”, “energy consumptions”, “climate
models”, “greenhouse gases”, and “sustainability”. Dark green and purple nodes indicate
keywords from older publications (2010–2015). Larger nodes with darker or mid-green
tones represent continued research over a long period of time. The keywords such as
“energy efficiency”, “housing”, and “thermal comfort” are represented in large green nodes,
indicating a continued research trend over a longer period.

Consequently, a cluster analysis has been performed, identifying five clusters bringing
to light five scientific themes, research themes or subject areas. The keywords are repre-
sented as “items”. A total of 72 items have been grouped in the five clusters, as shown in
Appendix A, Table A1.

Based on the network analysis of keywords performed for the time period 2010–2026, the
research gap identified underlines the necessity for integrating heritage conservation, social
equity, and climate adaptation within a unified framework for Mediterranean housing.

2.3. Related Works
2.3.1. Historical Background

In September 1922, the persecution of Greeks in Asia Minor began and was completed
in 1924–1925 under the supervision of the League of Nations (LON). At that time, Greece
had 5 million inhabitants, limited natural resources, political turmoil, and was economically
devastated [15]. During that difficult period, it accepted 1.5 million refugees, dramatically
increasing the country’s population [27]. Of the refugees who arrived, 47% settled in rural
areas and 53% in urban areas [14]. The sudden arrival of such a large population created
serious problems in terms of housing the refugees. Initially, there was no free space left in
the city. Schools, churches, warehouses, and theaters were flooded with people who then
found shelter by any means possible in the suburbs [28].

In 1922, Athens had approximately 200,000 inhabitants, which meant that there was
one house for every ten inhabitants. In November of the same year, the law “On the
requisition of real estate for the settlement of refugees” was passed [29]. Three agencies
were created with the aim of housing refugees: the Refugee Care Fund (RCF) 1922–1925,
followed by the Refugee Rehabilitation Committee (EAP) 1924–1930 and the Ministry of
Welfare 1922–1940 [30]. Between 1925 and 1930, 12 main and 34 smaller settlements were
created 1–4 km beyond the boundaries of the already built-up area of Athens, one of which
is Kaisariani [31].

The Asia Minor refugee settlements established in Greece during the 1920s represent a
distinct architectural typology that embodies both the urgency of mass resettlement and the
enduring social identity of displaced communities [32,33]. In the early phase, Asia Minor
refugee housing was characterized by ground-floor, load-bearing masonry construction
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and modest floor plan dimensions, mirroring traditional building practices. In contrast,
later projects evolved into two-story or three-story apartment buildings that employed
mixed construction techniques, demonstrating a gradual refinement in structural design
and adaptation to urban housing needs [34]. Early-phase constructions drew inspiration
from vernacular architectural traditions, whereas later designs were strongly influenced
by the principles of European Modernism. These neighborhoods, such as Kaisariani, Nea
Ionia, and Kokkinia, were characterized by modest, repetitive housing blocks constructed
with locally available materials and organized around shared courtyards that fostered
communal life [34]. The modest geometry and minimal ornamentation of early refugee
housing reflected both economic hardship and a collective spirit of adaptation. Today, these
settlements represent valuable living heritage, embodying early social housing policies and
memories of displacement and integration. Preserving their material and spatial integrity
is essential when improving energy performance or comfort. Despite growing European
interest in conservation-compatible retrofitting, Greece lacks comprehensive research on
the energy rehabilitation of such historic housing, with few examples—like the Tavros
Project—addressing more recent buildings. Earlier refugee complexes, including Kaisar-
iani, remain underexplored, highlighting the need for adaptable, preservation-oriented
retrofit frameworks.

2.3.2. Social Housing and Heritage Value in Mediterranean Europe: Challenges and
Opportunities for Retrofitting

Across the recent literature, social housing is increasingly and explicitly framed as
legitimate residential built heritage through mainstream, values-based approaches that
foreground social, urban, technological, and architectural significance rather than formal
listing alone, positioning estates as “ordinary,” “modern,” or “urban” heritage and call-
ing for evaluations that extend beyond fabric to encompass resident profiles and urban
context [35]. For modern mass-housing ensembles, authenticity and integrity are being
recalibrated at the attribute level—façade rhythms, balcony/loggia systems, stair/landing
cores, and open-space structures—with layered change accepted as part of significance,
thereby refining thresholds for permissible adaptation [36]. Operationalization is advanced
by typological and model/type frameworks that classify post-war stocks and distinguish
character-defining from modifiable elements, yielding archetypes and reference models
suitable for comparative evaluation and retrofit planning [37,38].

Italian case studies from Parma show how carefully planned, low-cost retrofits can
significantly improve the performance of aging social housing without disrupting residents
or altering the historic character of the buildings. These projects highlight how phased
renovation, clear assessment methods, and close collaboration with local authorities can
deliver meaningful energy savings while supporting vulnerable households [39].

Due to the heat waves and periods of extreme air temperatures, sustainable social
retrofitting strategies are emerging as a high priority for many countries worldwide. These
extraordinary circumstances will impact an increasing number of regions in the future,
intensifying their effects on the social, economic, cultural and environmental aspects [40,41].

From this point of view, international experience indicates that sustainability in social
housing extends well beyond the objective of improving energy efficiency. It encompasses a
broader framework of environmental performance, community well-being, and long-term
affordability [42]. Contemporary research underscores a significant shift from traditional,
maintenance-based approaches toward integrated retrofit frameworks that simultaneously
address environmental, economic, and social dimensions [43]. Within this paradigm, sus-
tainability interventions are understood as both technical transformations—including the
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enhancement of thermal comfort, the reduction of carbon emissions, and the improvement
of building envelopes—and as social processes, grounded in participatory planning, tenant
empowerment, and inclusive design practices.

The renewal of social housing, with an emphasis on historic buildings, across Eu-
rope provides a rich source of precedents relevant to the Kaisariani context. Gaining
insights from the European experience, studies have increasingly focused on the heritage
significance of post-war social housing estates, which are often undervalued despite their
architectural and historical importance. Research on estates like the Western Garden Cities
in Amsterdam reveals how elements such as parcellation, balconies, and green spaces are
highly valued in sustainable refurbishments, while modifications like external insulation
and PVC-U windows are seen as detrimental to their heritage value. These findings reflect
broader trends across Europe, where the preservation of post-war housing is becoming a
key issue in balancing sustainability and cultural heritage [44].

Siza’s SAAL housing in Porto represents one of the most politically engaged examples
of Portuguese social housing, integrating resident participation with a sensitive response
to the existing urban fabric. The project challenged tabula rasa redevelopment practices,
showing how limited resources can generate culturally and socially meaningful architec-
ture. Key SAAL projects such as the S. Victor housing (1974–1977) and the Bouça complex
illustrate the embedding of modernist architectural principles into dense historic neighbor-
hoods. These cases remain significant precedents for socially informed and contextually
responsive housing of how collaborative design processes addressed the post-revolution
housing shortage [45].

In the Netherlands, the “Energiesprong” model has introduced prefabricated retrofit
systems capable of transforming existing housing blocks into net-zero energy dwellings, uti-
lizing standardized façade modules, integrated photovoltaic panels, and high-performance
insulation [46]. Similarly, in the United Kingdom, programs such as “Retrofit for the Future”
have demonstrated the feasibility of achieving substantial energy reductions through a
combination of passive and active retrofit measures, emphasizing the role of occupant be-
havior and community co-management in ensuring long-term effectiveness [47]. In France,
national initiatives under the “Grenelle Environnement” framework have promoted the
large-scale renovation of social housing estates, coupling improvements in energy per-
formance with goals of social inclusion and urban integration [48]. These interventions
highlight the potential of sustainability to act as both an environmental and a social catalyst
in urban regeneration. Furthermore, Scandinavian examples reveal the value of cooperative
governance structures and circular renovation practices, where sustainability principles
are embedded not only in physical design but also in the long-term maintenance and
management of housing [49].

Focusing on the Mediterranean region, relevant studies [50] explore how differences
in apartment location, insulation, and heating behavior affect energy use and comfort in
multi-unit buildings. Using a social housing block in a Mediterranean climate as a case
study, the researchers simulated various heating scenarios and validated them with real
consumption data. They found that apartments in advantaged positions (e.g., centrally
located or south-facing units) can “borrow” heat from neighboring units, benefiting even
when heated for fewer hours, while disadvantaged apartments (e.g., top or north-facing
units) lose more heat and require higher energy input to maintain comfort. This unequal
heat exchange—termed “heat theft”—creates fairness issues when heating costs are shared
via sub-metering systems.

Other relevant studies develop methods to analyze how the thermal envelope dy-
namics of Mediterranean low-income housing affect energy flows in changing climatic
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conditions. They employ building stock models to simulate moderate energy flow regimes
under various future climate scenarios, assessing how the envelopes’ capacity to buffer
thermal variations influences heating and cooling demand in low-income housing. They
argue that taking into account these dynamic envelope behaviors is crucial when projecting
energy performance under climate change, especially in regions with mild climates like the
Mediterranean [8,51]. There are also studies that apply the MedZEB cost-optimal methodol-
ogy to public housing in Spain’s Comunitat Valenciana region, showing that targeted energy
retrofits, especially to the building envelope, can achieve major energy savings and CO2

reductions at reasonable cost. It emphasizes that climate-specific, cost-effective renovation
strategies are key to improving comfort, advancing the decarbonization of Mediterranean
public housing [52]. Valuable knowledge also comes from studies that examine the gap
between theoretical and actual energy performance of Portuguese dwellings, showing that
occupant behavior, building maintenance, and local conditions cause significant discrepan-
cies. These performance gaps affect thermal comfort and highlight the need for targeted,
high-resolution interventions to improve both energy efficiency and living conditions [53].
Other studies explore hybrid heating systems (heat pumps plus renewables) to retrofit
historic Mediterranean homes in Seville, showing that they can cut CO2 emissions and
fossil fuel use while maintaining comfort and heritage features [54]. Focusing on the case of
Spain, there are studies that underscore the significance of simplified models to determine
the energy demand of existing buildings, with a particular emphasis on social housing. For
example, the case study of social housing in Zaragoza, Spain, presents a model that predicts
heating and cooling energy demands in buildings without insulation, offering a practical
approach for assessing energy needs in older residential stock. These models are essential
tools for guiding urban regeneration efforts and optimizing energy efficiency interventions
in vulnerable housing sectors [55]. Like other studies in Mediterranean Europe, research in
Zaragoza compares two energy retrofit strategies for social housing with cultural value. The
findings indicate that the approach involving coordinated exterior modifications, including
external insulation, is more effective in reducing energy consumption and emissions, ulti-
mately enabling the transformation of these buildings into nearly zero energy buildings
(nZEBs) [56]. Decision-making for renovating Mediterranean social housing requires prac-
tical, evidence-based approaches that can guide interventions in vulnerable households.
While many studies address building decarbonization in broad terms, other studies have
focused on providing interactive, open-access tools that optimize passive retrofit strategies
for southern Spain. These tools support informed decision-making by demonstrating
the effectiveness of phased interventions and quantifying incremental improvements in
thermal comfort and cost efficiency, offering a practical framework to enhance the energy
performance, health, and comfort of social housing stock [57].

Similar studies in Cyprus have explored the energy performance and thermal com-
fort of social housing, focusing on how climatic conditions, building orientation, and
environmental factors influence occupants’ comfort levels and energy efficiency, with find-
ings suggesting that a neutral indoor temperature of 28.5 ◦C is optimal for residents in
subtropical and semi-arid climates [58].

There are also studies to show that Italian historic buildings can be refurbished in
a cost-effective way to improve energy efficiency while preserving their architectural
and cultural value. Research demonstrates that using advanced simulation tools, such
as EMAR, allows for accurate modeling of building performance, helping to identify
retrofit strategies that optimize energy savings. These studies highlight the importance of
balancing technical, economic, and conservation considerations, ensuring that interventions
reduce energy consumption and CO2 emissions without compromising the historical
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integrity of the buildings [59]. In [60], the authors examined a Thermo-Reflective Multi-
Layer System (TRMS) developed for lightweight emergency shelters, demonstrating high
thermal efficiency with a U-value of 0.85 W/(m2·◦C) and substantially reduced heating
demand compared to standard tents. Although focused on temporary structures, the
results highlight the potential of thin multilayer insulation as a conservation-compatible
retrofit solution for historic and social housing, particularly in Mediterranean contexts
where façade alterations are restricted.

Among the selected relevant cases, Corviale in Rome, Italy, holds a prominent position
because of its ambitious approach to transforming a large-scale, post-war Brutalist structure
into a more vibrant, sustainable, and socially cohesive community. The project stands out
for its focus on improving the quality of life for residents through the incorporation of green
spaces, energy-efficient technologies, and the creation of flexible public areas that foster
social interaction. Its success lies in balancing the preservation of architectural identity
with the integration of contemporary design solutions, making it a benchmark for modern
urban renewal [61,62].

When the Bouça complex was finally completed and upgraded many years later, it
became clear that expectations about comfort and daily living had changed. The process
brought residents back into the conversation, and the new metro station and other improve-
ments gradually opened the area to a wider mix of people, including students and young
professionals who were not part of the original community [63].

Collectively, these European cases emphasize the necessity of multi-scalar and inter-
disciplinary approaches, integrating technical innovation with institutional reform and
community engagement—principles that can inform the sustainable regeneration of the
Kaisariani social housing complex. However, despite the efforts made, major challenges—
such as financial constraints, informational gaps, and social vulnerabilities—continue to
slow the progress of public housing retrofits. Evidence from pilot initiatives shows that
integrated approaches—combining technical upgrades, tenant engagement, and effective
governance—can help overcome these obstacles. Such interventions not only reduce energy
consumption and emissions but also improve residents’ quality of life, foster social inclu-
sion, and strengthen the long-term socio-economic resilience of communities, highlighting
the strategic value of investing in public housing renovations [64].

Early-to-mid-20th-century social housing complexes across Mediterranean Europe,
such as those in Italy, Spain, Greece, and Cyprus, represent a significant socio-cultural
and architectural legacy, often blending modernist design with communal spatial arrange-
ments [65–67]. While these buildings are historically important, their age and widespread
distribution present challenges in energy efficiency and comfort. Retrofitting these struc-
tures through sensitive interventions, like the Kaisariani complex in Athens, allows for the
preservation of architectural value while improving performance and living conditions.

3. Materials and Methods

The methodological structure of this study has been designed to ensure a transparent
and replicable process that logically connects the research objectives, the analytical tools
employed, and the implementation tasks undertaken. The workflow integrates three main
components, analyzed in six distinct phases: (i) the theoretical and bibliometric framing of
the research gap, (ii) the development of a methodological framework combining heritage
conservation principles with energy assessment tools, and (iii) the practical application of
this framework to a representative case study in Kaisariani, Athens. Each stage builds upon
the previous one, forming a coherent chain that links conceptual foundations to empirical
validation. Figure 2 presents the overall workflow diagram.
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Figure 2. Workflow Chart of the Study.

3.1. Location and Historical Background of the Selected Case Study

Kaisariani was established between 1923 and 1924, following the Asia Minor Catas-
trophe, as part of the large-scale refugee housing program organized by the Refugee
Rehabilitation Commission (RRC) [31]. Following the development of the methodological
framework, the process proceeds to its empirical implementation through a case study
analysis. The Kaisariani housing complex was selected due to its representative typology,
construction period, and cultural significance as an interwar refugee settlement. The case
study serves as an applicative demonstration of the proposed framework, allowing the
verification of methodological coherence and the assessment of real-world applicability in
terms of energy performance, conservation compatibility, and replicability potential.

Built on the then-outskirts of Athens, the settlement provided homes for thousands
of displaced families from Asia Minor who had fled to Greece. Kaisariani was developed
in three phases: the initial refugee settlement (1922–1935), expansion eastward around
the Skopeftirio and National Gymnasium (1935–1960), and continued growth toward
Mount Hymettus (1960–present) [68]. The municipality of Kaisariani is home to different
architectural types of social housing, starting from interwar ground-floor and two-story
houses to Modernist social housing complexes (Figure 3). The selected case study is
one of the unique examples of housing that derives elements from the famous Viennese
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superblocks, organized around a communal open space (Figure 4). All types of former
social housing in the area are subject to deterioration, providing poor living conditions
when evaluated against contemporary standards (Figure 3). The urban layout of the area
follows a typical Hippodamian grid, being densely built so as to cover the Asia Minor
refugee housing needs, as presented in Figure 3.

Figure 3. Types of Asia Minor refugee housing rehabilitations in Kaisariani—authors’ field work.

Figure 4. Location of the selected social housing complex in Kaisariani, within the grey circle.
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Today, in the municipality of Kaisariani, there are many social residences dating
from 1940 to 1970, with enormous energy consumption and CO2 emissions. In view
of the above and following actions taken by the Directorate of Special Projects for Area
Upgrading (DEEAP) for the regeneration of the area, there is a need for energy upgrading
of the buildings.

Based on the existing literature, early 20th-century social housing in Greece—
particularly the refugee settlements established after the Asia Minor Catastrophe—
underwent a gradual transformation in ownership status. Initially constructed and man-
aged by public authorities such as the Refugee Rehabilitation Commission and later the
Ministry of Welfare, these dwellings were eventually transferred to their occupants [12].
Once specific financial and administrative requirements were met, such as the completion
of installment payments or proof of long-term residence, full ownership rights were granted
to the beneficiaries, effectively converting the social housing stock into privately owned
property [32]. This policy shift reflected both the socio-political priorities of post-war recon-
struction and the broader national objective of promoting social integration and stability
among refugee populations.

3.2. Description of the Social Housing Complex

In 1936–1939, apartment buildings were constructed in Kaisariani, applying the prin-
ciples of the Modern Movement of the interwar period. In terms of urban planning, they
are arranged in blocks, usually in parallel rows. The apartment blocks of Kaisariani are
arranged in Π- or Γ-shaped formations, adhering to a rudimentary urban framework in-
spired by the Hippodamian plan [69–71], as shown in Figure 4. Single-level, two-level or
even three-level apartment buildings are constructed, which, due to a low budget, a mixed
construction with horizontal elements of reinforced concrete has been selected, combined
with the use of domestic materials: The walls are made of stone, either plastered or un-
plastered. Each residence floor is designed to accommodate 6, 8, 10, or 12 families. The
three-level buildings have no lifts, with staircases serving between two and twelve apart-
ments. They include one- and two-room dwellings, a kitchen and a toilet, with an average
area of 30 square meters, as well as communal laundry rooms on rooftops or in basements,
which are often converted into residences, as there are not enough apartments. Water
and electricity installations were included in the building design; however, at the time of
construction, the surrounding urban infrastructure had not yet been fully developed.

In terms of morphology, the Kaisariani complex features prominent staircases, entrance
areas, and laundry rooms on the terraces, which are covered with tiles. Most of these are still
preserved, although they show signs of wear, mainly on the plaster, staircases, and balconies,
due to damage to the reinforced concrete and window frames. The complex also features a
large courtyard with a fountain, although several architectural elements—particularly plaster
surfaces, staircases, and balconies—show visible deterioration due to material decay.

According to the building plans received from the Directorate of Special Projects for Area
Upgrading (hereinafter referred to as DEEAP) and a visit to the site, the building complex has
a load-bearing structure made of stone masonry. The roofs are covered by 1/3 with tiles, and
the rest consists of a flat roof. The entire complex shows significant damage and deficiencies
in its load-bearing structure. Due to its age, it lacks insulation. All buildings have old wooden
window frames with single glazing and visible damage and broken glass.

Over the years, the building has suffered serious damage and deterioration. Due to its
historical value, this complex is worth studying, proposing interventions to improve its
energy efficiency.
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3.3. Current Status of Kaisariani Social Housing Building Complex

Figure 4 presents a comprehensive visual documentation of the selected social housing
complex in Kaisariani, Athens, illustrating a clear state of physical degradation and long-
term neglect. The photographs, taken in September 2025, capture multiple forms of
structural and surface damage, collectively reflecting the poor quality of housing and
the absence of adequate maintenance interventions over time. Several recurring issues
are evident across the depicted units. In points 1, 4, and 7 (Figure 5), extensive plaster
detachment and exposure of underlying masonry indicate significant deterioration of the
façade surfaces. These damages suggest prolonged exposure to moisture, temperature
fluctuations, and possibly insufficient protective coatings, all of which accelerate material
decay. The compromised façade integrity not only diminishes the visual coherence of the
complex but also poses safety hazards due to the risk of falling debris. Points 2, 3, 5, and 6
(Figure 5) reveal evidence of poor upkeep in communal and private exterior areas. Corroded
metal elements, patched surfaces, and inconsistent window and balcony treatments point
out uncoordinated repair attempts, rather than systematic rehabilitation. The presence of
makeshift structures and temporary coverings further reflects socio-economic constraints
and the lack of institutional maintenance frameworks. In point 8 (Figure 5), the broken
window exemplifies the neglect of basic infrastructure components, such as openings
and joinery, which are essential for habitability, energy efficiency, and user comfort. Such
conditions are indicative of a broader pattern of housing obsolescence, where physical
decline parallels social marginalization.

Figure 5. Current status of Kaisariani social housing building complex.

The current condition of the Kaisariani social housing complex reflects not only
physical deterioration but also symptoms of energy poverty, a growing issue in aging
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urban housing across Greece. The combination of non-insulated masonry structures,
obsolete mechanical systems, and deteriorated openings results in extremely high energy
demand for heating and cooling, as evidenced by annual consumption values exceeding 469
kWh/m2 for heating alone. Residents, many of whom belong to lower-income or elderly
populations, face disproportionate energy costs relative to household income, often leading
to under-heating in winter and overheating in summer. This situation undermines indoor
comfort, health, and social well-being, while exacerbating inequality within historically
significant neighborhoods. The case of Kaisariani illustrates how energy poverty intersects
with heritage conservation challenges, highlighting the urgent need for targeted, socially
inclusive retrofit strategies that enhance both energy performance and living quality in
historic social housing.

Overall, the complex exhibits symptoms of advanced material fatigue, inadequate
upkeep, and insufficient public investment. The visible damages are not merely aesthetic
but signify deeper structural and environmental vulnerabilities. This case exemplifies
the broader challenges that social housing in Kaisariani faces, being marked by limited
maintenance and funding. The gradual erosion of living standards within historically
significant yet under-resourced urban communities raises skepticism for the future of
these neighborhoods.

3.4. Energy Performance Evaluation Tools

In the Kaisariani case study, the Energy Performance of Buildings Regulation (KENAK)
serves as a key framework for evaluating and comparing energy retrofit scenarios [8,9]. To
be more specific, KENAK is the Greek Regulation on the Energy Performance of Buildings,
aligned with the European Standards [72]. Introduced in 2010, it establishes the framework
for designing, constructing, and renovating energy-efficient buildings in compliance with
EU directives [73].

• EN ISO 52016-1:2017—Energy Performance of Buildings—Energy needs for heating
and cooling, internal temperatures, and sensible and latent heat loads [74].

• EN 16883:2017—Guidelines for improving the energy performance of historic build-
ings [75,76].

• EPBD (Directive 2018/844/EU)—Energy Performance of Buildings Directive [77].

KENAK sets standards for insulation, heating, cooling, lighting, and renewable energy
use, ensuring that buildings meet specific energy performance criteria. It also mandates
the issuance of an Energy Performance Certificate, classifying buildings from A+ (most
efficient) to G (least efficient), with the ultimate goal of achieving nearly zero-energy
buildings across Greece.

In addition, KENAK provides standardized benchmarks—known as reference
buildings—which mirror the studied structures in geometry, orientation, function, and
operation, but meet only the minimum national energy efficiency requirements [72]. By
using this model, the study was able to assess actual buildings against a regulated baseline
across critical performance indicators such as heating, cooling, lighting, total energy de-
mand, and operational cost. All evaluations were performed according to Greek national
codes and EN ISO standards, incorporating Mediterranean climate parameters to ensure
accuracy. To be more specific, the assessment of the energy performance of the Kaisariani
social housing complex was carried out using TEE-KENAK 1.31_March2018, the official
software tool of the Greek Regulation on the Energy Performance of Buildings (KENAK).
The program applies standardized calculation procedures to evaluate energy demand
and classify buildings according to national benchmarks, rather than dynamic simulation
methods. The analysis followed the official KENAK methodology, assuming residential
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use with 18 h of daily occupancy, seven days per week, and continuous operation through-
out the year. Internal heat gains from occupants, lighting, and appliances were included
following the default KENAK parameters, while air infiltration was set at 0.5 air changes
per hour, consistent with the characteristics of pre-1979 uninsulated masonry buildings.
The efficiency of heating, cooling, and domestic hot water systems was defined accord-
ing to the relevant KENAK reference values. For each of the three retrofit scenarios, the
boundary conditions—including thermal transmittance (U-values), insulation thickness,
and the introduction of renewable systems such as solar water heaters and photovoltaic
panels—were defined and compared with the existing and reference building models. In
parallel, 3D CAD models of the complex were used to support the geometrical description
of thermal zones and to verify building envelope characteristics. The results were then
evaluated against the reference building (RB) defined by KENAK, allowing a consistent
comparison of energy demand, efficiency class, and operational cost under each scenario.

Data were processed and visualized through analytical tools like Microsoft Excel,
enabling a systematic analysis of energy inefficiencies and the economic feasibility of
different upgrade options within Kaisariani’s dense urban context.

It is important to note that thermal insulation plays a central role in these comparisons.
Greek building legislation distinguishes four categories based on insulation standards:

• Pre-1979 buildings: Non-insulated, built before thermal standards were enforced.
• 1979–2010 buildings: Comply with the first Thermal Insulation Regulation and are

considered “basically insulated.”
• 2010–2017 buildings: Constructed under the first phase of KENAK (2010).
• Post-2017 buildings: Meet the revised and stricter KENAK standards.

The selected case study falls within the first category, the pre-1979 built housing
reserve, suffering from numerous inefficiencies in terms of energy performance.

A key innovation in this study lies in the application of the Greek KENAK energy
performance evaluation system. Traditionally, separate files are required for each building
or thermal zone within a complex. In contrast, we developed a novel approach by consoli-
dating all ten buildings of the Kaisariani social housing complex into a single KENAK file,
with each building represented as a distinct thermal zone. This adaptation allowed for a
more efficient and streamlined analysis, reducing the complexity typically associated with
handling multiple files. By using one integrated file, we were able to perform detailed en-
ergy simulations across all buildings in the complex simultaneously, ensuring consistency
and improving the overall accuracy of the results. This methodology not only simplifies
the workflow but also provides a scalable model for energy assessments in multi-building
housing complexes, offering a more cohesive and efficient approach to evaluating energy
retrofitting scenarios.

3.5. Data Collection

The following diagram (Figure 6) illustrates the data collection process. These param-
eters were essential for evaluating thermal dynamics and energy performance, and they
served as baseline values for assessing the retrofit scenarios.

The social housing complex is composed of ten interconnected buildings, with ad-
joining side walls, as shown in Figure 7. All buildings consist of three levels, with the
exception of building D, which is two levels high. Each building consists of six apartments,
two per floor, with the exception of building C, which consists of twelve apartments, four
per level. As presented in Figure 7, in the Kaisariani social housing complex, surfaces
in contact with external air include the building façades and roof areas directly exposed
to outdoor conditions, where most thermal losses occur due to the absence of insulation.
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Adiabatic surfaces refer to the shared walls between adjacent apartments or buildings
within the same block, where no significant heat transfer takes place because both sides are
similarly conditioned (Figure 8). Surfaces in contact with unheated space correspond to
structural elements bordering non-conditioned areas, such as stairwells, which experience
moderate heat exchange and contribute to overall energy inefficiency compared to fully
external walls.

Figure 6. Data collection process flowchart.

 
Figure 7. Outlines and names of the ten buildings (A–J) corresponding to ten thermal zones within
the housing complex (drafted using the CAD file provided by DEEAP).
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Figure 8. Typical floor layout EB with designated properties and wall categories according to KENAK
(drafted using the CAD file provided by DEEAP).

The standard operating hours for domestic use are 18 h/day, 7 h/week and
12 months/year, as elaborated in Appendix E.

Table 1 presents the main geometric, functional, and energy-related characteristics of
the ten buildings comprising the Kaisariani social housing complex.

Table 1. Area characteristics and thermal demands of the ten existing buildings (EBs).

Building
Name

Number
of Levels

Total Floor
Area * (m2)

Number of
Apartments

Automation
Category

Energy
Efficiency
Category

Heating
Energy

Demand
(Year)

Cooling
Energy

Demand
(Year)

DHW
Energy

Demand

A 3 316.80 6 D G
B 3 311.11 6 D G
C 3 469.71 12 D G
D 2 207.40 4 D G
E 3 310.98 6 D G 469.4 82.6 31.3
F 3 310.98 6 D G
G 3 310.98 6 D G
H 3 322.5 6 D G
I 3 309.51 6 D G
J 3 319.80 6 D G

* The total floor area includes the sum of the surface of each level measured externally (including external walls)
and the flat roof surface, as shown in Appendix B. The surface area of windows (openings) is deducted.
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All buildings may be described as low-rise structures of two to three levels, consistent
with the interwar typology of social housing. The total floor area ranges from 207.40 m2

in Building D to 469.71 m2 in Building C, which accommodates twelve apartments. Across
the complex, all buildings are classified under automation category D and energy efficiency
category G, indicating outdated systems and very poor energy performance according to current
standards. Typical values of energy demand may be found in Table 1, referring to building E:
an annual heating energy demand of 469.4 kWh/m2, cooling demand of 82.6 kWh/m2, and
domestic hot water (DHW) demand of 31.3 kWh/m2. These values reflect extremely high
energy requirements typical of uninsulated masonry structures with obsolete installations.

Table 2 provides detailed thermal characteristics of the ten buildings within the Kaisar-
iani social housing complex, emphasizing parameters directly related to envelope perfor-
mance and energy demand. The heated floor area ranges from 181.30 m2 in Building D
to 376.77 m2 in Building C, reflecting variations in building size and occupancy capacity.
The wall surfaces in contact with unheated spaces (WCUSs) vary between 158.15 m2 and
258.70 m2, indicating significant exposure to non-conditioned zones such as stairwells
and basements. U-values have been estimated for examining the thermal transmittance of
materials [9,78]. Consequently, it is important to better understand the role that the thermal
transmittance of the building envelope elements has on air-conditioning consumption. This
paper analyzes the effect of different U-values on building design in the Mediterranean
region [79]. In total, 192,000 residential buildings were randomly generated for sixteen
distinct locations, and the energy consumption was assessed for each. It was found that
in northern Mediterranean locations, as U-values decreased, energy consumption also de-
creased. However, in warmer climates, low thermal transmittances tended to significantly
increase energy consumption. Hence, the lower the latitude, the higher the U-values should
be, in order to prevent increasing the cooling demands. Additionally, geometry-based
indexes were correlated with the building’s energy performance. For high U-values, it was
found that bigger buildings worsen the energy performance, and larger windows tend to
improve it. For low U-values, bigger north-facing windows were beneficial. There is an
adequate interval of values for which the geometry has a lower impact, which is wider
and higher for lower latitudes, thus meaning that not only does the building performance
improve, but architects are also freer to explore alternatives [79].

Table 2. Thermal characteristics of the ten buildings within the Kaisariani social housing complex,
emphasizing parameters directly related to envelope performance and energy demand.

Building
Name

Heated Floor
Area (m2)

Walls Surface in
Contact with

Unheated Spaces
(WCUSs) * (m2)

Average U **
Value of
(WCUS)
(W/m2K)

Ground-
Contact

Surfaces (m2)

Total Openings’
Surface (Tos)

(m2)

DHW ***
System

Capacity (Kw)

A 277.65 158.58 3.58 105.60 35.10 24
B 271.95 165.58 3.58 103.70 34.98 24
C 376.77 258.7 3.58 156.57 61.89 48
D 181.30 164.79 3.58 103.70 22.76 16
E 271.83 158.15 3.58 103.66 37.29 24
F 271.83 158.15 3.58 103.66 37.29 24
G 271.83 158.15 3.58 103.66 37.29 24
H 283.45 164.79 3.58 107.50 33.59 24
I 270.36 158.58 3.58 103.17 36.09 24
J 280.65 158.15 3.58 106.60 37.29 24

* Unheated spaces refer to common spaces within the buildings, such as corridors, building stairs and storage
areas. ** U value expresses the amount of heat that passes through 1 m2 of wall for every 1 K temperature.
Better thermal insulation material properties are expressed with lower U-values. *** Consumptions are calculated
according to Table A4 in Appendix F (see Abbreviations table).
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The calculation of heat transfer in windows has a direct impact on the thermal trans-
mittance of highly insulated glazing components. A series of experimental tests was
carried out in order to calculate the U-value of active insulated windows using the Heat
Flux Meter method (ISO 9869-1 [80]); this was to compare the insulation properties of
traditional single glass, double glazing with different aerogel fillings and vacuum glazing
windows. The use of this heat flux method utilized an environmental chamber to provide
a temperature difference of 15 ◦C, reporting the U-values as follows: traditional double
glazing 3.09 W/m2·K, vacuum glazing 1.12 W/m2·K, and double glazing with aerogel
pillars 2.52 W/m2·K. On the other hand, double glazing with KGM wheat starch reported
3.40 W/m2·K, double glazing with granulated aerogel 2.07 W/m2·K, and heat insulation
solar glass 1.84 W/m2·K. Vacuum glazing recorded optimal results under these experimen-
tal conditions, describing a U-value 78% lower when compared to traditional single glazing
window units (5.15 W/m2·K). Installation of windows with lower thermal transmittance is
expected to increase in the global market to meet the current construction codes, aimed at
achieving net-zero carbon buildings [78,81,82].

The retrofit of the most energy-intensive buildings represents an opportunity to
improve their energy efficiency or to reduce their energy demand. This paper pro-
poses combining computer-aided design (CAD) modeling and the use of TEE-KENAK.
1.31_March2018 energy efficiency software to build a methodology for calculating, visualiz-
ing, and analyzing building parameters in order to provide retrofit scenarios. Five retrofit
scenarios were implemented using the energy software, including the initial operating cost,
capital cost, and payback period to be evaluated. At the same time, a three-dimensional
CAD model was created to perform daylighting and shading simulations to visualize and
design the role of building orientation under actual use conditions. These retrofit scenarios
were evaluated individually and then combined to examine their performance in terms
of cost effectiveness and energy efficiency. The simulation results show the importance of
the building’s orientation, as this directly affects the thermal properties of the walls and
openings, as well as the daylighting areas. The simulation results were also used to define
the parameters that affect the interoperability of the retrofit solutions. Finally, in addition to
the significant reduction in calculation time, the coupling of the Autocad 2021 (educational
version) software with the energy efficiency software allowed access to information that
was not available at the outset [9].

All buildings share a consistently high average U-value of 3.58 W/m2K, confirming
the absence of thermal insulation and the poor heat retention capacity of the existing
masonry structure. Ground-contact surfaces range from 103.17 m2 to 156.57 m2, while total
opening surfaces (Tos) span from 22.76 m2 to 61.89 m2, showing proportional relationships
between window areas and building size. The domestic hot water (DHW) system capacities
vary from 16 kW in the smallest units to 48 kW in the largest, aligning with the differences
in total dwelling area.

For all studied buildings, the automation category is D, ranking from A (best automa-
tion category) to D (poor automation category), as elaborated in Appendix C.

3.6. The Three Energy Upgrade Scenarios

The proposed energy upgrade scenarios for the Kaisariani social housing complex
are designed to address the significant inefficiencies highlighted in the current state of the
buildings. They follow a stepwise approach, beginning with essential envelope and system
improvements, and progressing toward the integration of renewable energy technologies
(Table 3). The selection of technologies and intervention strategies for the retrofit scenarios
was guided by four principal criteria to ensure both technical and cultural suitability. First,
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all proposed measures were evaluated for compatibility with conservation constraints,
prioritizing reversibility, minimal visual impact, and respect for the architectural integrity
of the historic housing fabric. Second, the solutions were designed for adaptability to
Mediterranean climatic conditions, considering the specific thermal and environmental
characteristics of the region. Third, the methodology ensured full compliance with estab-
lished regulatory frameworks, including EN 16883:2017 [83], which provides guidelines
for improving energy performance in historic buildings, and the KENAK, governing build-
ing energy performance in Greece. Finally, each intervention was assessed for technical
feasibility and cost effectiveness, particularly in relation to large-scale applications in social
housing contexts. This multi-criteria approach provided a robust and replicable basis for
defining the three retrofit scenarios tested in the study.

Table 3. Retrofit solutions/scenario.

Scenario Retrofit Solutions Detailed Interventions

1 Thermal insulation of the building
envelope—upgraded heating and upgraded cooling

Addition of a central heat pump for each building
Installation of new air-conditioning units

2 Scenario 1 + replacement of window frames and
installation of a solar water system for DHW

Average U value of new windows = 2 instead of 5
in the EB (W/m3K)

3 Scenario 3 + Photovoltaics Contribution of RES–CHP

Scenario 1 employs thermal insulation of the building envelope, in combination
with upgrades to both the heating and cooling systems. A central heat pump is sug-
gested for each building, ensuring more efficient and uniform heating distribution. In
parallel, new air-conditioning units are installed to modernize cooling provision. This
scenario represents the baseline intervention strategy, focusing on the most critical as-
pects of energy efficiency—thermal protection of the envelope and modernization of
mechanical systems.

Scenario 2 builds on the first intervention by incorporating additional measures
to improve both envelope performance and hot water supply. Alongside the thermal
insulation and system upgrades of scenario 1, this scenario suggests the replacement
of window frames with more efficient alternatives, reducing heat transfer through the
openings, and mitigating air infiltration. Furthermore, a solar water heating system is
introduced to cover a significant share of domestic hot water (DHW) demand through
renewable energy, reducing reliance on conventional systems, with the aim of lowering
operational costs.

Scenario 3 represents the most comprehensive intervention package. It includes all
measures from the first two scenarios—thermal insulation, efficient heating and cooling,
improved window performance, and solar water heating—while also introducing energy-
efficient glazing and a photovoltaic (PV) system. The adoption of high-performance
windows further enhances the building envelope, minimizing energy losses and im-
proving indoor comfort. The integration of PV panels marks a transition toward active
energy production, enabling partial on-site generation of electricity. This scenario thus
offers the greatest potential for reducing both energy consumption and greenhouse
gas emissions, positioning the buildings closer to contemporary standards of nearly
zero-energy performance.

Together, these scenarios illustrate a progressive strategy for upgrading the historic
refugee housing complex, ranging from essential insulation and system modernization
to the integration of renewable technologies and self-generation of electricity. The three
proposed retrofit scenarios were carefully designed to be minimally invasive, ensuring full
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respect for the historical morphology and architectural character of the Kaisariani social
housing complex. Aligned with EN 16883:2017—“Guidelines for Improving the Energy
Performance of Historic Buildings” [75], developed by CEN/TC 346, the proposed retrofit
approach for the Kaisariani social housing complex adopts a conservation-compatible
framework that enhances energy performance while safeguarding heritage values. Fol-
lowing the principles of compatibility, reversibility, and minimal intervention, all three
scenarios integrate energy-efficient measures—such as internal insulation, discreet renew-
able systems, and morphologically consistent window replacements—without altering
the original façades or spatial typology [83]. This approach ensures that energy upgrades
meet KENAK standards while fully respecting the complex’s architectural integrity and
cultural significance.

4. Results

4.1. Existing Building (EB)

The interwar social housing buildings in Kaisariani, Athens, constructed to ac-
commodate Asia Minor refugees, represent a modest but historically significant part
of the city’s built environment. The housing stock is largely uniform in form and size:
most blocks are three-story buildings containing six apartments each. Only two stand
out—Building C, which has twelve apartments on three levels, and Building D, which is
smaller, with two storeys and four apartments. The total floor areas of these buildings
vary between 207.40 m2 (Building D) and 469.71 m2 (Building C), while the correspond-
ing heated floor areas are consistently lower, from 181.30 m2 to 376.77 m2. Envelope
characteristics reflect early 20th-century construction practices, with the total surface of
openings ranging from 22.76 m2 to 61.89 m2. Existing openings contribute to significant
air infiltration rates of 475–887 m3/h, a clear indicator of poor airtightness, functioning
as a major source of thermal losses. Domestic hot water (DHW) demand is also notable,
ranging from 109.20 m3/year in the smaller buildings to 327.60 m3/year in the larger
ones. System capacities scale accordingly, from 16 kW to 48 kW. Despite differences
in building size and consumption levels, all buildings fall into the same categories:
automation class D and energy efficiency class G, which are low rating categories under
current standards.

4.2. Heating and Cooling Energy Demand
Comparison Among EB, RB, and the Three Scenarios

Figure 9 illustrates the heating and cooling energy demand of the Kaisariani social
housing buildings under different energy upgrade scenarios compared with the existing
building (EB) and the reference building (RB). The existing building demonstrates very
high heating demand, at 469.4 kWh/m2, reflecting the poor thermal performance of
the current envelope and systems. Scenario 1—introducing insulation and upgraded
heating and cooling—reduces demand to 134.3 kWh/m2, corresponding to a 71% re-
duction compared to the existing condition. Scenarios 2 and 3, which add further
measures such as improved window systems, solar water heating, and photovoltaics,
achieve an even greater improvement, lowering demand to 114 kWh/m2, or a 76%
reduction relative to the existing building. Although these values remain significantly
higher than the benchmark of the reference building (41.7 kWh/m2), the results un-
derscore the substantial energy-saving potential of the proposed interventions, with
scenarios 2 and 3 approaching three-quarters of the total reduction needed to align with
modern standards.
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Figure 9. Heating and cooling energy demand (kWh/m2).

4.3. Cooling Energy Demand
Comparison Among EB, RB, and the Three Scenarios

The cooling energy demand of the Kaisariani social housing buildings in their existing
state (EB), under the proposed upgrade scenarios, and against the benchmark of the ref-
erence building (RB) are also shown in Figure 9. The existing building exhibits very high
cooling demand at 82.6 kWh/m2, which reflects both inadequate envelope performance
and outdated mechanical systems. Scenario 1, incorporating insulation and upgraded
heating/cooling, reduces demand to 31.3 kWh/m2, corresponding to a 62% reduction
compared to the existing building. Scenario 2, which adds new window frames and a solar
water system, results in a slightly higher demand of 37.8 kWh/m2, equating to a 54% re-
duction, suggesting that while this intervention improves heating efficiency, it may slightly
compromise summer performance due to altered solar gains. Scenario 3, which introduces
energy-efficient glazing and photovoltaics in addition to the previous measures, achieves
the lowest cooling demand at 30.7 kWh/m2, representing a 63% reduction relative to the
existing condition. Despite these substantial improvements, all scenarios remain above the
reference building level of 19.1 kWh/m2, underscoring both the progress achieved and the
remaining gap toward optimal energy performance.

4.4. Domestic Hot Water Demand
Comparison Among EB, RB, and the Three Scenarios

Figure 10 illustrates the domestic hot water (DHW) energy demand for the existing
Kaisariani buildings, the three upgrade scenarios, and the reference building (RB). In their
current state, the buildings exhibit a DHW demand of 31.3 kWh/m2, which remains un-
changed under scenario 1, as no interventions related to water heating are included. By
contrast, scenarios 2 and 3 integrate solar water heating systems, dramatically reducing
demand to just 1.4 kWh/m2. This represents a 95% reduction compared to both the existing
building and scenario 1, and it performs significantly better than the reference building
benchmark of 14.6 kWh/m2. These results highlight the pivotal role of renewable-based
DHW systems in achieving substantial efficiency gains, demonstrating that relatively tar-
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geted interventions in water heating can achieve deeper reductions than broader envelope
or system upgrades alone.
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Figure 10. DHW energy demand: EB, RB, and the three scenarios.

4.5. Total Energy Demand
Comparison Among EB, RB, and the Three Scenarios

The existing building (EB) has the highest energy demand at 583.2 units, followed
by scenario 1 at 196.9 units, scenario 2 at 153.2 units, and the reference building (RB) at
75.3 units. Scenario 3 shows the lowest demand at 17.5 units, indicating significant energy
reduction potential in comparison to the existing building (Figure 11).
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Figure 11. Total energy demand: EB, RB (kWh/m2), and the three scenarios.

4.6. Automation Category

According to the KENAK framework, the automation category reflects the degree
of control and monitoring of a building’s energy systems. In all three retrofit scenarios
for the Kaisariani social housing complex, the automation category improves from D
to C, indicating a shift from minimal or manual operation to a more coordinated, semi-
automated management of energy functions. This upgrade results from the installation
of modern HVAC systems, central heat pumps, and renewable energy technologies that
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enable better regulation of indoor comfort conditions and energy use. Under KENAK
classification, category C represents buildings equipped with automated control of heating,
cooling, and domestic hot water systems, allowing for improved energy performance,
reduced operational losses, and enhanced occupant comfort—marking a crucial step toward
compliance with contemporary energy efficiency standards.

4.7. Reduction in Primary Energy Demand (% and kWh/m2)
Comparison Among the Three Scenarios

As presented in Figure 12, the percentage of the reduction in primary energy demand
varies from 66.2% in scenario 1 to 97% observed in scenario 3. In between, scenario 2 is
found with a significant reduction percentage of 73.7%. These percentages correspond to
kWh/m2 reductions at 386.3 in scenario 1, 439 in scenario 2, and 565.7 in scenario 3 (see
Figure 12). Undoubtedly, scenario 3 is regarded as the most efficient in terms of reduction
in primary energy demand as it achieves the best possible outcome.
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Figure 12. Reduction in primary energy demand in (kWh/m2), and reduction percentages.

4.8. Reduction of CO2 Emissions
Comparison Among the Three Scenarios

Figure 13 illustrates the reduction of CO2 emissions under the three scenarios, each
reflecting a different combination of energy efficiency measures. Scenario 1, which
includes thermal insulation of the building envelope, upgraded heating with central heat
pumps, and upgraded cooling with new air-conditioning units, achieves a reduction of
131.9 units. Scenario 2 adds the replacement of window frames and the installation of
a solar water system for domestic hot water to the measures of scenario 1, increasing
the reduction to 155.7 units. Scenario 3 further enhances the package by incorporat-
ing energy-efficient windows, a solar water system, and photovoltaics, resulting in
the highest reduction of 184.3 units. The results demonstrate that more comprehen-
sive interventions, particularly those integrating renewable energy technologies, yield
greater reductions in CO2 emissions. However, the progressive improvements also
suggest that the most significant gains may come with higher upfront costs and technical
complexity, raising questions about the balance between feasibility, affordability, and
environmental benefit.
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4.9. Economic Dimensions of the Suggested Scenarios

The three scenarios differ not only in their capacity to reduce CO2 emissions but
also in their economic implications. Scenario 1, focused on thermal insulation and the
upgrading of heating and cooling systems, represents the least costly intervention, with
an initial investment of EUR 520,568 (Figure 14). While it delivers the lowest emission re-
duction (131.9 units), its lower financial requirement makes it a relatively accessible option.
Scenario 2, which adds window replacement and a solar water system for domestic hot
water, increases the investment to EUR 721,276 but achieves a higher emission reduction
of 155.7 units, suggesting an improved balance between cost and environmental perfor-
mance (Figure 13). Scenario 3, incorporating energy-efficient windows and photovoltaics,
demands the highest capital expenditure of EUR 869,276 yet results in the largest emission
reduction of 184.3 units. Overall, the results highlight a clear trade-off: higher upfront
investments are associated with greater reductions in CO2 emissions, underscoring the
importance of considering payback periods, long-term energy savings, and supportive
financial mechanisms when evaluating the feasibility of each scenario. To be more specific,
the repayment period for scenario 1 is 8.3 years, for scenario 2 it is 9.8 years, and for scenario
3 three the repayment period is 10 years (Figure 14).
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Figure 14. The initial investment cost in euros, repayment period in years, and trendlines.
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The linear trendline for investment represented by the blue dotted line in Figure 14
shows how the initial investment cost increases between the three retrofit scenarios, in-
dicating a steady and proportional rise in investment. Accordingly, the linear trendline
for payback period in years, represented by the orange dotted line, indicates that more
expensive scenarios (2 and 3) take more time to recover the investment through cost savings.
The payback period also follows a positive linear trend, though less steeply. Even though
scenario 3 is the most expensive, its financial performance remains relatively stable, with
only a modest increase in payback time.

The three scenarios show progressive financial scaling: higher investment yields
improved or enhanced system performance, while maintaining a manageable and nearly
proportional repayment period, indicating economically reasonable progression between
the three retrofit scenarios.

Regarding the operational costs (Figure 15), the existing building reaches the highest
value of 98,634.1 euros, which is far more expensive compared to scenario 1 (36,220.8 euros).
Scenarios 2 and three perform better in terms of operational costs, with values ranging
from 24,939.8 euros to 11,412.2 euros, showing the long-term benefits of a targeted energy
upgrade in social housing accommodation. It is important to note that scenario 3 outper-
forms the reference building, whose operational costs are estimated at 20,162.8 euros, a
value similar to the costs of scenario 2.
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Figure 15. Operational costs in euros, EB, RB and the three scenarios in EUR.

5. Discussion

5.1. Discussion of Findings from the Bibliometric Analysis

The bibliometric analysis of keywords revealed dominant terms represented as nodes
of bigger diameter, which include “energy efficiency”, “mediterranean climate”, “housing”,
“thermal comfort” and “retrofitting”. Those red-colored keywords belong in the primary
thematic area. The network visualization map shows the prominence of Spain, Cyprus,
Italy and southern European countries as pioneers in the literature activity. Emerging
research trends are also revealed: The keywords “monitoring”, “occupant behavior”, and
“thermal comfort” seem to indicate a transition towards data-driven retrofit frameworks.

Recent research on social housing across Europe shows that many older buildings
still struggle with poor indoor conditions, high energy demand and rising vulnerability
to energy poverty. Studies from Spain and Italy reveal that even modest retrofit measures
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can noticeably improve comfort and reduce heating needs. At the same time, the lack of
reliable data on how residents use their homes remains a major barrier, making continuous
monitoring essential for shaping more realistic energy strategies [84].

Recent work highlights how important it is to monitor real indoor conditions and
everyday user behavior before planning renovations in social housing. In southern Euro-
pean cities, simple passive measures and small renewable additions can significantly lower
energy needs and ease energy poverty [85].

Green circles (nodes) indicate specialized topics such as “building energy simulation”,
“sustainable development”, “life cycle”, and “residential buildings”. Those green nodes
(circles of smaller diameter) are linked to the dominant nodes but represent subfields of
research. Lighter-colored and smaller-sized circles represent distinct subfields which are
also connected to each other and to the core (red) nodes, such as “zero energy buildings”,
“thermal insulation”, and “building envelopes”.

Keywords positioned around the dominant ones demonstrate their limited integration
with the core keywords (red nodes), which may lead us to conclude their limited integration
in the red nodes and, consequently, to a research gap: the clusters addressing heritage
building retrofits and those concentrating on social housing and occupant behavior are
clearly separated, with limited direct interaction. The above limitation indicates a research
gap in the recent literature activity and more specifically in the studies relating to historical
housing preservation and energy-efficient retrofitting within the Mediterranean area.

An overall pattern may be distinguished for the five clusters generated by the cluster
analysis: Clusters 1–3 include technical and design-focused keywords, such as simulation,
optimization, retrofitting, and thermal performance. Cluster 4 includes keywords related
to policy, housing, and monitoring aspects. Finally, Cluster 5 includes keywords focused
on strategy and decision-making.

5.2. Discussion of Findings from the Buildings Energy Performance Analysis and Retrofit Scenarios

The findings of this study demonstrate that historic social housing in Mediterranean
climates can achieve substantial energy efficiency improvements while preserving ar-
chitectural and cultural heritage through carefully designed, minimally invasive and
conservation-compatible interventions (RQ1). The proposed methodological framework,
which integrates historical analysis, technical assessment, and scenario-based energy evalu-
ation, proves effective for systematically assessing retrofit options, aligning them with both
KENAK standards and heritage preservation principles (RQ2). Applied to the Kaisariani
social housing complex, the framework highlights the feasibility of achieving up to a 97%
reduction in primary energy demand and a 63–76% reduction in heating and cooling loads,
even in deteriorated interwar masonry structures. In addition to the technical assessment,
the analysis takes into account the specific climatic context of Athens, which plays a de-
cisive role in the performance of retrofit measures. The city is classified as Climate Zone
B under the Greek KENAK, characterized by hot–dry summers, mild winters, and high
solar radiation levels typical of Mediterranean environments. These climatic parameters
directly influence both the heating and cooling demands of the Kaisariani housing complex.
The relatively mild winter conditions contribute to moderate heating loads, while intense
summer solar gains increase the importance of shading, glazing performance, and natural
ventilation. For instance, in scenario 2, the introduction of new window frames with higher
solar transmittance slightly increased cooling loads despite improving overall insulation
performance—demonstrating the need to balance energy efficiency interventions with
climatic responsiveness.
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Among the three retrofit scenarios examined, the third scenario—combining ther-
mal insulation, efficient HVAC systems, renewable domestic hot water, and photovoltaic
installations—emerges as the optimal solution, offering the best balance between cost effec-
tiveness, CO2 reduction, and preservation of cultural identity (RQ3). While deeper interven-
tions entail higher initial investments and slightly longer payback periods (8.3–10 years),
their long-term operational savings and environmental benefits justify the cost, particularly
when paired with supportive funding schemes.

This study aligns with contemporary approaches that balance heritage conservation
with energy performance, cost efficiency, and user comfort. At the neighborhood and
district scales, such methods group buildings by typology and protection level, test retrofit
packages, and deploy representative strategies consistent with established conservation
frameworks [86]. Stock-level archetypes, combined with scenario-based restriction levels,
enable the translation of qualitative heritage constraints into quantitative optimization
and life-cycle cost analyses. Life-cycle assessments further reveal embodied–operational
trade-offs, often supporting preservation through selective, low-footprint insulation and
microclimate measures rather than demolition—particularly relevant in cooling-dominated
contexts [87]. Procedural tools and governance instruments are evolving in parallel, as
relevant studies indicate that reforms to energy performance certification processes in
multi-owner historic buildings can mitigate heritage risks and better align retrofit recom-
mendations with occupant needs and objectives [88]. As with the Spanish experience,
where municipal “image vulnerability” classifications have guided energy retrofits in post-
war housing without precluding aesthetic or heritage upgrades, the case of Kaisariani,
Athens, illustrates how façade and envelope transformations can be regulated to balance
energy efficiency with the recovery of character-defining features. This approach enables
coordinated interventions across neighborhood, building, and dwelling scales, ensuring
that energy performance improvements also reinforce local identity and social value [89].
Meta-reviews of sustainability rating systems highlight the need for indicator sets that
balance environmental, economic, and social dimensions while adapting assessment crite-
ria to heritage-specific constraints—an agenda that supports greater standardization and
comparability across cities and building archetypes. The Kaisariani case contributes to this
discourse by illustrating how such balanced frameworks can be contextualized within ur-
ban fabrics, aligning sustainability goals with cultural and social values rooted in collective
housing heritage [90]. Together, these strands reinforce both the conceptual legitimacy and
the practical capacity to integrate historic social housing into comparative studies of urban
quality, regeneration, and climate adaptation—particularly in Mediterranean contexts,
where selective envelope upgrades, shading interventions, ventilation preservation, and
open-space microclimate strategies emerge as priority, with heritage-compatible levers for
sustainable transformation [91].

Building on previous research into the energy retrofit of historic and social hous-
ing, this study proposes an integrated methodological framework that connects energy
performance evaluation, cultural heritage assessment, and socio-spatial context analy-
sis. The approach combines bibliometric evidence with scenario-based modeling aligned
with both EN 16883:2017 and KENAK, offering a transferable decision-support tool for
Mediterranean municipalities.

Applied to the Kaisariani Asia Minor refugee complex—a historically and socially
significant ensemble—the framework demonstrates how energy retrofitting can extend
beyond technical and economic goals to serve as a catalyst for cultural sustainability. The
Kaisariani pilot shows that conservation-aligned retrofit strategies can enhance living condi-
tions, reduce energy poverty, and strengthen community resilience without compromising
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authenticity. In this way, it provides a transferable model for Mediterranean cities, illustrat-
ing how aging social housing can evolve into sustainable, nearly zero-energy environments
while preserving historical and social values. More broadly, the study contributes to ex-
panding the discourse on energy-efficient retrofitting from isolated building optimization
toward the urban, cultural, and policy dimensions of sustainability, bridging the gap be-
tween heritage conservation, social equity, and climate adaptation. The representativeness
of the Kaisariani case and the scalability of the proposed framework are underscored by its
alignment with broader Mediterranean patterns of historic social housing. The complex
reflects common features of early twentieth-century refugee and social housing—masonry
construction, limited thermal protection, and culturally significant architectural elements—
found across Spain, Italy, Portugal, and other southern European contexts. Evidence from
comparable retrofit initiatives, such as the MedZEB project in Lisbon and the upgrading of
post-war estates in Barcelona, further supports the transferability of this study’s approach.
These parallels demonstrate that the methodological structure developed in this study is
well suited for application to similar housing typologies with analogous climatic condi-
tions, construction systems, and heritage constraints, offering a strong basis for regional
adaptation and wider implementation [90–92].

6. Conclusions

This study has explored how historic social housing in Mediterranean climates can be
effectively upgraded to meet contemporary energy performance standards while maintain-
ing their architectural integrity. The research confirms that deep energy retrofitting and
heritage preservation are not mutually exclusive, but can be successfully integrated through
a structured, conservation-compatible framework (RQ1). The results demonstrate that
substantial energy savings and emission reductions can be achieved in aging, historically
significant housing stock through targeted, minimally invasive interventions (RQ2). By
combining thermal insulation, high-efficiency HVAC systems, renewable domestic hot
water systems, and photovoltaic installations, the most comprehensive retrofit scenario
achieved a 97% reduction in primary energy demand, alongside significant decreases in
heating and cooling loads (63–76%) and CO2 emissions (RQ3). The comparative analy-
sis of retrofit scenarios highlights that while more extensive interventions require higher
initial investment, their long-term benefits—reflected in energy savings, operational cost
reductions, and emission cuts—justify their adoption. The payback period of around ten
years underlines their practical feasibility, especially when integrated into broader funding
frameworks for social or public housing regeneration.

A limitation of the present study is the absence of a detailed analysis of thermal com-
fort conditions. Although the research concentrated on improving the energy performance
of historic social housing through conservation-compatible interventions, the evaluation
of indoor comfort parameters was beyond its scope. Given that thermal comfort directly
influences occupants’ health, well-being, and the overall effectiveness of retrofit measures,
future research should incorporate both simulated and user-based comfort assessments. In
particular, the integration of indoor thermal comfort simulations would enhance the current
findings by providing a more complete understanding of how retrofit scenarios affect indoor
environmental quality. Such analyses would contribute to the development of more holistic,
socially responsive, and user-centered retrofit strategies for Mediterranean historic housing.

Beyond technical outcomes, the research developed and validated a methodological frame-
work that integrates historical, technical, and environmental assessment tools to guide decision-
making in similar contexts. This framework offers a practical pathway for public authorities,
engineers, and conservation professionals to balance environmental performance, cultural
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values, and economic feasibility in the renovation of historic urban housing. The approach en-
sures compliance with both the Greek KENAK and the European EN 16883:2017 standard [75],
bridging the gap between climate policy goals and heritage conservation principles.

The broader significance and purpose of this work extend beyond a single case study. The
Kaisariani pilot demonstrates that energy retrofitting can serve as a strategic tool for sustainable
urban regeneration, simultaneously addressing environmental, social, and cultural dimensions.
It promotes improved living conditions, mitigates energy poverty, and reinforces the collective
identity of historically significant communities. Furthermore, the proposed framework is
applicable to similar housing typologies across Greece and southern Europe, where interwar
and post-war social housing estates share comparable climatic, architectural, and socio-economic
conditions. Similar challenges related to aging social housing, poor energy performance, and
heritage preservation are widely observed across Mediterranean Europe, underscoring the
broader relevance of the issues addressed in this study. Evidence from retrofit initiatives in
countries such as Spain, Italy, and Portugal confirms that these concerns are not unique to
Kaisariani, reinforcing the applicability of the proposed framework to comparable contexts
across the region. Applying this model could support the design of context-sensitive retrofit
strategies that align climate neutrality targets with architectural preservation.

The proposed retrofit framework demonstrated outstanding quantitative results,
achieving up to a 97% reduction in primary energy demand, 63–76% decreases in heating
and cooling loads, and an estimated payback period of approximately ten years, confirming
both its technical and economic feasibility. Beyond the Kaisariani case, the methodology
shows strong replicability potential for other Mediterranean historic or social housing
complexes, particularly those sharing comparable climatic conditions, masonry construc-
tion typologies, and heritage preservation constraints. From a policy perspective, the
framework provides a strategic tool for local authorities and urban planners, enabling the
integration of energy-efficient retrofitting within municipal regeneration programs and
EU-funded renovation initiatives. In a broader sense, the study contributes to climate
neutrality objectives while reinforcing cultural continuity and social cohesion, demonstrat-
ing that sustainable energy transitions can coexist harmoniously with the preservation of
architectural identity and collective memory in Mediterranean cities.
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Abbreviations—Nomenclature Section

The following abbreviations are used in this manuscript:

RB Reference building
EB Existent building
LED Light-emitting diode
PV Photovoltaics
HVAC Heating, ventilation, and air conditioning
TIBE Thermal insulation of the building envelope
Tws Total wall surface
Tos Total openings’ surface
Tfa Total floor area

WCUS
Unheated spaces refer to common spaces within the buildings, such as corridors,
building stairs, and storage areas

ROI Return-on-investment
EPBD Energy Performance of Buildings Directive
VOS Visualization of similarities
TCG Technical Chamber of Greece
DHW Domestic hot water
RESs Renewable energy sources
CHP Combined heat and power

U

Thermal transmittance (W/m2K),
ACH (air changes per hour)
U-values express the amount of heat that passes through 1 m2 of wall for every 1 K
temperature; better thermal insulation material properties are expressed with lower
U-values

COP Coefficient of performance
EER Energy efficiency ratio

Appendix A. Keywords Included in Each One of the Five Clusters

Table A1. Table of keywords by cluster.

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

building,
buildings

climate change
computer simulation

cooling
energy demand,
energy demands

energy management
energy savings

heating
historic building

Italy
Mediterranean climate,

Mediterranean
environment,

Mediterranean region
numerical model

optimization
performance assessment

residential energy
simulation

southern Europe

architectural design
building energy

performance
building energy simulation
building energy simulation

carbon dioxide
climate models

energy
energy simulation

energy consumption
environmental impact

gas emissions
greenhouse gases

house
HVAC

life cycle
residential building
residential buildings

sustainable development
zero energy building

air conditioning
building envelope
building retrofits

climate
cost effectiveness

energy conservation
energy retrofit
energy saving

historic buildings
indoor thermal comfort

insulation
residential clean times

occupant behavior
retrofitting

thermal insulation
thermal performance

ventilation

air quality,
cooling systems,

energy consumption,
energy performance,

energy policy,
energy use,

housing,
housing stock,

monitoring,
social housing,

thermal comfort

Decision-
making
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Appendix B. Area Calculation-Floor Area

For the accurate calculation of the areas of the structural elements, the building facades
were redesigned in CAD software for the most accurate and direct calculation of the areas.
The total floor area includes the surface of each level in external measurements (external
walls included). The surface of the windows (openings are deducted).

The area occupied by the building’s load-bearing structure (conventional method
of calculating the area occupied by the building’s load-bearing structure as a percentage
of its facade area in cases where it is not possible to record the load-bearing structure)
was calculated according to T.O.T.E.E. 20701-1/2017. A total of 20% was selected as the
percentage of reinforced concrete for the buildings, for which a permit was issued before
1980, and there are up to two floors and 18% for buildings constructed from 1980–1999.

Table A2. Surface area calculation by percentage in façade area.

Number of Floors Up to 2 2 < Floors < 5 5 or More

Before 1980 15% 20% 23%

1980 to 1999 18% 23% 28%

Appendix C. Automatic Control Devices: Impact of Automatic Control
Devices on Energy Consumption

The use of automatic control and regulation devices significantly reduces energy
consumption across various end uses such as heating, cooling, air conditioning, and
lighting. When systems are equipped with either central or local automatic controls, the
energy required to meet specific functional loads is notably decreased.

The EN 15232:2007 [93] standard categorizes building automation and control systems
into four efficiency classes—A, B, C, and D [2]:

• Class D (lowest efficiency): Manual control of terminal units and distribution networks,
and absence of room thermostats.

• Class A (highest efficiency): Automatic, independent control of terminal unit oper-
ation per zone or functional space, which includes the use of thermostats and/or
thermostatic valves in each space, as well as ON/OFF control per zone.

In order to assess the energy efficiency of the building and issue an energy certificate,
the calculations take into account the photovoltaic (PV) systems installed to cover all or
part of its electricity needs (with or without offsetting the energy produced by the PV with
the electricity consumed—NET METERING) and not for the production of electricity fed
into the grid (sold to the electricity supplier), which is not offset against own consumption.

Appendix D

Table A3. Typical U-Values according to TOTEE 20701-2/2010.

Construction Type Wall Exposure
With no Thermal

Insulation (W/m2K)

With Insufficient
Thermal Insulation

(W/m2K)

With Adequate
Insulation
(W/m2K)

Reinforced concrete
(unplastered) Exposed to air 3.65 2.75 0.60–0.80

Reinforced concrete
with plaster (both sides) Exposed to air 3.40 2.60 0.50–0.70
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Table A3. Cont.

Construction Type Wall Exposure
With no Thermal

Insulation (W/m2K)

With Insufficient
Thermal Insulation

(W/m2K)

With Adequate
Insulation
(W/m2K)

Brick masonry (25 cm +
plaster both sides) Exposed to air 1.70 1.20 0.45–0.60

Double brick wall with
air gap and insulation Exposed to air 1.20 0.90 0.40–0.50

Wall adjacent to
unheated space — Multiply by 0.50–0.70

correction factor — —

Appendix E. Hours of Operation—Building Operating Period

For the section on hours of operation and building operating period, T.O.T.E.E. 20701-
1/2017 was used (standard building operating hours per use), with the basic building
category being housing and the use of buildings in thermal zones being primary resi-
dence building (more than one apartment). With the two options from above, we have
the following:

• Hours of operation: 18;
• Days of operation per week: 7;
• Period of operation in months: 12.

Appendix F

Table A4. DHW consumption for residential buildings.

Building Use or Thermal Zone
Daily DHW Consumption

[�/Person/Day]
Annual DHW Consumption

Per Bedroom [m3/Bedroom/Year]

apartment building 50 27.38
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89. Ulu, M.; Durmuş Arsan, Z. Retrofit Strategies for Energy Efficiency of Historic Urban Fabric in Mediterranean Climate. Atmosphere
2020, 11, 742. [CrossRef]

90. Padula, M.; Picenni, F.; Malvezzi, R.; Laghi, L.; Lissén, J.M.S.; Flor, F.J.S.; Mateo-Cecilia, C.; Soto-Francés, L.; Assimakopoulos,
M.-N.; Karlessi, T. MedZEB: A New Holistic Approach for the Deep Energy Retrofitting of Residential Buildings. TECHNE-J.
Technol. Archit. Environ. 2018, 1, 127–133. [CrossRef]

91. Gomez, C.D.; Mira, P.J.R.; Almirall, P.G.; Bardon, C.C.; Grau, S.V. Refurbishment in Large Housing Estates: A Review on
Restructuring and Upgrade. Procedia Eng. 2016, 161, 1932–1938. [CrossRef]

92. Museu d’historia de Bascelona (MUHBA). Barcelona 20th Cent, Housing Newspaper. 2022. Available online: https://www.
barcelona.cat/museuhistoria/en/formats-and-activities/llibrets-de-sala/housing-newspaper-20th-century-barcelona (accessed
on 18 October 2025).

93. EN 15232:2007; Energy Performance of Buildings—Impact of Building Automation, Controls and Building Management. CEN:
Brussels, Belgium, 2007.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

86



Article

Energy Sustainability of Urban Areas by Green Systems:
Applied Thermodynamic Entropy and Strategic Modeling Means

Carla Balocco 1,*, Giacomo Pierucci 1, Michele Baia 1, Costanza Borghi 2, Saverio Francini 3, Gherardo Chirici 2 and

Stefano Mancuso 2

1 Department of Architecture, University of Florence, Via della Mattonaia 8, 50121 Florence, Italy;
giacomo.pierucci@unifi.it (G.P.); michele.baia@unifi.it (M.B.)

2 Department of Agricultural, Food, Environmental and Forestry Sciences and Technologies, University of
Florence, Piazzale delle Cascine 18, 50144 Florence, Italy; costanza.borghi@unifi.it (C.B.);
gherardo.chirici@unifi.it (G.C.); stefano.mancuso@unifi.it (S.M.)

3 Department of Agricultural and Food Sciences, University of Bologna, Viale Fanin 50, 40127 Bologna, Italy;
saverio.francini@unifi.it

* Correspondence: carla.balocco@unifi.it

Abstract: Global warming, anthropogenic pressure, and urban expansion at the expense
of green spaces are leading to an increase in the incidence of urban heat islands, creating
discomfort and health issue for citizens. This present research aimed at quantifying the
impact of nature-based solutions to support decision-making processes in sustainable
energy action plans. A simple method is provided, linking applied thermodynamics to
physics-informed modeling of urban built-up and green areas, high-resolution climate
models at urban scale, greenery modeling, spatial georeferencing techniques for energy,
and entropy exchanges evaluation in urban built-up areas, with and without vegetation.
This allows the outdoor climate conditions and thermo-hygrometric well-being to improve,
reducing the workload of cooling plant-systems in buildings and entropy flux to the
environment. The finalization and post-processing of obtained results allows the definition
of entropy footprints. The main findings show a decrease in greenery’s contribution for
different scenarios, referring to a different climatological dataset, but an increase in entropy
that becomes higher for the scenario with higher emissions. The comparison between
the entropy footprint values for different urban zones can be a useful support to public
administrations, stakeholders, and local governments for planning proactive resilient cities
and anthropogenic impact reduction and climate change mitigation.

Keywords: thermodynamics; entropy footprint; climate responsive urban areas; greenery
thermodynamic modelling; urban heat islands mitigation; climate change adaptation

1. Introduction

Sustainability is a very broad and complex concept in the current climate change and
global warming situation [1–8].

In the urban context, the concept of sustainability implies that urban areas should be
considered open thermodynamic systems, thus requiring physical definition of entropy,
which some of the literature has interpreted based on the connections between entropy and
irreversibility [9].

From literature studies comparison, it is deduced that different applications of entropy to
urban systems can generate misunderstanding, especially if applied to bioenergetics, ecology,
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and evolutionary biology [10–13]. Nevertheless, with the Second Law of Thermodynamics,
strong physical approaches can be formulated, at large and small scales, and crucial insights
into the sustainability and efficiency of urban processes can be drawn. In detail, statistical
entropy, including Shannon’s diversity, and informational entropy have been applied to
generally describe diversity, heterogeneity, and spatial patterning of biological systems [14].

While some research studies are oriented towards the study of entropy flows as indicators
of urban ecosystems’ integrity [15], others aim to apply thermodynamics entropy to the
environment [16], often combining GIS and remote sensing techniques [17]. For instance,
there are several literature studies on entropy assessment at large and small scales [18–25],
using spatial quantitative–qualitative analyses, implementing GIS, Spearman correlation
models, and fractal models. The “low-entropy city” has been explored by considering the role
of urban green infrastructure [26–29], also referring to Prigogine and Stengers [30] and, for
the Italian context, to [31]. Recent research has used information entropy, highlighting that the
higher the value of information entropy, the more diverse the land use functions [32].

Similarly, a recent study has highlighted that urban microclimate models can play
an important role for sustainability, management of energy sources, urban design, and
urban heat island (UHIs) control [33]. Here, the Shannon entropy coefficient has been
used to study spatial and temporal entropy connected to the effective temperature index
(ET) [34]. Furthermore, the urban entropy patterns [35] and Entropy Life Cycle Assessment
have been applied as a screening tool for ecological footprint [36]. In this context, accurate
urban-scale modeling, for energy and entropy analyses, requires high-resolution spatial
data (on the order of kilometers) to incorporate orographic effects and reliably represent
anthropogenic emission sources [37–39].

Moreover, comparisons of climatic historical data with high-resolution climate mod-
els (i.e., the so-called Convection Permitting regional Models, CPMs) to obtain results
applicable to future scenarios and quantify impacts across different projections are neces-
sary [40–45] to study entropy dynamics. In fact, CPMs, derived from downscaling regional
climate models [37,38], allow more accurate simulations of energy balance, providing
detailed information on the statistics and return periods of extreme events.

In this literature background, our method fills the literature’s lack of physics-
thermodynamics-informed modeling for the entropy assessment of urban areas. Starting
from the physics of the built urban system, through the application of the Laws of Ther-
modynamics, develops a simple, easy-to-implement method useful for quantifying, via
georeferenced modeling, entropy flows at transient conditions and entropic impacts of
built-up urban areas, evaluating the effects of greenery to counteract climate change. This
approach aligns with the IPCC (2025) [46] issues.

The method is based on a simplified and easy-to-implement model (without the need
for large amounts of measured/detected data or obtained from the literature evidence
and/or specific data sources). Entropy is the physical quantity that can be used to define the
anthropic weight within the evolution of physical phenomena (i.e., heat exchanges at urban
scale). The city is one of the contexts in which the environment is most forced by human
action from morphology (relationship between built-up and green spaces) and energy use
point of view. Therefore, the entropy variation (with and without greenery) can provide a
measure of sustainable scenarios, considering the future trends of global warming.

The method provides fundamental indicators, i.e., the entropy footprints, and enables
spatial assessment of energy use and entropy fluxes and environmental stress, distinguish-
ing high-impact zones where an increase in greenery and climate adaptation strategies are
most urgent. By applying entropy footprints analysis, it is possible to find out effective

88



Atmosphere 2025, 16, 975

solutions for urban design, orienting policies and social action towards resilience and
sustainability transitions and energy planning for mitigation of UHIs.

2. Materials and Methods

Energy and entropy analyses of the urban system are implemented by means of the
First and Second Law of Thermodynamics application for two conditions, i.e., with and
without greenery areas.

The proposed approach integrates simplified model of greenery and a building system to
compute leaf surface temperatures, thermal energy exchanges, and entropy balance evaluations
of any urban area. We use the by now common term “sustainability” to mean low environmental
impact, energy quality, and durability [39,47]. So, the production of entropy is related to energy
flows, thermal exchanges, and not to material waste or pollution. Therefore, the entropy
“discharged” into the surrounding environment is read as waste heat only. Referring to [39,47],
we start from the concept that real sustainability can only be obtained if total irreversible entropy
flux, due to anthropogenic weight, is lower than the entropy flux from the Sun.

After an introduction to the general theoretical framework (Section 2.1), Section 2.2
briefly shows and discuss how to organize the climate database and the classification of
urban green spaces, which are necessary inputs to identify and estimate all the model
parameters, applied at the case study of a Florentine area in Italy (Section 2.3).

The process and method implementation are provided in the flowchart of Figure 1
and cited as a reference.

Figure 1. Flowchart of the process and method implementation.
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2.1. Theoretical Framework

This study introduces a thermodynamics-informed entropy footprint method to quan-
tify entropy exchanges in urban systems. The urban environment, conceptualized as
an open thermodynamic system, is analyzed under two conditions—with and without
greenery—through the application of the First and Second Laws of Thermodynamics. The
energy balance is applied initially to buildings, and subsequently to the vegetation cover-
age, treating the leaf surface as continuous, homogeneous, and isotropic. This simplification
enables the estimation of the leaf surface temperature and the resulting heat exchange with
the environment—via latent and sensible heat—while neglecting physiological and soil
interactions, i.e., disregarding the morphology, the physiological and water processes, of
plant and leaves, with the soil and the atmosphere (point 4 of the flowchart in Figure 1).

The energy balance at steady-state conditions is described by governing equations
applied to the composed system vegetation-air-building. The Second Law of Thermo-
dynamics allows us to compute entropy variations resulting from the building’s heat
exchange and solar energy gains, as shown in the flowchart (branches 5–6 of Figure 1).
Energy balance at the leaf surface is based on the method proposed in [48], which combine
contributions of solar radiation, infrared emission, convection and evapotranspiration:

GHI·αl = ε l ·σ·(Tl + 273)4 + k1

(
vw

Dl

)0.5

(Tl − Ta) + Ll

⎛
⎝ ρvl − RHaρva

rl + k2
D0.3

l W0.2
l

vw0.5

⎞
⎠ (1)

GHI is the global horizontal solar radiation on a specific site [W/m2], Tl and Ta are,
respectively, the surface temperature of the leaves and the ambient temperature [◦C]; vw

is the wind velocity [m/s] and RHa is the relative humidity of the air [-]. σ is the Stefan–
Boltzmann constant [5.67 × 10−8 W/m2 K4]. Parameters such as absorption coefficient αl

[-], emissivity εl [-] and evaporation resistance of leaves rl [s/m], latent heat of vaporization
Ll [kg/m3], vapor density at the surface leaves’ temperature (ρvl) and at the ambient
temperature (ρva) [kg/m3], the characteristic dimension of leaves, in the direction transverse
(Wl) and parallel (Dl) [m] to the wind, and empirical coefficients k1 [J m−2 s−1/2 ◦C−1)] and
k2 [s1/2 m−1] are taken from the literature experimental evidence [48].

Starting from the knowledge of the leaves’ surface temperature, the green coverage is
considered as an infinitely extended flat surface neglecting its thickness.

Therefore, the simplified energy balance in absence and presence of green cover-
age is expressed by the following equations (from Equations (2)–(5)). In particular, in
Equations (2) and (3), the quantity of heat released into the air under the green coverage is
considered. In Equations (4) and (5), the same quantity is described without greenery.

In the absence of green cover:

αaGHI + hg(Tg − Ta−g) + εe f f ectiveσ
(

T4
g − T4

a−g

)
− mcp

(
Ta−g − Ta

)
= 0 (2)

(1 − αa)αgGHI − hg(Tg − Ta−g)− εe f f ectiveσ
(

T4
g − T4

a−g

)
= 0 (3)

In the presence of the green coverage:

εe f f ectiveσ
(

T4
l − T4

a−g

)
− hg(T a−g − Tg

)
+ hl(Tl − Ta−g)− mcp

(
Ta−g − Ta

)
= 0 (4)

εe f f ectiveσ
(

T4
l − T4

g

)
+ hs(Ta−g − Tg) + εe f f ectiveσ

(
Ta−g − Tg

)
= 0 (5)
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with
m = vwρa (6)

The meaning of the physical parameters used is αa air adsorption coefficient, assumed
0.2 [48] in the visible range, while in the infrared wavelength range is taken equal to the
emissivity εa 0.9; hs is the heat transfer coefficient by convection between the ground and
the air above [W/m2 ◦C] (calculated through dimensionless numbers and their connected
empirical correlations); Tg is the ground surface temperature [◦C]; Ta − g is the air tempera-
ture above the ground [◦C]; εe f f ective is the effective emissivity between two bodies/surfaces

as a function of the emissivity of each: εe f f ective =
(

1
ε1

+ 1
ε2

− 1
)−1

(e.g., for radiative heat
exchange between the ground and the air above it, ε1 and ε2 are referred to them; εe f f ective

is different for each term); m is the air flow rate on the considered surface as a function
of wind velocity [kg/s m2]; ρa is the air density at ambient temperature [kg/m3]; Ta is
the air temperature according to climate data [◦C]; αg is the ground adsorption coefficient
[-] (e.g., 0.85 for asphalt, and the same value is used for emissivity εg [48]); and Tl is the
leaves’ surface temperature [◦C] from Equation (1); hl is the heat transfer coefficient by
convection between the leaves and air below [W/m2K] (for natural convection as a function
of dimensionless numbers and connected correlations [49]).

The balances iteratively solved allow for determining the air temperature, affected by
the presence of green cover, and the sunny ground without greenery, replacing, respectively,
Te and Te−G of Equations (7) and (8). For this computation the overall average over summer
hours of all the parameters must be considered. Due to the boundary conditions of
central hours of some summer days, the leaf temperature can be lower than that one
of the surrounding environment. Taking into account this phenomena, the outside air
temperature values tend to decrease. The heat exchange of the building (branch 5 of the
flowchart in Figure 1) in the absence (Qb) and presence of greenery (Qb−G), can be calculated
as follows:

Qb = U Ab(Te − Ti) (7)

Qb−G = U Ab(Te−G − Ti) (8)

where Te is the external air temperature without the green covering, Te−G is the external air
temperature with greenery and Ti the internal design temperature of the building (28 ◦C) in
compliance with [50,51], Ab is the total dispersing surface and U the overall heat exchange
coefficient that depends on the type of construction and average age of each building
provided in [52]. In particular, the overall heat transfer coefficient U is related to the type of
construction and materials used, which depend on the building’s age. It significantly affects
the amount of heat exchanged between the building and environment, mutual radiative
heat exchange, increasing the overall entropy.

Considering the most significant climatic condition, i.e., summer, the total heat transfer
occurs from the external environment to the internal one of building. Assuming a seasonal
coefficient of performance of 2.7 (SCOP) the heat released to the external environment via a
cooling system can be calculated in the absence and presence of greenery (Equations (9)
and (10)), from the First Law of Thermodynamics:

Qb_rel = Qb
(1 + SCOP)

SCOP
(9)

Qb−G_rel = Qb−G
(1 + SCOP)

SCOP
(10)
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Referring to the Second Law of Thermodynamics (branch 6 of the flowchart in Figure 1),
the entropy variation [J/K] of a building at real environmental conditions, in the absence
and presence of greenery, can be calculated with the following equations:

ΔSb = Qb_rel

(
1
Te

)
(11)

ΔSb−G = Qb−G_rel

(
1

Te−G

)
(12)

with Te and Te−G in Kelvin.
Using temperatures Te, Te−G, and QSun (i.e., horizontal global solar radiation), Aurban is

the total surface and αm the mean absorption coefficient of the urban area (the latter is usu-
ally 0.6); the Sun entropy that naturally exists can be assessed by Equations (13) and (14):

ΔSSun, e = αm Aurban

(
QSun

Te

)
(13)

ΔSSun, e−G = αm Aurban

(
QSun
Te−G

)
(14)

Applying the Second Law of Thermodynamics, two entropy footprints (hereinafter
referred to ef and ef *) can be calculated. ef and ef * are, respectively, the entropy weight of
the urban built-up area in the absence and presence of greenery. They are expressed by
the ratio between the entropy variation in buildings and the entropy variation due to the
solar energy gain of the area. They provide a measure of the irreversibility produced in the
environment and are calculated as follows:

e f =
ΔSb

ΔSSun, e
(15)

e f ∗ = ΔSb−G
ΔSSun, e−G

(16)

Finally, a new irreversibility indicator can be defined by the ratio between ef and ef *.
This ratio expresses the building’s entropy contribution when greenery is present compared
to that generated in the absence of greenery.

2.2. Modeling Approach, Data Sources, and Pre-Processing

The proposed method, applied to a real urban area (Florence, Italy), is structured
and follows the flowchart provided in Figure 1. The thermo-hygrometric modeling incor-
porates microclimatic influences and vegetation contributions inside the Urban Canopy
Layer (UCL)—defined as the volume between the ground and the top of buildings and
vegetation [53].

This region, where urban climate dynamics directly affect human comfort and energy
demands [54], is characterized through high-resolution climate modeling and vegetation
assessment. The modeling process includes remote sensing, meteorological data, and
GIS-based building classification. Our research focuses on UCL-UHI because it is com-
monly characterized by field measurements and is the zone where thermal–hygrometric
comfort, environmental quality, and people well-being are assessed [54]. Climatic inputs
are derived from historical records and future projections using regional climate models.
The climate change scenarios are based on the Very High-Resolution PROjections for Italy
(VHR_PRO_IT) under RCP4.5 and RCP8.5 pathways [55,56]. These models provide hourly
data at 2.2 km resolution for five datasets: historical (1981–2005), near-term, and long-term
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projections under both RCP4.5 and RCP8.5 forcing scenarios (Appendix A.1,). Starting from
the modeling of past and future climate scenarios, five datasets are obtained: (i) historical
years 1981–2005, (ii) RCP4.5 years 2006–2038, (iii) RCP4.5 years 2039–2070, (iv) RCP8.5
years 2006–2038, and (v) RCP8.5 years 2039–2070.

Each dataset includes air temperature, humidity, wind speed, and solar radiation
that are collected with hourly frequency, for the entire time span over which they are
defined. To apply entropy balances, a typical weather year (TWY) is generated for each
dataset, condensing 30-year data into an annual sequence while maintaining representa-
tiveness (Appendix A.2). Details on climatological modeling and climate change scenarios
construction are provided in Appendix A.1.

The characterization of greenery can be carried out by a dedicated modeling (branch
1 of the flowchart in Figure 1). Green cover surfaces and structural characteristics of
urban vegetation (e.g., different species, total height, and diameter at breast height) can
be collected either through the public tree census (which provides information on trees
located in public areas) or by using optical and LiDAR remote sensing data, when census
information is not available. This is the case of private green areas (i.e., private gardens),
which still play a pivotal role in the total share of urban green surfaces. Moreover, each
plant, with all its properties for specific species, can easily be referenced and connected to
the urban area with GIS techniques.

In particular, to characterize green surface and tree species, the individual tree crown
segmentation algorithm (ITC), based on the Canopy Height Model (CHM) have to be
applied, using a variable moving window size [57]: treetops of trees in the upper canopy
strata are identified through the local maxima algorithm [58] with a variable window
filter [59]. The moving window [60] is used to scan the CHM so that any cell found to
be the highest within the window can be classified as a treetop. The Marker-Controlled
Watershed Segmentation algorithm [61] is then applied to delineate urban tree canopies.

In particular, the ITC algorithm allows for the quantification of the (i) number of urban
trees (also including those not covered by the public tree census), and (ii) their canopy
extent. Using available in situ data, or from Green-Trees Census and Municipal Green
Plans, it is possible to classify each ITC-based canopy into broadleaved/conifer with very
high-resolution imagery, by means of the application of machine learning models (e.g.,
Random Forest [62]).

The model’s accuracy have to be assessed using out-of-bag (OOB) samples [63,64],
which consist of data points that are not included in the bootstrap sample used to train
a given tree [65]. These samples are used as a validation set for each decision tree in the
Random Forest [66]. The OOB error is computed by aggregating the predictions made by
each tree on its respective OOB samples. This procedure is usually applied for model’s
performance evaluation, without requiring a separate validation set, and provides the
accuracy assessment [62].

Practical application to any area, as that one studied, allows the characterization of
the existing vegetation and identification of basic species-specific parameters (e.g., the
emissivity coefficient in the infrared and the evaporation resistance and/or vapor perme-
ability of leaves). Usually, these parameters are obtained through direct measurement [67]
or derived from dedicated studies carried out under local conditions [68]. For example,
Tiralla et al. [69] collected information on ε for many different trees, shrubs, and herbaceous
species, along with their standard deviation. Similarly, Mashabatu et al. [68] provided some
useful information about the mean specific leaf resistance of five fruit tree orchard species.
In Section 2.3, the above modeling method implementation is explained and adapted for
the specific greenery of the urban area studied.
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2.3. The Case Study: Typical Built-Up Urban Area of Florence

An urban area of the city of Florence (Figure 2), of Tuscany region (Italy), is the
case study. The studied urban area belongs to the Municipal Environmental Energy
Plan (PEAC) [70] (branch 3 of the flowchart in Figure 1). This built-up urban area is a
representative of the city’s urban development and includes buildings of different uses and
construction periods (age classes of buildings) (Figure 2, in blue). In this area asphalt and
green surfaces are present (Figure 2, in green).

 

Figure 2. The area studied according to the boundaries defined by ISTAT for the urban area (in red).
Green areas (in green) and buildings (in blue) refer to the Florence Municipality (in black).

The limits of this area were identified using the spatial boundary provided by the
Italian National Institute of Statistics for the year 2011 [71], which includes the densely
inhabited areas near recognized aggregation centers, i.e., squares and public complexes
(Figure 2, in red). For this reason, the peripheral areas and those with low interaction
between green system and built-up zones were excluded. All the necessary environmental
parameters are derived from available databases/open-sources and census data from
2011 [71]. Georeferenced building data (i.e., three-dimensional geometry of buildings
and their house number and construction age class, thermo-physical features, volume,
height, base area, type of plant system, number of occupants, intended use, etc.) were
extracted from PEAC [70,72]. By means of database interfacing and necessary information
extraction, many useful data were derived from Tuscany Region GEOscopio (https://www.
regione.toscana.it/-/geoscopio (accessed on 12 August 2025)) with QGIS software (version
3.40.1-Bratislava) post-processing [73].

The Florence Municipality covers 102.4 km2, with a population of 352,622 in the
urban area; the urban area case study is 6464 hectares (Aurban), with 115,000 buildings
corresponding to 192 million m2 total dispersing surface (Ab). The global heat exchange
coefficient U [W/m2 K] for all these buildings has an average value of 2.1 W/m2K. The
intended use of most buildings is “residential”; then follows “services” and “commercial”.

The total dispersing surface of each building is connected with the global heat ex-
change coefficient as a function of the construction age class of each building, which takes
into account the thermo-physical characteristics of the building envelope, as reported in
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the PEAC database [70,72]. Table 1 shows the value of the global heat exchange coefficient
deduced from PEAC.

Table 1. Global heat exchange coefficient by building construction age class [W/m2K].

Age Class <1940 1940–1970 1971–1980 >1980

U [W/m2K] 2.4 1.9 1.8 1.2

For green areas computation (branch 1 of the flowchart in Figure 1), the ITC algorithm
was applied on the specific CHM, provided by the Florence Municipality for the year 2023,
with 0.5 m spatial resolution. Two thresholds were applied at resulting segmentation for
filtering out the non-tree features. Selecting trees, with heights between 3 and 35 m, the
mean Normalized Difference Vegetation Index (NDVI)) was calculated for each identified
tree crown (based on Sentinel-2 data composite for May–July 2023) using a minimum NDVI
threshold of 0.5 [74]. Therefore, 273,528 trees, of public and private zones, were identified,
for 9,858,840 m2 total canopy cover, that is 15% of the total selected urban area.

This resulting total surface is used as the whole leaf-surface coverage (in Equation (1))
that is a square, with 3140 m side length, replacing the values for both the parameters D
and W in Equation (1).

The specific trees classification was carried out: segmented tree crowns intersection
with tree census points from the city of Florence, which provided a subset of 43,469 tree
crowns for coniferous or broadleaf; five percentiles computation (10th, 30th, 50th, 70th, and
90th) based on four predictors and for each identified crowns [75] (i.e., the CHM and three
bands from a high-resolution Florentine orthophoto; 0.2 m, for year 2023). Then, 20 predic-
tors available for each tree crown were computed. Random Forest (RF) model [62] allowed
for predicting tree species class (coniferous or broadleaf) using the above 20 predictors as
input features. The Google Earth Engine RF classifier was exploited, setting the number
of decision trees to 300. Modeling performance was evaluated by the OOB aggregating
predictions and comparing reference data, and then constructing a confusion matrix. Due
to the unbalance inside the dataset (i.e., 6269 coniferous trees vs. 37,200 broadleaves), the
RF classification model performance was assessed by the Matthews Correlation Coefficient
(MCC) [76,77] based on the confusion matrix. In detail, the MCC is a correlation measure
between categorical predictions and observations: it equals 1 for perfect predictions, 0 for
random agreement, and −1 when predictions and observations are entirely mismatched.
The trained model was applied to the 273,528 tree crowns remaining, using the 20 predic-
tors to classify all of them into coniferous and/or broadleaves, with a 0.83 MCC value. This
classification provided a subset of 43,469 tree crowns (coniferous or broadleaf) according to
the municipality’s tree census.

Therefore, for the present study, the overall canopy coverage turned out 760,191 m2

conifers and 9,098,648 m2 broadleaves. Their mean emissivity values (inside the 8–14 μm
interval) were derived from [78]: the emissivity was 0.982 ± 0.009 for conifers and
0.985 ± 0.010 for broadleaves; 0.985 emissivity mean value, weighted by the covering
surface. Fundamental literature evidence [79] was used for the evaporation resistance of
the oak leaves (i.e., 2000 s/m) that was applied to conifers and broadleaves trees. The used
values of vapor diffusivity, despite not directly available for conifer species, and absorption
coefficient of solar radiation 0.8, refer to [48].

Using to the aforementioned greenery parameters, and to the TWYs for each dataset,
all the balances of Equations (1)–(5) were carried out for summer periods, i.e., from 01/04
to 31/10.
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From the available hourly data, the hot hours (HHs) were selected, matching the
following boundary conditions:

GHI > 200
W
m2 0.1

m
s

< vw < 10.7
m
s

Ta > 28 ◦C

Those constraints identify the set of hot hour measurements, such that all the balances
have physical meaning. The conditions on the solar radiation GHI and the exclusion of
small values of vw ensure thermodynamic balance validity [56]. Extreme wind conditions
are avoided, taking into account the Beaufort wind force scale, i.e., an empirical scale that
relates wind velocity to observed conditions at sea or on land: for the upper bound chosen,
the scale indicates a condition of fresh breeze, characterized by the presence of wind that
begins to move the large branches, but not the entire structure of the tree [79].

Filtering the summer data with the above boundary conditions, all the balances are
solved for the two configurations (i.e., green presence and absence) in order to determine the
hourly values of leaf temperature Tl, air volume temperature Ta−g, and ground temperature
Tg. The average values of the external temperature with green coverage are

Te−G =< Ta−g
withG >HH

and without green coverage

Te =< Ta−g
withoutG >HH

where the < >HH represents the average over the selected hours (HH).
The mean values are used to solve Equations (7)–(14) and calculate the entropy foot-

print of Equations (15) and (16). The average value of GHI over the HH subset was used for
the solar radiation QSun in Equations (13) and (14).

3. Results

All the balances of Section 2 are solved under the hypothesis and boundary condi-
tions extensively described above, obtaining the main following results: hourly summer
temperature for the leaf coverage Tl; bottom mean air temperature Te−G, i.e., between the
leaf coverage and ground; mean air temperature above the ground without leaf coverage,
Te; cooling energy need of buildings in the presence and absence of greenery, respec-
tively (Qb−G and Qb); heat released to the external environment, in the presence and
absence of greenery (Qb−G_rel and Qb_rel); entropy increase, in the presence and absence of
greenery, i.e., ΔSb − G and ΔSb; entropy footprints ef and ef *, due to the aforementioned
thermodynamic process; and entropy increases due to the Sun radiation hitting the ground
ΔSSun, e − G and ΔSSun, e.

In particular, a preliminary global sensitivity analysis was carried out, in order to evaluate
how much greenery properties (i.e., emissivity, vapor resistance, and absorption coefficients)
impact the balances and affect results. This sensitivity analysis showed a variation in leaf
temperature of no more than one hundredth of a degree, and therefore, an absolute error
lower than 2%, also showing the method robustness and its applicability to different contexts.
Therefore, in the ranges of all the possible values for parameters, the leaf temperature variation
obtained is negligible compared to the contribution of the parameters related to the boundary
conditions (solar radiation, wind velocity, relative humidity).

Table 2 shows the main parameters for the five investigated scenarios, referring to [80]:
Standard TWY, Historical TWY, “RCP4.5 years 2006–2038” TWY, “RCP4.5 years 2039–2070”
TWY, “RCP8.5 years 2006–2038” TWY, and “RCP8.5 years 2039–2070” TWY.
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Table 2. Studied area results: main temperatures and entropy footprints with and without greenery.

Standard
TWY

Historical
TWY

RCP4.5
2006–2038

TWY

RCP4.5
2039–2070

TWY

RCP8.5
2006–2038

TWY

RCP8.5
2039–2070

TWY

Ti [◦C] 28.0
Aurban [m2] 64,645,324
Ab [m2] 192,582,468
U [W/m2K] 2.1

Te [◦C] 31.8 32.5 33.0 33.1 32.7 33.8
Te − G [◦C] 31.3 32.1 32.5 32.7 32.3 33.4
GHI [ W/m2] 641.3 610.6 606.4 589.6 597.0 581.3
Qb [MWh] 1540 1831 2016 2085 1897 2337
Qb − G [MWh] 1347 1670 1844 1921 1731 2174
Qb_rel [MWh] 2110 2509 2763 2857 2600 3202
Qb − G_rel [MWh] 1846 2289 2527 2633 2372 2979
ΔSSun, e [MJ/K] 293,658 278,941 276,589 268,791 272,575 264,473
ΔSSun, e − G [MJ/K] 294,117 279,303 276,973 269,146 272,942 264,819
ΔSb [MJ/K] 24,925 29,566 32,510 33,597 30,620 35,578
ΔSb − G [MJ/K] 21,836 27,008 29,777 31,001 27,967 35,006
e f [%] 8.5% 8.5% 9.7% 10.4% 9.1% 12.1%
e f ∗ [%] 7.4% 7.6% 8.7% 9.4% 8.1% 11.1%
e f /e f ∗ [%] 87.5% 89.1% 89.6% 90.6% 89.2% 91.8%

It must be noticed that the entropy footprints are already updated according to the
weighted correction b found in Equation (A2), that is −0.021. The calibration effect is
provided by Figure 3 (top graph): entropy footprints for the different datasets, highlighting
the distance between the entropy footprints value calculated in respect to the same period
(1981–2005) but with different sources (Standard TWY vs. Historical TWY).

Figure 3. Entropy footprints [-] (a) without and (b) with bias correction. (c) Ratio between the entropy
footprints for all the climatological datasets with bias correction. Standard refers to the dataset
obtained from measured data from fixed station, while Historical refers to the dataset obtained
from the historical model, and temporally overlapped to the Standard dataset. RCP4.5 and RCP8.5
indicate the two different projections considered for the impact analysis on future states (extensively
explained in the text and appendixes).
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After calibration, the entropy footprints value is shown in Figure 3 (center graph) that
also provides results for the dataset of years 1981–2005, varied by 0.2% at maximum.

Comparing ef * with ef, and considering their ratio, a drop in the entropy production
can be found, due to the green coverage presence. All this acts by modifying the environ-
mental constraints of temperature (only the humidity changes are considered in Equation
(1) for leaf temperature calculation) creating cooler boundary conditions for the building
plants, which can operate with a reduced external thermal load during summer.

For all the scenarios, the entropy decreases by almost 1% in respect to the contribution
of the Sun radiation hitting the ground. The low value is due to that reference at the
denominator, which is relatively high.

Using the percentage between the values of each entropy footprint (i.e., ef and ef *),
due to the green coverage, the entropy footprint is 9.2–12.5% depending on the considered
scenario, but with lower changes resulting in the projections at different scales (Table 2).
These trends are provided in Figure 3 and in the bar graph in Figure 4, with a more direct
and easier way to understand and compare.

Figure 4. Bar graph of the entropy footprint [-] grouped by data range. ef * is marked with dots in
bars, while ef is marked with crosses. Each color indicates a different dataset: green for the Station
dataset, orange for the Historical dataset, and blue and red for the two projections considered in the
study, RCP4.5 and RCP8.5, respectively. To clarify the interpretation of the different impact of the
greenery’s contribution, under different Anthropocene forcings for the near and long-term, the two
datasets obtained from the projections considered are shown with the same color.

It is important to note that differences between the values of the entropy footprints are
small, but statistically significant and important. As a matter of fact, the entropy footprints
are close to 10% because they refer to thermal energy coming from the Sun, which, precisely
because it exists naturally, can be taken as a basic reference. This is relatively greater than
the contribution that buildings and their plant-systems can provide. For this reason, a
slight variation (at most 4.3%) in the entropy footprints can be noted.

On the other hand, Table 2 shows the absolute values of the entropy produced, which,
for the cases examined alone, reaches the order of magnitude of 105 MJ/K. The difference
between the scenarios with and without greenery is 3000 MJ/K for a standard TWY.
This means that, if the study is extended to the whole urban area, the impact becomes
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physically and statistically appreciable, confirming the importance of the presence of
greenery, especially for those scenarios with more critical conditions.

The effectiveness of the greenery presence is more evident if the absolute value of
the difference in entropy released in the environment by the built-up urban area with or
without is considered.

In Table 3 the ambient temperature Ta that corresponds to the maximum temperature
of each dataset is reported: these values were used to evaluate the entropy difference.

Table 3. Maximum temperature [◦C] for each dataset.

Standard Historical
RCP4.5

2006–2038
RCP4.5

2039–2070
RCP8.5

2006–2038
RCP8.5

2039–2070

36.8 40.0 42.9 41.9 43.3 43.7

ΔS, shown in Figure 5.

Figure 5. Entropy difference [MJ/kg] calculated for different periods and scenarios and for the
hottest day.

As a matter of fact, for RCP4.5 there is a smaller increase in the maximum temperature
compared to the RCP8.5 scenario, with a lower overheating effect of the buildings, a greater
cooling effect by the plants and therefore a lower energy consumption of the heat pump
system (HP) for cooling.

4. Discussion

This study proposes a useful tool, based on the physics of real systems, matching ther-
modynamics (of First and Second Law) with advanced modeling techniques for evaluating
green systems effectiveness to counteract climate change and reduce the entropy of the
urban built-up system, ensuring responsive resilience cities. The method can be applied at
different urban scales.

The study offers crucial indicators based on thermodynamics, i.e., the entropy foot-
prints, which can be used for quantifying sustainability in urban areas, supporting the
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decision-making policies of local governments and public administrations for urban and
energy planning oriented to sustainability and green energy transition.

Comparing the entropy footprint values of different zones of any urban built-up area,
effective interventions can be directly oriented to entropy flows reduction in building–plant
systems, in the presence and absence of greenery, referring to dynamic climate change
scenarios. The entropy analysis of the urban area allows for energy–environmental sustain-
ability evaluation, in terms of the low environmental impact, energy quality, and durability.

By the method application, quantification of energy–environmental benefits due
to entropy flows reduction that effectively counteracts of climate change effects can be
assessed: it allows a general but significant evaluation of the lower impact due to air
conditioning systems when buildings are immersed in greenery (see Figure 4).

From this perspective, the methodological approach, based on entropy footprint, is
innovative because, using the Second Law of Thermodynamics, allows the quantification
of greenery presence effects on any urban system by a simplified and easy-to-implement
approach without the need for large amounts of measured/detected data or obtained
from the literature evidence and/or specific data sources. It is robust–rigorous, as it is
validated and confirmed by the important relevant literature evidence that by means
of energy analyses application to urban systems (i.e., First Law of Thermodynamics)
show the real cooling demand reduction in buildings due to greenery presence (e.g., NBS
integration, green roofs and green walls), remote sensing data on surface temperature
drops, and measured air temperature differences between green and non-green areas in
urban systems [54,81–89].

The innovative contribution of the method also lies in the fact that, through the
quantification of the entropy footprints (ef and ef *) and the indicator obtained from their
ratio, a homogeneous scale, of physical significance, can be built, identifying the most
critical and vulnerable areas on which to intervene as a priority. This allows us to use and
apply a physical-entropy-informed criterion for controlling and planning interventions
over time. As a matter of fact, results comparison (Table 2) shows that the contribution
due to the greenery decreases for different scenarios referred to the different climatological
dataset, but at the same time the increase in entropy becomes higher for the scenario with
higher emissions (RCP8.5).

However, it must be considered that the proposed method is simplified because
all the thermal properties of building materials are unified in the global heat exchange
coefficient that is linked to the age class. Moreover, the present study aims at urban-level
analyses rather than at the performance/design of building–plant systems and indoor
scenarios assessment. In line with the two Laws of Thermodynamics, building energy
balances for summer period, consider the temperature levels at which heat exchanges
occur. Furthermore, any increase in greenery or energy efficiency interventions and NBS
integration on buildings would certainly lead to a lowering of the ambient temperature
together with a reduced energy consumption by the cooling systems. The latter, thanks to
the energy efficiency of buildings, would entail significant improvements in environmental
impacts decrease, i.e., the entropy production reduction (Table 3).

Another limitation/simplification of the method is due to a basic general evaluation of
the overall heat exchange of buildings with the external environment as a function of their
overall heat exchange coefficient and volume (disregarding their mass and thermal inertia
and heat capacity of specific building materials, linked to the accumulation of heat due to
solar radiation). This latter choice is motivated by the fact that most available databases and
the literature do not provide specific information on the construction and thermo-physical
characteristics of buildings.
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However, the method proposed can be directly applied by public administrations, all
stakeholders, and local governments in the perspective of planning the energy green and
sustainability transition for livable and comfortable urban areas and resilient cities.

These aspects are also supported by the recent literature results [90] that show how at
least three quarters of the current carbon storage of urban trees in Central and Southern
Europe will be seriously threatened by 2070.

With adequate and available data, the entropy footprint evaluation can provide useful
quantification of sustainability due to the current conditions of any urban area and effective
analyses of different strategies to combat climate change, UHIs, and anthropogenic effects
in cities, in the short and long term, considering that conversion of impervious surfaces
into green areas has high costs and requires time [91].

In the sustainability, resilience, and transition perspectives, the method implemen-
tation could be used as predictive tool. Indeed, it provides a physical-entropy-informed
support for practical applications at large scales, focused on selection of suitable species
for NBS and integrated green systems, maintenance of urban functional diversity, and
permeability [92,93].

More in general, results comparison, obtained at small scale, show that further appli-
cations of the method can be for the management, design, and implementation of energy
and environmentally sustainable projects, considering the entropy footprints based on the
necessary operating times in relation to the developments of climate change effects over
the years.

Future research directions will concern the method’s application to different urban
realities, both in terms of complexity and infrastructures and the presence of different green
areas and water surfaces (e.g., fountains, rivers, lakes, etc.) for different climatic contexts. A
further interesting development of the research will concern the study of entropy footprint
at regional level, in the local context, but also at a wider national level.

Starting from the entropy footprints connected to the different development of green
areas, intensive vegetation and strong integration of NBS, and the choice of effective strate-
gies in the medium to short term, the method foresees future developments, including its
implementation at a large scale, and of an objective function to be minimized/maximized
in relation to the decision-making policies and strategic environmental, energy, and proac-
tive resilience choices of specific managerial groups and stakeholders (taking into account
economic aspects).

In this perspective, the research will use AI and implement finalized machine learning
techniques, especially oriented towards a detailed study of criticalities and vulnerability of
the urban areas.

5. Conclusions

This study proposes an integrated method, simple and easy to implement, to quantify
the energy–environmental sustainability of urban areas. The research links applied thermo-
dynamics of Second Law to strategic modeling of biophysical thermo-hygrometric balances
of leaf surfaces, high-resolution climate at urban scale, identification and characterization
of plants for specific species and vegetation, and spatial georeferencing applied techniques
for entropy exchanges evaluation within the urban context.

The focus, i.e., the entropy flow reduction and entropy impact of urban built-up areas
assessment, with and without greenery, constitutes the innovative thermodynamic-entropy
framework to quantify the benefits of urban greening.

The simple method proposed can thus be easily implemented for energy and entropy
analyses on a small and large urban scale.

101



Atmosphere 2025, 16, 975

Given that most databases and the literature lack detailed thermo-physical data on
buildings, but provide georeferenced and general attributes (e.g., age-based heat exchange
coefficients, volume, surface area, height, system type, and use), the proposed simplified
method relies on readily available information. It evaluates the energy and entropy balance
of the built environment in relation to green space distribution, without accounting for
detailed building-system thermo-physics. Thus, this method can be a crucial tool for energy
planning and thermo-hygrometric comfort improvement in urban areas. It allows also
programming activities of authorities, local municipal governments, disaster management
authorities and the same citizens, to better understand the relationship between the poten-
tial for reducing anthropogenic impacts, the UHI mitigation, climate change adaptation,
housing factors and urban areas development, urban forestry, and NBS and/or green
systems integration. The method can be easily applied for quantifying proactive resilience
and sustainability transition, as it provides a homogeneous scale of entropy footprints, i.e.,
irreversibility, as a measure of sustainability, and a rational criterion for comparing and
integrating these evaluations. While not suited for deterministic modeling, this approach
might serve as a decision-support tool for evaluating ex-ante and ex-post urban energy
strategies, including energy savings, renewable integration, and nature-based solutions,
through entropy-based assessment (with entropy footprints) of adaptive sustainability
and resilience.

Nevertheless, basic limitations of the method concern its effectiveness and applicability,
especially when moving from small scale to large scale (i.e., from single building to group
of buildings, block and whole urban area, from city to regional scale). Its reliability depends
on the availability, quality, and quantity of information and usable data (e.g., climate and
local weather conditions, buildings’ features and their air conditioning systems, greenery).

Despite the method, by means of the entropy footprints assessment, which can provide
a rational criterion to compare complex innovative and sustainable technology solutions,
capable of leading to important irreversibility reduction and energy efficiency increase, its
application to different urban areas and then to larger scale of analysis (e.g., regional and
national scale) can show possible implementation downsides mainly due to the reliability
and typology of necessary data.
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Nomenclature

Ab dispersing surface of the buildings in the investigated area [m2]
Aurban urban area considered for the analysis [m2]
b correction factor for the entropy weights [-]
SCOP mean coefficient of performance for heat pumps [-]
Dl characteristic dimension of the leaves in the wind direction [m]
ef entropy weight without the presence of the greenery [-]
ef* entropy weight with the presence of the greenery [-]
GHI global horizontal irradiation on a specific site [W/m2]

hl
heat transfer coefficient by natural convection between leaves and the air below
[W/m2 ◦C]

hs
heat transfer coefficient of natural convection between ground and the air above
[W/m2 ◦C]

k1 empirical coefficient [J/m2·s1/2·◦C1]
k2 empirical coefficient [s1/2·m1]
Ll latent heat of vaporization at the surface temperature of the leaves [J/kg]
m air flow rate on the considered surface as a function of the wind velocity [kg/s m2]
Qb cooling power for buildings in the summer period without the presence of greenery [W]
Qb−G cooling power for buildings in the summer period with the presence of greenery [W]
Qb_rel thermal power released to the environment without the presence of greenery [W]
Qb-G_rel thermal power released to the environment with the presence of greenery [W]
QSun total horizontal Sun radiation hitting the urban area in the summer period [W/m2]
rl evaporation resistance of the leaves [s/m]
RHa relative humidity of the air [-]
Ta ambient temperature [K]
Ta−g air temperature above the ground [K]
Te external mean air temperature in the summer period without the presence of greenery [K]
Te−G external mean air temperature in the summer period with the presence of greenery [K]
Tg temperature of the ground surface [K]
Ti indoor temperature for the buildings in the summer period [K]
Tl surface temperature of the leaves [K]
U global heat exchange coefficient for the building (W/m2K]
vw wind velocity [m/s]
Wl characteristic dimension of the leaves in the direction transverse to the wind [m]
Geek symbols

αa adsorption coefficient of the air in the visible range [-]
αg adsorption coefficient of the ground across the entire spectrum [-]
αl absorption coefficient [-] for the leaves across the entire spectrum [-]
αm mean absorption coefficient [-] for the urban area across the entire spectrum [-]
ΔSb entropy generation due to the buildings without the presence of greenery [J/K]
ΔSb−G entropy generation due to the buildings with the presence of greenery [J/K]
ΔSSun, e entropy generation due to Sun radiation hitting the urban area without greenery [J/K]
ΔSSun, e−G entropy generation due to Sun radiation hitting the urban area with greenery [J/K]

εa emissivity coefficient of the air in the infrared range [-]
εeffective emissivity between two bodies/surfaces as a function of the emissivity of each [-]
εg emissivity coefficient for the ground in the infrared range [-]
εl emissivity coefficient of leaves in the infrared range [-]
ρa density of the air at ambient temperature [kg/m3]
ρva vapor density at the ambient temperature [kg/m3]
ρvl vapor density at the surface temperature of the leaves [kg/m3]
σ Stefan–Boltzmann constant [W/m2K4]
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Appendix A

Appendix A.1

In the application of the present method, the VHR_PRO_IT tool is used, a clima-
tological model with very high spatial and temporal resolution, obtained as a dynamic
downscaling starting from an ensemble of climatological projections within the Med-
CORDEX project (http://cordex.org/domains/region-12-mediterranean/ (accessed on 15
August 2025)).

In order to quantify the different responses to the different strategies that can be
implemented to counteract climate change, two different possible scenarios are considered
and defined by the RCP. Those different scenarios, formally adopted by the IPCC, quantify
different paths to describe future greenhouse gas concentrations. Over the years, several
possible scenarios have been identified, represented by a reduction in greenhouse gas
emissions, up to a continuous increase in the same. This translates into a different response
to climate change, and the average values of greenhouse gas emissions correspond to
a greater increase in the average surface temperature. These pathways are tabulated
and based on the expected changes in the radiative forcing values. For this case study,
we considered the RCP4.5 and RCP8.5 scenarios, therefore corresponding to an average
increase in radiative forcing (4.5 W/m2) and the most extreme condition (8.5 W/m2),
respectively. The first scenario foresees an increase in emissions that reaches its peak around
2040: that is the most likely a baseline, as it does not take into account strong containment
policies at a global level, but only the exhaustible nature of fossil fuels. The RCP8.5 scenario,
on the other hand, foresees a continuous increase in emissions throughout the 21st century.
Although, since the publication of the IPCC Fifth Assessment Report [83] this hypothesis
has been criticized for overestimating coal production, and considered an unreliable and
unrealistic long-term scenario, it is still interesting for quantifying climatological trends in
the near future (up to 2050) and the impact of the socio-political choices for recent years.

In particular, to evaluate the medium and long-term impact, the two scenarios, avail-
able for the years 2006–2070, are divided into two different datasets, namely between the
years 2006–2038 and 2039–2070.

On the other hand, when the climate model outputs (e.g., temperature, precipitation)
are compared in historical mode and real-word measurements from fixed weather stations,
systematic discrepancies often arise. These differences, known as bias, occur due to imper-
fect parametrization, missing physical process, or limitations in model resolution. As a
matter of fact, model data, which describe an average behavior over the area defined by the
resolution of the model, generally fails to describe the hyperlocal nature of the atmospheric
dynamic characteristics of the zone where the fixed station is located.

To quantify these differences, a data processing approach is applied in historical mode,
aligning model outputs temporally with the records from weather stations. Although the
model data used has a spatial resolution of 2.2 km, this method enables a direct comparison
with the time-synchronized data aggregated in the standard TWY file.

This model data allows the quantification of different responses to the balance equa-
tions, in particular the estimated temperature above the ground, Ta−g. This step is crucial,
because a bias in these temperatures is directly transmitted into the evaluation of the
entropy footprints ef and ef * which strictly depend on Ta−g. To address this bias and
having projection results comparable to what is measured by the weather stations, a bias
correction process to the values of ef and ef * obtained in the TWY file from the model data,
is implemented. This procedure is based on correcting the estimated entropy footprints by
a value b that considers the differences in entropy footprints between the historical and
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weather station datasets. The correction is performed by shifting the entropy footprints
estimated from the model data by a factor b:

e f model = e f model + b (A1a)

e f ∗model = e f ∗model + b (A1b)

where the subscript model in the two equations indicates the different modes: historical,
RCP4.5 and RCP8.5. The bias correction b was obtained as a weighted average between the
differences in the entropy footprint in the presence and absence of green cover between the
two temporal overlapping datasets, i.e.,

b =
e fstation − e fhistorical

2
+

e f *
station − e f ∗historical

2
(A2)

Before applying the balances and quantifying the average entropic contributions in the
different configurations (with green and without green), for each dataset, it was necessary
to generate a specific TWY, so as to transform a dataset with an average duration of 30 years,
into an annual dataset, but with the typical characteristics of the different years. A detailed
description of the procedure used to generate the TWY is provided in Appendix A.2.

Appendix A.2

The typical weather year, i.e., the TWY weather data, is composed of 12 separate
months of data, each chosen to be the most “typical” month from the total years of data.
TMY data selection is carried out using the Sandia method [84] which is an empirical
approach that selects individual months from different years of the period of record. Given
a range of Ny data years, we analyze all the m-th months in the Ny years. For instance,
suppose m = 1, January, all the Ny Januarys are examined and the one judged “most typical”
is selected to be included in the TMY. The other months of the year are treated in a similar
manner, and then the 12 selected typical months are concatenated to create a complete
year. The typical month is selected based on nine daily indices consisting of the maximum,
minimum, and mean dry bulb and dew point temperatures; the maximum and mean wind
velocity; and the total global horizontal solar radiation. For each month of the calendar
year, we select the year with cumulative distribution functions (CDFs) for the daily indices
that are the closest to the long-term CDFs, computed considering all the m-th of all years in
the dataset. The CDF gives the proportion of values that are less than or equal to a specified
value of an index. Candidate monthly CDFs are compared to the long-term CDFs by using
the following Finkelstein-Schafer (Δ) statistics for each index:

Δ(j) =
1
n∑N

i=1 δi
(j) (A3)

where δi
(j) is the absolute difference between the long-term CDF and the candidate month,

n is the number of daily readings in a month and the index j runs over the different variables.
Because some indices are judged more important than others, a weighted sum of the Δ(j)

statistics, obtained considering all the different variables, is used to select the candidate
month that has the lowest weighted sums:

W = ∑j wj·Δ(j) (A4)

where wj is the weighting factor, listed in Table A1.
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A typical month is then selected by choosing the months of the year with the lowest w
values, e.g., the one with the smallest deviation from the long-term CDF is applied.

Table A1. Weighting factors used to compute the weighted sum W.

Weather Index wj Weather Index wj

Maximum dry bulb temperature 1/24 Mean dew bulb temperature 2/24
Minimum dry bulb temperature 1/24 Maximum wind velocity 2/24

Mean dry bulb temperature 2/24 Mean wind velocity 2/24
Maximum dew bulb temperature 1/24 Total horizontal solar radiation 11/24

In particular, the external air vapor content per unit kg of dry air (also known as
absolute humidity) was calculated because it provides information on the air enthalpy vari-
ation in presence or in absence of greenery and the connected work of the air conditioning
systems.

In Figure A1 the probability distribution of the absolute humidity of the air for the hot
hours (HH) values in the different datasets, is shown.

Figure A1. Probability distribution of the air absolute humidity for HH values in different datasets.

If the modes of the probability distributions (marked with a vertical dashed line
in Figure A1) are compared, it is possible to notice the important trend of the absolute
humidity distribution which has increasingly increasing values for the different models
and over time.
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Abstract: The urban heat island (UHI) effect significantly impacts urban environments,
particularly along roads, a phenomenon known as urban linear heat (UHIULI). Numerous
factors contribute to roads influencing the UHIULI; however, effective mitigation strategies
remain a challenge. This study examines the relationship between canopy cover percentage,
normalized difference vegetation index, land use types, and three road typologies (local,
regional, and state) with land surface temperature. This study is based on data from the
city of Adelaide, Australia, using spatial analysis, and statistical modelling. The results
reveal strong negative correlations between land surface temperature and both canopy
cover percentage and normalized difference vegetation index. Additionally, land surface
temperature tends to increase with road width. Among land use types, land surface
temperature varies from highest to lowest in the order of parkland, industrial, residential,
educational, medical, and commercial areas. Notably, the combined influence of the road
typology and land use produces varying effects on land surface temperature. Canopy cover
percentage and normalized difference vegetation index consistently serve as dominant
cooling factors. The results highlight a complex interplay between built and natural
environments, emphasizing the need for multi-factor analyses and a framework based on
the local climate and the type of roads (local, regional, and state) to effectively evaluate
UHIULI mitigation approaches.

Keywords: urban linear heat (UHIULI); road typology; spatial analysis; generalized additive
model (GAM)

1. Introduction

The urban heat island (UHI) effect is a well-documented phenomenon impacting
cities [1] and its effects can be exacerbated along urban linear infrastructure (ULI). Urban
linear heat (UHIULI) [2] is the term used to describe the UHI effect along transportation
corridors and pipeline networks. Collectively, the UHI impacts across boundary, canyon,
surface, and subsurface layers [3] and multiple studies have reported increasing tree canopy
can provide a cooling benefit via shading and evapotranspiration [4–6]. ULI comprises a
significant proportion of the land use of cities, with roads alone occupying up to one-third
of the urban area [7]. The area that roads occupy is increasing as cities expand and densify
which is also influenced by rising car ownership and use [8,9]. The corollary of the increase
in road area is a decrease in urban green spaces, where roads and driveways expand into
the vegetated spaces, such as nature strips and gardens [10–12]. These dark and impervious
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materials used for road construction prevent water infiltration, increase the absorption
of solar radiation and trap heat [13–15]. This creates a positive heat feedback loop that
magnifies the energy budget of cities [16], driving the UHIULI [17].

A variety of factors determine how UHIULI forms along roads, particularly the width
of road (road typology), materials and colours [10–12]. Wider roads receive more solar
radiation and thus gaining more heat than narrower (often local) roads. Wide roads (such
as regional and state highways) typically accommodate more cars and thus are associated
with higher anthropogenic heat emissions from vehicles [18–24]. Mitigating heat along
roadways has proven to be a challenging task [25], with various approaches turning to
applying high-albedo and permeable materials, greening adjacent land uses and seeking
different designs (morphology-related strategies) to lessen heat and radiation gains [26–29].

The most recommended approach to mitigate UHIULI is to integrate tree canopy cover
along roads [30–32]. Canopy trees have been reported to provide a cooling benefit of
between 1 °C and 30 °C [5,6]. The effectiveness of canopy tree cooling is influenced by a
number of factors including the geometry of crown and leaves, type of tree, density of
leaves, connectivity or clustering of tree, and watering schedule [4,31–43]. Effectiveness of
cooling is also influenced by the width of the road. This creates a physical limitation of the
canopy trees in offering shade across the width of the road surface through reducing the
sky view factor (SVF). A wider road has an increased SVF, which means more of the sky
is visible from a specific point at ground level and potentially allowing for greater solar
radiation to reach the road surface [4,33–35]. In addition, the density of leaves and the
percentage of canopy cover of a given area can also reduce wind flow, ventilation, and
humidity levels [32,36–38,42,43]. The literature identifies various factors that may influence
the UHI as a result of road networks, as listed in Table 1 [44].

The canopy cover percentage (CCP) is a significant variable influencing UHIULI miti-
gation along roads [45–48]. CCP represents the proportion of ground area covered by the
vertical projection of tree crowns onto the ground, expressed as a percentage. This has led
to some agencies introducing policies to achieve a minimum CCP along roads (trees on the
sides with their crowns extending over the lanes) [49]. However, the relationship between
the cooling effect of CCP and road width is complicated and often overlooked. Road width
can be conceptualized by the number of trafficable lanes [50]. From a UHIULI mitigation
perspective, roads can be divided into three categories: local, regional, and state roads [44].
This roughly equates to two lanes for local roads, four lanes for regional roads, and six
lanes or more for state roads [44]. The cooling effects of canopy trees linked to the CCP
across this three road categorization forms the basis for the inquiry of this paper. Within
this framework, three research questions are examined:

1. How does the UHIULI change with respect to the road hierarchy in relation to varia-
tions in CCP?

2. Is there any optimum value for CCP to obtain the most efficient cooling effect with
respect to the road hierarchy?

3. To what extent do other factors beyond canopy cover (Table 1: NDVI, land use type,
geographic coordinates and elevation) contribute to UHIULI mitigation (LST) relative
to the road hierarchy?
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Table 1. Contributing factors to UHIULI in this study.

Variable Definition Impact References

LST Land surface temperature Surface energy and radiation balance [51]

CCP Canopy cover percentage Terrain roughness, shading, and
evapotranspiration [44,51,52]

NDVI Normalized difference vegetation index Land cover properties [53,54]

Road Typology Local, regional, and state roads based
on width

SVF, AR, impervious surface, albedo,
anthropogenic heat
(engine combustion)

[44]

Land Type Land use and land cover Anthropogenic heat (cooling/heating,
industry process), terrain roughness [51,55]

Geographic
information Latitude, longitude and elevation Mean annual heat flux density [56]

The city of Adelaide in Australia was chosen as the study site due to its comprehensive
data availability relevant to urban heat studies. Adelaide’s diverse urban landscape,
coupled with its susceptibility to heat waves, makes it a valuable location to analyze urban
heat island (UHI) effects and spatial trends of urban hot spots, as seen in the project of
“Urban Heat and Tree Mapping of Adelaide Metropolitan Area” [57]. By focusing on
Adelaide, this study provides critical insights into urban heat dynamics and contributes
to the broader discourse on climate resilience in metropolitan areas. More background
information about Adelaide is given in Section 2 below.

2. Materials and Methods

2.1. Study Site

The site for this study is Adelaide, the capital city of South Australia, situated at an
average elevation of 50 m, latitude of 34.95◦ S, and longitude of 138.52◦ E on the southern
coast of Australia [58] (Figure 1). This site was chosen as it contained a high-resolution
dataset ‘Urban Heat and Tree Mapping of Adelaide’ [59] to examine the relationships
between urban heat and the other variables (see Table 1). This marks the first time that
tree canopy and urban heat data have been captured for the entire metropolitan Adelaide
area in a single, regionally consistent dataset, offering a comprehensive view of the urban
environment. The Köppen–Geiger climate classification system categorizes Adelaide as
having a temperate climate with dry and hot summers (Csa) [60]. This is one of the most
widely used climate classification systems, based on the principle that climate is a primary
driver of vegetation coverage. It helps contextualize the region’s climatic conditions by
considering temperature, aridity, and precipitation patterns, making it a valuable tool for
understanding climate–vegetation relationships and assessing climate change impacts. Csa
classification is defined as follows:

• C: Air temperature of the hottest month is 10 °C and above, and air temperature of the
coldest month is between 0 and 18 °C;

• s: The precipitation of the driest month in summer is less than 40 mm and also less
than one-third of the precipitation of the wettest month in winter; and

• a: Air temperature of the hottest month in summer is higher than 22°.

Extreme heat days (above 35 °C) are increasing over and above the long-term average.
Notably, between 1980 and 2010, the average temperature was 4.3 °C higher when compared
to the period between 1950 and 1980. This warning trend has continued with the period
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from 2011 to 2024 being higher again by 1.85 °C compared to the 1980–2010 period. Adelaide
reached its highest temperature record of 46.6 °C, which occurred in January 2019 [61],
and since then, as shown in Figure 2, it has experienced the dry summer, with higher
temperatures during the days and nights, very close to the average [62]. Extreme heat
(air temperature (Ta) higher than 35 °C) occurring on 17.5 days between 1961 and 1990
increased to 25.1 during a 9-year period from 2000 to 2009 and is also predicted to keep
rising to 51 days by 2090 [63,64]. Figure 2 summarizes the annual temperature data for
Adelaide (based on the weather observations drawn from Adelaide Airport station ID:
023034 [63]) from 1955 to 2024. Extreme heat occurred in Adelaide during the summers
of 2022 and 2023, which indicates the area needs to mitigate extreme temperatures. For
this study, a 20 km2 area of Adelaide city was chosen as a representative study site that
contains three road typologies and diverse land use types (see Table 2).

Figure 1. location of the study area in Adelaide, city, Australia.

Figure 2. Adelaide average annual thermal statistics between 1955 and 2024 (based on [63]).
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While Adelaide’s climate is classified as temperate with hot, dry summers (Csa) under the
Köppen–Geiger system [60], this broad classification does not fully capture the city’s complex
intra-urban thermal behaviour. Due to its geographic position in the lower mid-latitudes,
Adelaide experiences extreme heatwaves driven by synoptic patterns originating in the mid-
latitudes and influenced by tropical interactions [65–68]. These heatwaves are frequently
associated with synoptic blocking systems, which prolong high-temperature episodes [66].
Previous studies have detected intra-urban heat island (IUHI) effects within Adelaide [69,70],
although the city’s topography and the lack of a suitable rural station have made traditional
UHI assessments difficult. Rogers et al. [71] showed that Adelaide’s UHI intensifies under
heatwave conditions—particularly during the night—indicating that urban morphology plays
a critical role in local thermal amplification. Their findings suggest that during heatwaves,
nocturnal UHIs are stronger than usual, while daytime UHIs may moderate slightly due to
altered energy balance. These observations highlight the inadequacy of relying solely on
general climate classifications and underscore the importance of mapping and analyzing the
spatial distribution of heat within urban areas. The thermal heterogeneity observed across
Adelaide reinforces the relevance of local-to-urban-scale studies that integrate land surface
temperature, land use, and greening variables [72].

Table 2. Summary of land use–land cover in the study area.

Land Use–Land Cover Type Area (km2) Percentage (%)

Constructed buildings 7.39 35.74
Canopy cover 5.61 27.13

Local roads (Type 1) 3.89 18.81
Regional roads (Type 2) 0.27 1.31
State roads (Type 3) 0.44 2.13

Residential (Type 1) 17.34 83.85
Commercial (Type 2) 1.24 5.99
Educational (Type 3) 0.50 2.42
Medical (Type 4) 0.39 1.89
Industrial (Type 5) 0.01 0.05
Parkland (Type 6) 0.98 4.74
Others 0.14 0.68

2.2. Methodology
2.2.1. Data Acquisition

Various datasets were used to classify road typologies, land types, and to quantify
LST, CCP, and NDVI.

In South Australian Government Data Directory (Data.SA), a Government web portal,
the spatial layers relevant to CCP, LST, and NDVI were obtained [73]. The data produced
in this portal include thermal imagery, tree canopy boundaries (height > 3 m), green space
(growing vegetation < 2 m, emerging trees and trees between 2 and 3 m in height, shrubs,
and other mid-story), vegetation greenness using NDVI, permeable and impermeable
surfaces, building footprints, and green space extents. The height data was determined via
Light Detection and Ranging (LiDAR) with an average point density of 8 points per m2, a
remote sensing approach scanning the surface of the Earth. The Heat Map was generated
from data collected at 3000 m altitude under a clear sky from a purpose-built aircraft fitted
with an aerial thermal sensor. Thermal imagery has been captured with a spatial resolution
of 2 m × 2 m [74]. Each pixel shows the average LST as measured. The spatial resolution
for the Canopy Height Model (CHM) is 0.5 m × 0.5 m. In pursuing our objectives, we used
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the Heat Map captured during the day on 10th March 2018 between 11 a.m. and 3 p.m.,
and the layer of tree canopy > 3 m height. This is a two-dimensional spatial layer derived
from CHM representing the tree canopy above 3 m from point cloud captured by LiDAR.

Australian Bureau of Statistics (ABS) [75] includes mesh blocks (the smallest geo-
graphic areas containing between 30 to 60 dwellings) that were used to obtain land uses.
These were categorized as residential, commercial, industrial, parkland, education, hospi-
tal/medical, transport, water, and other categories where they could not be easily placed
in one of the above classifications [76]. The ABS digital boundaries are produced in two
formats: OGC GeoPackage or ESRI shapefile, and in Geocentric Datum of Australia 2020
(GDA2020) and Geocentric Datum of Australia 1994 (GDA94). The shapefile of mesh blocks,
which were created in the year 2021 and GDA2020 (MB_2021_AUST_GDA2020), was used
for the land use–land cover (LULC) data required for this research [76].

Open Street Maps (OSM) [77] is a collaborative, open-source, up-to-date, and accurate
dataset creating and providing free maps of the world including roads, rivers, railways, and
points of interest. The road data (polylines) for Adelaide from OSM (AdelaideOSM_2023)
was extracted comprising road types, length, name, and ID. This data was used to classify
roads into simplified road typology for analysis to fulfill the aims of this research.

2.2.2. Data Preparation

The input data inclusive of Mesh Blocks, OSM Adelaide Roads, and Tree Canopy are in
vector format, while NDVI, Elevation, and Thermal Day Imagery are in rasters. These layers
were used as essential inputs for processing through Geographic Information Systems (GIS)
in the map projection of GDA2020_MGA_ZONE54 (Geocentric Datum of Australia 2020 for
the research zone). Different sources and layers were used to prepare the data (Figure 3):

Figure 3. Data flow diagram of steps applied in this study.

1. OSM Adelaide Roads were categorized into three classifications based on the three-
tier hierarchy introduced in [44] as Figure 4a shows. The term “typology” means
the number of traffic lanes (width of roads). Type 1, 2, and 3 indicate local (2 lanes),
regional (4 lanes), and state roads (6 lanes and over).

2. To analyze the impact of various factors on UHIULI mitigation, each road typology was
segmented into uniform blocks at 100 m2 (in terms of area not dimensions (Figure 5)).
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This segmentation ensured that contributing factors could be quantified with minimal
complexity and higher accuracy, leading to consistent results. The choice of 100 m2

blocks was driven by the need to isolate the cooling effects of identified factors while
minimizing other influences such as orientation. To validate this approach, block sizes
of 100, 500, and 1000 m2 were examined. However, for larger blocks, multiple land
uses were often encompassed within a single unit, which complicated the assessment
of land type effects. As a result, the 100 m2 block size was adopted as the optimal
unit. In total, 4433 blocks were created and each block was assigned an ID, X and Y
coordinates, elevation, and road typology.

3. From the data in the Mesh Block layer, 7 types of LULC were identified, including
land type 1: residential, type 2: commercial, type 3: education, type 4: medical, type 5:
industrial, and type 6: parkland. Each block of road typology was allocated a specific
land type (Figure 4b). Our comparison is based on land use types adjacent to roads
not as the built-up areas. Building areas (rooftops) were removed from the road areas
considered in this analysis (explanation for building surface temperature was added).

4. TreeCanopy_Above3m is a vector layer (Figure 4c) that was used for measuring CCP.
With the area of each block being 100 m2, CCP was calculated for each block based on
road typology and integrated with land type.

5. NDVI values (mean NDVI) were calculated from the relevant layer (spatial resolution
of 3 m × 3 m) in the Adelaide Heat Map dataset for each block with the certain CCP
and land type (see Figure 4d). NDVI is included alongside CCP to assess not only
the extent and shading of tree canopy cover but also its density, which influence
evapotranspiration. While CCP measures the quantity of canopy cover, NDVI reflects
canopy quality, distinguishing healthy or stressed, dense or sparse ones. Since areas
with similar CCP can have varying cooling effects depending on tree health and
greenness, incorporating NDVI provides a more accurate understanding of how
canopy cover impacts LST [53,78,79].

6. Mean LST (Figure 4e) for each block was extracted from ThermalDay imagery (spatial
resolution of 2 m × 2 m) in GIS. This resulted in the average surface temperature of
each block. The data was compiled into a database for further analysis.

2.2.3. Data Analysis

To determine the correlations between the contributing factors in this research, gen-
eralized additive models (GAMs) were utilized. With this statistical approach, we could
analyze the key variables of LST with respect to various road typologies and adjacent
land use types. GAMs extend generalized linear models (GLMs) by replacing linear re-
lationships between predictors and the response variable with flexible, smooth functions
of the covariates [80]. This flexibility enables GAMs to model nonlinear relationships
between the predictors and the response variable while preserving the straightforward
and understandable nature of additive models [81]. In GAMs, each predictor can be mod-
eled using a smooth function, often represented using splines, like cubic splines, or other
smoothing techniques. The overall model remains additive, meaning that the contribution
of each predictor to the response variable is added together, which simplifies interpretation
compared to more complex models like random forests or neural networks [82]. GAMs are
particularly useful when nonlinear patterns are expected in the data, but overfitting needs
to be controlled by carefully managing the smoothness of the functions [83].
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Figure 4. Details of the research zone in Adelaide, Australia; (a) road typology, (b) land use type,
(c) canopy cover, (d) NDVI, and (e) LST.
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Figure 5. Graphical illustration of a 100 m2 blocks for three road typologies.

As different factors contribute to UHIULI, the GAM model was applied in this study to
predict the LST based on several predictor variables (so-called independent variables in some
regression models). In the prediction model, both linear predictors (CCP and NDVI) and
categorical predictors (road typology and land types) were analyzed under two conditions.
The first was without interaction, where each predictor was examined independently to assess
its individual effect on LST. This included evaluating how CCP, NDVI, road typology, and
land type contribute separately to variations in LST. The second was with interaction, where
combined effects of the predictor pairs were explored to understand potential interactions.
This involved analyzing the joint influence of CCP and NDVI, and joint influence of road
typology and land use type to determine whether their co-effect amplifies or mitigates LST
differently or not. However, to determine if there was an association between road typology
and land type, which are categorical factors, Pearson’s Chi-squared test was applied and
proved that the p-value is less than 2.2× 10−16. This indicates a highly significant association
between road typology and land type, meaning certain land type categories are more likely to
occur with specific road typology categories. To reveal any dependency between NDVI and
CCP, which are linear predictors, linear regression was applied, and as Figure 6 shows, there
is a positive correlation between the CCP and NDVI values, meaning as CCP increases, NDVI
values tend to rise and areas with more tree cover have healthier or denser vegetation. These
associations highlight the need to consider the dependency between these variables to ensure
accurate and reliable model estimates.

Given the explanation above, GAM was assigned to a model with spatial coordinates
(X, Y) and elevation as smooth functions, CCP and NDVI as linear predictors, road typology
(local, regional, and state) and land use types (residential, commercial, educational, medical,
industrial, and parkland) as categorical predictor variables, and LST as a dependent or
response variable. As we should examine the co-effects of linear and categorical predictors,
the model also considered the interaction between these variables (Figure 3).

The model uses a t-distribution rather than a normal distribution to be more suitable
for modeling the data as it has heavier trails compared to a normal distribution. The
identity link function is also used to predict the response variable (LST) directly without
transformation, and it is used to understand and the results.
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Figure 6. The scatter plot of NDVI and CCP.

Model:
GAM(LST ~ s(X,Y) + CCP*NDVI + factor(RoadType)*factor(LandType)

+ s(Elevation), family = scat(link = "identity"))

The deviance for the model explains 63.9% of deviance in the response variable (LST),
which is quite high. In the model, ˜ means LST is a response variable depending on other
factors; CCP(*NDVI) and factor (RoadType) * factor (LandType) indicate interactions be-
tween two linear predictors and categorical factors, respectively. The s(X,Y) and s(Elevation)
indicate smooth functions of spatial coordination and elevation allowing the model to
capture complex and nonlinear relationships with LST. The inclusion of s(X, Y) helps ac-
count for localized spatial variations in LST that may arise from the categorical and linear
factors, while s(Elevation) captures potential nonlinear temperature changes associated
with altitude. By using smooth functions, the model gains flexibility, improving its ability
to accurately predict LST compared to a purely linear approach. For road typology and
land type, as they are categorical variables, local road (road type 1) and residential land
type (land type 1) were considered as the baselines whose effect is compared with that of
the other types. The temperature difference for the statistical model throughout this paper
is per 100 m2. The “family= scat” stands the scaled t-distribution which is useful for this
paper’s model as the response variable (LST) has outliers. By applying this, t-distribution
is less affected by extreme LST values and gives more stable estimates than a normal model.
The “link= identity” is a standard identity link function, assuming a direct, untransformed
relationship between the continuous response variable (LST) and the linear predictor and
keeping. So, using family = scat (link = “identity”) helps the model provide robustness
while ensuring straightforward interpretability.
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Figure 7 and Table 3 present the distribution of the three continuous primary variables
used in this study—LST, CCP, and NDVI—and provide a comprehensive overview of the
landscape structure and thermal environment of the study area. The LST has a nearly normal
distribution centred around a mean of 37.29 °C (SD = 3.21 °C), with values ranging from
21.76 °C to 49.09 °C. The median (37.36 °C), first quartile (Q1 = 34.91 °C), and third quartile
(Q3 = 39.74 °C) are close to the mean, confirming the symmetric nature of the distribution.
This suggests relatively consistent surface temperatures across the study area, potentially
influenced by the uniformity of land use or surface materials. The CCP distribution is
markedly right-skewed, with a significant proportion of observations clustered at or near
0%. This is reflected in the descriptive statistics, where the mean canopy cover is 41.18%, the
median is slightly lower at 39.98%, and the first quartile is only 12.85%. Despite the maximum
reaching 100%, the high standard deviation (30.54) and wide interquartile range indicate
substantial spatial variability in canopy cover. The NDVI variable exhibits a moderately
symmetric distribution with a peak around 0.38, closely aligned with its mean (0.37) and
median (0.38). The NDVI values span from −0.07 to 0.69, with the interquartile range (Q1 =
0.29, Q3 = 0.46) capturing moderately vegetated areas. The relatively small standard deviation
(0.12) suggests lower variability compared to CCP, indicating that while vegetation density
varies, it is more consistent than canopy extent.

Figure 7. Histograms of LST, CCP, and NDVI (Q8).

Table 3. Main statistics of the variables.

Variable Mean Max Min Median SD Q1 Q3

CCP 41.18 100 0 39.98 30.54 12.85 65.54
NDVI 0.37 0.69 −0.07 0.38 0.12 0.29 0.46
LST 37.29 49.09 21.76 37.36 3.21 34.91 39.74

3. Results

In the study area within the Adelaide region, the findings indicate that average
LSTs are influenced by three types of variables—linear (CCP and NDVI), categorical (road
typology, and land type), and smooth terms (spatial coordinates and elevation)—though the
level of significance varies among them. Overall, the interaction (co-effect) between linear
variables and between categorical variables contributes to changes in LST, and consequently
(UHIULI), highlighting the importance of the individual effects of the predictors and their co-
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effects. Table 4 provides a summary of the variables analyzed, including their descriptions
and statistical significance. The baseline is road type 1 (local roads), land type 1 (residential
land use), CCP = 0 (no tree canopy), NDVI = 0, and LST = 42.78 °C. The baseline serves
as a reference point for interpreting the effects of the variables in the model. In other
words, all other predictors or effects in the model are deviations from this baseline. As
an example, the cooling effect of road type 2 (regional road) and land type 2 (commercial)
combination is 0.15 °C less than the baseline per 100 m2. In Table 4, the estimate represents
the effect size of each predictor variable on LST, indicating both the direction (negative or
positive) and magnitude of the relationship. The p-value assesses the statistical significance
of the predictor’s contribution to LST changes, and is categorized into three levels: highly
significant (p < 0.001), moderately significant (p < 0.01), and weakly significant (p < 0.05).
Small p-values suggest strong evidence of influence on LST. The standard error (Std. Error)
quantifies the uncertainty in the estimate, where smaller values indicate greater reliability
and precision, while larger values suggest higher uncertainty.

To assess the individual contribution of each predictor variable to LST, a set of partial
models was also developed, each containing only one main predictor or interaction term.
We then evaluated their performance using two statistical indicators: Adjusted R2 and
Deviance Explained (%). These metrics reflect the extent to which each variable, in isolation,
accounts for the variability in LST, with Deviance Explained also indicating the contribution
level of each predictor variable. Table 5 summarizes the outcomes of these assessments.
The level of contribution is visually highlighted using color shading: darker green tones
represent stronger contributions, while darker red tones indicate weaker contributions.
Among all predictors, the interaction term CCP * NDVI showed the strongest explanatory
contribution, with an Adjusted R2 of 0.68 and 68.3% deviance explained. This highlights
the substantial role of both the quantity and quality of vegetation in regulating LST. Other
strong contributors include CCP alone (Adjusted R2 = 0.65 and 65.3% deviance explained)
and NDVI (Adjusted R2 = 0.54 and 54.1% deviance explained). These results confirm that
vegetation cover, especially when both CCP and NDVI are considered, is a critical factor in
mitigating urban heat. In contrast, spatial coordinates s(X, Y), land type, and road type, as
well as their interaction, exhibited notably weaker contributions, with deviance explained
values below 10%. Elevation had a negligible effect (Adjusted R2 = 0.007; 0.79% deviance
explained), suggesting its influence on LST is minimal in this urban context.

Table 4. Summary of predictor variables and their parametric details.

Predictor Variables Description Estimate Std.Error p-Value

Intercept Baseline 42.78 0.05 <2 × 10−16

CCP Canopy cover percentage −0.05 0.001 <2 × 10−16

NDVI Normalized difference
vegetation index

−7.22 0.15 <2 × 10−16

CCP-NDVI Interaction effects −0.03 0.002 <2 × 10−16

RoadType 1 Local Road Baseline Baseline Baseline
RoadType 2 Regional Road −0.62 0.04 <2 × 10−16

RoadType 3 State Road −0.77 0.05 <2 × 10−16

LandType 1 Residential Baseline Baseline Baseline
LandType 2 Commercial −0.37 0.05 <2 × 10−16

LandType 3 Educational −0.13 0.08 0.08
LandType 4 Medical −0.15 0.07 0.04
LandType 5 Industrial 0.05 0.15 0.66
LandType 6 Parkland 0.11 0.06 0.08
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Table 4. Cont.

Predictor Variables Description Estimate Std.Error p-Value

RoadType2-
LandType 2

Interaction effects 0.15 0.09 0.09

RoadType3-
LandType 2

Interaction effects 0.6 0.08 <2 × 10−16

RoadType2-
LandType 3

Interaction effects 0.8 0.24 0.00074

RoadType3-
LandType 3

Interaction effects −1.03 0.27 0.00014

RoadType3-
LandType 4

Interaction effects 0.51 0.15 0.00092

RoadType2-
LandType 6

Interaction effects 0.34 0.17 0.04

RoadType3-
LandType 6

Interaction effects 1.28 0.1 <2 × 10−16

X,Y Geographic coordinates - - <2 × 10−16

Elevation Height above sea level - - <2 × 10−16

Table 5. Summary of contribution levels of predictor variables.

Model
Numbers

Predictor Variables Adjusted R2 Deviance
Explained

Contribution
Level

1 CCP * NDVI 0.68 68.3% Strong
2 CCP 0.65 65.3% Strong
3 NDVI 0.54 54.1% Strong
4 LandType * RoadType 0.09 9.9% week
5 s(X, Y) 0.09 9.37% Weak
6 RoadType 0.06 6.03% Weak
7 LandType 0.06 6.03% Weak
8 s(Elevation) 0.007 0.79% Weak

Note: Row colors indicate contribution strength—dark green to light green show high to lower strong contribution,
and dark red to light red show high to lower weak contribution. Variables combined using an asterisk (*)
represent interaction terms.

3.1. Effect of Spatial Variation and Elevation on LST

The analysis shows that the location coordinate is significant to LST (Figure 8). The
isolines in Figure 8 represent three-dimensional data in two dimensions and provide
evidence for spatial variation of LST across the x and y axes. The pattern suggests that the
study area has fluctuating LST values in relation to the solid black line, which represents
the reference value of 27.6 °C. The dashed green lines indicate higher LST values, while
the dashed red lines indicate lower LST compared to the reference line. These dashed
lines correspond to one standard error above (green) and below (red) the reference value,
illustrating where the LST is higher or lower, respectively. The clustering of lines suggests
rapid changes or steep gradients in LST, while more widely spaced lines indicate more
gradual changes in LST. The enclosed loops in certain regions represent the local maximum
or minimum in LST. These changes in LST might reflect the influence of localized factors,
such as the presence of vegetation (for example, parks or gardens).

The small p-value for elevation suggests that elevation is an important factor in
predicting LST; however, the relationship is not linear and may be more complex, with
LST potentially increasing or decreasing at different rates in different elevations. Higher
elevations are generally expected to be cooler due to decreased atmospheric pressure, and
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vice versa [56]. Elevation in the area ranges from 23 to 178 m and the graph shows an
almost uniform spread of LST along this area, with clustering of LST between 30 and 45 °C.
This suggests that there is a moderate correlation between elevation and LST, as mentioned
in other studies [56,84,85].
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Figure 8. Spatial variability by coordinates on LST.

3.2. Effect of Road Typology and Land Use and Land Cover on LST

Figure 9 shows the median LST across the three road typologies. The data suggests
that a difference in surface temperature exists relative to the road type. Local roads (type 1)
reported a median LST of 36.98 (range of 25.21 to 49.09 °C with a mean LST of 36.95 °C),
showing the lowest variability compared to the other road types. Regional roads (type
2) reported a slightly higher median LST of 39.51 °C (range of 28.41 to 45.6 °C, mean
LST = 38.70 °C). For state roads, the median LST was 39.98 °C (range of 21.76 to 46.79 °C,
mean 39.35 °C). Regional and state roads reported higher LST values, with a greater
concentration on LST in the middle to upper range compared to local roads. The statistical
model and Table 4 suggest that regional and state roads generally have lower temperatures
of 0.62 and 0.77 °C (Estimate column in Table 4) than local roads. The effect of road typology
(width of roads) on LST is statistically significant (small p-value in Table 4) with precise
estimates (small Std.error in Table 4).
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Figure 9. Distribution of LST over road typology (left) and land type (right).

Figure 9 represents LST variation across land types. For residential land use (Type 1),
the median LST is 37.04 °C, and it has a wide range from 21.76 to 49.09 °C. Commercial land
use (Type 2) has a higher median of 39.91 °C, with a minimum of 25.21 and maximum of
46.54 °C. Educational land use (Type 3) has a minimum, median, and maximum LST of 25.76,
37.32, and 44.79 °C. The median for medical land use (Type 4) is 39.5 °C, showing slightly
higher temperatures compared to educational land use and also with a higher range from
27.78 to 46.84 °C. Industrial land use (Type 5) and parkland (Type 6) show the highest LST
with a median of 40.18 and 40.73 °C and also maximum of 40.18 and 40.73 °C, respectively.
The LST variation for parkland, however, is larger, starting from 29.9 °C compared to that
of industrial land use with 33.19 °C. Parkland includes a greater proportion of lower LST.
The statistical model and Table 4 also show that for commercial land use, LST is about
0.37 °C lower than areas classified as residential and this effect is statistically significant and
reliable, assuming all other variables remain constant. Educational land use is associated
with a 0.13 °C lower LST compared to residential. This effect is not as large as commercial
land use, showing only marginal significance and less reliability. Medical land use is,
similarly, associated with a 0.15 °C decrease in LST compared to residential land use, and
the results showed a moderate significance. For industrial land use, the coefficient is 0.06 °C,
meaning that LST is slightly higher than residential land use. However, this difference is
neither statistically significant nor highly reliable, suggesting that any observed increase
in LST could be due to random variation rather than a consistent pattern. In contrast,
parkland is associated with a 0.11 °C increase in LST compared to residential land use.
Although this result is marginally significant, its high precision indicates that the observed
difference is likely consistent and may reflect a real-world phenomenon. This could mean
that parkland, despite being a green space, might absorb or retain heat more than what is
expected due to factors like vegetation species, soil composition, the presence or patterns
of irrigation, or lack of canopy shading impacting on the health of the underlying ground
cover.
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Figure 10 illustrates the effect of interaction between road typology and land type on
mean, minimum, and maximum LST in the research area. Local–residential type (1-1) has
the highest maximum LST (49.1 °C) but the second lowest mean LST (36.8 °C). However,
the lowest minimum LST of residential belongs to the state–residential type (3-1) with
21.8 °C. Although local–parkland type (1-6) has the lowest mean LST (36.4 °C), this value
is the highest for state–parkland (3-6) (41.2 °C). State–education type (3-3) has both the
lowest mean and maximum LST with 36.4 and 41.7 °C, respectively. Local–industry type
(1-5) has the highest minimum LST of 33.2 °C and a high mean and maximum LST value
(39.8 and 45 °C). Interestingly, the maximum value for this combination is similar to that of
local–parkland (1-6) and is even lower than that of state and regional–parkland types (3-6
and 2-6). The combination of parkland (6) with three road typologies does not have the
lowest minimum LST (22.9 °C) when compared to the range of minimum LST values from
22.5 to 32.5 °C.

Figure 10. The co-effect of road typology and land type on LST (note: 1. white spaces mean no data;
2. unit for LST is °C; 3. scale is different for each heat map).

As discussed in Section 2.2.3 and presented in Table 4, local road and residential
land type are considered as a baseline (estimate = 0) to enable a comparison of other
combinations impacting LST. The co-effects (Table 4) on LST are listed as follows:

Regional roads with adjoining commercial land use have a coefficient of 0.15, while the
individual coefficients of regional road and commercial land type are −0.62 and −0.37, re-
spectively. That means for this combination, LST is calculated by summing their individual
and the interaction coefficients. In doing so, the effect will be adding these values together
(−0.62 −0.37 +0.15), resulting in a total effect of −0.84. This indicates that on average,
the combination of a regional road with commercial land use reduces LST by 0.84 °C
when compared to local road with residential land use. The effect of this combination
is marginally significant (typically not highly significant (at the 5% level) but marginally
significant (at the 10% level)) and the estimate is relatively precise. This suggests a weak
effect that lacks precision, meaning that the effect in reality might be different.

Regional roads with educational land use have a coefficient of 0.8, showing a 0.05 °C
increase in LST (−0.62 −0.13 +0.8) for the interaction compared to that for local roads and
residential land use. This result is highly significant but has relatively weak precision. This
indicates variability in this effect, meaning that while road type 2 in land type 3 generally
tends to increase LST, the actual increase may fluctuate around this estimate.

126



Atmosphere 2025, 16, 864

Regional roads with parkland land use show a coefficient of 0.34 that indicates a
0.17 °C decrease (−0.62 +0.11 +0.34) in LST due to the interaction compared to the baseline
with moderate significance and reliability. However, the relatively high standard error implies
some variability in this effect, meaning that the precise decrease in LST could range slightly.

State roads with a commercial land use are associated with a coefficient of 0.6, causing
a 0.54 °C decrease in LST (−0.77 −0.37 +0.6) compared to local roads with residential land
use. This combination has very strong significance and relatively strong estimated precision.
This low error suggests a higher confidence in the impact on LST, meaning road type 3
(state) in land type 2 (commercial) is consistently associated with lower temperatures.

State roads with an educational land use reported a coefficient of −1.03 and are
associated with a 1.93 °C decrease in LST (−0.77 −0.13 −1.03) compared to the combination
of local roads and residential land use with strong significance and weak precision. The
relatively large error means that while road type 3 (state) with land type 3 (educational)
is associated with cooling, the precise amount of cooling varies more in this combination
than in others.

State roads with medical land use reports a coefficient of 0.51, indicating a 0.41 °C
decrease (−0.77 −0.15 +0.51) in LST for this interaction compared to that for local roads
and residential land use, and the result is highly significant but not with a high precision.
The observed value for the interaction term might be due to increased heat retention in areas
with road type 3 (state) and land type 4 (medical). However, the effect size varies moderately,
meaning the temperature reduction is significant but not consistent across all locations.

State roads with parkland land use report a coefficient of 1.28, showing a 0.62 °C
increase in LST (−0.77 +0.11 +1.28) compared to the interaction between local roads and
residential land use. This is highly significant with moderate reliability. This strong and
relatively stable effect is likely due to the characteristics of road type 3 (state) and land type
6 (parkland) areas that are more exposed to sun and retain more heat.

3.3. Effect of CCP and NDVI on LST

Figure 11 illustrates that both CCP and NDVI appear to be negatively correlated with
LST. This suggests that areas with higher values of CCP and NDVI are associated with
lower LST, and increasing CCP and NDVI along all road typologies is an effective strategy
for reducing UHIULI. However, the relationship between NDVI and LST appears to exhibit
a stronger rate of change (steeper gradient) compared to the relationship between CCP
and LST. This could indicate that NDVI, at lower values, is more sensitive to changes in
LST. NDVI measures the difference between near-infrared light, which vegetation strongly
reflects, and red light, which vegetation absorbs for photosynthesis. Lower NDVI values
(typically up to 0.5) suggest stressed, sparse, or unhealthy vegetation [86]. NDVI is a
well-known indicator of vegetation health and greenness [87,88]. This result suggests that
if linear green infrastructure is to be applied as a UHI cooling strategy, the greatest gains
will be made if this vegetation is supported by irrigation to improve its health, particularly
where hot and dry summer climates prevail. The results also suggest that CCP and NDVI
may have a more significant role in attenuating UHI along linear green infrastructure.
Table 4 reports, for every 1% increase in CCP, LST decreases by about 0.05 °C, holding other
variables constant. For every unit increase of 0.1 in NDVI, LST decreases by about 0.72 °C.
Regarding Table 4, the estimated coefficient for CCP is more reliable than that of NDVI, as
indicated by its smaller standard error. However, both variables exhibit a highly significant
cooling effect on LST (p < 0.001). Additionally, CCP and NDVI are strongly interrelated,
meaning that an increase in canopy cover generally leads to a higher NDVI and vice versa.
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Figure 12 illustrates the 3D scatter plot of co-effect of CCP and NDVI on LST within
road typology. The cluster of points suggests that higher LST values (red points) tend to
occur when CCP is lower and potentially when NDVI is also lower. This reflects the absence
of vegetation, which often leads to higher temperatures. Conversely, lower LST values
(green points) are associated with higher CCP and higher NDVI values, demonstrating
that areas with more canopy cover and greener or denser vegetation tend to be cooler. The
cooling effect from the trees may still help keep LST lower than areas with no canopy at
all, but LST could be higher than in areas where both CCP and NDVI are low. The LST
could be relatively low even with lower CCP. Table 4 reports the output from the statistical
model where the interaction term between CCP and NDVI provides a negative coefficient
of −0.03. This means that increasing both CCP and NDVI simultaneously by one unit
declines LST by 7.75 °C (−0.5 −7.22 −0.03 = −7.75), which is more effective than CCP
(−0.5) and NDVI (−7.22) separately, and the estimated coefficient is highly precise.

Figure 11. The relationship of CCP and NDVI with LST (note: unit for LST is °C).

Figure 12. Co-effect of CCP and NDVI on LST (note: unit for LST is °C).
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By comparing Figures 10 and 13, the joint effect of canopy coverage, vegetation
density, and health on LST with road–land type interaction can be assessed. For example,
the combination of a relatively high CCP (46.3%) and NDVI (0.40) in the context of a local
road and residential land use yields one of the lowest mean LST values, at 36.8 °C. Similar
patterns are observed for local roads with parkland and educational land use, as well as for
state roads with medical land use. However, in contrast, the combination of a local road
with residential land use also produces the highest recorded maximum LST, at 49.1 °C. The
“hot spots” in these areas are attributed to lower canopy cover. In cases where both CCP
(9.2%) and NDVI (0.22) are low, such as in state roads with parkland, the highest mean
LST (41.2 °C) is observed. This indicates that grassy areas with limited canopy shading
and a higher level of brown vegetation rather than green contribute significantly to the
urban linear heat effect (UHIULI). Interestingly, combinations with relatively high CCP
(45%) but lower NDVI (0.30)—such as state roads with educational land use—result in
a lower mean LST (36.4 °C) compared to state roads with commercial land use, which
have slightly lower CCP but higher NDVI (37.3 °C). Further comparison of the NDVI
values in the state road and parkland combination and the regional road and commercial
combination, both of which share a CCP of 9.2%, reveals that despite having a lower NDVI,
the regional–commercial combination exhibits lower mean and maximum LST values than
the state road–parkland combination.

Figure 13. Distribution of CCP and NDVI over road typology and land use type (note: 1. white
spaces mean no data; 2. scale is different for each heatmap).

4. Discussion

4.1. Road and Land Type

The results of this study report that as roads become wider, there is a greater sky view
factor (SVF) and a lower aspect ratio (AR); LST declines and becomes cooler when other
factors are constant. Regional roads (type 2) have an average LST 0.62 °C lower and state
roads (type 3) 0.76 °C lower than local roads (type 1) per 100 m2. This result is inconsistent
with the study by Junsik Kim et al. [89] who reported that an increase of 0.08 in SVF causes
the urban canyon surface to receive a greater level of radiation resulting in 0.64 °C higher
average LST. However, other studies [90,91] report that as urban canyons become narrower,
multi vortices appear, causing more complicated airflow and weaker ventilation and heat
removal at near-ground level and leading to higher LST. In this research, decreased LST
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may be due to the proximity of road typologies to different land use types or predominant
orientation. Some sections of state roads in the northern part of the study area are adjacent
to parkland or regional roads and primarily follow north–south orientation, while local
roads exhibit more varied alignments.

In terms of lowest to highest LST values, land types can be ordered as commercial
(−0.37 °C), medical (−0.15 °C), educational (−0.13 °C), residential (0), industrial (0.05 °C),
and parkland (0.11 °C). Other studies [91] have reported that the residential land use type
has a lower LST than commercial, medical, and educational land uses. Marco Morabito
et al. [92] also reported 0.5 °C cooler LST in residential areas than parkland areas. These
studies reported that the variation in LST adjacent to the residential land use type could
be explained by the different percentage of pervious surfaces and green fragmentation
integrated with this land use. This study, however, did not analyze the percentage of
pervious or impervious surfaces, so we are uncertain whether this explanation holds
for Adelaide.

Commercial land use is estimated to have the lowest LST in this area, at 0.37 °C
lower than residential land use (Table 4). This result differs from other studies [93,94] that
report elevated LSTs across commercial areas relative to residential land. However, lower
LSTs have been reported in dense commercial land use in the USA and China [95–97].
They highlighted that high-rise commercial buildings and complexes can provide greater
amenities like green spaces, walking and cycling tracks, and also good public transport
access around them. This open space may decrease anthropogenic heat emissions which
was not considered in our study. However, in this study area, commercial land use types are
mostly adjacent to state and regional roads (which are cooler than local roads), particularly
those sections near parkland areas.

Educational land use type experiences a cooler LST by 0.13 °C per 100 m2 compared to
residential land use (Table 4). Our results differ to those obtained by Haizhen Wen et al. [98],
who note that educational land use contains various facilities such as air conditioning or
mechanical ventilation systems producing heat emissions even in suburbs causing increased
LST compared to the others. However, Xincheng He [99] reported that densely vegetated
areas around schools in this land type could reduce average local LST by a maximum of
0.5 °C in varying districts of China. The researchers also pointed out that local climate zones
and local urban morphology could apparently contribute to LST values in educational
lands. For example, compact mid-rise, large low-rise, bare paved or soil areas, higher
building and road density, greater floor area ratio, and artificial surfaces elevate LST, while
dense or scattered-tree areas, and high SVF mitigate LST. These findings align with our
study, as educational land uses in the study area are located in open spaces, primarily
grassed, and surrounded by canopy cover.

Medical land type, consisting of hospitals of different sizes, reports a cooler LST
by 0.15 °C compared to the residential land type. Chen et al. looked at this land use
but amalgamated with schools, cultural, political, and sport facilities [94]. Their study
revealed that mean LST over this land type was 0.64 °C less than the commercial type
and 0.25 °C higher than the residential type because of different levels of surrounding
green infrastructure. Figures 10 and 13 indicate that while the educational land type does
not show the highest vegetation values, it remains one of the most well-vegetated areas
across all road typologies in this study area. This likely explains its lower LST compared to
residential land uses.

Industrial land types report an LST 0.05 °C higher than residential areas. This is the
smallest temperature difference (compared to the baseline) when comparing land use types.
In [93,100], the highest LST is reported in industrial zones, including suburban regions
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characterized by extensive, contiguous industrial areas. However, in [93], industrial zones
with substantial vegetated areas exhibit a lower recorded LST. This is consistent with
Figures 10 and 13, which show that although industrial land uses have a slightly lower
mean NDVI than medical land uses by 0.07, its 12.3% higher CCP results in similar LST
values. In this study, industrial land use occupies the significantly smallest area and has
the least proximity to the road typologies compared to the others (Table 2). This limited
spatial extent may contribute to its lower average LST compared to other land uses and
parkland in particular.

Table 4 also shows that parkland is estimated to be the hottest land type over road
typologies, showing 0.11 °C higher than residential LST. This contrasts with other stud-
ies [94,101–103] reporting parkland as offering a cooling island in urban areas with 1–10 °C
lower LST. The results in [94] imply a cooler mean LST of parkland by 2.48, 2.1, and
3.26 °C compared to residential, public services (schools, hospitals, sport facilities), and
commercial land use, respectively. However, these differences declined to 0.6, 0.85, and
1.98 °C for brownfield, which was defined as unused lands or wastelands. According to
these studies [94,101–103], the cooling effect of parkland strongly depends on factors like
their distance to the city center, CCP, NDVI, and intended use such as public gardens,
local parks, or sport fields. In our study, the lands categorized as parkland that were
adjacent to regional and state roads had little grass, often bare soil, and contained little or
no canopy cover (mean CCP of 9 and median CCP of 0 for state roads, mean CCP of 21 and
median CCP of 2.6 for regional roads). Further, it was likely that these parks had no or
poor irrigation, which resulted in a low NDVI value (mean and median of 0.2 compared to
NDVI for healthy and green vegetation being 0.66 and more [104]). These values indicate
the importance of maintaining healthy vegetation and canopy trees to provide shading if
parks are to be used as a mitigation strategy to lessen the UHI effect.

4.2. CCP and NDVI

GAM analysis shows if CCP increases by 1% on a road, LST can decrease by 0.05 °C. For
example, by increasing 60% of CCP, a 3 °C reduction in LST would occur. This correlation
is in line with another study on a Mediterranean climate conducted in Portugal where
areas with CCP larger than 70% experience 3.42 °C cooler LST than those between 10 and
30% [52]. Other studies [105,106] also show that CCP is a reliable contributing factor to
LST mitigation because it can significantly mitigate solar short-wave radiation penetrating
deeply under canopy. Combined with the evapotranspiration of canopy trees, this leads
to higher latent heat flux compared to the sensible heat experienced in non-canopy areas,
ultimately lowering LST.

As reported in Table 4, every increase of 0.1 in NDVI value can cause a 0.72 °C decline
in LST, which is one of the most significant predictors, as suggested by the p-value. This
is consistent with other research [107] that reports that higher greenness leads to lower
LST. Some studies indicate a stronger correlation between NDVI and LST, such as a 19%
decrease in NDVI that can increase LST by 7.2 °C [78] or an increase in NDVI by 0.87 that
leads to a decrease of 13.44 °C in LST [79]. This negative correlation between NDVI and
LST tends to be stronger in summer, indicating that higher NDVI suggests well-irrigated
green canopy cover and lower LST [78].

Values resulting from the interaction between CCP and NDVI indicate that this combi-
nation has a more significant cooling effect on LST with strong confidence across our data,
meaning this reliably leads to a reduction in LST. This cooling effect may be influenced
by other factors like urban morphology but always remains in a negative correlation with
UHIULI, in contrast to road–land interaction, which changes from separated to combined
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analysis and from one combination to another even in the same area. Unfortunately to
date, existing studies’ focus has been on the effect of either canopy cover structure or
NDVI separately on UHI because the multi-variate regression model considers multiple
inputs, leading to duplicated contributions from these layers, and there is a paucity of
knowledge that considers this co-effect on LST in urban systems and urban linear systems.
Although CCP and NDVI are dependent, the canopy cover percentage (CCP) represents
the proportion of tree crown coverage within each road block, thus capturing the vertical
shading and physical coverage directly above road surfaces. In contrast, NDVI reflects
overall vegetation greenness and photosynthetic activity, including ground-level vegetation
(shrubs, grasses, lawns) in addition to trees, which are strongly related to evapotranspira-
tion processes contributing to surface cooling. Including both variables allows the model
to consider both the structural shading effects (CCP) and the vegetation density effects
(NDVI), which together provide a more comprehensive representation of vegetation’s
influence on land surface temperature. Thus, including both CCP and NDVI allows us
to capture complementary mechanisms of urban heat mitigation: structural shading and
evapotranspirative cooling (explanation for CCP and NDVI dependency was added).

As this research reveals, the role of road–land type in UHIULI mitigation is complex
because of a wide range of geographical and environmental factors. This complexity
suggests that the application of green infrastructure or nature-integrated-based solutions
to achieve urban cooling may not necessarily achieve the desired temperature reduction
outcomes [108]. For example, according to Zheng et al. [109], LST in local–residential use
type is impacted by both the height of buildings and vegetation coverage along roadways,
while Chen et al. [94] revealed that in parkland, industrial, and commercial land use in
Berlin, Germany, LST is more affected by built environment factors like shading, materials,
or anthropogenic heat, and in other land uses, NDVI is a dominant contributing factor
to varying LST. This study, however, did not consider road typology and other relevant
characteristics such as SVF for the land type under research in Berlin.

Our research provides a statistical model tested for the analysis of the key factors
influencing UHIULI mitigation, integrating built types (road characteristics and land use)
and land cover types (canopy cover quantity and quality, elevation, and coordinates) to
explore correlations between these factors and UHI magnitude, measured by LST. We found
that the impact of road typology and land type on LST varies due to the complexity of
urban systems and services. However, the cooling effect of canopy cover, as part of natural
systems, is consistently significant, mitigating the thermal effects of built and human sys-
tems [94]. Furthermore, from a practical perspective, urban green strategies can be applied
to roads more easily when compared to other approaches such as changing the surface
albedo or the design of the road [4–6]. From [57], Adelaide tree canopy coverage increased
by approximately 4% between 2019 and 2022, particularly along local streets. However,
localized areas of vegetation loss persist, primarily where construction demand is high and
along road typologies undergoing infrastructure upgrades. This duality underscores the
complex challenges of balancing urban development with environmental sustainability
and the urban energy budget, especially in the face of intensifying heat waves.

To optimize heat mitigation policies and improve financial management, it is essential
to consider land use, land cover, and road typology. This research has the following
limitations. The available data on linear infrastructure remains generic and could not
fully capture the uniqueness of all urban sites, limiting the precision of road typology
classification. Additionally, there remains a significant knowledge gap in heat mitigation
strategies for linear infrastructure, complicating direct comparisons of our findings with
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previous studies. Nonetheless, this paper addresses the most critical factors and contributes
to advancement of knowledge in urban heat mitigation.

Further, the study relied solely on the Adelaide database, which is a single-day thermal
image (under consistent meteorological conditions, using a high-resolution thermal dataset
collected on a cloud-free day under peak summer heat), and constrained the analysis to
the availability of data, including LST, NDVI, and CCP (explanation about thermal image
limitation was added). This limitation may have increased the uncertainty of the results,
as some significant factors, such as canopy tree species, leaf area index (LAI), pavement
materials, and local air temperature records, could not be considered. For instance, NDVI
values can reflect prior weather conditions like rainy weather, potentially affecting their
accuracy as indicators. In this dataset also, NDVI is calculated from vegetation with all
heights but CCP reflects only above-3m canopy trees, resulting in some discrepancies such
as high CCP and low NDVI. The research employed a remote sensing approach to examine
UHIULI effects in Adelaide’s road networks during summer, relying on aerial imagery. One
of the core contributions of this research is to propose a method for estimating the urban
heat island effect specifically along road networks (UHIULI), which remains an unexplored
component of the broader UHI phenomenon. The intention is not to generalize across all
urban surfaces, but rather to offer a replicable framework for analyzing and mitigating
heat exposure along linear infrastructure, where cooling interventions can have direct
spatial and functional relevance. While this method was effective for large-scale analysis,
more significant findings may emerge from similar studies conducted in experimental
contexts. Future research could include logging local air temperatures along roads to
enable surface–air temperature correlations and exploring new approaches or research
directions that provide deeper insights into the effectiveness of urban heat mitigation
strategies—particularly regarding tree canopy attributes such as crown width, height,
species, and other types of vegetation cover. Additionally, with access to comparable
databases, the methods and results of this study could be tested in cities with similar or
contrasting climates, potentially enhancing their applicability and robustness.

5. Conclusions

In addressing three main questions, this research investigates how roads, crucial
elements of urban linear infrastructure, can be converted into cool corridors. It examines the
role of canopy cover percentage (CCP) in reducing land surface temperature (LST), explores
the impact of additional contributing factors, and assesses the possibilities for optimizing
CCP to enhance cooling effects. To explore these questions, remote sensing and statistical
analysis approaches were applied. We first categorized roads into three types—local,
regional, and state roads—and identified key factors such as canopy cover (percentage
and NDVI) and land type (residential, commercial, educational, medical, industrial, and
parkland). Then, we examined how LST varied under the combined influences of CCP,
NDVI, and land type across different road typology and analyzed correlations between
these variables and LST.

Unlike previous studies that examined canopy cover and NDVI separately, this re-
search assesses their combined effect on LST. The findings highlight that interactions among
contributing factors complicate the determination of optimal cooling values. While CCP
and NDVI consistently show a negative correlation with LST, the combined effect of land
type and road typology is more variable. These results underscore the complex interplay
between built and natural environments, emphasizing the need for a multi-factor analysis
rather than isolated assessments. While the absolute differences in LST between road types
and land uses may appear numerically modest, even small reductions in surface temper-
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ature can have meaningful impacts on local heat dynamics. For example, a local road
surface fully exposed to sunlight can reach 49 °C compared to a surface shaded 100% by
tree canopy (28°C), representing a more than 10 degree difference, as shading reduces both
incoming shortwave radiation and outgoing longwave re-radiation. Since roads constitute
a large proportion of urban impervious surfaces, even marginal reductions in their surface
temperature contribute cumulatively to lowering ambient air temperature, reducing heat
stress, and improving human thermal comfort, particularly during heat waves (explanation
for small difference was added).

Effective heat mitigation strategies require a holistic approach, where canopy cover
along roads—the most influential factor—must be complemented by additional mitigation
measures in adjacent land uses such as proper irrigation to support healthy green cover.
Land use significantly affects LST, with commercial and medical areas exhibiting lower-
than-expected temperatures due to green spaces and urban amenities. The interaction
between road typology and land use further complicates temperature variations, as cooling
effects depend on urban morphology and vegetation cover. While specific canopy cover
percentages may provide significant cooling in some land uses, different configurations
may be necessary in others. Therefore, the quantity of the canopy cover (CCP), its quality
or health (NDVI), and strategic placement (relative to land type and road typology) of
canopy trees are key determinants in mitigating UHI effect.

From a policy-making standpoint, urban linear heat is a built–natural environment
phenomenon that is complex. Thus, coordination across various professional disciplines
that have leverage on how roads, land use, and greening are planned and maintained is
needed if urban cooling is to be achieved. We also note the need for additional research
to further understand the effectiveness of urban heat mitigation strategies, particularly in
relation to how the tree canopy (crown width, height, and species) and other vegetation
cover can support UHIULI mitigation strategies.
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Abstract: This study assesses the accuracy of Local Climate Zone (LCZ) classification and
its impact on land surface temperature (LST) analysis in Mediterranean cities using high-
resolution ECOSTRESS data. Two classification methods were compared: a Geographic
Information System (GIS)-based approach integrating high-resolution geospatial data and
an LCZ map derived from WUDAPT. Discrepancies in LCZ classification influenced the spa-
tial distribution of urban forms, with WUDAPT overestimating LCZ 6 (open low-rise) and
LCZ 8 (large low-rise) while underrepresenting more compact urban types. LST analysis
revealed distinct thermal responses between Milan and Lecce, underscoring the influence
of urban morphology and local climate. Densely built zones (LCZ 2, LCZ 5) exhibited the
highest temperatures, especially at night, while LCZ 8 also retained significant heat. Milan’s
dense urban areas experienced pronounced nighttime overheating, whereas Lecce showed
a clear daytime temperature gradient, with historic districts (LCZ 2) maintaining lower
LST the light-colored and high thermal capacity of building materials. A Kruskal–Wallis
test confirmed significant differences between the GIS-based and WUDAPT-derived LCZ
maps, highlighting the impact of classification methodology and spatial resolution on LST
analysis. These findings emphasize the need for multi-scale approaches to urban climate
adaptation and mitigation, providing valuable advice for urban planners and policymakers
in development of sustainable and climate-resilient cities. This research is also among the
first to integrate ECOSTRESS data with LCZ maps to examine LST variations across spatial
and temporal scales.

Keywords: land surface temperature; WUDAPT; Local Climate Zones; ECOSTRESS; urban
overheating; remote sensing

1. Introduction

Urban planning and sustainable development are essential for enhancing the resilience
and well-being of cities, particularly in the face of climate change and rapid urbanization.
A comprehensive understanding of the interactions between climatic conditions and the
urban microclimate is crucial for improving air quality and thermal environments [1].
The Local Climate Zone (LCZ) classification system plays a key role in this process by
systematically categorizing urban areas based on their climatic and physical attributes [2,3].
The LCZ methodology provides a structured framework for urban planners to analyze
distinct climate profiles within cities. Through LCZ classification, areas vulnerable to
extreme temperatures, air pollution, or other environmental stressors can be identified,
enabling targeted interventions to enhance climate resilience and urban living [4].
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Analyzing local climate patterns has broader implications for sustainable urban devel-
opment. Detailed climate data help identify opportunities to integrate green infrastructure,
such as urban forests, green roofs, and permeable surfaces, which mitigate the Urban Heat
Island (UHI) effect, improve air quality, enhance biodiversity, and promote the well-being
of urban populations [5].

Additionally, the LCZ classification system facilitates intercity and interregional com-
parisons, fostering knowledge exchange among cities to address common urban challenges,
such as rising temperatures, air pollution, and energy consumption. LCZ classifications
serve as a foundation for implementing effective mitigation and adaptation strategies.
Cities with similar LCZ patterns can share best practices in green space management or
urban energy efficiency, accelerating progress toward urban sustainability [6].

In this context, this study aims to evaluate the accuracy and applicability of LCZ
classifications in urban climate research. Specifically, it presents a comparative anal-
ysis of LCZs using geographic information systems (GIS) and morphological data to
classify LCZs across several Italian cities located in the southern, central, and northern
regions. A key component of this research is the comparison between two LCZ map-
ping approaches: a GIS-based LCZ map (hereinafter GIS-based map) and the European
LCZ Level 0 map (hereinafter WUDAPT European LCZ map) developed by Demuzere
et al. [6] is available as a downloadable GeoTIFF file from the World Urban Database and
Access Portal Tools (WUDAPT) from which the city area of interest has been cropped.
(https://figshare.com/articles/dataset/European_LCZ_map/13322450, last accessed 2
May 2025). According to their methodology, the validation was carried out through a com-
prehensive accuracy assessment, which involved a bootstrap cross-validation technique.
In this process, the dataset was repeatedly sampled to evaluate the model’s performance.
Additionally, thematic benchmarks for 150 selected functional urban areas were established
using independent global and open-source data on surface cover, surface imperviousness,
building height, and anthropogenic heat [6,7]

The spatial distribution of heat in urban areas has traditionally been assessed through
fixed-point air temperature measurements, satellite-based land surface temperature (LST)
data [8–11], and numerical modeling. Extensive research has explored urban heat and
evaluated the effectiveness of various mitigation strategies across different cities. Many
studies utilize satellite-derived land surface temperature (LST) to analyze urban heat
patterns from a broad, top-down perspective. The widespread use of LST data in heat
mitigation studies is driven by its ability to provide consistent, global-scale observations of
land surface temperatures through satellite monitoring [12,13]

Despite the availability of multiple remote sensing datasets, capturing diurnal vari-
ations in LST or Surface Urban Heat Island (SUHI) at a high spatial resolution remains
a challenge. While satellites such as MODIS and Sentinel-3 provide frequent daily LST
data [14–16], their relatively coarse spatial resolution (1 km2) limits their effectiveness
for urban microclimate studies. Similar studies such as Wu et al. [17] have characterized
the spatial heterogeneity of the urban thermal environment at the city level using LSTs
retrieved from Landsat-8. Higher-resolution satellites like Landsat or ASTER enable more
precise spatial analyses but suffer from temporal limitations. However, ASTER provides
only a limited number of images per city, while Landsat acquires data at fixed intervals
and lacks nighttime observations [18,19].

To address these limitations, this study integrates high-resolution thermal data from
the Ecosystem Spaceborne Thermal Radiometer Experiment on Space Station (ECOSTRESS)
into urban temperature analyses.
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This study assesses surface temperature patterns across different cities using ECOSTRESS
satellite data. The analysis builds upon the previous objective by utilizing the two LCZ
classifications described earlier (WUDAPT European LCZ and GIS-based maps). Inte-
grating these datasets enables an evaluation of how different LCZ classification methods
influence the assessment of the urban thermal environment. Additionally, a detailed exam-
ination of thermal variations across LCZs serves as a key indicator of the reliability and
representativeness of the chosen classification approach.

The potential of ECOSTRESS for capturing diurnal LST variability has been high-
lighted in studies such as Chang et al. [20], Chang et al. [21], Hulley et al. [22], and
Wei et al. [23]. Launched aboard the International Space Station (ISS) on 29 June 2018,
ECOSTRESS provides LST observations with a high spatial resolution of 70 × 70 m, captur-
ing thermal data at different times of day and night based on local time (LT), improving
the temporal characterization of urban thermal environments [24].

The novelty of this study lies in its medium-to-long-term analysis of ECOSTRESS
data, distinguishing it from prior research that primarily focused on short-term periods.
For example, Chang et al. [20] examined ECOSTRESS LST data only between 1 June and
30 September 2019. In contrast, this study utilizes ECOSTRESS LST data for the summer
months (June, July, and August, hereinafter JJA) from 2018 to 2024, combining them
with LCZ maps to analyze diurnal LST dynamics in Lecce (a small city in southern Italy)
and Milan (a metropolis in northern Italy). By leveraging ECOSTRESS’s unique ability
to capture LST variations at different times of the day over multiple years, this study
provides a comprehensive assessment of the diurnal thermal behavior based on robust
statistical analysis.

Advanced statistical techniques are employed to assess the significance of the data and
to identify similarities among different LCZs in Lecce and Milan across various time periods.
The findings contribute to a deeper understanding of the relationship between urban form
and thermal dynamics, supporting urban planners and policymakers in developing climate
adaptation and mitigation strategies.

This research provides essential knowledge into the role of LCZ mapping in shaping
future urban growth and regeneration efforts. As urban areas continue to expand, integrat-
ing climate-sensitive planning approaches is critical to mitigating environmental stressors.
LCZ data facilitate the identification of priority areas for climate adaptation measures,
including increasing vegetation cover, improving energy efficiency, and optimizing road
networks to enhance air circulation [25]. Ultimately, this study underscores the impor-
tance of incorporating high-resolution LST data into urban climate research to support
sustainable development and urban resilience [26].

2. Methodology

2.1. Study Areas

This study focuses on five Italian cities—Bari, Naples, Rome, Milan, and Lecce. The
selection includes four major metropolitan cities (Bari, Naples, Rome, and Milan) repre-
senting different regions of Italy (south, center, and north). In addition, Lecce was included
because of its association with the University of Salento.

The selected cities include different climatic conditions according to Köppen’s clas-
sification. Naples, Rome, and Lecce share a Mediterranean climate (Csa), characterized
by mild winters and hot, dry summers. Bari, on the other hand, has a humid subtropical
climate (Cfa), characterized by relatively high temperatures and evenly distributed precipi-
tation throughout the year. Milan, located in northern Italy, falls into the category of west
coast marine climate (Cfb), characterized by moderate temperature variations and consis-

142



Atmosphere 2025, 16, 377

tent precipitation throughout the seasons (source: https://koeppen-geiger.vu-wien.ac.at/,
accessed 19 December 2024).

Regarding urban development, Milan is the largest among these cities, exhibiting a ra-
dial expansion pattern with new districts emerging outward from the historical core. Rome
similarly follows a radial growth model but features multiple urban centers interspersed
with significant green areas. Lecce also expands radially, with its urban growth directed
northwest toward the industrial sector, east toward the coast, and south in predominantly
residential zones. As coastal cities, Naples and Bari have distinct development patterns:
Naples has expanded along the shoreline, influenced by the presence of Mount Vesuvius,
whereas Bari has grown further inland (Figure 1).

Figure 1. Location of selected cities (their regions colored). Satellite images of the Italian cities
investigated (maps from Google Earth Pro).

2.2. Collecting Morphological Data

Morphological and land use data were collected and analyzed using shapefiles for all
cities. The data were obtained from the following institutional sources:

• for Lecce and Bari, SIT Puglia (http://www.sit.puglia.it, last accessed on 14
April 2022);

• for Naples, Geoportale Nazionale (http://wms.pcn.minambiente.it, last accessed on
18 May 2022);

• for Rome Open Data Lazio (https://geoportale.regione.lazio.it, last accessed on 20
October 2022);

• for Milan, Milano Geoportale (https://geoportale.comune.milano.it, last accessed on
17 June 2022).

2.3. Estimation of Morphological Parameters Using GIS

A morphological analysis was performed using QGIS software (version: 3.22.1, https:
//www.qgis.org/en/site, accessed on 10 December 2024). A region of interest (ROI)

143



Atmosphere 2025, 16, 377

was defined for each selected city, with its dimensions adjusted based on the city’s size.
Specifically, a 10 km × 10 km area was designated for Lecce and Bari (hereafter referred to
as the “Lecce region” and “Bari region”), while a larger 20 km × 20 km area was allocated
for Naples, Rome, and Milan (hereafter the “Naples region”, and so forth).

The analysis included key urban canopy parameters (UCPs) such as mean building
height, sky view factor, aspect ratio, building surface fraction, and the fractions of impervi-
ous and permeable surfaces. These parameters were computed at a spatial resolution of
100 m × 100 m following the classification framework proposed by Stewart and Oke [2].
For a comprehensive explanation of the calculation methodology, refer to Esposito et al. [27].
Regarding the building surface fraction (BSF), fraction of impervious surface (ISF) and
permeable surface (PSF), Stewart and Oke [2] describe them respectively as the ratio of
building plan area, the ratio of impervious surface (paved, rocks, roads, etc.) to total
area (%) and as the ratio of permeable surface (bare soil, vegetation, water, green space,
agricultural land, etc.) to total area (%).

In calculating these parameters, the sum of ISF, PSF, and BSF values in a single grid
cell are equal to 1, so in the absence or lack of permeable elements for PSF calculation, a
simple subtraction was performed to obtain this parameter:

PSF = 1 − (BSF + ISF) (1)

Figure 2 shows the maps of the PSF, ISF, and BSF parameters of all cities at a spatial
resolution of 100 × 100.

All the cities show an urban center with prevalence of areas with both high BSF values
(generally between 0.70 and 0.95) and high ISF values, underscoring the prevalence of
impervious areas (roads, sidewalks and squares) and low PSF values, which instead shows
a tendency to increase moving outward from the cities.

2.4. Construction of the GIS-Based Maps

The creation of GIS-based maps involved calculating the actual morphological param-
eters of a city and applying fuzzy logic to improve classification accuracy. This approach
integrates geometric and surface coverage properties, including sky view factor (SVF), BSF,
ISF, aspect ratio (AR), and average building height (HM), to classify urban and rural areas
into distinct LCZs [28] based on Stewart and Oke’s criteria [2]. The map was constructed
by assigning an LCZ category to each grid cell based on the morphological parameters
calculated for each cell and applying the fuzzy logic. Fuzzy logic assigns membership
percentages to each grid cell, quantifying the degree of correspondence to specific LCZ
types. Rather than employing a binary classification, this method evaluates how well a
cell’s features align with predefined parameter ranges for each LCZ, resulting in a fuzzy,
continuous representation of spatial transitions between urban and rural areas. A linear
membership function was applied for fuzzy membership assignment. Pixels with values
within the specified range were assigned a membership value of 1, while those outside
the range received membership values based on their proximity to the range, gradually
decreasing to 0 at ± the range specified by the edge. A fuzzy minimum overlap method
was then used to generate the fuzzy levels for all urban LCZ types. This approach captures
the uncertainties in classification and allows the identification of the three most likely LCZs
for each 100 × 100 m grid cell [29]. In this process, BSF was used to distinguish urban
from nonurban areas, with a threshold value of 1. However, this threshold introduced a
potential source of inaccuracy. Due to the lack of specific land cover information for some
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LCZ types (e.g., LCZ A-G), these categories were combined into a single class called “No
Built Area” [27].

Figure 2. Maps of ISF (a), BSF (b), and PSF (c) for the cities of Lecce, Bari, Naples, Rome, and Milan.

2.5. Collecting ECOSTRESS LST Data

LSTs have been analyzed for two cities (Milan and Lecce). Data were derived from the
ECOSTRESS Level-2 land surface temperature and emissivity (LSTE) product, available
through the NASA Land Processes Distributed Active Archive Center (NASA-LPDAAC)
(https://lpdaac.usgs.gov/, accessed on 6 February 2025). The ECOSTRESS mission, man-
aged by NASA’s Jet Propulsion Laboratory, provides several layers of data products, with
increasing levels incorporating additional auxiliary information. The ECOSTRESS LST
Level-2 (ECO2LSTE) product was specifically selected for its high spatial resolution and
validated accuracy.

The ECOSTRESS LST product is generated using a physics-based temperature emis-
sivity separation (TES) algorithm that dynamically retrieves LST from five thermal infrared
bands with wavelengths between 8 and 12.5 μm [30]. The final product has a spatial
resolution of 70 m × 70 m, resampled from the original pixel size of 38 × 68 m, and each
image covers a wide band of about 400 km, allowing for a broad regional analysis.

Validation studies have demonstrated the high accuracy and reliability of the
ECOSTRESS LST product. Results from the Algorithm Theoretical Basis Document indicate
consistent accuracy to within 1 K over different types of land surfaces [24]. Additional
validation efforts conducted by the ECOSTRESS LST science team reported uncertainties of
<1 K [30]. A more recent validation study further confirmed the product’s performance,
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reporting a root mean square error (RMSE) of 1.07 K, a mean absolute error (MAE) of 0.40 K,
and an R2 value greater than 0.99 at global validation sites [31].

For this study, ECOSTRESS LST data were analyzed to assess diurnal LST dynamics
during JJA. This approach addresses the need to investigate the peak thermal response of
urban areas, as summer represents the period of highest LST variability. Analyzing LST
patterns during this season is essential for evaluating the influence of urban morphology
on thermal anomalies, identifying areas most exposed to urban warming, and determining
where adaptation strategies should be implemented to mitigate heat stress for residents.

All available images from 2018 to 2024 were collected, along with the corresponding
cloud masks and quality control layers. A quality check was then performed to exclude
measurement errors caused by cloud contamination. The dataset includes 189 images for
Lecce and 300 images for Milan for the summer season, collected between 2018 and 2024.
These images include both daytime and nighttime LST observations. For Lecce, the dataset
includes 13 images from 2018, 20 from 2019, 24 from 2020, 38 from 2021, 33 from 2022, 31
from 2023, and 30 from 2024. For Milan, it comprises 22 images from 2018, 43 from 2019, 48
from 2020, 47 from 2021, 45 from 2022, 56 from 2023, and 39 from 2024.

To analyze the diurnal variability of LST in detail, the dataset was categorized into six
time periods: 03:00–06:00, 07:00–10:00, 11:00–14:00, 15:00–18:00, 19:00–22:00, and 23:00–02:00.
This segmentation ensured a balanced distribution of images across different periods of the
day, to provide a robust statistical analysis of the data.

2.6. Kruskal–Wallis Test Analysis

To detect significant differences in LST across various LCZs throughout the daily
cycle, the Kruskal–Wallis test was performed. As described by Ostertagova et al. [32],
this nonparametric statistical method assesses whether significant differences exist among
three or more independent groups. It serves as an alternative to one-way analysis of
variance ANOVA when the assumptions of normality and homogeneity of variances are
not satisfied. This test is rank-based and determines whether the samples originate from
the same distribution.

The Kruskal–Wallis test is applicable under the following conditions:

• The observations are independent;
• The dependent variable is at least ordinal;
• The populations have similar distribution shapes, differing only in location (median).

The test examines the null hypothesis (H0) that all groups originate from the same
distribution:

H0 : F1(x) = F2(x) = · · · = Fk(x) ∀x (2)

The alternative hypothesis (H1) states that at least one group distribution differs:

H1 : ∃i,j (3)

such that:
Fi(x) �= Fj(x) (4)

The test procedure involves ranking all observations across groups and computing
the test statistic (H):

H =
12

N(N + 1)∑
k
i=1

R2
i

ni
− 3(N + 1) (5)

where:

• N is the total number of observations.

146



Atmosphere 2025, 16, 377

• Ri is the sum of ranks for group i.
• ni is the sample size of group i.

If tied ranks exist, a correction factor is applied to adjust H.
The test statistic follows an approximate chi-square (X2) distribution with k−1 degrees

of freedom. The null hypothesis is rejected if:

H > X2
α,k−1 (6)

where X2
α,k−1 is the critical value at a chosen significance level α.

If the p-value associated with H is less than a predetermined threshold (usually 0.05),
the null hypothesis is rejected, suggesting that at least one group differs from the others. In
this research, the Kruskal–Wallis test is used to test whether significant differences exist
between multiple groups based on LST values.

3. Results and Discussion

3.1. Development of LCZ Maps

The evaluation of LCZ classification accuracy was performed using a confusion matrix,
comparing the GIS-based map with the WUDAPT European LCZ map [6,7] (Figure 3). The
rows of the matrix represent the WUDAPT LCZ classes, while the columns correspond to
the GIS-based map. The diagonal of the matrix, highlighted in pink, indicates the number
of pixels classified identically by both maps. Overall accuracy (OA) values were calculated
by dividing the sum of correctly classified pixels (diagonal sum) by the total number of
pixels, providing an overall percentage for classification accuracy [33]. The OA results
revealed varying classification accuracy across cities: 73% for Lecce, 53% for Bari, 68%
for Naples, 51% for Rome, and 48% for Milan. These values were obtained using a strict
criterion that required exact pixel conformity to all UCPs tested, which might suggest that
the actual percentage of correctly classified pixels might be higher in cases where tolerance
or weighting adjustments were applied.

The OA values presented here are in line with the results of other studies, such as
Hidalgo et al. [34], which also found discrepancies between the actual LCZ classifications
and UCP value ranges. These deviations can be attributed to the inherent limitations of
classifying LCZs based on predefined UCP thresholds, especially when morphologically
and microclimatically similar LCZs are misclassified. In addition, the shape and size
of spatial units in maps can affect the accuracy of classification. As noted by Wellinger
et al. [35], LCZs typically do not conform to square shapes, resulting in mixed pixels along
zone boundaries in gridded maps, which contributes to inconsistencies in UCP values.

Compared with the WUDAPT-based method, the GIS-based mapping approach offers
greater accuracy and adaptability to local contexts. By utilizing high-resolution geospatial
data from sources such as OpenStreetMap and digital elevation models (DEMs), along
with complex morphological parameters like SVF and AR, GIS-based mapping provides
a more detailed representation of LCZs. This is particularly advantageous in cities with
intricate urban layouts, where WUDAPT, relying on satellite imagery and machine learning
algorithms like Random Forest, struggles to capture vertical variability and distinguish
heterogeneous urban forms [29,35]. Additionally, GIS methods allow for the adjustment of
LCZ parameters based on city-specific characteristics, enhancing classification accuracy
and relevance [35].
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Figure 3. Comparison between GIS-based map (left panel) and WUDAPT European LCZ map (right
panel) for Lecce (a,b), Bari (c,d), Naples (e,f), Rome (g,h), and Milan (i,j).
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3.2. GIS-Based and WUDAPT European LCZ Map

In this section, the different distributions of LCZ classes from the two different maps
were identified and quantified for all cities (Figure 4). The comparison of GIS and WUDAPT
data shows significant discrepancies in the representation of LCZs in Italian cities (“No
Built Areas” are not considered in the following analysis as it is idealized to make up for
the lack of information of non-urban LCZs as explained in Section 2.4).

Figure 4. Percentage distribution of LCZs for all investigated ROIs: GIS-based map (left columns not
lined) and the WUDAPT European LCZ Map (right columns lined).

GIS data tend to present a more uniform distribution of LCZs, with a consistent
presence of LCZ 2 (compact midrise), LCZ 5 (open midrise), and LCZ 6 (open low-rise) in
all cities. For example, GIS data for Naples assign 10% to LCZ 2 and 13% to LCZ 5, while
Rome similarly presents 9% for LCZ 2 and 12% for LCZ 5. In contrast, WUDAPT data show
a more heterogeneous distribution, often attributing higher percentages to LCZ 6 (35% in
Lecce and 40% in Naples) and LCZ 8 (46% in Bari and 32% in Naples).

Notably, LCZ 1 (compact high-density) and LCZ 4 (open high-density) are absent or
minimally represented in both datasets, suggesting a low prevalence of these urban forms
in the cities. LCZ 3 (compact low-density) also shows consistently low percentages, with
GIS reporting a maximum of 2% in Lecce and WUDAPT recording almost negligible values
in all cities. On the other hand, LCZ 9 (sparsely built-up industrial areas) shows strong
differences, with GIS identifying significant contributions in Milan (4%), while WUDAPT
reports values close to zero.

These discrepancies underscore the methodological differences in classification ap-
proaches between the GIS and WUDAPT datasets. GIS captures a finer granularity in urban
morphology, while WUDAPT tends to emphasize broader classifications, with a focus on
zones such as LCZ 6 and LCZ 8.

3.3. Diurnal Variability of LST in Different LCZs

This section compares the variability of LST across different LCZs, using both GIS and
European LCZ map, for the cities of Lecce and Milan.
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Statistical analysis with the nonparametric Kruskal–Wallis test identifies significant
differences between the different LCZs, represented by the letters above each boxplot. The
letters were assigned based on the p-values. Specifically, the first boxplot in each figure
is always assigned the first letter of the sequence (i.e., “a/A”). Lowercase/uppercase
characters are used to distinguish Lecce and Milan, respectively, while maintaining the
same statistical significance. If the p-value for the second boxplot is less than 0.05, indicating
a significant difference, it is assigned the next letter in the sequence. If the p-value is greater
than 0.05, the second boxplot retains the same letter as the first, as no significant difference
is detected. This method is applied throughout the entire sequence, ensuring a consistent
assignment of letters based on statistical significance. In the case of mixed behavior (as in
the case of Figure 5 for the WUDAPT European LCZ Map in Lecce), the box is assigned
two letters, again based on the p-values. This letter assignment system clearly highlights
the similarities and differences between the LCZs based on the statistical test performed.

Figure 5. Diurnal variability of LST for various LCZs in the city of Lecce. GIS-based map (a) and the
WUDAPT European LCZ Map (b). The red line present in the boxes indicates the median. The boxes
illustrate the interquartile range, spanning from the 25th to the 75th percentile. The whiskers extend
to ±2.7 standard deviations, encompassing 99.3% of the data. Different lowercase letters indicate
whether there are significant differences between LCZs based on Kruskal–Wallis test, p-value 0.05.
The classification starts with the letter “a” and refers to the first LCZ present.
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3.3.1. Lecce

Figure 5a shows the diurnal cycle of LST for Lecce based on the GIS-based map,
while Figure 5b presents the corresponding results using the WUDAPT map. Both figures
show a characteristic diurnal trend, with the LST reaching its minimum values during
the early morning hours and peaking between 11:00 and 14:00. There is a sharp rise in
temperature in the morning, followed by a gradual decline in the afternoon and evening.
These results validate the ability of ECOSTRESS satellite data to effectively capture the
diurnal temperature cycle, accurately reflecting urban thermal dynamics.

Examining the differences between LCZs between 03:00 and 06:00, despite the general
similarity of the median LST, specific patterns emerge. The classes of compact (LCZ2)
and open (LCZ5) midrise have comparable LST values, as do the large low-rise (LCZ8)
and sparsely built (LCZ9). However, significant differences are observed between the two
low-rise building classes (LCZ3 and LCZ6), indicating that radiative cooling effects are
more pronounced in these areas.

During the 07:00–11:00 period, substantial temperature differences emerge among all
LCZs, underscoring the spatial heterogeneity of the urban thermal environment. This trend
persists between 11:00 and 14:00, except for LCZ6 and LCZ9, which show no significant
differences. LCZ2 records the lowest LST (43.6 ◦C), while LCZ8 reaches the highest value
(45.8 ◦C), confirming that compact urban areas tend to experience slightly lower daytime
peak temperatures than low-density areas. The urban core consistently records lower LST
values than surrounding areas, a pattern consistent with Esposito et al. [14], who reported
negative SUHI intensities in the Lecce core based on low-resolution satellite imagery. This
urban cooling effect is particularly evident during the JJA season, probably due to reduced
soil moisture in the suburban areas.

Between 15:00 and 18:00, the LST values of the compact (LCZ3) and large low-rise areas
(LCZ8) converge (40.5 ◦C and 40.3 ◦C, respectively), while the low (LCZ5) and medium
(LCZ6) open classes show similar temperatures (39.2 ◦C and 39.0 ◦C, respectively). During
the evening transition (19:00 to 22:00), the two compacts midrise (LCZ2) and low-rise
(LCZ3) areas follow comparable cooling rates, with average LSTs of 26.3 ◦C and 26.1 ◦C,
respectively, while the other classes show more divergent thermal behaviors. This suggests
that the compact zones experience prolonged heat retention due to accumulated energy
during the day.

At night (23:00–02:00), LST distributions resemble those of the 03:00-06:00 period,
albeit with slightly higher values, especially in denser urban areas. The highest LSTs are
recorded in LCZ2 and LCZ3 (24.8 ◦C and 24.5 ◦C, respectively), while LCZ9 has the lowest
values (23.2 ◦C).

Trend analysis of the WUDAPT-derived LSTs reveals similar temporal dynamics, ex-
cept for the period 15:00–18:00, where LCZ6 aligns with LCZ3 instead of LCZ8. Throughout
the day, statistical analysis confirms that the compact classes (LCZ2 and LCZ3) exhibit
comparable LST trends, while the other LCZs show distinct thermal behaviors. During
the 07:00-14:00 interval, compact areas maintain lower LSTs than openLCZs due to their
higher heat storage capacity and increased shading due to dense building configurations.
In contrast, nighttime conditions favor high LST in compact areas, as these areas release
stored heat more gradually, potentially exacerbating nighttime overheating under certain
environmental conditions. Overall, Figure 5a,b highlight the diurnal thermal response
of different LCZs in Lecce, reinforcing the role of urban morphology in modulating LST
dynamics. Compact urban areas generally have lower daytime temperature peaks but
retain heat more efficiently at night, contributing to pronounced SUHI effects. The presence
of vegetation further influences these patterns, with LCZ9 consistently showing lower

151



Atmosphere 2025, 16, 377

temperatures due to evapotranspiration processes. In addition, coastal breezes from the
Adriatic Sea likely enhance nighttime cooling, further modulating thermal contrasts be-
tween LCZs. These results underscore the complex interplay between urban structure,
thermal properties, and microclimatic influences in shaping diurnal LST variations in
Mediterranean cities.

3.3.2. Milan

Figure 6 shows the diurnal variation of LST in the different LCZs of Milan. The
GIS-based map (Figure 6a) shows that during the early morning period (03:00–06:00), LCZ1
and LCZ2 have similar LST values, averaging about 21.00 ◦C. In contrast, LCZ9 records
the lowest LST of 20.12 ◦C, highlighting the greater heat retention capacity of the compact
urban areas (LCZ1 and LCZ2) compared to the stronger radiative cooling experienced
in the less dense areas such as LCZ9. This difference can be attributed to the absence of
high-rise buildings and narrow street canyons in LCZ9, which promote more efficient
nighttime cooling.

Figure 6. As in Figure 5 but for the city of Milan.

During the morning period (07:00–10:00), LCZ1 and LCZ2 remain thermally similar,
while LCZ3 and LCZ4 show distinct temperature trends. LCZ3 reaches the highest LST
at 32.67 ◦C, followed closely by LCZ8 at 32.58 ◦C. LCZ9 remains the coolest, with an
average temperature of 31.08 ◦C. In the midday hours (11:00 to 14:00), the disparities
in LST between LCZs become more pronounced, with LCZ3 and LCZ8 recording the
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highest temperatures, with about 42.50 ◦C. In contrast, LCZ9 continues to record the lowest
temperature, at 40.08 ◦C, underscoring the role of vegetated areas in mitigating temperature
extremes during periods of peak warming. These results are in line with previous studies,
which have shown that compact urban and industrial areas experience rapid temperature
increases due to a high fraction of impervious surfaces [20,23].

The middle hours of the day present the greatest thermal heterogeneity, reflecting the
different heating rates of different urban structures. In the afternoon period (15:00–18:00), LST
values begin to decrease, although LCZ8 maintains the highest average temperature at 35.55 ◦C,
while LCZ9 remains the coolest at 34.25 ◦C. As the evening progresses (19:00–22:00), LCZ1 and
LCZ2 maintain high LST values, with recorded temperatures of 27.18 ◦C and 26.88 ◦C,
respectively, while LCZ9 remains the coolest at 25.24 ◦C. Notably, a similar thermal pattern
emerges between the compact and open LCZs, except for LCZ6 (open low-rise), suggesting
that despite the variations in urban fabric, similar heat release occurs during this period.

During the nighttime period (23:00–02:00), differences in LST persist, with LCZ1 and
LCZ2 having the highest temperatures (22.90 ◦C). This trend is very similar to that observed
in the early morning hours (03:00–06:00), except for LCZ4, which shows a different cooling
rate than the more compact zones. These observations are in line with literature findings
indicating that denser LCZs retain heat more efficiently at night, while suburban and
vegetated areas cool faster due to enhanced radiative cooling [17].

Figure 6b illustrates the distinct thermal behavior of LCZs, as captured by the Euro-
pean LCZ map, revealing pronounced temperature differences, particularly in the morning
and midday hours. While the WUDAPT map effectively characterizes temperature varia-
tions among LCZs, the diurnal LST cycle shows substantial spatial heterogeneity. Overall,
the most densely built-up classes (LCZ2 and LCZ5) show higher temperatures than the
other LCZs, although these differences become less pronounced in the morning hours.
LCZ8 consistently records high LST values during this period.

Comparative analysis of the results of the Kruskal–Wallis test between the GIS-based
map and the European map of LCZs indicates variations in statistical differentiation and
classification. The European LCZ map assigns greater variability to LCZs, suggesting
greater statistical significance in LST distributions. This discrepancy is likely attributable
to differences in classification methodologies and spatial resolution, which influence the
statistical interpretation of temperature variations between LCZs.

Milan shows diurnal LST trends comparable to those observed in Lecce; however,
the magnitude of the temperature variation between LCZs is more pronounced. Unlike
Lecce, the composition of Milan’s land cover exacerbates temperature disparities, with the
widespread use of concrete and asphalt—materials with high thermal inertia—contributing
to prolonged heat retention, particularly in LCZ1 and LCZ3.

During the peak heating hours (11:00–14:00), the differences in LST become increas-
ingly evident. The LCZ3 and LCZ8 reach the highest temperatures (42.50 ◦C), confirming
that dense urban environments with minimal vegetation experience the most extreme
warming. In contrast, LCZ9 remains cooler (40.08 ◦C), emphasizing the mitigating influ-
ence of green spaces during periods of intense solar radiation. These results are consistent
with previous studies documenting rapid temperature escalation in urban environments
due to extensive coverage of impervious surfaces [17,20].

In the afternoon cooling phase (15:00–18:00), LSTs decrease throughout the city, but dif-
ferences between LCZs persist. LCZ8 maintains the highest mean temperature at 35.55 ◦C,
while LCZ9 remains the coolest at 34.25 ◦C, highlighting the role of evapotranspiration in
reducing heat retention. As the evening approaches (19:00–22:00), the compact urban LCZs
(LCZ1 and LCZ2) continue to show high LSTs, indicative of prolonged heat accumulation

153



Atmosphere 2025, 16, 377

and gradual nocturnal release by the impermeable surfaces. This trend extends into the
early morning hours (03:00–06:00), where LCZ1 and LCZ2 show comparable LSTs, rein-
forcing their efficiency in retaining heat. Meanwhile, LCZ9, characterized by low-density
development and substantial vegetation, experiences greater radiative cooling, resulting in
lower temperatures in the absence of significant building structures.

3.3.3. Inter-City Comparison

Comparative analysis of the thermal responses of different Local Climate Zones (LCZs)
in Lecce and Milan reveals distinct patterns, particularly in nighttime overheating. In Milan,
denser LCZs (LCZ1, LCZ2, LCZ4, and LCZ5) experience higher nighttime temperatures,
indicative of more pronounced urban heat retention. This trend contrasts with Lecce,
where temperature variations among LCZs are less marked, except in the WUDAPT-
generated map, probably due to the different distribution of LCZs. In Lecce, a well-
defined temperature gradient is observed during the daytime period (07:00–14:00), with
temperatures progressively increasing from denser to less dense LCZs. This pattern is less
evident in Milan, where higher temperatures are primarily concentrated in high-rise areas
(LCZ8 and LCZ3). The historic core of Lecce, mainly classified as LCZ2, maintains lower
daytime temperatures due to the high albedo and thermal capacity of its historic buildings
and paved roads, which limit heat peaks, consistent with findings in other Mediterranean
cities [14,36]. In contrast, Milan’s larger size and higher urban density contribute to greater
overheating, particularly during nighttime hours, intensifying the SUHI effect.

Despite sharing the same LCZ classifications, the thermal responses of corresponding
LCZs differ between the two cities, underscoring the role of urban morphology, land
cover composition, and climate in modulating LST variability. This aligns with findings
from previous research in cities such as Valencia, Spain [23], and Xi’an, China [20], which
highlight the influence of these factors on intra-LCZ temperature variations.

During the evening (19:00–22:00) and night (23:00–02:00) hours, both cities exhibit a
progressive cooling trend, with urban LCZs retaining higher temperatures than suburban
areas. However, this effect is more pronounced in Milan, likely due to its larger urban
extent and higher building density in the high-midrise LCZs. The observed discrepancies
between Milan and Lecce reinforce the importance of localized urban characteristics in
shaping thermal responses, even within standardized LCZ classifications.

3.3.4. Contributions and Limitations

The findings contribute to a deeper understanding of SUHI dynamics in Mediter-
ranean urban environments and emphasize the necessity of city-specific adaptation strate-
gies to mitigate urban overheating effects. This research contributes to the broader under-
standing of urban climate adaptation by demonstrating the potential of high-resolution
remote sensing for urban thermal assessments. The contributions gained can support
data-driven policymaking and urban planning strategies aimed at mitigating the impacts
of extreme heat in Mediterranean cities. The study also emphasizes the necessity of incor-
porating high-resolution thermal monitoring into climate adaptation policies, particularly
in Mediterranean cities facing intensifying heat stress.

Despite the study’s contributions, several limitations must be acknowledged. While
ECOSTRESS provides high-resolution thermal data, its irregular acquisition times limit
temporal continuity, particularly during transitional periods such as early morning and late
evening. Additionally, while the GIS-based approach offers improved classification accu-
racy, its scalability is constrained by the availability of high-resolution morphological data,
limiting its applicability in regions with less detailed geospatial coverage. Furthermore,
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this study did not explicitly account for anthropogenic heat emissions, wind dynamics,
and surface moisture, which are known to influence urban thermal behavior.

4. Conclusions

This study analyzed LST variability in Mediterranean cities using high-resolution
ECOSTRESS data and two distinct LCZ classification methods: a GIS-based approach
and the WUDAPT European LCZ map. This represents one of the first applications of
ECOSTRESS data for diurnal thermal analysis in combination with LCZ classifications,
offering a comprehensive assessment of urban heat dynamics during summer. The high
spatial resolution and frequent temporal coverage of ECOSTRESS enable a more detailed
analysis of urban thermal patterns compared to traditional in-situ measurements, which
often lack representativeness in heterogeneous urban environments.

The primary objective was to evaluate classification accuracy and its impact on urban
thermal analysis in Milan and Lecce. The GIS-based method, integrating high-resolution
geospatial datasets, provided superior classification accuracy, particularly in cities with
complex urban structures. In contrast, WUDAPT, which relies on satellite imagery and
machine learning, exhibited broader classifications that sometimes misrepresented vertical
variability, leading to lower accuracy in cities like Milan. The classification discrepancies
between the two methods influenced the spatial distribution of LCZs: the GIS-based
approach provided a more detailed representation, particularly for LCZ2, LCZ5, and LCZ6,
whereas WUDAPT tended to overestimate LCZ6 and LCZ8. These differences directly
affected the interpretation of LST patterns, with WUDAPT struggling to differentiate LCZs
with similar urban morphologies.

The LST analysis revealed distinct thermal behaviors in Milan and Lecce, driven by
differences in climate, urban form, and material properties. While LCZ classifications
provided a useful framework for identifying thermal trends, results showed that identical
LCZs can exhibit varying temperature responses depending on local conditions. This under-
scores the need to integrate LCZ classifications with localized climatic and morphological
data for a more precise assessment of urban heat dynamics.

From a practical perspective, the findings offer important insights for urban heat
mitigation strategies. The integration of high-resolution satellite data with detailed geospa-
tial datasets allows for targeted identification of overheating zones, supporting climate
adaptation planning. Urban policymakers can leverage this information to implement heat
resilience strategies such as increasing vegetation cover, optimizing building materials, and
enhancing urban ventilation.

Future research should consider additional variables related to the thermal properties
of urban surfaces (e.g., roofs, walls, and roads) as well as meteorological forcings such
as humidity, wind field, and anthropogenic heat fluxes to refine urban heat assessments.
The greater spatial detail of remote sensing data should be enhanced by detailed land use
mapping. Combining ECOSTRESS data within situ temperature measurements, reanalysis
data (e.g., ERA5), and numerical modeling approaches would improve the robustness and
generalizability of the results.
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Abbreviations

LST (◦C) Land Surface Temperature
WUDAPT World Urban Database and Access Portal Tools
LCZs Local Climate Zones
SUHI (◦C) Surface Urban Heat Island
ECOSTRESS Ecosystem Spaceborne Thermal Radiometer Experiment on Space Station
UCPs Urban Canopy Parameters
BSF (-) Building Surface Fraction
ISF (-) Impervious Surface Fraction
PSF (-) Pervious Surface Fraction
SVF (-) Sky View Factor
AR (-) Aspect Ratio
HM (m) Average Building Height
LSTE Land Surface Temperature and Emissivity
ECO2LSTE ECOSTRESS LST Level-2
RMSE (-) Root Mean Square Error
MAE (-) Mean Absolute Error
H0 (-) Null Hypothesis
H1 (-) Alternative Hypothesis
OA (%) Overall Accucary
DEMs Digital Elevation Models
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Abstract: Intensifying heat from warming climates regularly concentrates in urban areas
lacking green infrastructure in the form of green space, vegetation, and ample tree canopy
cover. Nature-based interventions in older U.S. city cores can help minimize the urban heat
island effect, yet neighborhoods targeted for cooling interventions may remain outside the
decisional processes through which change affects their communities. This translational
research seeks to address health disparities originating from the absence of neighborhood-
level vegetation in core urban areas, with a focus on tree canopy cover to mitigate human
susceptibility to extreme heat exposure. The development of LiDAR-based imagery enables
communities to visualize the proposed greening over time and across seasons of actual
neighborhood streets, thus becoming an effective communications tool in community-
engaged research. These tools serve as an example of how visualization strategies can
initiate unbiased discussion of proposed interventions, serve as an educational vehicle
around the health impacts of climate change, and invite distributional and participatory
equity for residents of low-income, nature-poor neighborhoods.

Keywords: nature-based solutions; urban heat islands (UHIs); street trees; community-
engaged research; visualization technologies; augmented reality; climate change; environ-
mental equity

1. Introduction

Identifying inequities between population exposures and outcomes is the bread and
butter of environmental health. The associations our research generates provide evidence
for public health policy or regulatory action to protect vulnerable citizens against harmful
exposures. Still, the temptation exists to create even more nuanced evidence of environmen-
tal risk while falling short of true research policy translation, interventions, or other actions
that stem from recommendations suggested by the evidence. Here we aim instead at trans-
lational research that has applications for addressing health disparities originating from the
absence of neighborhood-level vegetation, whether owing to systemic underinvestment
or benign neglect, with a focus on tree canopy cover to mitigate human susceptibility to
extreme heat exposure.
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Changing climate has intensified heat and the patterns of damaging precipitation
events. However, less riveting harms regularly occur in urban areas lacking green infras-
tructure, specifically those with minimal urban green space, sparse vegetation, and low
rates of tree canopy cover, in the form of extreme heat exposure. Solar radiation concen-
trates in denser built environments, where extended areas of asphalt, concrete building
mass, and impermeable surfaces like sidewalks absorb and reflect infrared solar radiation
back to the ground-level atmosphere, compounding these underlying disparities. Historic
municipal underinvestment in core city neighborhoods—and residential poverty among
those left behind by suburban out-migration—have amplified health disparities rooted in
the built environment. These include failure to provide green scaping to reduce tempera-
tures, maintain shade tree canopies that invite physical activity and socialization, construct
sidewalks and bike lanes for safer mobility, and invest in basic neighborhood amenities
such as benches or seating, traffic crossings, and park repair and maintenance.

Areas of disproportionate heat gain are known as urban heat islands (UHIs) due to
their concentrated building mass that absorbs high levels of solar radiation. With few trees
providing shade and deflecting incoming radiation, UHIs can harbor daytime temperatures
1–7 ◦F higher and nighttime temperatures 2–5 ◦F higher than suburbs with more abundant
vegetation [1]. UHIs grow more acute with denser thermal massing, impermeable surface
enlargement, and less nighttime cool-off, all typical of aging urban city cores.

UHIs pose health harms to vulnerable subgroups, particularly elderly and low-income
residents, resulting in increased heat stroke, ischemic heart disease, hospitalization, and
cognitive loss [2–4]. Heat gain that accompanies climate change aggravates existing health
disparities that frequently track along racial lines. Excessive ambient temperatures in urban
neighborhoods add heat-related health risks to city-dwellers already beset by inequitable
burdens of poverty, many traced to HOLC redlining [5,6]. The direct benefits of enhanced
thermal comfort these interventions create extend to lower mortality rates and reduced
energy costs, in addition to greater physical activity and socialization. Studies have shown a
range of health benefits from residential proximity to urban nature. Living near urban green
space can lower the risk for health problems such as heat stroke [7,8], cancer [9,10], heart
disease [11,12], hypertension [13,14], obesity [15,16], diabetes [17,18], pre-term birth [19,20],
and asthma [21,22] and can improve mental health [23–25].

Nature-based interventions across the U.S.’s older city cores can help minimize the
UHI effect. The presence of urban vegetation increases urban albedo via higher reflec-
tivity of sunlight off of surfaces like foliage and the expansion of evaporative ground
cover [26]. Simulations of urban climates support the conclusion that increasing albedo,
evapotranspiration, and vegetative cover effectively counteracts urban heating. Vegetation
can lower temperature by provisioning shade, inducing individuals outside to socialize,
itself a mediator of health [27,28], and prompting more engagement in greater physical
activity than they might in hotter conditions [29,30]. The cooling effects of urban greening
have been amply documented, proven through direct measurements as well as computer
simulations [31]. Zardo et al. (2017) has estimated how tree canopy coverage and soil
cover as gauged by size and shape constitute adaptation measures that enhance cooling
capacity in urban environments [32]. Larger parks of 10 hectares or more and urban forests
can lower daytime temperatures by 0.94 ◦C [33]. Street trees, green roofs [34], and green
façades--smaller forms of green infrastructure—also are effective at reducing ambient
temperatures [35].

Afforestation strategies hold enormous potential to address the health challenges UHIs
pose in low-income neighborhoods like Springfield, Massachusetts’. Street tree plantings
can directly reduce radiated heat contributing to UHIs: the presence of tree canopies can
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reduce the physiological equivalent temperature (PET) by 4 ◦C to 11 ◦C of densely built
environments [36], as compared to vegetated surfaces receiving full sun exposure. Given
that 37% of recorded heat-related deaths since 1991 are attributable to global warming [37],
afforestation to counter UHIs is a central tenet of urban temperature-reducing strategies.
In fact, the literature is replete with modeled estimates of UHI reductions enabled by tree-
based solutions [38–41]. The numerical and spatial models in these appraisals, however,
rarely translate into implementable designs. The few that do fail to consult the communities
targeted for these interventions.

This study addresses a proposed intervention to redress climate change-related heat
gain that disproportionately impacts poor, nature-deficient residential neighborhoods.
Springfield, Massachusetts, serves as a pilot case to display street tree planting as a nature-
based intervention helping cities achieve their long-term goal of mitigating urban heat
differentials, while also promoting the underlying health and wellbeing of community resi-
dents by providing them with a more comfortable, temperate neighborhood environment
for pedestrian mobility, exercise, and socialization, as well as lower building energy needs.

This pilot project builds on the integrated design work led by landscape architect
Martha Schwartz to develop Springfield, Massachusetts’ linear urban forest (LUF), a re-
search initiative supported by a 2021 Harvard Climate Change Grant. The interdisciplinary
research team consisted of Harvard Graduate School of Design landscape designers, Har-
vard T.H. Chan School of Public Health researchers, US Forest Service biologists, and
municipal policy practitioners who collaborated on the original LUF design. The LUF was
designed to encompass all streets and run throughout the city. As a living ecological green
infrastructure, LUF provisions many eco-system services that address environmental and
social challenges, among them city cooling, buffering adjacent river flooding, better man-
agement of stormwater runoff, human health protection, urban biodiversity enhancement,
decreased energy bills, increased quality of life, enhanced walkability, reduced greenhouse
gas emissions, intensified carbon sequestration, and climate equity.

The pilot LUF launched the next step for project realization by supporting the devel-
opment of dynamic visualization modeling and design prototyping to bring a digitalized
green solution to community residents. In this way, community members living in heat-
stressed neighborhoods could participate in the decision-making process for reimagining
their streets in ways that co-introduce climate mitigation, health, regenerative nature, and
equity. This study therefore made use of a community-engaged research (CER) strategy as
the strategic framework for developing tools to engage local citizens as co-generators of
knowledge regarding neighborhood transformation. CER, or its broader umbrella term,
community academic partnerships (CAP) [42], is distinguished by a commitment to part-
nering with communities to co-create knowledge arising from both researcher and user
expertise [43]. By engaging local users in the production of knowledge, researchers aspire
to social impact benefiting community members for whom the interventions under discus-
sion are targeted. Collaboration should result in an attenuated “know–do” lag, meaning a
shortening of the cycle between research findings and implementation [43].

Community-based research partnerships recognize parity among interventionists
and impacted stakeholders in holding seats at the table, different from a strictly research-
centered practice where effected community participants are historically excluded. CERs
also address procedural equity whereby decisional tools are made available to facilitate full
participation in knowledge-creation sessions. Many aspects of community-based partici-
patory research (CBPR) strategies were employed in this collaboration, enabled through
the researchers’ partnership with ReGreen Springfield, a trusted community organization
whose facilitation of the design charettes had the result of placing community at the center

161



Atmosphere 2025, 16, 258

of these sessions, a central tenet of CBPR [38]. Like CBPR, community equity was an explicit
goal of the selected research process; moreover, ReGreen Springfield, with its expertise
regarding tree presence in these neighborhoods, made for a strong community partner
since the design stage of the research. Knowledge co-creation by community members
was limited to feedback from visualization of neighborhood intervention, however. CAP
and CBPR can assist in translating research knowledge where a lack of prior stakeholder
engagement helped sustain disparities in communities now targeted for tree planting [44].

Some examples exist where communities participated in processes that co-produced
risk mitigation strategies when faced with climate change. One example of community-
based research was a flood vulnerability assessment and risk mitigation in Milwaukee, Wis-
consin, with a similar focus on green infrastructure as a partial solution [45]. Visualization
tools were applied to graph epistemic disciplines of green and blue infrastructure—tools
under scrutiny to counteract urban heat island effects and human health with its increasing
vulnerability to climate change risks, including that of extreme heat [46]. However, in
these two cases, visualization tools were presented as static mapping without the dynamic
visualization of our methods. In another study, Koulouris et al. [47] used augmented
reality that takes advantage of locational data to create interactive, real-world scenarios
placing humans in the center of urban environments. However, the captured locational
data mimicked actual surroundings rather than projecting alternative scenarios, making
this a tool of gamification rather than projection. We know of no other study that attempted
to visualize nature-based interventions affecting climate risk or human health by interactive
means. There were three aims of this research:

1. Develop visualization tools in collaboration with the Visualization Research and
Teaching Laboratory in Harvard’s Department of Earth and Planetary Sciences, then
pilot these visualization technologies with residents of Springfield’s impacted neigh-
borhoods where the LUF is proposed.

2. Apply the InVEST Natural Capital Project’s accounting model to estimate the reduc-
tion in urban temperature expected from expanding the urban street canopy.

3. Conduct design charettes to introduce a new form of pedagogy in community par-
ticipatory research, including environmental literacy in connecting the health ben-
efits of the presence of nature to reduce heat and asthma burdens and promote
physical activity.

This research does not, however, attempt to put forth cost–benefit analysis of this
project as engineering, maintenance, or quantified health gains, nor does it measure im-
provements in air quality or the reduction in CO2 that may result from full implementation
of the project. It does not compare the potential impacts of green infrastructure in Spring-
field to other cities that have implemented them. However, it does seek to demonstrate how
public adoption of nature-based solutions that include climate–health and nature–health
implementation goals can be accelerated through integrated assessment methodologies,
dynamic visualization modeling, and design prototyping for presenting and soliciting
feedback from locally impacted communities.

2. Materials and Methods

Springfield, Massachusetts, an aging industrial city with a legacy of air pollution, was
selected as the design canvas for a linear urban forest due to its public health challenges
and relatable population size. Springfield ranks number one among U.S. cities for asthma
prevalence: the city has the highest number of asthma-related emergency room visits
per capita in the U.S., as well as a high rate of asthma prevalence overall. High pollen
counts aggravate the susceptibility of Springfield’s residents to asthma [48]. Springfield
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also ranks tenth among the poorest cities per capita in the U.S. with populations over
100,000, having numerous environmental justice neighborhoods [49]. The city’s residential
population, at 21% black and 46% Hispanic [50], has the lowest life expectancy of all cities
in Massachusetts [51]. We focused our visualization efforts on the neighborhood known as
Upper Hill, which has a high percentage of Hispanic and black households, older citizens,
and individuals under the poverty rate, with many of these categories overlapping. The
physical environment in the Upper Hill neighborhood is densely populated with aging
multi-family homes and limited recreational space.

The study population consisted of approximately 40 individuals who attended one
of two Springfield design charette sessions. These individuals ranged in age from 16 to
senior citizens. Demographics were equally balanced between males and females, with
many couples in attendance. Participants represented a range of racial and economic
diversity, although no non-native English speakers attended the sessions. The audience
included a mixture of representatives of the neighborhoods selected for greening, members
of our non-profit research partner ReGreen Springfield, young adults working in the tree-
planting arm of that organization, and representatives of city government. Some charette
participants did not live in the exact neighborhoods targeted for tree planting but rather
came from the adjacent Forest Park neighborhood, with its mature tree canopy and ample
shade that exemplifies the goals of urban greening. A few individuals from other tree-poor
neighborhoods attended to see if proposals might transfer to their area. Most attendees
actively participated with commentary, providing a representative opinion sample from
which to draw data. A survey of participant preferences for specific street tree scenarios
was informally conducted through a show of hands and voluntary comments.

2.1. Technology Applications

This study utilized advanced LiDAR scanning technology to capture and digitize the
three-dimensional structure of impacted neighborhoods, enabling the creation of highly
accurate digital models of streets, landscaping, and existing tree planting conditions. The
integration of LiDAR scanning in urban street tree prototyping introduced a novel approach
to environmental planning and participatory urban design.

2.1.1. Data Collection and Processing

LiDAR scans were conducted in the Upper Hill neighborhood, where street tree
planting prototypes were implemented. Specialists from the Visualization Research and
Teaching Laboratory at Harvard University’s Department of Earth and Planetary Sciences
collected on the streets of Springfield geolocated point cloud datasets using a VLX LiDAR
scanner, manufactured by NavViz, Munich, Germany. This mobile, shoulder-mounted
unit integrates LiDAR sensors, cameras, and GPS, allowing for efficient on-foot data
acquisition. The system outputs a point cloud density of approximately 8000 points per
square meter, achieving a resolution of around 5 mm accuracy. By measuring the two-way
travel time of laser pulses and processing calculations based on the speed of light, the
scanner generated dense, spatially accurate 3D point clouds. These datasets provided a
precise digital representation of neighborhood infrastructure and served as the foundation
for subsequent modeling and visualization.

2.1.2. 3D Modeling and Visualization

The collected point cloud data were imported into Blender, where a base mesh was
generated to accurately represent buildings, existing tree plantings, and urban infrastructure.
To improve the realism of the visualizations, Google Street View imagery was integrated as
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360-degree background textures, ensuring that the surrounding neighborhood homes and
structures were depicted with a high level of visual detail. The 360 images were precisely
matched to the models by aligning their locations with the geospatially referenced LiDAR
scans, allowing for an accurate representation of each site. A structured library of digital
assets was developed to support scenario visualization. This included a catalog of tree
models representing various species at different growth stages, as well as ground vegetation
and hardscape elements such as sidewalks, benches, and street fixtures. These assets were
integrated into the models to reflect proposed urban forest plans and growth projections.

Four viewpoints were selected for detailed visualization, each serving as a represen-
tative section of the study area. For each viewpoint, six distinct planting scenarios were
developed, and each scenario was further rendered across four seasonal conditions. This
resulted in a total of 96 high-fidelity 360-degree images, which were used in interactive
presentations and public engagement sessions. The depicted scenarios ranged from current
plantings maturing 50 years into the future to new plantings at spacing intervals of 40, 20,
and 15 feet. This last scenario entailed converting the two-way street to one direction and
foregoing a row of street parking to accommodate a wider sidewalk median for planting a
double row of street trees. A final scenario added vegetation and smaller plantings as an
understory to develop a ground-level ecological community around the trees.

2.1.3. Interactive Application Development

To facilitate public engagement and feedback, an interactive application was developed
using the Unity game engine. The application featured a user-friendly interface that allowed
participants to explore the 360-degree views at the designated viewpoints and toggle between
different planting scenarios and seasonal conditions. The interface was designed to provide
an intuitive navigation experience, enabling users to compare environmental changes dynam-
ically. Beyond tree planting variations, the application also allowed exploration of additional
urban design considerations, such as road layout modifications, linear forest programming,
and potential community engagement features. Options included micro parks, small public
gardens, and exercise areas integrated along the linear forests, encouraging users to consider
broader urban greening strategies. Additionally, the application provided data on the heat
island reduction associated with each scenario. By selecting different configurations of tree
planting densities and green space allocations, users could observe potential temperature
mitigation effects, reinforcing the ecological and social benefits of urban reforestation.

The interactive tool was hosted on AWS, ensuring accessibility for researchers, urban
planners, and community members. The structured visualization of urban tree plant-
ing impacts across different timescales and environmental conditions provided a robust
foundation for participatory decision-making and long-term urban forestry planning.

2.1.4. Species Selection

Tree selection for the visualization tool relied on ten species currently favored by the
Springfield Parks Department for total tree composition in the city’s master forest plan.
Concerns with species resiliency in urban areas mandate that no more than ten percent of
any one species be represented in the planting mix to avoid excessive mortality due to pest
or disease. Relying on this guideline, the street tree visualization incorporated six common
New England tree species already present in Springfield, with these being red maple, black
tupelo, Eastern white pine, white oak, Northern red oak, and black oak (Table 1). Heights at
maturity of these species were calculated for accurate representation in street tree canopies.
These six species were interspersed in the visualizations, although no adjustments were
made in species clustering across the different tree spacing scenarios.
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Table 1. The six primary species used in Springfield’s master forest plan for reforestation.

Type Height (ft)

Percent Name
Scientific
Name

New Young Mature

~10% Red Maple Acer
rubrum 3–6 15–25 40–60

~10% Black Tu-
pelo/Gum

Nyssa
sylvatica 3–6 15–25 30–50

~10% Eastern
White pine

Pinus
strobus 2–4 15–30 50–80

~10% White Oak Quercus
alba 3–6 15–25 60–100

~10% Northern
Red Oak

Quercus
rubra 3–6 15–25 60–75

~10% Black Oak Quercus
velutina 2–4 15–30 50–60

Additional consideration was given to species resiliency to increasing urban tempera-
ture due to climate change in planning for the linear urban forest, such that some species
not endemic to New England might thrive in warming climate zones at future times. These
new species were not represented in the visualization scenarios as their viability has not
yet been established. Of note, saplings common to more southern climate zones will be
incorporated into the test plots for the urban forest to observe their adaptability to warming
northern climates zone such as Springfield’s.

2.2. InVEST Urban Cooling Model Application

Concurrent modeling of estimated cooling potential projected from the original linear
urban forest design was performed using the Natural Capital InVEST Model’s Urban
Cooling Module [52]. This model generates maps of the heat mitigation index (HMI) to
project cooling capacities of urban green spaces based on the land use classes contained
in the area under consideration. The InVEST model requires inputs of area land use
maps where greening is present or designated and biophysical estimates of annual tree
growth, evapotranspiration, and albedo surface reflectivity, measures derived from the
scientific literature, as well as a percentage measure of building intensity vis-à-vis vegetated
space. For Springfield land use we used MassGIS Data: 2016 Land Cover/Land Use,
which combines land cover mapping from 2016 aerial imagery and land use derived from
standardized assessor parcel information for Massachusetts at a 1 m spatial resolution [53].

Land maps inputted into the InVEST model typically reflect existing categories of land
use. Here instead, the challenge was to model projections of street trees not captured in
the LULC maps. The yet-unrealized greening required a work-around of streets designated
for the linear urban forest to displace a lane of impervious pavement. This was carried
out through a manual reassignment in ArcGIS of a percentage of street parcels from the
impervious pavement category to mixed forest. These simulated green interventions appear
as new entries in the LULC table as Roads2030, Roads2050, and Roads2070. To these road
categories we assigned a decreasing building intensity of 0.86, 0.8, and 0.72, respectively, and
a percentage increase in shade and albedo. In this way, we derived future-year estimates of
modeled rather than realized cooling.

The remaining model inputs came from ArcGIS mapping or from values contained in
the scientific literature. The evapotranspiration raster map used was the MODIS Evapo-
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transpiration product, which uses data on earth land surface from satellite remote sensing
obtained at a 1 km2 land scale, with evapotranspiration coefficient Kc. Binary measures of
greenspace and shading switches are values between 0 and 1, representing the proportion
of tree cover (0 for no trees, 1 for full tree cover, with trees >2 m. The default value of
2000 m was applied for average air temperature radius. The reference temperature for a
rural area 10 km or more outside of Springfield was 0.59 ◦C, resulting in a UHI magnitude,
or the difference between the rural reference temperature and the maximum temperature
observed in the city. The albedo assigned to the land cover map was 2.09 (Table 2).

Table 2. Inputs to land use categories used to model urban cooling in Springfield through the InVEST
Natural Capital Model.

LU Code Description Shade 1 Kc 2 Albedo 3 Green
Area

Building 4

Intensity

0 Background 0 0 0 0 0
1 Unclassified (cloud, shadow) 0 0 0 0 0
2 High intensity (>80% IA) 0.05 0.37 0.18 0 0.95
3 Med intensity (50–80%) 0.18 0.55 0.19 0 0.3
4 Low intensity (20–50%) 0.33 0.76 0.18 0 0.1
5 Open space (<20%) 0.45 0.93 0.2 0 0.1
6 Cultivated land 0.3 0.7 0.2 1 0
7 Pasture/hay 0.3 1 0.2 1 0
8 Grassland 0.3 1 0.2 1 0
9 Deciduous forest 0.8 1 0.15 1 0
10 Evergreen forest 0.8 1 0.15 1 0
11 Mixed forest 0.8 1 0.15 1 0
12 Scrub/shrub 0.4 1 0.2 1 0
13 Palustrine forested wetland 0.6 1 0.11 1 0
14 Palustrine scrub/shrub wetland 0.4 1 0.11 1 0
15 Palustrine emergent wetland 0.4 1 0.11 1 0
16 Estuarine forested wetland 0.8 1 0.11 1 0
17 Estuarine scrub/shrub wetland 0.4 1 0.11 1 0
18 Estuarine emergent wetland 0.4 1 0.11 1 0
19 Unconsolidated shore 0 0 0 0 0
20 Bare land 0 0.3 0.2 0 0
21 Water 0.3 1 0.06 1 0
22 Palustrine aquatic bed 0.3 1 0.06 1 0
23 Estuarine aquatic bed 0.3 1 0.06 1 0
24 Tundra 0 1 0.2 1 0
25 Snow/ice 0 1 0.75 0 0
26 Roads20 0.05 0.37 0.18 0 0.95
27 Roads30 0.14 0.37 0.22 1 0.86
28 Roads50 0.2 0.37 0.28 1 0.8
29 Road70 0.28 0.37 0.36 1 0.72

1 Tree Canopy|Multi-Resolution Land Characteristics (MRLC) Consortium, U.S. Geological Service [54]; 2

evapotranspiration coefficient (Kc)—[55,56]; 3 Taha et al., 1988 [26]; 4 a floating-point value between 0 and 1. This
is calculated by dividing the floor area by the land area, normalized between 0 and 1.

The estimates of city-wide ambient cooling generated by the InVEST model provided
expectations of temperature reduction if the urban forest were to be realized in full. We
chose not to model the full linear urban forest as designed because many of the assumptions
drawn to project urban streets circa 2070 embodied futuristic scenarios that we felt dis-
tracted from the main premise of urban cooling—for example, fully autonomous vehicles
and driveway elimination. For this reason, we focused on street tree planting alone.

Several demonstration sessions to beta-test the technology were held prior to the in
situ community design charettes in Springfield. Two demonstration pilot sessions were
presented to students and professors at UMass Amherst Department of Environmental
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Conservation, and two pilots were presented in the Harvard Visualization Laboratory
Theater with students from Northeastern and Harvard Universities. Participants attending
these demonstrations encouraged the use of infographics to enhance visualization by
explaining the impact of changes within the street scenarios. From these sessions we added
temperature reduction, seasonal changes to the tree canopy, and planned engineering
designs for stormwater drainage as a transect below street level.

With the visualization tools ready, we held two community design forums with residents
of neighborhoods identified for urban tree planting. Sessions were organized by our non-profit
partner, ReGreen Springfield, led by Dr. David Bloniarz, in collaboration with the City of
Springfield Public Works Department, which is responsible for implementing neighborhood
street tree planting. A brief presentation highlighted the environmental and public health
benefits of increased residential contact with nature: temperature and hydrology regulation,
particulate filtration, stormwater infiltration, and carbon sequestration, as well as prospective
health improvements for impacted residents. Following the visualization sequence, community
members responded to the street tree scenarios introduced in their neighborhoods from which
we collected feedback. Each participant received a gift card for their time.

3. Results

These digital design charettes demonstrated how climate change impacts of extreme
heat and intensive precipitation can be mitigated by repurposing streets for tree planting.

Each of the two community charettes produced a de-identified recording or transcript
from the community participatory research in which both the various designs for street
tree densification across 2024–2070 were presented to community residents. From this we
learned (1) preferences for form and degree of nature-based solutions for climate mitigation,
and (2) feedback on the process of community research itself to reiterate and improve heat
mitigation projects in other cities.

An initial rendering of the LiDAR-based street diagrams showing street tree densification
we shared succeeded in providing an aerial overview of the tree canopy densification (Figure 1).
However, the charette participants felt the aerial perspective lacked the immediacy of walk-
ing out one’s front door into the street-level environment and experiencing the tree canopy
overhead.

Similarly, the wide-angle LiDAR depictions of street-level views distorted the spa-
tial arrangement of buildings, trees, and the street, altering the dimensions of each and
rendering these views unusable for public presentation (Figure 2).

(a) (b) 

Figure 1. Cont.
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(c) (d) 

Figure 1. LiDAR-based aerial diagrams of Wilbraham Road describing from the upper left (a) existing
trees in the year 2024, (b) mature trees in the year 2070 planted at a 40′ distance, (c) mature trees in
the year 2070 planted at a 20′ distance, and (d) mature trees in the year 2070 planted at a 15′ distance.

(a) (b) 

Figure 2. LiDAR-based street-level diagrams of Wilbraham Road describing (a) existing trees for the
year 2024 and (b) additional trees planted at 40 feet maturing in the year 2070.

The imaging specialists resorted to Google Street View superimposed with a series of
street tree plantings that corresponded to scenarios of current plantings maturing 50 years
into the future, plus tree plantings at 40-, 20-, and 15-feet spacings. These renderings were
well received for their realism and ground-level relatability.

Of the four scenarios presented, charette participants favored street tree planting at
20 feet of distance to maximize the tree canopy without sacrificing a parking lane. This
selection corresponds to a modeled 1.75 ◦F city-wide reduction in ambient temperature. The
fact that participants were willing to accept a 0.75 ◦F increase in temperature is an indication
that peri-urban culture remains vehicle-based, without the necessary transit infrastructure
to permit alternative infrastructure types, even those such as green infrastructure, which
would increase residential comfort and health.

Figure 3 presents still images of the street tree plantings spaced at 20 feet of distance
for (a) Wilbraham Road and (b) Albemarle Street. Interactive representations of these
scenarios are found in Videos S1 and S2.

The InVEST Urban Cooling Model generated temperature changes for Springfield
based on models of a city-wide LUF. From this assumption, we see that the average cooling
capacity rises from 0.46 ◦F under current landscape conditions to 0.54 ◦F in 2070 under
conditions of maturing street trees. Average temperature variation falls slightly from
4.13 ◦F to 4.09 ◦F, and average annual temperatures from 3.07 ◦F to 3.04 ◦F (Table 3).
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(a) 

(b)

Figure 3. Before and after renderings of street trees planted on (a) Wilbraham Road, a main connector
road in Springfield, and (b) Albemarle Street, a residential neighborhood street that intersects
Wilbraham. The tree planting renderings feature the residents’ preferred selection of 20 feet of
planting distance between trees.

Table 3. Change in temperature output from InVEST Urban Cooling Model 3.87.

Parameter
InVEST Model Springfield-Wide UHI Profile TΔ ◦C

2020 2030 2050 2070

Square_Miles 33.08 33.08 33.08 33.08
avg_cooling capacity 0.254C/0.46F 0.281C/0.506F 0.285C/0.513F 0.298C/0.536F
avg_tmp_variation 1.9747 2.292C/4.13F 2.286/4.12F 2.269/4.09F
avg_tmp_annual 1.3847 1.702C/3.07F 1.696C/3.05F 1.690/3.04F

Temp_air_nomix 29.50–30.98 2.45 (0.61C–2.68C)
(33.10F–36.82F)

2.45 (0.61C–2.68C)
(33.10F–36.82F)

2.45 (0.61C–2.68C)
(33.10F–36.82F)

Temp_air (high) 30.75 2.64 ◦C = 36.75 ◦F 2.64 ◦C = 36.75 ◦F 2.64 ◦C = 36.75 ◦F
Temp_air_(low) 30.62 2.18 ◦C = 35.92 ◦F 2.17 ◦C = 35.91 ◦F 2.15 ◦C = 35.87 ◦F
Heat mitigation 0–0.71 0–0.99053 0–0.99053 0–0.99053

4. Discussion

Digitally created street images showing how streets can be transformed in the face
of rising heat offered community members the opportunity to express preferences and
co-create neighborhood-level responses. Creating digital images of neighborhoods allowed
them to envision future projections of their actual streets. In doing so, the research team
created a new pedagogy for involving citizens and civic leaders, giving them a realistic
sense of what adaptations to climate change might look like at the neighborhood scale,
thus realizing the project’s innovation potential. In addition to its technical contributions,
this work played a vital role in community engagement and education. By combining state-
of-the-art technology with a participatory approach, this research provides a replicable
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framework for urban planning that addresses environmental challenges while fostering
community involvement.

Visualizing the impact of urban street trees on cooling cities facilitated on-the-ground
collaboration with the Springfield community. Street tree plantings may affect changes to
light, shading, sightlines, and resident security, even as they offer heat mitigation and other
known physical and emotional health benefits associated with contact with urban nature.
Bringing nature-based scenarios to the very residents of these targeted neighborhoods
opened a dialogue that sensitized designers of green interventions to residents’ concerns.
Through the community design charettes the researchers solicited feedback to the different
scenarios. Reactions were very positive to the projected neighborhood greening. No one
appeared to favor the status quo after seeing the more tree-rich scenarios. In fact, the
audience seemed to recoil upon viewing the seeming barrenness of the current street views
that cycled around after the projected tree densifications.

Charette participants explained their voluntary attendance as interest in the design
proposals but also as the opportunity to have a participatory voice in a municipal-driven
process. Having a third party moderate the discussion also invited participation of individuals
typically excluded from such procedures. The presence of city officials meant that feedback
to the proposals concerning property security, additional maintenance, and traffic flow was
heard directly and could influence final design. For example, participants raised questions
about loss of sight lines impacting a sense of safety resulting from tree densification. Another
safety concern of residents was sidewalk maintenance resulting from root protrusion, which
presents tripping hazards for pedestrians, and the related burden of homeowner liability.
The case of tree planting at 15 feet of distance projected onto a widened sidewalk median
on residential streets would result in street narrowing. Charette participants roundly voted
down this option, rejecting the loss of parking on one side of the street and the conversion of
two-way streets to a single direction to accommodate wider tree planting.

The visualization charette elicited many reflective comments from attendees beyond
approval and disapproval. One woman familiar with the green-lined streets of Brookline,
Massachusetts, said, “When you drive through neighborhoods where there is a complete
lack of vegetation, there is a sense of economic degradation. You don’t feel that when
you drive along streets filled with trees no matter their economic level.” This comment
challenges notions of green gentrification, whereby residents often resist neighborhood
nature interventions for fear of increased rent, which greening can regrettably trigger.

Caution tempered some of the enthusiasm otherwise observed during the charettes. A
young man spoke in favor of evaluating multiple changes being simultaneously proposed
for his neighborhood. “Between solar panels, [tree plantings], the streets changes, there’s a
lot to consider. If you go straight to one of those things without double-checking, it could be
two times worse than what it was.” Another individual worried that opposition to raking
could block such a project. A few individuals pointed out that tree roots would likely
upheave the adjacent sidewalk blocks, creating tripping hazards, a frequent result of street
tree plantings. Another participant simply attended because he wanted to see if trees might
be restored in his neighborhood after their previous removal. When cities are planning
infrastructure improvements, residents’ concerns are often not adequately considered.
For researchers, community involvement in poorer neighborhoods is often the missing
component of translating evidence-based recommendations both as a commonsense matter
of public governance and as a question of environmental justice.

Our community participatory research helped accelerate the climate–health and nature–
health understanding of nature-based interventions via integrated assessment methodologies,
dynamic visualization modeling, and design prototyping by presenting and soliciting feedback
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from locally impacted communities. The development of tangible state-of-the-art visualization
tools permitted community residents to review proposed changes to their neighborhoods. In
this way, visualization advanced design efforts beyond sheer prototyping and invited com-
munity participation of future interventions as an essential component of climate mitigation
that embodied and not just spoke to environmental justice.

Tangible benefits also emerged from this project. First, the City of Springfield has
planned three pilot sites to test the survivability rates of the ten tree species when planted
along busy Springfield traffic arteries. Second, the visualizations engaged the City Parks
and Recreations Department to allow employees to voice the need for increased time and
budget dedicated to the street tree maintenance as well as training to deal with homeless
individuals who often seek shelter in vegetated areas. Most importantly, the charettes gave
community members the chance to be active partners in the design process.

This pilot study has the potential to grow in three areas of interest: (A) expanding
the prototype for nature-based interventions, with actual measurements to be taken on
both urban cooling and correlated ecosystem services related to urban afforestation. These
interventions might include various types of green infrastructure from which to choose
as well as offering various cost–benefit points. (B) Demonstrating proof of concept that
reimagined urban neighborhoods, visualized through augmented reality and displayed for
citizens and community leaders, can redress the social determinants of health and health
inequities. (C) Working with city public works and parks departments to develop robust
cost–benefit analysis for implementing heat-reducing green infrastructure. Visualizing
the LUF may positively activate community engagement, prompt climate concern within
vulnerable groups, and stake a claim for environmental justice. Opinions voiced during the
digital community charettes and focus groups and received by civic decision-makers can
enhance knowledge generated by the extensive modeling currently being developed and
become translational. Equity-based urban health is already of interest to health-centered
foundations and philanthropies as climate change exacerbates these inequities.

Having tested the pedagogies for engaging citizens, the next steps are to improve imagery
to make it more interactive for participants. The technology required to scale this research to
cities and neighborhoods beyond Springfield requires the skills of an able modeler and readily
available software. Scalability makes this approach adaptable to differing socio-economic
conditions, including linguistic barriers, given its visual imagery basis. One way of reaching
larger audiences might be to conduct design charettes via Zoom or similar platforms to
overcome participant inconvenience or reticence. Scalability to new cities and audiences
might include not just street tree plantings but also other forms of green infrastructure such as
green roofs, afforestation of open lots, and more creative interventions, ranking participant
preference among various design options. The use of digital images can also assist with
gauging cost benefits of green interventions within communities, e.g., assessing “willingness
to pay” for climate adaptation with green infrastructure.

5. Conclusions

This pilot study tested technologies that invite communities to partake in decisional
processes affecting neighborhood change related to a reduction in urban heat islands.
The development of tools that invite and facilitate community-engaged research allows
neighborhood dwellers to participate in discussions that affect their comfort and autonomy,
while recognizing the importance of distributional equity that comes from having a voice in
such discussions. Moreover, the impact of changes addressing temperature mitigation have
downstream effects on individual health and wellbeing, with cross-generational benefits
in communities such as Springfield’s. We hope that this innovative pedagogical model
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can find traction for use in similar urban communities where nature-based solutions to
decreasing heat can rectify decades of municipal underinvestment.

Supplementary Materials: Supplementary materials are available online. Video S1: Visualization of
street tree planting for the year 2070 on Wilbraham Road (https://urldefense.proofpoint.com/v2
/url?u=https-3A__drive.google.com_file_d_1B-2DOMCyMhQ4pmmaoqr7ggLMpd2PY53Prc_vie
w-3Fusp-3Ddrive-5Flink&d=DwMFaQ&c=WO-RGvefibhHBZq3fL85hQ&r=ZMAzWaUd1Ajmp
NVdp0SFg-riY3p-8eaMS6853st7I9c&m=kYThjFw8Mbx_EE2Pyk92tSWJpXyjs04opg2ZHFZsnzU
5HhzVywrPzGSNnJgtebzg&s=0Bd8pgFk6NRwP78NrUYFv6aWX6sFuA2EQ1wV0CUupAE&e=,
accessed 10 November 2024). Video S2: Visualization of street tree planting for the year 2070 on
Albemarle Street (https://urldefense.proofpoint.com/v2/url?u=https-3A__drive.google.com_fil
e_d_1bKbT32qHPST2MlU-2D-5F8jb23-2DRAMUM3YcR_view-3Fusp-3Ddrive-5Flink&d=DwMFa
Q&c=WO-RGvefibhHBZq3fL85hQ&r=ZMAzWaUd1AjmpNVdp0SFg-riY3p-8eaMS6853st7I9c&m
=kYThjFw8Mbx_EE2Pyk92tSWJpXyjs04opg2ZHFZsnzU5HhzVywrPzGSNnJgtebzg&s=Y3H1CNy
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Abstract: The user’s experience is critical in spatial design, particularly in outdoor spaces
like university campuses, where the physical environment significantly influences students’
relaxation and stress relief. This study investigates the combined impact of thermal, lu-
minous, and auditory environments on students’ perceptions within recreational areas at
Bordj Bou Arreridj University Campus. A mixed-method approach combined field surveys
and on-site measurements across eleven locations within three distinct spatial configura-
tions. The findings from this study indicate that the auditory environment had the most
substantial influence on overall perceptions, surpassing luminous and thermal factors. The
open courtyard (Area 1) was perceived as less comfortable due to excessive heat and noise
exposure. The shaded zone (Area 2) was identified as the most vulnerable, experiencing
significant thermal stress and noise disturbances. In contrast, the secluded patio (Area 3)
achieved the highest comfort rating and was perceived as the most cheerful and suitable
space. Correlation analysis revealed significant interrelationships between physical and
perceptual dimensions, highlighting the critical role of factors such as wind velocity, sky
view factor, and illuminance in shaping thermal, luminous, and acoustic perceptions. A
fuzzy logic model was developed to predict user perceptions of comfort, suitability, and
mood based on measured environmental parameters to address the complexity of mul-
tisensory interactions. This study highlights the importance of integrating multisensory
evaluations into spatial design to optimize the quality of outdoor environments.

Keywords: multisensory perception; outdoor thermal comfort; soundscape; university
campus design; student well-being; fuzzy logic model

1. Introduction

Outdoor environments foster relaxation, social interaction, and stress relief, partic-
ularly within university campuses, hubs of academic and social activity [1,2]. However,
traditional architectural design often prioritizes aesthetics and structural form over the
quality of outdoor spaces. As a result, the well-being of users in recreational areas is
frequently treated as a secondary consideration [3,4]. This oversight underscores the need
for a more user-centered approach to outdoor spatial design that integrates multisensory
environmental factors to enhance comfort and satisfaction [5].
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A combination of sensory stimuli, including thermal, luminous, and auditory en-
vironments, shapes perceptions of outdoor spaces. Extensive research has explored the
impact of these factors individually [6–11]. For instance, studies on thermal comfort have
highlighted its importance in outdoor usability, particularly in hot climates [7]. The thermal
environment is a critical determinant of outdoor comfort, particularly in regions with
extreme climatic conditions. Studies have demonstrated that thermal stress directly affects
physiological and psychological well-being [8]. For example, shade, wind, and surface
materials were emphasized in mitigating thermal discomfort in outdoor spaces [9–11].
However, most research focuses on temperature as an isolated factor, with limited consid-
eration of its interaction with other environmental dimensions. In university campuses,
thermal comfort is particularly vital, as prolonged exposure to heat can deter students from
utilizing recreational spaces.

Similarly, research on soundscapes has emphasized the role of auditory environments
in influencing emotional responses [12,13]. The auditory environment, often called the
soundscape, significantly influences emotional responses and perceived comfort in outdoor
spaces. Kang and Zhang (2010) demonstrated that natural sounds, such as birdsong or
flowing water, enhance positive experiences, while noise pollution, such as traffic or con-
struction, detracts from overall satisfaction [14]. Despite growing interest in soundscapes,
the combined effect of auditory stimuli with thermal and luminous conditions remains
underexplored, particularly in recreational areas within university campuses.

While luminous conditions influence visual comfort, mood, and spatial perception,
research by [15,16] highlighted the significance of light intensity, shading, and contrast in
shaping outdoor experiences. While studies on daylighting strategies are well-documented
in architectural design [17,18], they primarily address indoor spaces, leaving a gap in the
understanding of how luminous conditions interact with other sensory factors in outdoor
settings. This gap is critical for designing functional and aesthetically pleasing spaces.

University campuses present unique research settings for exploring multisensory
perceptions. These environments must balance functionality, aesthetics, and user well-
being, particularly in recreational spaces where students seek respite from academic stress.
Although some studies have examined campus design, most fail to address the multisen-
sory interactions that shape users’ experiences in outdoor areas. Despite evidence that
well-designed campus landscapes contribute significantly to psychological restoration and
overall well-being, natural environments positively influence mental health and reduce
stress levels [19,20]. University recreational areas, critical for promoting relaxation, social
interaction, and stress relief, remain underexplored in the scientific literature. These spaces
provide an ideal context for investigating the influence of environmental factors on human
perception. While existing studies have extensively explored individual environmental
factors on university campuses, such as thermal comfort, noise levels, and lightscape experi-
ence, limited research has integrated these variables into a multisensory framework [16,21].
This gap is particularly evident in regions such as North Africa, where climatic conditions
and cultural practices create distinct challenges and opportunities for outdoor design.

To address this knowledge gap, the present study investigates the combined impact of
thermal, luminous, and auditory environments on students’ perceptions of recreational
spaces at the Faculty of Science and Technology, Bordj Bou Arreridj University. A mixed-
methods approach was employed, integrating field surveys and on-site measurements of
environmental parameters across distinct spatial configurations. This study identifies the
factors contributing to comfort, suitability, and mood and introduces a fuzzy logic model to
predict user perceptions based on measured environmental data. This approach represents
a novel application of fuzzy logic in the context of outdoor recreational spaces.
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This research contributes to the growing literature on multisensory design in archi-
tecture and urban planning by highlighting the interactions between thermal, luminous,
and auditory factors. It underscores the importance of integrating sensory evaluations into
spatial design processes to optimize the quality of outdoor environments. The findings of
this study have broader implications for enhancing user well-being in recreational areas,
particularly on university campuses, where outdoor spaces play a pivotal role in promoting
relaxation and social connectivity.

2. Materials and Methods

Bordj Bou Arreridj city is located approximately 200 km southeast of Algiers, in a re-
gion classified as semi-arid according to the UNEP, De Matrone, and Emberger indices [22].
To investigate the effect of thermal, visual, and auditory environments on the students’ per-
ception, an investigation was conducted in the recreational areas surrounding and within
the science and technology faculty at BBA University, situated around 3 km southeast of
the city (Figure 1).

Figure 1. Case study area: (a) Bordj Bou Arreridj BBA localization, (b) university localization,
(c) Bordj Bou Arreridj University.

2.1. Physical Context

The context of this study was divided into three areas based on the sky view factor
(SVF). The first area is considered an open space due to the significant distance from the
surrounding buildings with SVF > 0.9, and the second area, with 0.6 < SVF > 0.7, is a dense
core positioned very near to the external walls of the faculty. The third area, a highly dense
core with SVF < 0.6, represents the faculty’s patio [23]. The mixed-method approach was
utilized to collect quantitative and qualitative data simultaneously [24] at eleven points
where the students gathered across the three areas (Figure 2).

The methodology of this research was based on the methodologies used in some
previous studies [10,16], and the contribution of this study lies in adding a multisensory
fuzzy logic model by using the MATLAB R2024a software (Figure 3). The aim of the in-situ
measurement of the physical dimensions of thermal, visual, and auditory environments
was performed when the participants were responding to the questionnaire handed out to
ensure the direct relationship between participants’ perception and physical dimensions,
supporting real-time monitoring.
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Figure 2. Distribution of measurement stations.

Figure 3. Methodological framework.
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2.2. Objective Measurement and Material Used

The quantitative data collection operation was executed by measuring the different
physical parameters of the environment (thermal, visual, and audible) through 11 mea-
suring stations corresponding to the points identified as most valuable by the students
(Figure 2). The first area covered stations one and two, stations three to eight were included
in the second area, and the third area involved stations nine, ten, and eleven. The measure-
ment was carried out systematically at every point for all the physical factors, as shown in
Table 1, to ensure a rigorous and robust approach while achieving comparable results.

Table 1. Measurement stations information.

Areas Stations Image Type Time Range Recording Duration (min) Factors Measured Station Elevation (m)

Area 1 1, 2 -SVF Hemispherical Image
-HDR image

12:30–12:40
3 min per station Ts, Ta, RH, V, SPL,

Illuminance
1.5 m above the

groundArea 2 3–8 12:50–13:40
Area 3 9–11 13:50–14:10

The sky view factor (SVF) was the primary dimension used to divide the recreational
space into three areas depending on its variance, which ranged from 0.458 to 0.998. The
method employed to calculate the SVF, which is based on fish-eye images and using the
RAYMAN pro 1.2 software, has been adopted by numerous researchers [16,21,25,26].

A professional humidity meter was used to measure the ambient air temperature (Ta)
and the relative humidity (RH) to assess the thermal environment. On the other hand, the
soil surface temperature (Ts) was calculated using an infrared thermometer. In addition, an
anemometer was employed to determine the wind velocity (Va). These parameters were
used as inputs in the RAYMAN pro 1.2 software to calculate the mean radiant temperature
(MRT) and the physiologically equivalent temperature (PET). Several studies have used
this method considerably [16,21,27].

To evaluate the luminous environment, illuminance is regarded as one of the impor-
tant indices in the field [28,29] and was quantified using a digital lux meter (MM-LM 01).
Hence, CR2-format images were taken on site by a digital single-lens reflex (DSLR) camera
(CANON EOS 5D Mark III, Canon, Japan) with a wide lens. This process aimed to cal-
culate the daylight glare probability (DGP) with the support of the EVALGLAR plug-in
incorporated with the AFTAB ALPHA 2.2 software [30,31].

Regarding the audible environment, the sound pressure level (SPL) measurement
was carried out using a digital sound level meter. This was conducted to compute the
equivalent sound pressure level (Leq), the percentile noise levels (L10, L50, L90), the noise
climate (NC), and the noise pollution level (Lnp) due to their importance in the assessment
of the impact of noise [21,32]. Furthermore, a stereo soundtrack was recorded at each
station by a ZOOM H1 Sound Recorder [33,34].

2.3. Perceptual Dimensions and Questionnaire

Along with evaluating the physical dimensions and the measurement of the param-
eters, a subjective assessment was carried out to analyze the multisensory perceptual
dimensions and determine the students’ perceptions in the three recreational areas. For
this reason, a questionnaire that included 12 semantic items was divided into four groups
based on a seven-point bipolar rating scale assessment (Table 2). It was delivered to the
participants after a detailed explanation to ensure clarity. The first group presented general
perceptions, including comfort, suitability, and mood, which served as the dependent
variables in the ordinal regression analysis. This group was adapted from a previous
study that addressed multisensory interactions between thermal, auditory, and visual
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environments [17]. The second group covered the thermal environment, involving heat
(cold–hot), used in the thermal sensation vote (TSV) [35,36], humidity (dry–humid), used
in humidity sensation vote (HSV) [37], and wind conditions (windy–mild), which were
used previously as not windy–windy [17] as well as in a study that mentioned wind con-
ditions in the questionnaire as an influent parameter [38]. The third group introduced
the luminous environment, consisting of glare (no glare–glare), lighting (dark–light), and
uniformity (non-uniform–uniform), which have been largely used in lightscape assessment
questionnaires [16,17,39,40]. The last group covered the audible environment, compris-
ing sound excitation (monotonous–exciting), calmness (chaotic–calm), and sound variety
(simple–varied), which were obtained from studies that explored an interesting number of
soundscape attributes [14,41].

Table 2. Questionnaire used in the subjective assessment.

Environments Very Fairly Little Neutral Little Fairly Very

General perception
Uncomfortable −3 −2 −1 0 1 2 3 Comfortable

Not-suitable −3 −2 −1 0 1 2 3 Suitable
Depressive −3 −2 −1 0 1 2 3 Cheerful

Thermal environment
Cold −3 −2 −1 0 1 2 3 Hot
Dry −3 −2 −1 0 1 2 3 Humid

Windy −3 −2 −1 0 1 2 3 Mild

Luminous environment
No glare −3 −2 −1 0 1 2 3 Glare

Non-uniform −3 −2 −1 0 1 2 3 Uniform
dark −3 −2 −1 0 1 2 3 light

Audible environment
Monotonous −3 −2 −1 0 1 2 3 Exciting

Chaotic −3 −2 −1 0 1 2 3 Calm
simple −3 −2 −1 0 1 2 3 varied

2.4. Participants

This study included a sample size of 106 participants, comprising, 58 males (54.7%)
and 48 females (45.3%), aged between 18 and 46 years, Table 3. The mean age of the
participants was 21.85 years, with a standard deviation of 4.61 years, indicating a young
group representative of university students. The participants were distributed across three
areas, with 36 in the first area, 33 in the second area, and 37 in the third area. It is noteworthy
that each respondent remained in the same position for 5 to 10 min before completing the
questionnaire. It is essential to note that all the participants were in good health, and any
medical condition or disease was registered.

Table 3. Descriptive statistics of participants by gender and age.

Statistic Total Males Females

Number of Participants 106 58 48
Minimum Age 18 18 18
Maximum Age 46 46 45
Mean Age 21.85 22.36 21.25
Standard Deviation 4.61 4.59 4.606

2.5. Data Analysis

The statistical tests and data analysis were conducted utilizing the Statistical Package
for the Social Science SPSS V.29 developed by the IBM Corporation (Armonk, NY, USA).
The physical dimension data obtained from on-site measurements were processed by ap-
plying descriptive statistics. In terms of perceptual data, an ordinal regression analysis was
executed to assess the effect of thermal, luminous, and audible perception variables on suit-
ability, comfort, and mood. Finally, three correlation analyses were conducted to examine
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the relationships between the various dimensions. Pearson’s correlation was used to assess
relationships among the physical dimensions, Kendall’s tau-b correlation was applied to
evaluate associations among the perceptual dimensions, and Spearman’s correlation was
utilized to explore the relationships between perceptual and physical dimensions.

2.6. Fuzzy Logic Model

In urban planning, fuzzy logic, FL, has been deemed an effective tool in spatial evaluation.
It can treat different memberships for complex uncertainty-related topics when addressing
urban sustainability factors [39] and help make wise decisions [42]. The construction of
the model encompasses four main steps: fuzzification, creating the rules, inference, and
defuzzification [43]. In this study, the model was developed using the MATLAB software.

The fuzzification step represents the modeling of the input and output based on reference
values obtained from previous studies. In light of this, the linguistic classification of the
membership function of the equivalent sound pressure level (Leq) was taken from a study
evaluating noise pollution’s impact on people’s health [44]. The physiologically equivalent
temperature (PET) membership function was constructed based on a previous classification
widely adopted in the literature [45]. The sky view factor (SVF) classification was inspired by
research that explored the relationship between the sky view factor and land temperature [23].
Regarding illuminance, the linguistic classification was adapted from evaluating urban park
lighting quality perception [29]. Finally, the mean radiant temperature (tMRT) was adjusted
from a previous classification of the thermal comfort fuzzy logic model [46]. The membership
functions of the input data were designed, as well as the three semantic items comfort,
suitability, and mood that constituted the output variables, as shown in (Figure 4).

Figure 4. Membership functions: (a) Leq. (b) SVF. (c) Illuminance. (d) PET. (e) tMRT. (f) Participant
responses (output).
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Rules production provided the relationships among the linguistic variables for both
inputs and outputs, which was composed of precondition (If part) and consequence (Then
part) [46]. In this case, the number of rules corresponded to the number of variations in
the variables’ values, and the inference adopted was developed with the Mamdani’s fuzzy
method (Table 4). The defuzzification consisted of translating the fuzzy output to the crisp
value. The method employed in this model was centroid defuzzification.

Table 4. If–then rules of the fuzzy logic model.

Rules Illuminance SVF PET Leq tMRT Suitability Comfort Mood

1 If High Open space Slightly warm Noisy Hot Then Little not suitable Little
uncomfortable

Little
depressive

2 If High Open space Slightly warm Noisy Hot Then Fairly not suitable Fairly
uncomfortable

Little
depressive

3 If High Medium
density Neutral Noisy Hot Then Little not suitable Little

uncomfortable
Little

depressive

4 If Low Medium
density Slightly cool Very noisy Warm Then Fairly not suitable Fairly

uncomfortable
Little

depressive

5 If Medium
High

density Slightly warm Noisy Hot Then
Little Little

uncomfortable
Little

depressivesuitable

6 If Low
Medium
density Slightly warm Noisy Hot Then

Little
Little comfortable Little cheerfulsuitable

7 If High Open space Slightly warm Noisy Hot Then Little not suitable Very
uncomfortable

Little
depressive

8 If Medium Very high
density Warm Noisy Hot Then Fairly suitable Little comfortable Little cheerful

9 If High High
density Slightly warm Noisy Hot Then Fairly suitable Fairly comfortable Fairly

cheerful

10 If Medium Very high
density Slightly warm Noisy Hot Then Fairly suitable Little comfortable Fairly

cheerful

11 If Medium Very high
density Neutral Noisy Neutral Then Very

suitable Fairly comfortable Little
depressive

12 If Low High
density Neutral Noisy Neutral Then Little

suitable Little comfortable Little cheerful

13 If Low High
density Slightly cool Noisy Neutral Then Little not suitable Fairly comfortable Neutral

3. Results

3.1. Physical Dimensions

Following the on-site measurements of thermal, luminous, and audible dimensions,
descriptive statistics analyses were performed with the IBM SPSS V.29 software, and the
results are presented in Table 5. The values of the SVF calculated at the different station
measurements ranged from 0.458 to 0.998, with a mean of 0.71 and an SD of ±0.22. The
notable difference in SVF values reflects the diversity in spatial morphology across the three
areas. Concerning the thermal environment, the physiologically equivalent temperature
(PET), varying between 20.7 ◦C and 32.2 ◦C, was generally considered as comfortable to
slightly warm, with a mean of 27.8 ◦C and an SD of ±3.2 [45]. In addition, the mean radiant
temperature (tMRT) ranged between 29.4 ◦C and 44.4 ◦C, with a mean value of 38.7 and an
SD of ±3. The wide range of values in the thermal dimensions highlights the impact of
morphology on thermal comfort. Additionally, orientation and tree cover can influence
thermal sensation through direct sun exposure and shading. Regarding the luminous
environment, the average illuminance measured was 1137.47 lux, with minimum and
maximum values of 206 lux and 1880 lux, respectively, and an SD of ±627. This variation
underscores the lack of light uniformity, which can adversely affect visual comfort [47]. The
daylight glare probability (DGP) values ranged from 0.123 to 0.269, with a mean of 0.22 and
a standard deviation (SD) of ±0.04. As the glare values did not exceed 0.4, the glare
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phenomenon may be not disturbing for users [16]. Regarding the audible environment, the
sound equivalent level (Leq) values oscillated between 63.6 dB and 90.8 dB, with a mean of
71.8 and an SD of ±7.3. Based on the mean Leq, the sound environment was perceived as
noisy, as its value exceeded 66 dB, which is the recommended limit for urban areas [48].
The noise climate (NC) values ranged from 8.5 dB and 21.4 dB, with a mean of 13.8 (±3.3).
The notable values of the noise climate explain the gap between the background sound
and the peak sound levels, suggesting that the peak levels may be considered as noise
pollutants. Furthermore, the mean noise pollution level (Lnp) was 84.5 dB, with minimum
and maximum values of 67.2 dB and 109 dB, respectively, and an SD of ±10.7. Considering
the permissible limit for Lnp, which is 88 dB [32,49], the recorded values suggest that the
sound environment was noisy, particularly given the maximum value of 109 dB, which
significantly exceeded the allowable limit. Overall, the audible environment showed
excessive values compared to the comfort thresholds, followed by the thermal environment.
In contrast, the luminous environment values remained below the recommended limits, as
illustrated in Figure 5.

Table 5. Descriptive statistics of the physical dimensions.

Variables Obs Minimum Maximum Mean SD

Thermal environment
SVF 11 0.458 0.998 0.71 0.22
PET (◦C) 11 20.7 32.2 27.8 3.2
tMRT (◦C) 11 29.4 44.4 38.7 3

Luminous environment
DGP 11 0.123 0.269 0.22 0.04
Luminance (lux) 11 206 1880 1137.47 627

Audible environment
Leq (dB) 11 63.6 90.8 71.8 7.3
NC (dB) 11 8.5 21.4 13.8 3.3
Lnp (dB) 11 67.2 109 84.5 10.7

Figure 5. Minimum, maximum, and mean of PET, Leq, Lnp, and DGP values compared to the
permissible limits.

3.2. Perceptual Dimensions
3.2.1. Overall Perception of the Space: Responses Analysis

To analyze the perceptual data, an analysis of the average scores and the percentage
of the semantic difference was conducted after processing the descriptive statistics to ex-
amine the students’ perceptions across the three areas, as shown in Figure 6. Concerning
the general perception of suitability, comfort, and mood, the first and the second spaces
were perceived closely alike, with a little non-suitable, a little uncomfortable, and neutral
for the mood, and a little non-suitable, relatively uncomfortable, and a little depressive,
respectively. However, the third area was perceived as reasonably suitable, comfortable,
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and cheerful. Regarding the thermal sensation, the first area was perceived as very hot
compared to the second and third spaces, which were perceived as reasonably hot. Regard-
ing the luminous environment, the first and the third areas were perceived as significantly
glared and light, while the second spaces were perceived as relatively glared and reason-
ably light. Regarding audible perception, the first and the third areas were perceived as
reasonably chaotic, whereas the second space was perceived as a little chaotic.

Figure 6. Average scores and percentage of semantic difference analysis. (a) First area, (b) second
area, and (c) third area.

3.2.2. General Perception Dependence: Ordinal Regression Model

Ordinal regression was performed to identify which semantics of the thermal, lumi-
nous, and audible environment perception influenced the suitability, comfort, and mood
through the three areas, yielding the results reported in Table 6.

Regarding zone 1, the results indicate the dominance of thermal and sound factors
influencing the suitability of spaces. In this zone, thermal sensation (p = 0.01) and noise
excitation (p = 0.006) were critical factors, showing that extreme temperatures and noise
levels directly affected the usability perception of the space. This indicates that excessive
heat caused significant discomfort, confirming Nikolopoulou and Steemers’ previous study
associating high temperatures with lower space usability [50]. In terms of noise levels,
relaxation was affected, reducing the suitability of the space for recreational activities.
Furthermore, the results show that thermal sensation was the only predictor of comfort
(p = 0.013), underlining the preponderant influence of thermal stress in zone 1. This
suggests that thermal conditions were the primary determinant of overall comfort and
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could be more important than other environmental factors. Emotional ambience, however,
was influenced by the uniformity of light (p = 0.011) and sound excitation (p = 0.000). This
confirms that non-uniform lighting probably caused visual discomfort, reducing positive
emotional responses, in line with research associating uniform light with relaxation and
safety [47]. Furthermore, the strong association between noise excitation and emotional
ambience (p = 0.000) indicates that noise not only affected the space’s suitability but also
detracted from its emotional atmosphere.

Table 6. Ordinal regression results.

Area 1 Area 2 Area 3

Dependent
Variables

Predictors
p

Value
Model Info Predictors

p
Value

Model Info Predictors
p

Value
Model Info

Suitability

Thermal
sensation 0.01

Model Fitting sig = 0.000
pR2 = 1

Parallel lines test = 1

thermal
sensation

uniformity

0.000
0.018

Model Fitting
sig = 0.000
pR2 = 0.635

Parallel lines test = 1

wind
condition

uniformity

0.03
0.01

Model Fitting sig = 0.05
pR2 = 0.397

Parallel lines test = 0.105Sound
excitation 0.006

lighting
sound

excitation

0.034
0.033

calmness 0.013

Comfort Thermal
sensation 0.013

Model Fitting sig = 0.000
pR2 = 1

Parallel lines test = 1

thermal
sensation

glare

0.006
0.013 Model Fitting

sig = 0.012
pR2 = 0.491

Parallel lines
test = 0.99

calmness 0.001
Model Fitting sig = 0.003

pR2 = 0.519
Parallel lines test = 0.998

uniformity
sound

excitation

0.033
0.027

calmness 0.021

Mood

Uniformity 0.011 Model Fitting sig = 0.000
pR2 = 0.939

Parallel lines test = 0.68

glare 0.026 Model Fitting
sig = 0.037
pR2 = 0.478

Parallel lines test = 1

wind
condition 0.026 Model Fitting sig = 0.033

pR2 = 0.4
Parallel lines test = 0.925Sound

excitation 0.000 calmness 0.012 sound
excitation 0.026

Regarding zone 2, the suitability and comfort in this area were influenced by a com-
bination of thermal sensation, light uniformity, sound excitation, and calmness, with
additional impacts from lighting conditions (dark/light), representing the contrast phe-
nomena on suitability and glare on comfort. Direct sun exposure likely exacerbated heat
stress, consistent with studies on the effects of solar radiation on outdoor comfort [51].
Light uniformity positively influenced perceptions, enhancing the sense of suitability, while
glare detracted from comfort, emphasizing the need for balanced lighting solutions. The
auditory environment showed a dual impact, where noise from nearby traffic or parking
areas conflicted with moments of calmness provided by wind or quieter intervals, reflecting
a complex soundscape. These diverse factors highlight the vulnerability of this space to
environmental challenges because its open orientation and proximity to noise sources
created a challenging environment for users.

Regarding zone 3, wind speed (p = 0.03) and light uniformity (p = 0.01) were identi-
fied as significant predictors of suitability, highlighting their positive contribution to the
usability of the outdoor space. Perceived wind likely enhanced comfort and usability by
providing natural cooling and masking unwanted noise, consistent with findings on the
role of wind in enhancing outdoor experiences [52]. Similarly, uniform lighting enhances se-
curity and appropriateness, particularly in shaded areas. Comfort was strongly influenced
by calmness (p = 0.001), underlining the essential role of a calm auditory environment in
promoting comfort, as confirmed by the findings of Kang and Zhang [14]. The mood was
influenced by wind speed (p = 0.026) and sound excitation (p = 0.000). The wind positively
impacted mood by improving thermal and auditory conditions. At the same time, the
strong association with sound excitation underlined the direct influence of auditory stim-
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ulation, whether pleasant or intrusive, on emotional responses. These results underline
the importance of integrating the elements of wind and light while minimizing auditory
disturbance to create more comfortable, emotionally supportive outdoor spaces.

3.3. Correlation Analysis

Figure 7 illustrates the interrelationships network, highlighting significant correla-
tions between physical and perceptual dimensions across Kendall’s tau-b, Pearson’s, and
Spearman’s analyses.

Figure 7. Interrelationships network between the main influencer variables.

The results of Kendall’s tau-b correlation analysis reveal statistically significant rela-
tionships between certain perceptual dimensions. A weak but significant correlation was
found between humidity sensation and glare perception (τ = 0.162, p < 0.05). Similarly,
a weak yet statistically significant correlation was observed between calmness and wind
conditions (τ = 0.185, p < 0.05).

However, Pearson’s correlation shows significant interactions between physical di-
mensions. Surface temperature (Ts) exhibited weak correlations with illuminance (r = 0.213,
p < 0.05) and the uniformity coefficient (UC) (r = 0.217, p < 0.05), indicating limited influence
on these luminous parameters. Similarly, wind velocity (V) strongly correlated with the
equivalent sound pressure level (Leq) (r = 0.743, p < 0.01), noise climate (NC) (r = 0.455,
p < 0.01), and noise pollution level (Lnp) (r = 0.677, p < 0.01), highlighting its role in shaping
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the acoustic environment. Illuminance (Illum) demonstrated a strong correlation with
the sky view factor (SVF) (r = 0.801, p < 0.01) while also showing moderate associations
with thermal variables such as the mean radiant temperature (tMRT) (r = 0.199, p < 0.05)
and predicted mean vote (PET) (r = 0.226, p < 0.05). Interestingly, illuminance showed a
negative correlation with Leq (r = −0.340, p < 0.01) and Lnp (r = −0.236, p < 0.05), indicat-
ing potential trade-offs between luminous and acoustic environments. Furthermore, SVF
strongly correlated with the daylight glare probability (DGP) (r = 0.698, p < 0.01) and UC
(r = 0.850, p < 0.01), suggesting its critical role in luminous uniformity and glare.

Thermal dimensions also displayed noteworthy relationships. The mean radiant tem-
perature (tMRT) negatively correlated with NC (r = −0.315, p < 0.01) and Lnp (r = −0.227,
p < 0.05), while PET exhibited strong negative correlations with Leq (r = −0.539, p < 0.01),
NC (r = −0.322, p < 0.01), and Lnp (r = −0.489, p < 0.01). PET also had a weak positive corre-
lation with DGP (r = 0.238, p < 0.05), linking thermal comfort to glare perception. Acoustic
and luminous dimensions showed important interactions. Leq negatively correlated with
DGP (r = −0.332, p < 0.01) and UC (r = −0.196, p < 0.05), indicating that high sound
levels may reduce luminous comfort. NC was positively correlated with DGP (r = 0.265,
p < 0.01) and UC (r = 0.363, p < 0.01), reinforcing its influence on visual parameters. Lastly,
Lnp showed a weak negative correlation with DGP (r = −0.219, p < 0.05), further linking
acoustic and luminous dimensions.

The results of Spearman’s correlation analysis indicate several significant relationships
between perceptual and physical dimensions. Thermal sensation was positively correlated
with surface temperature (Ts) (r = 0.288, p < 0.01), wind velocity (r = 0.282, p < 0.01),
illuminance (r = 0.283, p < 0.01), the sky view factor (SVF) (r = 0.373, p < 0.01), daylight
glare probability (DGP) (r = 0.278, p < 0.01), and the uniformity coefficient (UC) (r = 0.203,
p < 0.05). These correlations suggest that a higher surface temperature, wind velocity,
and illuminance levels, as well as more open sky exposure and higher daylight glare
probability, intensify thermal sensation. Uniformity also played a subtle role in influencing
thermal sensation. Conversely, humidity perception had a negative correlation with surface
temperature (r = −0.236, p < 0.05), indicating that higher surface temperatures may reduce
the perception of humidity.

In the realm of sound perception, wind velocity exhibited a weak negative correlation
with sound excitation (r = −0.237, p < 0.05), suggesting that higher wind velocity slightly
dampens the perception of sound excitation. Additionally, the equivalent sound pressure
level (Leq) showed a weak positive correlation with sound variety (r = 0.191, p < 0.05),
indicating that higher sound levels marginally increase the perception of sound variety.

For glare perception, significant positive correlations were observed with illuminance
(r = 0.334, p < 0.01), daylight glare probability (r = 0.325, p < 0.01), and uniformity coefficient
(r = 0.329, p < 0.01). These findings indicate that higher illuminance, DGP, and uniformity
contribute to increased glare perception. Meanwhile, lighting perception was strongly
associated with illuminance (r = 0.446, p < 0.01), daylight glare probability (r = 0.441,
p < 0.01), and the uniformity coefficient (r = 0.515, p < 0.01), with a moderate correlation with
the sky view factor (r = 0.267, p < 0.01). These results suggest that uniformity, illuminance,
and DGP are critical factors in shaping perceptions of lighting and glare.

4. Discussion

The physical dimensions of the environment are considered a significant criterion
in assessing the quality of urban spaces [10,53]. The descriptive statistics of the physical
dimensions suggest that the thermal perception based on PET balanced between com-
fortable without thermal stress and warm with moderate heat stress [45]. In addition,
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based on the measured illuminance values, the luminous environment in terms of daylight
was classified as beneficial [54–56]. Concerning the audible environment, the soundscape
was considered slightly noisy to very noisy due to the Leq values, which balanced be-
tween 63 dB and 90.8 dB [44]. The findings from the descriptive statistics of the participant
responses mention that the three recreational spaces in the university were perceived differ-
ently in terms of general perception (suitability, comfort, and mood). Hence, the third area
was perceived as more suitable, comfortable, and cheerful than the first and second spaces.

To provide a comprehensive clarification about the reasons for this difference, an
ordinal regression was carried out to reveal the impact of the environmental components
on the general perception. As a result, different factors contributed to the difference in
the general perception of each area. Thermal sensation affected suitability and comfort
in the first and second spaces, where the average was around very hot. In contrast to the
third space, which was perceived as reasonably hot with an average near to a little hot, the
thermal sensation effect was absent. A correlation between thermal sensation, the sky view
factor, and surface temperature explains the variation in perception within the different
spaces [23,57]. The audible perception significantly affected the general perception through
the three areas by sound excitation and calmness, as well as the wind condition, which
was perceived as an audible factor in the third space due to its relationship with calmness.
The complex relationship among wind velocity, audible dimensions, calmness, sound
excitation, and wind conditions can justify the effect of winds on audible perception [58,59].
Regarding the luminous perception, the light uniformity perception affected mood in the
first area and suitability in the third area. Moreover, the correlation between the perceived
and measured uniformity suggests a direct effect. Conforming to this, several studies have
highlighted that light uniformity promotes relaxation and safety feeling [47,60].

The findings from the ordinal regression analysis also emphasize that the second
area was affected by many factors, with numerous conditions causing its fragility. Spatial
orientation may contribute to its vulnerability in terms of thermal and luminous environ-
ments owing to direct sun exposure [61]. The adjacency to the external wall of the faculty
could also be a factor in this susceptibility [62]. Relating to the acoustic conditions, the
proximity of the space to the university parking area and the direct and wide orientation to
the high-traffic road W42 increase the possibility of its sensitivity [63]. This study revealed
the significant impact of the audible environment in recreational space compared to the
luminous and thermal environments. In support of this, previous studies in the literature
have outlined similar results in assessments of indoor and outdoor environments [17,64].

Supporting the ordinal regression results, three types of correlations were conducted to
explore the relationships between the various dimensions. For the physical dimensions, the
sky view factor (SVF) was found to correlate with luminous dimensions (DGP, illuminance,
and the uniformity coefficient), as well as with noise climate (NC). Similarly, surface tem-
perature (Ts) exhibited a correlation with illuminance and the uniformity coefficient. The
relationship between the SVF, luminous, and thermal dimensions has been demonstrated
in previous studies [17,65]. Regarding wind velocity (v), its strong correlation with audible
dimensions (NC, Lnp, and Leq) underscores its significant role in shaping the audible
environment [58,59].

Regarding the perceptual dimensions, thermal sensation and humidity sensation had a
correlation with thermal dimensions, the SVF, and luminous dimensions [66,67]. Addition-
ally, luminous perception correlated with the measured luminous dimensions, particularly
glare perception and uniformity perception, which were associated with daylight glare
probability and the uniformity coefficient, respectively. In the audible environment, sound
variety correlated with the equivalent sound pressure level (Leq), while sound excitation
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showed a correlation with sound variety and wind velocity. Calmness, on the other hand,
was correlated with wind conditions. These findings suggest that wind plays a significant
role in shaping the soundscape experience, as further supported by the strong correlation
between wind velocity and all the aforementioned audible dimensions.

Due to the ambiguity and complexity of the multisensory interaction between the
thermal, luminous, and audible environments, a multisensory fuzzy logic model was
established to clarify the combined effect of these environments on the students’ perception.
Based on this study’s results, this model predicted the users’ perceived experience. It
should be noted that the precision of the model’s results relied on the number of rules.

The findings of this study offer several valuable insights for architects, urban planners,
and designers. They provide a foundation for optimizing outdoor spaces on university
campuses and beyond. By linking these results to the broader literature, we can highlight
their practical significance and contribute to the evolution of user-centered design practices.

This study demonstrates the critical role of thermal perception in influencing user
comfort and suitability, particularly in spaces with varying thermal sensations. Spaces with
higher thermal stress (e.g., the first and second areas) were perceived as less comfortable,
reinforcing the importance of mitigating thermal stress through design strategies. Practi-
tioners can incorporate tree canopies, pergolas, or shade sails to reduce direct sun exposure,
improving thermal comfort, as supported by Tablada et al. [68,69]. Orienting spaces to
maximize natural ventilation could also be used to reduce heat buildup and enhance the
thermal environment [50].

The findings also highlight the significant influence of the auditory environment on
overall user perception, aligning with prior studies on soundscapes [14]. Noise from traffic
and adjacent university facilities negatively impacted perceptions, while wind conditions
in the third space were linked to improved calmness and auditory satisfaction. It is
suggested that practitioners design buffers like vegetative screens or architectural barriers
to mitigate noise pollution from high-traffic roads and parking areas. As Brown et al. noted,
incorporating water features, wind chimes, or other calming auditory elements can enhance
positive soundscapes [70]. Placing recreational areas farther from noise-generating facilities
can improve auditory perception.

This study underscores the complexity of interactions between thermal, luminous,
and auditory factors, with significant implications for the design of multisensory envi-
ronments. Developing the fuzzy logic model provided an innovative tool for predicting
user perceptions based on combined sensory inputs, addressing a critical gap in existing
design practices.

A multisensory design is necessary to enhance the user experience in outdoor spaces,
particularly within university campuses. This approach should integrate sensory evalua-
tions, utilizing fuzzy logic models to predict and optimize user comfort by considering the
complex interplay of thermal, luminous, and auditory stimuli. Furthermore, data-driven
design should be employed. This involves collecting on-site data related to thermal comfort,
lighting levels, and sound conditions. Complementing this quantitative approach, user
engagement through participatory design processes is crucial.

While this research focused on university campuses, the findings have broader impli-
cations for the design of urban parks, plazas, and other recreational spaces. The identified
principles advocate for incorporating urban greenery, such as trees and green infrastructure,
to improve thermal and auditory conditions while simultaneously enhancing the aesthetic
quality of the space and contributing to psychological well-being.

This research also stresses the importance of site-specific solutions. Recognizing the
unique challenges of different spatial contexts, such as proximity to high-traffic roads,
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is crucial for developing tailored interventions. Finally, this study emphasizes the need
for climate-sensitive design. Applying these findings across diverse climatic regions can
enhance global urban design practices by providing strategies to address region-specific
environmental challenges.

Limitations of the Study

This study significantly contributes to multisensory assessment in outdoor design,
particularly in university recreational spaces. A notable strength lies in its mixed-methods
approach, combining quantitative and qualitative methodologies to explore the influence
of thermal, luminous, and auditory environments on students’ perceptions. By integrating
field surveys with on-site environmental measurements, this research provides a compre-
hensive understanding of how environmental factors shape user experiences.

Moreover, introducing a fuzzy logic model to predict user perceptions marks a novel
contribution. While previous studies often focused on individual environmental factors,
this research applied fuzzy logic to a multisensory context, setting a new benchmark for
predictive modeling in outdoor design. Consistency with earlier studies in terms of the
methodology and findings further validates the credibility of the results despite differences
in context and analytical approaches.

While this study presents several strengths, it is crucial to acknowledge its limitations
to provide a balanced perspective. This research was conducted within the recreational
spaces at Bordj Bou Arreridj University. This localized context may limit the generaliz-
ability of the findings to other university campuses with differing spatial, cultural, or
environmental characteristics. For instance, the design and use of recreational spaces in
regions with contrasting climates or cultural practices may yield different results.

This research was conducted over a short period in late April 2023. This limited
time frame captured only a snapshot of environmental conditions and user perceptions,
potentially excluding seasonal variations that could influence thermal, luminous, and
auditory environments. Extended studies across different times of the year could provide a
more holistic understanding of these factors. Furthermore, this study focused exclusively on
thermal, luminous, and auditory environments, neglecting other sensory factors impacting
user experiences. For example, olfactory stimuli, such as vegetation or nearby odor sources,
are critical in shaping comfort and mood in outdoor spaces. Previous research emphasizes
the importance of smellscapes in environmental perception, suggesting that future studies
should incorporate this dimension for a more comprehensive multisensory assessment [71].

The sample consisted of 106 participants distributed across specific areas of the campus.
While sufficient for preliminary analysis, a more extensive and diverse sample could
enhance the robustness of the findings, capturing a broader range of user perceptions.
Although the fuzzy logic model is a novel contribution, it relies on the quality and range of
input data. The exclusion of certain environmental variables, such as wind speed or tactile
factors, may constrain the model’s ability to fully predict user perceptions in complex
outdoor settings.

5. Conclusions

This study aimed to provide a detailed understanding of students’ multisensory
perceptions in a university’s recreational area, identifying which environments among
the thermal, luminous, and audible environments have an interesting impact. The mixed
method covers quantitative and qualitative approaches and was adopted to evaluate the
relationship between physical dimensions and students’ perceptions across three different
spaces. A series of statistical tests were used to process the collected data, and the results
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reported that the three areas were experienced differently, in addition to the second space,
which was considered vulnerable due to its direct exposure to sunlight and noise sources.
This study’s most influential environment was the audible environment, surpassing the
thermal and luminous environments.

On the other hand, to explore the relationships between physical and perceptual
dimensions, various types of correlation analyses were conducted, revealing a network of
interrelationships between participants’ sensations and physical dimensions. The findings
highlighted key factors such as wind velocity, the sky view factor, and illuminance in
shaping thermal, luminous, and acoustic perceptions. These results underscore the impor-
tance of integrating such analyses into outdoor spatial design to optimize user comfort
and experience.

This paper also provides a multisensory fuzzy logic model to predict users’ responses
based on the results obtained from the data analysis. This model was developed using
the MATLAB software, and the linguistic classifications of the membership functions were
inspired by previous studies that utilized fuzzy logic. Finally, this research’s findings
provide meaningful information about the multisensory interaction between thermal,
luminous, and audible environments and their impact on students’ perceptions within the
university’s recreational area.
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Abstract: Passive evaporative cooling technology using the building envelope is a crucial measure to
mitigate the urban heat island effect. This study aims to enhance the cooling efficiency of the surface
of enclosure structures by utilizing volcanic ash, potassium–sodium stone powder, and silica-based
mesoporous oxide (SMO) as primary materials. These components are incorporated into the ceramic
brick production process to create innovative humidity-controlling ceramic bricks (HCCTs). This
study extensively investigates the impact of SMO and the amount of applied glaze on the physical
and mechanical characteristics of these HCCTs. Additionally, it examines the water absorption
and evaporative cooling properties of the studied materials under optimal substitution conditions.
Numerical calculations are used to determine the heat and moisture transfer properties of HCCTs.
The results indicate that incorporating 2% SMO and applying 70 g/m2 of glaze results in a moisture
absorption capacity of 385 g/m2 and a moisture discharge capacity of 370 g/m2. These conditions
also yield a notable flexural strength of 15.2 MPa. Importantly, the HCCTs exhibit significantly
enhanced capillary water absorption and water retention capabilities. Increased water absorption
reduces surface temperature by 2–3 ◦C, maintaining the evaporative cooling effect for 20 to 30 h.
It is also found that the temperature of HCCTs decreases linearly with increasing water content
and porosity, while the temperature difference gradually decreases with thickness. Water migration
in HCCTs with greater thickness is notably influenced by gravity, with water moving from top to
bottom. Therefore, it is recommended that brick thickness does not exceed 15 mm.

Keywords: urban heat island; humidity-controlling ceramic bricks; flexural strength; evaporative
cooling; water retention capability

1. Introduction

Under the background of China’s large-scale urbanization, the rapid expansion of
urban infrastructure has led to an excessive amount of land being covered by artificial
surfaces under cities, breaking the original balance of heat and moisture exchange between
the natural soil interface and the atmosphere and resulting in many urban thermal environ-
mental problems, such as the urban heat island (UHI) effect [1]. The Guangdong–Hong
Kong–Macao Greater Bay Area is characterized by a typical humid and hot climate. One
notable feature of this climate is the high solar radiation levels, particularly during the
scorching summer season, wherein the cumulative solar radiation between June and Au-
gust peaks at 545 MJ/m2. This intense solar radiation serves as a primary heat source
contributing to overheating in the built environment, making it an ideal candidate for UHI
mitigation strategies such as evaporative cooling [2,3]. Furthermore, this region experiences
strong monsoons, and the urban areas in the Greater Bay Area are well suited to harness
wind energy resources. With over 6000–8000 h of wind speeds exceeding 3 m/s per year,
both theoretical and experimental studies indicate that this abundant wind energy resource
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can enhance the evaporation of surface water. This, in turn, augments the effectiveness of
evaporative cooling on building surfaces [4,5].

Notably, the evaporation ratio β (β = actual evaporation E/climatic evaporation EO)
in this region is high. The value of β serves as a quantitative measure of the suitability for
regional passive evaporative cooling technology. In the Guangdong–Hong Kong–Macao
Greater Bay Area, the annual evaporation ratio stands at 0.8, a notable contrast to the
lower values (ranging from 0.05 to 0.2) found in Northwest China. Additionally, this area
experiences concentrated precipitation during the hot summer season (June, July, and
August), further enhancing its potential for passive evaporative cooling. These climatic
conditions create a robust foundation for passive evaporative cooling technology. The
region can rely on the autonomous behavior of climate elements to ensure a guaranteed rate
of over 80% during the cooling of the building environment when it is most needed. This
rate can be further enhanced with the strategic addition of artificial water. Leveraging the
unique attributes of the local natural environment, the seasonal climate energy advantage
for passive evaporative cooling technology in this area is particularly promising [6].

Passive evaporative cooling, which is a cornerstone of the theory of natural harmony,
plays a pivotal role in enhancing environmental quality and reducing artificial energy
consumption in building design. This technology leverages a range of natural harmonious
effects. Roofs and walls, serving as the primary interface between buildings and the natural
environment, are key surfaces exposed to sunlight, heat, and precipitation [7]. In regions
with hot summers and warm winters, these elements are vital in the design of building
insulation. As construction technology advances rapidly, exterior walls are no longer
confined to their traditional load-bearing role. There is a growing emphasis on comfort
and ecological concerns, leading to heightened demands for additional functionalities in
exterior-wall finishing materials. These demands have paved the way for the use of porous
materials with water storage capabilities [4]. By applying such materials to the building
envelope, evaporative cooling methods like surface water drenching can be employed to
achieve effective water storage and cooling for building facades. The heat and moisture
transfer attributes of porous materials delay water evaporation on the material surface,
thereby enhancing the evaporative cooling effect [8,9].

A historical example of passive evaporative cooling through porous materials is the
ancient oyster-shell wall from the Lingnan coastal area. This distinctive design utilizes the
water-absorbing properties of oyster shells during rainy days. On sunny days, the stored
water evaporates, contributing to natural cooling, resulting in a warm environment during
winter and a cool one during summer. Despite its historical efficacy, the traditional oyster-
shell wall faces limitations due to the unique characteristics of its materials and appearance,
which have hindered its broader adoption in architectural practices [10]. Nevertheless, the
concept of passive evaporative cooling has continued to inspire contemporary research
and innovations in building design. For instance, Zhang et al. [6] utilized a thermal- and
humid-climate wind-tunnel testing platform to investigate the thermodynamic properties
of moistened aerated concrete blocks. This research also delved into the climatic suitability
of porous bricks with varying thicknesses. Zhang proposed a suitable wall structure for
exterior walls based on the passive evaporative cooling theory [11].

Expanding on this work, Pan et al. [12] conducted numerous experiments and es-
tablished that porous-surface brick wall components with a high moisture content and
significant solar radiation absorption coefficients exhibited superior moisture absorption
and dissipation capabilities. Consequently, they demonstrated more pronounced passive
evaporative cooling effects under identical conditions. Wang et al. [13] furthered this
research by experimenting with the drenching and cooling of porous brick walls under
natural conditions. Their research revealed that the effectiveness of evaporative cooling in
decorative brick walls was closely tied to the water absorption rate, monitored at two-hour
intervals. Their results illustrated that higher water absorption rates led to more effective
evaporative cooling. Additionally, differences in the evaporative cooling performance due
to various drenching methods were identified. These findings provide essential theoretical
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insights for the practical application of porous tiles in engineering projects. Furthermore,
Zhang et al. [11] explored the dynamic surface heat transfer coefficient of porous building
materials during the evaporation process using a wind tunnel in a hot and humid climate.
Their work included proposing an experimental calculation method for determining the
external surface heat transfer coefficient of porous building materials during water storage
and evaporation.

Currently, porous tiles are considered to be an eco-friendly material and are crafted
from primary resources like clay, fly ash, and silt subjected to high-temperature roasting.
However, the effectiveness of sintered porous bricks in managing wetness is hampered by
the propensity of the mesopores to become obstructed by the glass phase formed during
high-temperature firing. This limitation reduces their humidity-controlling performance.
Furthermore, the selection of sintered porous bricks is somewhat restricted when it comes
to their color, texture, and overall appearance, making them less appealing to designers. In
contrast, ceramic tiles/bricks represent a widely used material for exterior wall decoration,
boasting attributes such as moisture resistance, resistance to pollutants, and ease of cleaning.
Ceramic tiles, with their extensive variety of colors, textures, and finishes, can cater to
diverse architectural styles [14]. However, the evaporative cooling potential of ceramic
tiles has often been overlooked. Previous studies have demonstrated that diatom ceramic
bricks with a compressive strength of 4.6 MPa, a density of 1.35 g/cm3, a hygrometric
capacity of 32 mg/g, and a discharge capacity of 30 mg/g can be successfully prepared
at a calcination temperature of 900 ◦C [15]. In a novel approach, Vu et al. [16] utilized
volcanic ash and waste glass slag subjected to calcination at 800 ◦C to create humidity-
controlling ceramic bricks (HCCTs). These bricks exhibited a moisture absorption capacity
of 275 g/m2 and a moisture discharge capacity of 235 g/m2. However, their average
flexural strength measured at only 5.6 MPa, falling considerably short of the national
standards’ requirements for the flexural strength of ceramic bricks. Consequently, the
development of high-strength, humidity-controlling ceramic tiles with evaporative cooling
capabilities holds significant importance.

To address a critical research gap, this study leverages volcanic ash’s abundance and
cost-effectiveness as a primary raw material. In conjunction, silicon-based mesoporous
oxide (SMO) serves as an additive to enhance performance. SMO synthesis is achieved
through an acid–base etching process. Subsequently, these materials are seamlessly in-
tegrated into the ceramic matrix, resulting in the successful fabrication of HCCTs with
remarkable humidification capabilities. This research scrutinizes the impact of SMO and
the quantity of glaze-spraying on these HCCTs’ inherent properties. The ensuing analysis
includes an assessment of the innovative HCCTs’ hygrothermal properties. In terms of
simulation, based on COMSOL Multiphysics software, the heat and moisture transfer
characteristics of the HCCTs are numerically calculated, and the influence of optimizing
the parameters of the HCCTs on their heat and moisture performance is further discussed.

2. Materials and Methods

2.1. Raw Materials

In this study, we utilized four key raw materials: silica-based mesoporous oxide
(SMO), volcanic ash, potassium–sodium stone powder, and a low-temperature melting
block. The chemical composition of each primary material is delineated in Table 1. The
SMO was synthesized from volcanic ash through a template-free method, meticulously
engineered to enhance the strength and moisture control characteristics of the ceramic
tiles. For a detailed description of the production process, please consult our previously
published research [17].

2.2. Preparation of HCCTs

In this study, each HCCT consisted of a green body and a glaze layer. The green body
was composed of raw materials in the following weight percentages: 80% volcanic ash
with a nano-mesoporous structure, 15% borax, and 3.5% silica-based mesoporous oxide.
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Fumed silica with a specific surface area of 200 m2/g was used as an additive. Slurries
of volcanic powder with 0–4% fumed silica were prepared with distilled water and 0.5%
sodium polyacrylate, resulting in a mixture mass ratio of 1:1. The slurries were planetary-
milled for 30 min. The resultant powders with 4.2–15.1% water content were prepared
by drying, granulating, and sieving through a 30-mesh sieve. Green bodies (dimensions:
8 × 45 × 95 mm) with different SMO contents were formed by dry-pressing the resultant
powders at 9 MPa. The green bodies were dried at 120 ◦C in a drying oven and fired in
an electrically heated muffle furnace (Nabertherm P330) with an air temperature heating
rate of 5 ◦C/min and a holding time of 30 min. The glaze layer included the following
weight percentages: 35% SiO2, 20% Al2O3, 18% B2O3, 12% Li2O, 13% Na2O, 5% K2O, and
3% CaCO3. Our investigation aimed to explore the influence of varying proportions of
SMO and glaze coating quantities on the final product. Subsequently, two different glaze
colors were prepared and each one was applied to an HCCT to control the reflectivity of its
specific surface: one HCCT specimen was coated in red, named HCCT-R, and another was
coated in white, named HCCT-W. A comprehensive depiction of the HCCT preparation
process is illustrated in Figure 1.

Table 1. Chemical compositions of the primary materials (wt%).

Materials SiO2 Al2O3 Fe2O3 TiO2 CaO MgO K2O Na2O

Volcanic powder 67.92 12.44 1.12 0.15 3.14 4.12 0.43 1.15
Potassium–sodium powder 72.43 13.38 0.06 0.08 0.43 0.01 8.06 5.29
Low-temperature melt 27.32 1.05 0.13 3.12 3.45 1.12 2.89 11.63
SMO 91.11 1.92 0.08 0.14 0.5 0.01 0.28 0.22

Figure 1. Schematic representation of the preparation process for an innovative HCCT.

In this paper, two types of wet tiles are designed. The reflectivity of their specific
surfaces is mainly controlled by the color of the glaze layer on the surface of the tile.

2.3. Experimental Methods
2.3.1. Flexural Strength and Water Absorption Tests

According to ASTM C78/C78M-2015a [18], the determination of flexural strength
was conducted on specimens sized 8 × 45 × 95 mm through a three-point bending test
employing an INSTRON-5567 apparatus from Instron Engineering Corporation, Norwood,
MA, USA. The test configuration featured a lower span of 60 mm, and the test was executed
under a crosshead speed of 0.5 mm/min for accurate and controlled measurement. The
water absorption of the ceramic samples was tested according to ASTM C1585 [19].
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2.3.2. Pore Structure Test

For pore size distribution analysis, the HCCT samples underwent drying in an oven
at 200 ◦C for a duration of 4 h. The nitrogen adsorption and desorption properties of the
inorganic silica-based mesoporous material were assessed using a specific surface area
and porosity analyzer (TriStar II 3flex, Micromeritics, Norcross, GA, USA) at 77 K, and N2
adsorption–desorption isotherms were generated for comprehensive analysis.

2.3.3. Microstructural Analysis

Preceding testing, the HCCT samples underwent a series of preparatory steps, in-
cluding drying, grinding, and sieving through a 200-mesh sieve. Subsequently, a Rigaku
SmartLab SE X-ray diffractometer equipped with a Cu Kα radiation source (λ = 1.5418 Å)
and a D/te X Ultra detector facilitated the analysis of their crystal structure and phase
composition. The scanning parameters were set at a speed of 2◦/min and an angle range
of 5◦ to 80◦. Further elucidation of the energy spectrum was conducted using X-ray pho-
toelectron spectroscopy (K-Alpha*, Thermo Fisher Scientific, Waltham, MA, USA) with a
monochromatized AlKa source (energy of 1486.6 eV). The full-spectrum scan featured a
pass energy of 100 eV and a step size of 1 eV, while the narrow-spectrum scan employed
a pass energy of 30 eV and a step size of 0.1 eV. Microstructural observations at both the
micrometer and nanometer scales were carried out utilizing a field emission scanning elec-
tron microscope (TESCAN MIRA LMS, Brno, Czech Republic) and an ultra-high-resolution
cold field scanning electron microscope (SU8220, Hitachi, Tokyo, Japan), respectively.

2.3.4. Evaporation Performance Test

In pursuit of a comprehensive analysis of the hygrothermal characteristics inherent to
HCCTs, the primary investigation focused on the initial test section within a wind tunnel
expressly designed for hot and humid climates. This innovative wind tunnel bifurcates
into two distinct sections: the former is dedicated to scrutinizing the thermal and humid
milieu of the surrounding materials and the latter is dedicated to analyzing the atmospheric
boundary layer, as delineated in Figure 2. The inaugural test section adeptly emulates
conditions of heightened thermal and humid extremity, thereby facilitating a nuanced
evaluation of building materials, components, and modules across diverse environmental
scenarios. In contrast, the latter test section emulates both neutral and non-neutral atmo-
spheric boundary layers, rendering it particularly apt for inquiries into phenomena such as
urban heat islands and regional planning. The dimensional specifications of the primary
test section are calibrated at 3.0 × 2.5 × 6.0 m and it is equipped with a suite of instruments,
including a temperature stratification device, a turbulence generator, a hot-and-cold radiant
plate, and a model turntable with a 2.4 m diameter aligned along the airflow direction.
This sophisticated platform excels in the meticulous replication of complex meteorological
parameter environments. For further elucidation on the intricate design parameters of the
wind tunnel, we direct readers to our antecedent work [13].

Meteorological parameters were calibrated to mimic the prevalent weather conditions
in Guangzhou, as delineated in Figure 3, in strict adherence to the design standards
articulated in JGJ 286-2013 [20]. In order to monitor the evaporation during the evaporation
process, a BW32KH-series electronic scale (measuring range: 0–32 kg, accuracy: 0.01 g) was
used to continuously and automatically record the quality changes in the samples (Figure 4).
The sample to be tested was placed in a square box made of acrylic, and its four sides and
bottom were wrapped with polyethylene foam plates to cut off the influence of local heat
sources around the evaporation of the specimen, so as to ensure heat transfer from the
surface of the specimen to the interior. The sample surface was adjusted to be consistent
with the illumination of the light source by adjusting the height supported by the type II
stainless-steel bracket under the acrylic box. The electronic balance, intricately linked to
a computer via a professional transmission line, systematically recorded alterations in
specimen mass on a minute-by-minute basis. Temperature alterations in the specimens
were monitored with a high-precision T-type thermocouple line affixed to the specimen’s
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surface, securely bonded with heat-conducting silica gel. The opposing terminus of the
thermocouple line was interfaced with a data acquisition instrument. The entire duration of
the evaporation experiment spanned 48 h, during which all samples were preconditioned
by saturation through immersion in distilled water.

Figure 2. Test specimens were subjected to an evaporation cooling experiment in a wind-tunnel device.

Figure 3. The wind tunnel reproduced typical meteorological daily parameters of Guangzhou.

2.4. Numerical Simulation

When studying the evaporative cooling characteristics of an HCCT, it is only feasible
to select one or more measuring points on its surface for measurement. The temperature
and humidity distributions along its internal one-dimensional line cannot be measured.
Under certain specific meteorological conditions, the heat and moisture transfer process
of an HCCT in a complex environment cannot be predicted. In this study, we employed a
two-dimensional (2D) numerical model to simulate the influence of humidity and porosity
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variations on HCCTs. The internal pore structure of the actual materials is highly complex
and heterogeneous. Accurately capturing this complexity in a 3D model would require
extremely detailed input data and significant computational resources. Given the current
scope and objectives of our study, the use of a 2D model provided a feasible and practical
approach for investigating the factors influencing the heat and moisture transfer of HCCTs.

Figure 4. Sample evaporation measurement unit: (a) top view; (b) section view.

2.4.1. Model Foundation

In this section of our study, COMSOL Multiphysics 6.0 was used to simulate the
heat and moisture transfer characteristics of the HCCTs, and then the wind-tunnel test
results were used to verify the reliability of the simulation results, and then the structural
parameters of the HCCT samples were optimized using the simulation software. A 2D
model of the HCCT structure was developed, as shown in Figure 5. The typical parameters
of an HCCT is shown in Table 2.

Figure 5. Geometric physical model of an HCCT.

Table 2. Thickness and physical parameters of an HCCT.

Material
Thickness

(mm)
Density
(kg/m3)

Heat Capacity
(J/(kg·K))

Thermal Conductivity
(W(m·◦C))

Porosity
(%)

HCCT 12 1700 900 1.5 20

2.4.2. Governing Equations

As a typical porous medium, an HCCT’s structure is usually composed of three
phases: solid, liquid, and gas. In unsaturated porous media, wet fractions not only exist in
the porous media’s skeleton pores in the form of liquid and vapor, but also consider the
movement of non-condensate gasses (such as air) inside the pores. In order to reveal the
transmission mechanism of moisture in the HCCT structure, we mainly focused on the
water vapor diffusion movement in the process of evaporation and drying. Under the node
“Water Transport in Building Materials” in COMSOL Multiphysics, the moisture control
equation includes both water transfer and gas diffusion. For the solid skeleton part of an
HCCT, the main established moisture control equation is as follows:

ω
∂φ

∂t
−∇ · (ωDw∇φ + δp∇(φPsat)) = G (1)

where ω represents water storage, kg/m3; Dω represents water diffusivity, m2/s; G is the
water vapor source, kg/(m3·s); and φ is porosity.
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The heat transfer process of an HCCT includes mutual contact between the solid skele-
ton (particles) and the heat conduction process of fluids in the void space, convective heat
transfer of fluids in the void space (forced convection or natural convection), phase-change
heat transfer such as evaporation, and radiation heat transfer between solid particles (the
skeleton) or gasses. To facilitate accurate modeling, the following assumptions were made:

(i) The expansion and contraction deformation of the HCCT skeleton were not consid-
ered, and the surface material was assumed to be homogeneous and isotropic;

(ii) Heat radiation and air convection heat transfer in the void were not considered;
(iii) Viscosity dissipation and pressure variation were not considered;
(iv) The satisfaction of local thermal equilibrium was assumed, that is, Ts = Tf = T,

where Ts and Tf denote the temperature of the solid phase and that of the fluid phase,
respectively. According to the local thermal equilibrium assumption, the thermal governing
equation for an HCCT is as follows:

(ρc)m
∂T
∂t

+
(
ρcp

)
f V · ∇T = ∇ · (λm∇T) + φq′′

m (2)

λm = (1 − φ)λs + φλ f (3)

q′′
m = (1 − φ)q′′

s + φq′′
f (4)

(ρc)m = (1 − φ)(ρc)s + φ
(
ρcp

)
f (5)

where the subscripts s and f denote solid phase and fluid phase, respectively, and q′′m, λm,
and (ρc)m denote the apparent heat generation rate, apparent thermal conductivity, and
apparent heat capacity of the internal heat source, respectively. cp is the specific heat of the
fluid at constant pressure (J/(kg·K)); c is the specific heat of the solid (J/(kg·K)); λ is the
thermal conductivity (W(m·◦C)); ρ is the density of the solid or fluid phase (kg/m3); and
q′′ is the heat per unit volume generated by the internal heat source (W/m3).

2.4.3. Boundary Conditions

The perimeter boundary and bottom surface of the HCCT were set to thermal insula-
tion, and the initial temperature was set to 20 ◦C. The ambient temperature, solar radiation,
humidity, and wind speed were consistent with the wind-tunnel meteorological data, and
the convective heat flux on the surface of the HCCT was calculated as follows:

q0 = hc(Ts − Ta) (6)

where hc is the heat transfer coefficient, W/(m2·K); Ts and Ta are, respectively, the initial
specimen temperature and air temperature, K.

The convective water vapor flux of HCCT was calculated as follows:

G0 = β(θext psat(Text)− θpsat(T)) (7)

where β is the water transport coefficient, 2 × 10−8 s/m; θ and θext are the initial and
external relative humidity, respectively.

3. Results and Discussion

3.1. Flexural Strength and Water Absorption

Figure 6a illustrates the impact of the SMO content on the flexural strength of HCCTs.
The results reveal a discernible trend wherein the flexural strength experienced an incre-
mental rise with the increasing SMO content until reaching an optimal threshold, beyond
which a decline can be observed. Notably, at a 2% SMO content, the flexural strength of
the HCCTs exhibits a substantial improvement from 9.5 MPa to 11.3 MPa, constituting
a noteworthy 19% augmentation compared to SMO-free HCCTs. This enhancement is
ascribed to the robust interfacial bonding between SMO and the ceramic matrix, foster-
ing enhanced cohesion and crack resistance at the optimum SMO content. However, an
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excessive presence of SMO is observed to have induced heightened porosity, thinning of
the pore walls, and an unstable pore structure within the HCCTs, detrimentally impacting
their mechanical properties.

Figure 6. Effect of different SMO contents on the properties of HCCTs: (a) flexural strength; (b) water
absorption.

Figure 6b portrays the water absorption behavior of the HCCTs under high-humidity
conditions (humidity: 75–90%). A discernible positive correlation emerges between the
SMO content and the water absorption of the HCCTs. This underscores the pivotal role
played by SMO, rich in mesopores, in significantly enhancing the moisture-absorbing
capabilities of these ceramic tiles. The impact of SMO on water absorption is more pro-
nounced than that on flexural strength primarily due to the extensive mesoporous structure
introduced by SMO, which significantly increases the overall porosity and water retention
capacity of HCCTs.

To explore the mechanism by which SMO improves HCCT strength, we measured the
XRD spectra, presented in Figure 7, of samples prepared without and with the 2% addition
of SMO. This figure indicates that the diffraction pattern of the HCCTs prepared with SMO
has characteristic diffraction peaks corresponding to hydrated calcium silicate, confirming
the formation of calcium silicate hydrate (C-S-H). Further insight is provided by Figure 8,
presenting the full-spectrum X-ray photoelectron spectroscopy (XPS) scans of the samples.
Seven prominent photoelectron lines of O 1s, Si 2p, Mg 2p, Al 2p, C 1s, Ca 2p, and Na 2p
indicate the presence of O, Si, Mg, Al, C, Ca, and Na elements in the samples. Peak-fitting
of the Si 2p photoelectron line revealed binding energies of 103.3 eV, 102.6 eV, and 101.7 eV,
aligning with the phases of silica, silicate, and tobermorite, respectively, as established by
Black et al. [21]. The existence of tobermorite, a calcium silicate hydrate mineral with a
Ca/Si ratio of 5:6, further confirms the formation of C-S-H phases in the samples with the
addition of 2% SMO.

Figure 9 presents the SEM micrograph results for HCCTs that were fabricated with
either 0% or a 2% addition of SMO. It can be clearly seen that HCCTs with the 2% addi-
tion of SMO exhibit loose lamellar aggregates compared to those without this addition.
These lamellae structures, aligned with the pore size distribution curve in Figure 9a,b,
accommodate numerous mesopores, facilitating the condensation and evaporation of water
vapor. In the absence of SMO, the pore sizes span from 4.0 to 100.0 nm. Contrastingly, a 2%
addition expands this range to 4.0 to 1000.0 nm, with a predominant presence of mesopores
in the 5.0–10.0 nm range. This indicates that the introduction of inorganic silica-based
mesoporous materials augments the mesopore count and overall tile porosity. Additionally,
Figure 9c reveals that the adsorption–desorption isotherms of these tiles exhibit a Type V
hysteresis loop, indicative of a combination of Type D and Type E hysteresis loops. This sug-
gests that the primary pore types in these ceramic tiles are slit-like and ink-bottle-shaped.
This structural arrangement empowers the ceramic tiles to effectively regulate humidity in
response to environmental changes.
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Figure 7. Effect of different SMO contents on the XRD patterns of HCCTs.

Figure 8. XPS spectra of HCCTs prepared with 2% SMO.

Figure 9. Microstructural analysis of HCCTs: (a) SEM images of HCCTs without SMO addition;
(b) SEM images of HCCTs with 2% SMO addition; (c) N2 adsorption–desorption curves and pore
size distribution for HCCTs with 2% SMO and without SMO.
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3.2. Impact of Glaze Quantity

Under standard conditions, applying glaze to the surface of an HCCT is crucial. This
dual-purpose method enhances the decorative elements of the moistened ceramic brick
while simultaneously serving functions such as anti-fouling, concealing the color of the
unfired body, and facilitating the adhesion of decorative ceramic ink. To assess the impact
of different amounts of sprayed surface glaze on the characteristics of HCCTs, a glaze-
spraying machine was employed to apply low-temperature glaze of different qualities to
the surface of the dry HCCTs. Following this, the HCCTs underwent calcination at 700 °C
for 30 min, resulting in the production of glazed HCCTs. The hygrometric properties of
these glazed HCCTs were then subjected to testing. Figure 10 illustrates the hygroscopic
capacity of the glazed HCCTs prepared using different quantities of sprayed glaze.

Figure 10. Adsorbed moisture content curve for glazed HCCTs prepared with varied amounts of
sprayed glaze.

Observations of this figure reveal that, as the amount of glaze sprayed on the ceramic
brick body’s surface increases, the water absorption of the glazed HCCTs within the high
humidity range (70–95%) gradually diminishes. When the spraying amount is below
70 g/m2, the reduction in moisture absorption is relatively gradual. However, exceeding
the threshold of 70 g/m2 leads to a rapid decline in moisture absorption. This highlights a
direct correlation between the quantity of sprayed glaze and the hygroscopic properties
of the ceramic tiles. Excessive glaze on the surface obstructs nano-pores, diminishing the
hygroscopic properties of the ceramic tiles through the melting and blocking of the glaze.

3.3. Hygrothermal Properties

The analyses conducted above reveal that the optimal conditions for the fabrication
of glazed HCCTs involve a 2% addition of SMO and a glaze-spraying amount of 70 g/m2.
Subsequently, two HCCTs were re-prepared with different glaze colors: one in red, named
HCCT-R, and the other in white, named HCCT-W. These innovative HCCTs exhibited
an average flexural strength of 15.2 MPa, surpassing the stipulated requirement of the
Chinese National Standard [22] (GB/T4100-2015) for ceramic tiles. Furthermore, the water
absorption of these tiles was measured at 303 g/m2, significantly exceeding the standard
set by JC/T 2082-2011 [23].

The primary objective of this study was to evaluate the viability of these innovative
HCCTs as functional decorative materials for external building walls. A comprehensive
assessment of the hygrothermal properties of these tiles was conducted, and a comparative
analysis was made with the properties of a porous fired ceramic tile (PFCT) available in
the market.

3.3.1. Water Absorption Profile

The capillary water absorption coefficient serves as a crucial parameter for charac-
terizing the water absorption capacity of porous materials. According to ASTM standard
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C1585 [19], the capillary water absorption process of porous materials can be divided
into two distinct stages. The first stage covers the initial 6 h of water absorption, while
the second stage encompasses the subsequent 6 to 192 h. To calculate the capillary water
absorption coefficient, the slope of the curve relating the cumulative water absorption per
unit area to the square of time is fitted through regression analysis.

Figure 11 illustrates the water absorption profiles of the three porous tile specimens.
These profiles demonstrate a common trait, featuring a rapid water absorption rate during
the initial stages, followed by a relatively slower rate in the later stages. The outcomes of the
single-side immersion test indicate that the two types of humidity-controlling ceramic tiles
exhibit similar water absorption process. Table 3 further compares the water absorption
coefficient of the three porous tile specimens. The results from the single-side immersion test
revealed that the first-stage water absorption coefficients (S1) of HCCT-W and HCCT-R were
3.69 × 10−2 and 3.65 × 10−2 mm/s0.5, respectively. These values were approximately 30%
lower than that of the PFCT. This disparity is attributed to the capillary water absorption’s
connection to the pore-related structural characteristics of porous tile, including factors like
porosity, pore size, and pore shape.

Figure 11. Cumulative water absorption of three different porous tile specimens.

Table 3. Water absorption properties of the three porous tile specimens.

Material

S1

(×10−2 mm/s0.5)
S2

(×10−2 mm/s0.5)

Wvap

(kg/m3)

Open Porosity
(%)

Mean SD* Mean SD* Mean SD* Mean SD*

PFCT 4.92 0.251 0.04 0.034 130.85 4.205 35.05 0.124
HCCT-W 3.69 0.312 0.07 0.052 173.39 5.031 36.98 0.261
HCCT-R 3.65 0.123 0.07 0.047 177.41 4.936 36.24 0.173

S1—initial rate of sorptivity; S2—secondary rate of sorptivity; Wvap—total water absorption capacity;
SD*—standard deviation.

The results of the vacuum saturation test reveal that the three specimen types display
comparable levels of open porosity. Consequently, the distinctions in water absorption are
primarily attributed to variations in pore distribution. In contrast to the PFCT, the HCCTs
exhibit loosely structured lamellar aggregates, with a notable abundance of mesopores in
the range of 10–30 nm, as previously found in the porosity analysis. These mesoporous
structures contribute significantly to enhancing the capillary water absorption capacity
and volumetric water content of the ceramic bricks. The impact of pore structure on the
second-stage capillary water absorption coefficients (S2) of the three specimen types is
relatively marginal, as the water absorption capacity of porous materials tends to become
saturated during the later stage. In summary, the final total water absorption capacities
(Wcap) of the three materials can be ranked as follows: PFCT < HCCT-W < HCCT-R.
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3.3.2. Evaporation Profile

The evaporation process of porous materials after their capacity for water absorption
reaches saturation can be categorized into two stages. In the first stage, evaporation is
primarily driven by the vapor pressure differences in the surrounding environment, and
water is transported from the saturated zone to the evaporation surface through capillary
action. The second stage of evaporation predominantly occurs within the material medium.
As free water on the surface evaporates, the free water within the pores also initiates
an evaporation process. Internal water vapor diffuses to the surface through molecular
diffusion and subsequently evaporates into the air.

Figure 12 compares the hourly evaporation rates and cumulative evaporation over
time for the aforementioned three saturated porous tile samples. It is evident that the hourly
evaporation rates for the porous tiles closely follow the fluctuations in solar radiation. The
specimens exhibited substantial evaporation during the daytime but minimal evaporation
at night, underscoring the predominant influence of solar radiation intensity on water
evaporation. At noon on the first day after water spraying, both the HCCT-W and HCCT-R
specimens reached similar peak evaporation rates, at approximately 0.63 kg/(m2·h) and
0.61 kg/(m2·h), respectively, while the evaporation rate of the PFCT specimen was only
0.42 kg/(m2·h). However, these rates decreased to nearly zero during the night. This is
attributed to the porous ceramics absorbing moisture from the near-surface air at night. On
the second day, the evaporation rates of all specimens declined to varying degrees. The
HCCT-R specimen peaked at an evaporation rate of about 0.61 kg/(m2·h), while the HCCT-
W specimen was only approximately 0.52 kg/(m2·h), with the difference between the two
gradually widening. This is attributable to the fact that when their initial water retention
volumes are equal, the HCCT-R specimen has a lower surface solar radiation reflectance;
thus, road surfaces built with this material would be more prone to water evaporation due
to its increased capacity to absorb solar radiation. Regarding 48 h cumulative evaporation,
the HCCT-R specimen sustained evaporative cooling for a longer duration than the HCCT-
W specimen (Figure 12b).

Figure 12. Evaporation profiles of three different porous tile specimens: (a) hourly evaporation rate;
(b) cumulative evaporation.

3.3.3. Temperature Profile

Figure 13 shows that the temperature at various points within the three porous tile
specimens exhibits periodic fluctuations due to the influence of outdoor weather conditions.
The surface temperature exhibits the following characteristics:

In the dry state (Figure 13a,b), the PFCT specimen had the highest temperature
(52.0 ◦C), followed by the HCCT-R specimen (51.8 ◦C), and then the HCCT-W specimen
(48.9 ◦C). This variation may be related to surface reflectivity, as surfaces with higher
reflectivity tend to absorb less solar radiation. At night, the surface temperatures of
the HCCT specimens were slightly lower than that of the PFCT. This is due to the high
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emissivity of porous ceramic, allowing for the dissipation of surface heat through thermal
radiation heat transfer at night, resulting in a decrease in the nighttime surface temperature.

Figure 13. Surface temperature of three different porous tile specimens: (a,b) under dry conditions;
(c,d) under wet conditions.

In the wet state (Figure 13c,d), the temperatures of the three porous tile specimens
decreased by 5–8 ◦C compared to the dry state, and this cooling effect lasted for 20–30 h.
This reduction is the outcome of forced heat exchange due to the latent heat of water
evaporation and the temperature difference between the water and the porous tiles. This
suggests that water spraying can significantly reduce the surface temperature of ceramic-
tile walls during the day, mitigating the overall building’s energy consumption. Notably,
in the high-speed evaporation stage, water is continuously transported from the saturated
layer to the material surface, and the evaporative cooling characteristics are mainly affected
by meteorological conditions. Therefore, the temperature curves of the three porous
ceramics show almost the same trend. This result is consistent with the findings reported
by Wang et al. [13]. They suggested that in the whole evaporation process, about 60–70%
of heat is lost in the first stage of evaporation so that the material can maintain a low
temperature for a certain amount of time. At this time, the amount of evaporation that
occurs is controlled by the heat distribution. With the depletion of water inside the porous
material, the heat flow distribution during evaporation in the second stage gradually
changes to be controlled by reflectivity. On the second day of our experiment, the maximum
temperatures of HCCT-W and HCCT-W rose slower than that of the PFCT under the same
heat source, with maximum temperature drops of 3.9 ◦C and 3.2 ◦C, respectively. A
similar trend could be observed in the minimum temperature data, which are presented in
Figure 13d. Hence, the temperature results confirm that our innovative HCCTs can increase
the length of the first stage of evaporation, thereby increasing the evaporation rate and
prolonging the evaporative cooling effect.
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3.4. Numerical Calculation of Heat and Moisture Transfer Process in HCCTs
3.4.1. Validation Model

As shown in Figure 14, the surface and volume moisture content changes of the HCCTs
were simulated, wherein the ambient temperature of the HCCTs in the wind tunnel was
33 ◦C, the ambient wind speed was 1.5 m/s, the ambient relative humidity was 60%, and
the net radiant heat flow was 500 W/m2. It can be seen that the two curves of temperature
change have a high degree of fitting: R2 = 0.98; Std = 1.034 ◦C. In addition, there is a certain
deviation between the simulated calculations of the volumetric moisture content of the
HCCTs and the measured values, which may be due to fluctuations in the meteorological
parameters in the wind-tunnel environment resulting in the measured values being slightly
higher than the simulated values.

Figure 14. Simulated and measured values in the evaporation process of HCCTs: (a) surface tempera-
ture; (b) volumetric water content.

3.4.2. Factors Influencing Heat and Moisture Transfer of HCCTs

(1) Volumetric water content

Figure 15a illustrates the results pertaining to the influence of the volumetric water
content on the internal temperature field of the HCCTs. It can be seen from this figure
that the temperature variations reveal a gradual decrease in the temperature gradient in
accordance with the thickness of the material. HCCTs with a higher water content maintain
a larger temperature gradient, contributing to their enhanced heat transfer capacity. For ex-
ample, the temperatures of the HCCTs with a 16% volumetric water content at thicknesses
of 0 mm, 6 mm, and 12 mm were 39.1 ◦C, 36.8 ◦C, and 36.0 ◦C, respectively. In compar-
ison, at a 28% volumetric water content, the corresponding temperatures were 41.3 ◦C,
39.1 ◦C, and 38.2 ◦C, representing increases of 2.25 ◦C, 2.19 ◦C, and 2.15 ◦C, respectively.
Furthermore, in HCCTs with a higher water content, the capillary force of water, unable to
overcome gravity, initiates a water redistribution process, leading to increased liquid-phase
movement speed and higher convection intensity. Simultaneously, strong phase transitions
at the liquid-gas interface enhance heat transfer speed in HCCTs, resulting in a slower
temperature rise. Figure 15b further details the temperature distribution among HCCTs
of different thicknesses after 3 h of evaporation. The observations presented in this figure
reveal a gradual decrease in the temperature gradient as the thickness increases. Notably,
HCCTs with a higher water content demonstrate an ability to maintain a larger temperature
gradient, contributing to their substantial heat transfer capacity. This phenomenon is a
key factor influencing the enhanced heat transfer capacity of HCCTs with a high initial
moisture content.
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Figure 15. Temperature field of HCCTs: (a) temperature variation at different thicknesses; (b) temper-
ature distribution across different initial water contents.

(2) Porosity

Figure 16a shows the results pertaining to the influence of different porosity levels
on the internal temperature field of HCCTs in the early stage of evaporation (3 h). The
temperature at each point within the brick exhibits a linear decrease with increasing
porosity. However, a nuanced observation reveals a gradual temperature decrease as the
thickness increases, resulting in an increasing gap between the three points. For instance,
in permeable bricks with 25% porosity, the maximum temperatures at 0 cm, 3 cm, and
6 cm are 41.1 ◦C, 39.2 ◦C, and 38.5 ◦C, respectively. In comparison, HCCTs with 10%
porosity have maximum temperatures of 40.5 ◦C, 37.9 ◦C, and 36.7 ◦C at the corresponding
points. The former values are lower by 0.6 ◦C, 1.3 ◦C, and 1.8 ◦C, respectively. This
temperature difference arises due to the higher thermal diffusivity of air compared to
that of HCCTs. Consequently, a larger air content results in a faster temperature change
in the HCCTs. Additionally, the heat capacity of air is smaller than that of permeable
bricks, and as their porosity increases, the heat capacity of HCCTs decreases, leading
to larger temperature fluctuations. Figure 16b depicts changes in the volumetric water
content of the HCCTs alongside their varying porosity. Remarkably, porosity has minimal
influence on the changes in bulk moisture content within the brick, exhibiting a consistent
trend. The overall moisture change results effectively reflect the pattern of water migration.
However, the distribution of volumetric moisture content in the HCCTs along the depth-
wise direction demonstrates notable non-monotonic changes; further investigations are
required to elucidate the underlying factors causing these changes.

Figure 16. Influence of porosity on temperature–moisture field in HCCTs: (a) temperature;
(b) moisture.
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(3) Thickness

Figure 17a presents the results illustrating the impact of different thicknesses on the
internal temperature field of HCCTs. Notably, the surface temperature of the brick decreases
with an increase in thickness, and this temperature difference intensifies with greater depth.
For instance, during the early stages of evaporation (3 h), the surface layer temperatures of
bricks with thicknesses of 6 mm, 9 mm, 12 mm, and 15 mm are 41.0 ◦C, 37.8 ◦C, 36.4 ◦C,
and 35.8 ◦C, respectively. In comparison, the corresponding temperatures of the bottom
layer are 38.2 ◦C, 32.2 ◦C, 28.1 ◦C, and 25.2 ◦C, respectively. The former are lower than the
latter by 2.7 ◦C, 5.6 ◦C, 8.3 ◦C, and 10.6 ◦C, respectively. This observation indicates that
water migrates from the lower layer to the surface layer, emphasizing the significant role
of gravity in influencing water migration. When the brick thickness reaches 15 mm, the
moisture in the HCCT can no longer overcome the internal resistance to reach the surface
for evaporation. This implies that further increasing the thickness of the brick contributes
negligibly to the cooling effect. A similar phenomenon is also evident in its impact on
the volumetric water content of the HCCTs (Figure 17b). Considering both thermal and
moisture-related performance, the HCCT thickness correlates with the evaporative cooling
effect of the road surface. Consequently, it is recommended that the thickness of each brick
does not exceed 15 mm.

Figure 17. Influence of thickness on temperature–moisture field in HCCTs: (a) temperature;
(b) moisture.

4. Conclusions

This study investigates the preparation and performance of HCCTs using volcanic ash
with a nanoporous structure and potassium–sodium powder with a high alkali content as
the primary raw materials, as well as SMO as an additive. This research explores the impact
of SMO addition and the amount of glaze coating on the humidity-controlling capabilities
of HCCTs, resulting in the following key findings:

(1) The inclusion of SMO substantially improves the flexural strength and water ab-
sorption of HCCTs. Specifically, with a 2% SMO content, our HCCTs achieved a flexural
strength of 11.6 MPa and a water absorption rate of 480 g/m2. Microstructural analysis
revealed the formation of CSH and an increase in mesopores within the HCCTs, con-
tributing significantly to the enhancement of both their mechanical properties and their
humidity-controlling properties.

(2) With a 2% SMO content and a glaze coating of 70 g/m2, HCCTs sintered at
700 ◦C exhibit an average flexural strength of 15.2 MPa and a water absorption rate of
385 g/m2 under high-humidity conditions. These results align with the standards outlined
in GB/T 4100-2015 [23].
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(3) Our innovative HCCTs have a rich porous-structure network that can improve
their water storage capacity, and their cumulative water absorption capacity is up to 40%
higher than that of a PFCT. Under dry conditions, the surface temperature of the porous
tiles during the day is controlled by their reflectance; in contrast, humidified tiles have
better heat dissipation at night. In the wet condition, the temperature of HCCT-W and
HCCT-R pavement is 5–8 ◦C lower than that of the PFCT material, and HCCT-W pavement
has a longer cooling time.

(4) Under the action of temperature gradient, the temperature of a high-moisture-
content HCCT is less than that of a low-moisture-content one. The temperature of an HCCT
decreases linearly with the increase in its porosity, but this temperature difference decreases
gradually with increases in the HCCT’s thickness. Water migration of HCCTs with higher
thicknesses is obviously affected by gravity, and water migrates from top to bottom under
the action of gravity. It is recommended that the thickness of an HCCT should not be more
than 15 mm.

Future work should focus on the long-term performance and durability of HCCTs
under various environmental conditions. Optimizing the SMO content and exploring
additional additives can enhance both mechanical and humidity-controlling properties.
Developing advanced 3D numerical models will provide deeper insights into HCCTs’ heat
and moisture transfer mechanisms. A comprehensive environmental impact assessment,
including life-cycle analyses, is crucial for evaluating the sustainability-related benefits
of HCCTs. Scaling-up HCCT production and applying it in real-world scenarios will be
vital for encouraging their broader adoption. Exploring different glaze formulations to en-
hance reflectivity, thermal properties, and aesthetic appeal can increase HCCTs’ versatility.
Despite promising results, this study could be improved through efforts to more directly
correlate HCCT performance with urban heat island mitigation, quantifying potential
temperature reductions and their impacts on urban microclimates. Addressing these areas
will further improve the effectiveness of HCCTs in mitigating urban heat islands.
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Abstract: Climate change is one of the most important current threats to global health.
Outdoor workers are among the most vulnerable people to its effects. The aim of this
systematic review is to assess the occupational risks related to climate change, investigating
health outcomes in outdoor workers and estimating its impact in the occupational con-
text. The review was performed following PRISMA guidelines, screening three databases
(PubMed, Web of Science, and Scopus). Studies written in English or Italian languages,
performed on outdoor workers, assessing occupational risks linked to climate change, and
reporting on health outcomes were included. A quality assessment was performed using
the Newcastle–Ottawa Scale. Thirteen studies were included in the review, performed
mostly on construction (seven studies, 53.8%) and agricultural (five studies, 38.5%) workers.
Twelve of the included studies (92.3%) reported on occupational risks related to heat stress,
one on the effects of cold weather. Four studies (30.8%) reported a high prevalence of
heat-related symptoms, ranging from 64.0% to 90.3% of workers. This systematic review
highlights heat-related stress in outdoor workers as an important occupational risk, but
it also underlines an important gap in scientific knowledge regarding other occupational
risks relating to climate change.

Keywords: climate change; global health; heat stress; occupational health; outdoor workers

1. Introduction

Climate change is one of the most significant current threats to global health due to
its impact on all aspects of human life, including the social, economic, psychological, and
health-related dimensions [1]. Furthermore, climate change may have an impact on health,
work and employment, housing, safety, and the ability to grow food [2]. According to
World Health Organization (WHO) estimates, climate change could cause approximately
250,000 additional deaths per year by 2030–2050 due to malnutrition, malaria, diarrhoea,
and heat stress alone; the direct health-related damage costs are estimated to range between
two and four billion dollars per year by 2030 [3].

The economic impact of climate change has been reported in the scientific litera-
ture [4,5]. In particular, it has been highlighted that higher temperatures substantially
reduce economic growth (a temperature increase of 1 ◦C leads to a reduction of 1% in eco-
nomic growth in the long term) [6], with an impact on growth rates as well, and an alarming
impact on agricultural output, industrial output, and political stability [5]. Moreover, it
must be considered that the economic impact of climate change has been reported to be
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worse for poorer countries, further emphasizing the social inequities underlining this
growing issue [4,5,7].

From an occupational health perspective, outdoor workers are among the most vul-
nerable populations to the effects of climate change [8,9]. Considering the profound
changes that the occupational world has undergone in the COVID-19 and post-COVID-19
era [10–13], identifying and assessing emerging occupational risks is of paramount impor-
tance to implement prevention strategies and ensure the health and safety of workers [14].
In this context, preparedness strategies based on a One Health approach are essential
to identify emerging environmental changes and counteract these challenges through
a preventive approach [15,16].

Climate change’s effects on outdoor temperatures have been thoroughly docu-
mented [17]. It has been showcased that individuals working under heat stress, especially
if performing physically strenuous tasks, are more likely to experience heat-related strain
and illnesses, which can lead to heat stroke or even death, even in young and healthy
workers [18]. Furthermore, a 2018 meta-analysis by Flouris et al., which included studies
performed on a global scale, reported that individuals working a single shift under heat
stress conditions were four times more likely to experience occupational heat strain [19].

However, heat risk is not the only occupational hazard affected by climate change.
Climate change has an effect on the ozone layer, along with other contributing factors;
a recent report from the European Commission has reported that during heatwaves the
ozone levels are consistently above European Union limits (registered levels > 120 μg/m3

compared to the cut-off of 100 μg/m3) [20]. Moreover, the thinning of the ozone layer
contributes to the increase in intensity of ultraviolet radiation (UV), with an increase in
type A and B ultraviolet radiation of up to 35% during heatwaves [21]. Outdoor workers
are, therefore, more exposed to ultraviolet radiation, leading to an increased risk of adverse
eye effects and skin cancer [22]. A clear estimation of the occupational risk present in
outdoor work is very difficult to generate, especially considering that skin cancer caused by
occupational exposure seems to be underreported [23]; however, current scientific evidence
indicates an increased risk of skin cancer and other dermatological issues for outdoor
workers [24–26].

Furthermore, climate change is contributing to the increase in air pollution levels; ac-
cording to the World Meteorological Organization, air quality and pollution worsen during
heatwaves, with registered ozone levels above the cut-off (100 μg/m3) and an increase
in particulate matter ≤ 2.5 μm (PM2.5) [27]. This could exacerbate the health issues that
have been associated with air pollution in outdoor workers [28], and as their occupational
exposure levels increase these problems could become more severe, with higher prevalence
of occupational allergies and respiratory diseases [29–31].

In the context of global health and climate change, the aim of this systematic review is
to assess the occupational hazards related to climate change, investigating health outcomes
in outdoor workers in order to give an estimation of the impact of climate change in the
occupational context.

2. Materials and Methods

The review was performed following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) Statement [32], screening three databases (PubMed,
ISI Web of Knowledge, and Scopus). The P(E)CO model [33] was used to formulate the
query: the Population identified was outdoor workers, the Exposure was climate change,
and the Outcome was any health outcome correlated with occupational risks identified in
the study. Due to the aim of the systematic review, no Control was chosen for the query.
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Therefore, to make the research as comprehensive as possible, the query was struc-
tured to include synonyms and Medical Subject Headings (MeSH) terms for the following
keywords: “outdoor workers”, “climate change”, and “occupational risk”.

The records found through this search were screened for duplicates through the online
site Rayyan [34]. The screening by titles and abstracts was performed using triple-blind
methodology through the same website in order to reduce selection bias [34]. The records
unanimously included or excluded were not discussed further, while the articles for which
the website showed conflict were openly discussed between the three researchers, and
a unanimous decision about inclusion or exclusion was eventually reached. A full-text
screening was then performed for all included records.

The study was carried out in accordance with the Declaration of Helsinki. The study
protocol was not submitted to an Institutional Review Board, as this is a systematic review
and does not involve human subjects.

2.1. Inclusion and Exclusion Criteria

Studies published up until the initial search was performed were included in the
systematic review if they were performed on outdoor workers, assessed occupational risks
related to climate change, and reported on health outcomes associated with these risks.
Only manuscripts in English or Italian languages were included (languages spoken by the
researchers), while manuscripts written in other languages were excluded from the review.
Studies that did not assess climate change-related occupational risks or did not consider
health outcomes were also excluded from the review. Study designs that did not report on
primary data (editorials, literature reviews, commentaries, etc.) were excluded.

2.2. Data Extraction

Data was extracted from the included studies and reported in a Microsoft Excel sheet.
The following data was gathered from each article: the first author, publication year,
country, study timeframe, study design, work tasks of the workers included, sample size,
gender ratio, mean age of the workers, type of occupational risk assessed in the study,
health outcomes considered, and main results.

A quality assessment was performed on all included studies using the Newcastle–
Ottawa Scale [35]. This quality assessment scale is divided into three sub-scales, evaluating
the selection, comparability, and outcome criteria used in the study. The selection sub-
scale comprises four questions assessing the representativeness of the sample (maximum
1 point), sample size (maximum 1 point), non-respondent reports (maximum 1 point), and
methods used to assess the exposure or risk factor (maximum 2 points) for a maximum
of 5 points. The comparability sub-scale comprises one question with a maximum of
2 points, assessing whether confounding factors were considered appropriately in the
study. Finally, the outcome sub-scale comprises two items concerning outcome assessment
(maximum 1 or 2 points) and the statistical tests used (maximum 1 point) for a maximum
of 3 points. Therefore, each study can score from 0 to 10 points on this scale [35].

3. Results

The systematic search resulted in 1306 relevant articles from the three databases
(PubMed, Web of Science, and Scopus). After removing duplicates, the initial search
resulted in 965 eligible articles. Three researchers screened the articles by title and abstract
using a blinded methodology, including 113 full-text records. The final full-text screening
resulted in the 13 included studies [36–48] (Figure 1).
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Figure 1. A PRISMA flowchart of the inclusion and exclusion processes.

The included studies were performed in various countries and included various
types of workers, mainly construction workers (seven studies, 53.8%) [36–39,42,44,46]
and agricultural workers (five studies, 38.5%) [39,41,42,46,47]. Concerning study de-
sign, nine studies were cross-sectional studies (69.2%) [36,37,39,40,42,44–47], one was
a case–control [48], one was a case series [43], one was a cohort study [38], and one was
a trial [41] (each representing 7.7%). The largest study included over a thousand work-
ers [39], while most studies included between a hundred and a thousand workers (nine
studies, 69.2%) [36–38,40,41,45–48]; two studies (15.4%) [43,44] included fewer than one
hundred workers [43,44], and one study did not report the number of participants [42].

Ten studies (76.9%) had a majority of male workers [36–39,41,43,45–48], while two
(15.4%) had a majority of female workers [40,44], and one study did not report the gender
ratio [42]. Concerning age, the studies included all working ages, meaning a differentiation
based on age range or mean age was not possible.

Finally, all included studies except for one (12 studies, 92.3%) reported on the occupa-
tional risks related to heat stress [37–45,47,48]. One study investigated the effects of cold
weather caused by climate change on the occupational hazards of outdoor workers [36].

The main results for each study included in this systematic review are reported in
Table 1. A quality assessment using the Newcastle–Ottawa Scale was performed on all
included studies. All studies showcased at least fair quality (six to seven points total)
(Table 2).
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Table 2. A quality assessment of the included studies, performed using the Newcastle–Ottawa Scale.

First Author (Year) Selection Comparability Outcome Total

Karthick (2022) [36] 2 2 2 6

Han (2021) [37] 3 2 1 6

Phanprasit (2021) [38] 3 2 2 7

Venugopal (2021) [39] 4 2 3 9

Mansor (2019) [40] 4 2 2 8

Suter (2019) [41] 4 2 3 9

Riley (2018) [42] 3 2 2 7

Meade (2017) [43] 2 2 3 7

Rahman (2016) [44] 2 2 3 7

Xiang (2016) [45] 4 2 3 9

Venugopal (2015) [46] 3 2 2 7

Bethel (2014) [47] 3 2 2 7

Luo (2013) [48] 4 2 3 9

3.1. Heat-Related Symptoms

Eight of the included studies (61.5%) investigated the presence of subjective symptoms
related to heat stress.

Overall, the presence of heat-related symptoms in outdoor workers was reported as
very high in four of the included studies: Venugopal et al. [46] reported symptoms in 96%
of their included workers, and self-reported heat-related illnesses occurred in 90.3% of the
workers [39] included in another study by the same authors; Bethel et al. [47] reported
symptoms in 64.0% of workers in the week preceding their study; and Suter et al. [41]
reported heavy sweating (the most common symptom) in 84.9% of their included workers.
One study by Mansor et al. [40] reported heat-related illness in 47.5% of workers. The study
by Phanprasit et al. highlighted that 39.0% of foundry workers and 22.0% of construction
workers reported heat-related symptoms. Han et al. [37] reported heat-related illnesses in
only 11.6% of workers.

Three of these studies investigated heat-related symptoms [38,41,46]. Phanprasit
et al. [38] investigated working conditions related to heat in a population of construction
and foundry workers in Thailand; the authors investigated body temperature and heart
rate, relating these parameters to the workload. The study was limited by the sample
(mostly males) and the short study period. The study by Venugopal et al. [46] analysed the
health and productivity impacts of occupational heat stress in 442 Indian outdoor workers.
The authors highlighted the fact that employees with higher workloads reported lower
productivity and higher rates of heat-related issues. The outcomes considered, however,
were not evaluated with objective parameters, but were based on self-reported symptoms.
Furthermore, the samples for each sector were small and comprised mostly male workers
(71%). Finally, the study by Suter et al. [41] examined heat-related health outcomes in
331 Indonesian workers. This study, however, had an exclusively male sample and the data
gathering period was very short.

One of the studies measured heat-related illnesses. Mansor et al. [40] conducted
a study to evaluate the role of hydration practices in determining the severity of heat-
related illnesses in outdoor workers (gardeners and cleaners). The authors concluded that
hydration practices were related to the severity of heat-related illness, highlighting the
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importance of drinking water throughout the day rather than only during breaks or when
feeling thirsty. The study included workers who had reported heat-related symptoms;
therefore, all the participants had reported symptoms in the previous week, so the study
lacked a proper control group concerning hydration practices; in Table 1 we report heat-
related illnesses before the study’s timeframe.

The study by Bethel et al. [47] measured both heat-related illnesses and symptoms.
This study considered a population of migrant farmworkers, investigating whether they
had experienced heat-related illnesses or symptoms. Interestingly, the authors also reported
on the availability of water sources nearby (reported by 76.0% of workers), as well as the
possibility of moving to cooler spots or shadowed areas when the heat was perceived as too
high (60.0% reported that shaded areas were available). Furthermore, the authors reported
that 52 participants had received heat-related hazard training. However, the sample size
was relatively small (100 participants) and the survey was only performed on migrant
workers, lacking a control sample.

The study by Han et al. [37] evaluated heat-related illnesses and injuries in construction
workers. In this study, the authors considered possible prevention strategies enacted by the
workers, who adjusted based on heat exposure, as well as the possible usage of personal
protective equipment by the workers. The study, due to its cross-sectional nature, did not
allow for the experimental measurement of injuries or illnesses caused by heat stress, but it
did describe the reported heat-related injuries or illnesses that had occurred to the workers
in the past; furthermore, the study had a mostly male sample (75.2%).

The study by Venugopal et al. [39] assessed multiple health-related outcomes, both
self-reported and clinical. The study had a large sample and both genders were well
represented. Furthermore, the assessment of body temperature rise, sweat rate, urine
specific gravity, and reduced kidney function was performed through objective methods
rather than self-reported assessments. Participation in the study was on a voluntary basis,
which may have produced a selection bias; furthermore, heat-related symptoms were
self-reported and were not correlated with other factors that may have influenced these
symptoms (diet, genetic factors, and other non-occupational exposures).

Xiang et al. [45] conducted a study to investigate heat risk perception in 749 outdoor
workers, evaluating four different aspects (i.e., concerns, policy, guidelines, preventive
measures): 51.2% of the respondents reported concerns about workplace heat stress and
68.8% reported they would like to change their work habits to reduce the risk of negative
health effects. However, most of the participants were males and were recruited on
a voluntary basis, which may have introduced potential selection bias.

3.2. Heat-Related Clinical Outcomes

Six studies included in this review (46.1%) considered objective clinical outcomes
[36,39,42–44,48]. One of these studies, by Venugopal et al. [39], was discussed in the
previous section of this manuscript.

The study by Karthick et al. [36] was the only one that investigated health outcomes
related to cold weather. The authors highlighted that outdoor workers had a 14.1% higher
chance (OR 1.14, p value = 0.041) of developing respiratory issues due to cold weather, and
a 21.7% (OR 1.217, p value = 0.032) higher chance of experiencing freezing of exposed parts
compared to indoor workers. Furthermore, the authors highlighted that male workers had
a 69.7% higher risk of respiratory issues and a 43.9% higher risk of freezing of exposed
parts than female workers. However, the sample size was relatively small (100 participants)
and the response rate was less than 50%. Furthermore, the cross-sectional design did not
allow for tracking issues developed after the survey’s administration. Moreover, while
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the authors mentioned investigating some preventive habits in the population considered
(i.e., wearing personal protective equipment against cold weather), they did not perform
a correlation analysis concerning these responses.

Riley et al. [42] investigated two types of workers strongly affected by work-related
heat stress (construction and agriculture) and evaluated two important outcomes, emer-
gency department visits and hospitalizations. The study also evaluated data collected over
five years, which is a valid period for an optimal evaluation of the considered outcomes.
However, the large sample did not allow for consideration of additional factors, which can
often be co-causes of heat-related illness. Furthermore, the authors did not report a precise
sample size or a gender ratio, limiting the generalization of their results, since gender can
greatly impact occupational risks [49].

Meade et al. [43], in their case report, analysed heat stress parameters (body core
temperature, urine specific gravity) in four workers in the field of electrical utilities on
two consecutive days in hot outdoor conditions, and highlighted a thermal strain increase
in hot conditions even with decreased work activity. The study had a small, exclusively
male sample and the period was limited to two consecutive days, so it did not consider the
long-term effects of chronic exposure.

The study by Rahman et al. [44] investigated the tympanic temperature increase in
eight pregnant outdoor workers before, during, and after heat exposure, to estimate the risk
of miscarriages or foetal anomalies. The study was the only one that analysed this category
of women. The authors highlighted how female outdoor workers had higher body tempera-
tures than indoor ones. However, the sample size was very small and the body temperature
measuring method may not have been very accurate due to factors (i.e., ear conformation,
thermometer position, environmental factors) that can alter the measurement.

In their case–control study, Luo et al. [48] investigated the association between heat
exposure and outdoor workers’ urolithiasis in a shipbuilding company in a subtropical
city of China, analysing health data and adjusting important confounding variables (sex,
nutrition, pre-existing heat-related health conditions). The results highlighted a strong
connection between heat exposure and the considered outcome, with a higher incidence in
outdoor workers and a dose–response relationship. This study did not collect information
on family history, obesity, weight, BMI, social class, metabolic diseases, or smoking and
drinking behaviours. Furthermore, the study had a mostly male sample (83%).

4. Discussion

The results of this systematic review highlight the fact that heat-related stress is well
documented as an occupational risk associated with climate change. Twelve of the in-
cluded studies investigated the effects of heat-related stress on outdoor workers, while one
investigated the effects of cold weather. Four of the included studies reported a very high
prevalence of heat-related symptoms, ranging from 64.0% to 90.3% of workers [39,41,46,47].
These results highlight occupational heat stress as a global public health concern that affects
the well-being of different types of outdoor workers worldwide.

Higher temperatures have been highlighted as affecting the well-being of certain occu-
pational groups of outdoor workers more than others: construction and agriculture workers
have reportedly had a higher incidence of heat-related illness and death [50–52]. This is
consistent with the direct exposure to sunlight and strenuous physical activities performed
by these categories of workers, even on days with extreme temperatures. Furthermore,
recent projections estimate that the number of days with extreme heat stress may double
by 2050 in Southern Europe [53], a trend that would further increase the vulnerability of
these groups of outdoor workers in the near future.
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The studies included in this review highlight the fact that heat can also increase
the risk of injuries. This may be due to factors such as fogging of protective glasses,
sweating hands, dizziness, and reduced concentration, leading to additional hazards [22,23].
These results are consistent with the currently available literature and are reflected in the
international guidelines available [50–52]. Furthermore, it has been demonstrated that heat-
related illnesses are directly proportional to personal risk factors such as heat acclimation,
dehydration, an age over 60 years, previous heat-related illness, specific medications, and
a high body mass index [54].

The results of this systematic review are largely consistent with previous literature
reviews that examined the effects of occupational heat exposure on outdoor workers [19,55].
Previous literature reviews have reported that environmental heat exposure is associated
with an increased risk of heat-related illnesses, reduced work capacity, and elevated risk
of occupational injuries in outdoor workers, particularly in the agriculture, construction,
and mining sectors. Similarly, this systematic review found a high prevalence of heat-
related symptoms, confirming the significant health burden associated with occupational
heat stress.

However, our review adds to the existing evidence by including more recent studies
and analyzing the role of climate change-related variables. In addition, some of the studies
included in our review focused on biometeorological aspects, which are less frequently ad-
dressed in earlier reviews. Moreover, while most previous reviews have focused primarily
on heat, our review also included one study addressing the potential occupational risks
associated with cold exposure, highlighting the broader range of climate-related hazards
affecting outdoor workers.

One of the studies included in this systematic review analyzed the impact of extreme
cold temperatures on occupational health issues. While the majority of studies focused on
heat-related occupational risks, it is important to acknowledge that climate change may also
contribute to the occurrence of extreme cold events in certain regions [56]. Cold exposure
can pose significant health and safety risks for outdoor workers, including hypothermia,
frostbite, decreased manual dexterity, impaired cognitive function, and an increased risk
of injuries [57–59]. Given this very limited assessment of the effects of extreme cold
temperatures on climate change-related occupational risks, future studies should explore
how climate variability may alter the frequency, duration, and severity of cold exposure,
and should aim to identify vulnerable worker populations and implement adaptation
strategies for occupational health protection in colder environments.

It has to be acknowledged that the use of the keyword “climate change”, which was
used to unequivocally identify studies correlating occupational risks to this issue, may have
contributed to the selection of studies reporting on the effects of climate change (i.e., extreme
temperatures) that were perceived as having a direct impact on occupational risks (i.e., heat
stress), and may have contributed to the exclusion of the indirect effects on occupational
health that were highlighted in the Introduction section (i.e., occupational allergies).

As previously mentioned, no studies included in the review investigated occupational
allergies, dermatologic illnesses, or ocular disorders, although an association with climate
change has been highlighted in previous narrative studies [23–26,29]. This review high-
lights the need to perform studies that gather primary data on occupational risks related
to climate change beyond temperature-related risks, showcasing a possible gap in the
knowledge of scientific studies regarding pulmonary, dermatologic, and ocular disorders
in outdoor workers in relation to the growing issue of climate change.

Although the Introduction section of this review highlighted other climate-related
occupational hazards, such as ultraviolet radiation and air pollution, no eligible studies that
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specifically investigated these exposures met the inclusion criteria. This research gap may
reflect several factors. First, while the health risks related to these factors are well estab-
lished in the general population, their investigation in occupational settings and outdoor
occupations, within the context of climate change, remains limited. This may be due to the
complex interplay between environmental exposures, variability across geographic regions,
and difficulties in accurately assessing individual occupational exposure levels over time
(since these exposures are related to long-term health issues rather than short-term ones,
contrary to heat stress). This gap in the current knowledge underlines the need to perform
long-term evaluations of the effects of outdoor occupational exposures related to climate
change in order to assess the possible health issues related to these factors.

This review should be considered in light of some limitations and strengths. The
use of the keyword “climate change” and its synonyms may have led to the exclusion of
studies that did not use this keyword but considered effects (dermatological, respiratory,
etc.) that may be indirectly correlated with climate change. Furthermore, most of the
included studies were cross-sectional and, therefore, could not assess the long-term effects
of climate change-related occupational risks, nor was a causal inference possible. Future
research should include cohort and intervention-based studies in order to enrich the
current scientific knowledge available in this field. Despite these limitations, the systematic
approach ensured the methodological soundness of this study. The review included studies
performed in many different countries, giving a global overview of the issue. The growing
interest in climate change underlines the need to provide a comprehensive overview of
the topic, and this review provides insight into the direct effects of climate change on the
health of outdoor workers worldwide.

5. Conclusions

This systematic review highlights heat-related stress in outdoor workers as an im-
portant occupational risk, but it also highlights an important gap in scientific knowledge
regarding certain age or gender categories, with the majority of studies being performed
on male workers and not stratified for age. Future studies should investigate the impact
of climate change on the most vulnerable occupational categories while including at-risk
populations (i.e., older workers, female workers, migrant workers, etc.). Furthermore,
future scientific research should evaluate the knowledge and attitudes of these vulnerable
workers regarding climate change, heat stress, and occupational exposure.

Mitigation and prevention strategies should be developed and implemented at the
company, national, and supra-national levels, to ensure the safety and well-being of outdoor
workers worldwide. These interventions should focus on educating workers about the
occupational risks caused by heat stress, as well as climate change and heatwaves in general;
furthermore, training programs on the preventive measures already available to mitigate
these risks (sunscreen, water intake, appropriate work wear, etc.) should be implemented.
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