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Featured Application: This study presents an integrated microscale modelling approach
to assess whether green infrastructure and material-based measures can offset limited
traffic reduction in improving outdoor thermal comfort and air quality on a Mediter-
ranean university campus. Results show that traffic mitigation is most effective, while
nature-based solutions play a supporting role. The methodology is transferable and
supports sustainable planning in compact urban environments.

Abstract: Urban campuses face critical environmental challenges due to high pedestrian
density, traffic-induced air pollution, and thermal stress, especially in compact Mediter-
ranean settings. These conditions can compromise the usability and livability of outdoor
spaces. This study investigates whether greening and material-based interventions can
offset a lower degree of traffic reduction in improving air quality and thermal comfort. The
University Campus of Catania (Southern Italy) served as the case study. An integrated
microscale simulation framework using ENVI-met was developed, calibrated, and vali-
dated with local traffic, meteorological data, and field measurements of PM10 and PM2.5.
Three scenarios were tested: a baseline, Scenario 1 (50% traffic reduction with moderate
greening), and Scenario 2 (30% traffic reduction with more extensive greening and material
interventions). Results showed that Scenario 1 consistently outperformed Scenario 2 in all
pedestrian hotspots. The highest reductions recorded in Scenario 1 were −0.150 µg/m3

for PM2.5 (−11.5%), −0.069 µg/m3 for PM10 (−5.9%), −2.16 ◦C for UTCI (−7.6%), and
−2.52 ◦C for MRT (−4.5%). These findings confirm that traffic reduction is the dominant
factor in achieving environmental improvements, although greening and innovative materi-
als play a valuable complementary role. The study supports integrated planning strategies
for climate-responsive and healthier university environments.

Keywords: urban microclimate; ENVI-met; traffic reduction; green infrastructure; air
quality; outdoor thermal comfort; university campus; sustainable urban planning

1. Introduction
Rapid urbanization has significantly intensified the demand for housing, transporta-

tion, and infrastructure, leading to the depletion of natural resources and the worsening
of environmental challenges, especially in densely populated cities [1]. Among these
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challenges, urban air pollution and the urban heat island (UHI) effect stand out as key
issues with serious implications for public health and climate resilience. The replacement
of vegetated surfaces with impermeable, low-reflectance materials such as asphalt and
concrete plays a major role in these phenomena, as such materials absorb and re-emit solar
radiation, increasing ambient temperatures and energy demand [2,3]. At the same time,
motorized traffic remains one of the main sources of urban air pollution, emitting a complex
mix of pollutants—including carbon monoxide (CO), nitrogen and sulfur oxides (NOx,
SOx), particulate matter (PM2.5, PM10), volatile organic compounds (VOCs), and ozone
(O3)—all of which are strongly associated with elevated risks of asthma, bronchitis, and
cardiovascular diseases [4–12].

In response to these well-documented health impacts, several international and re-
gional institutions have established air quality standards to define acceptable exposure
levels. The 2021 guidelines of the World Health Organization (WHO) recommend a 24 h
mean limit of 15 µg/m3 for PM2.5 and 45 µg/m3 for PM10, while the European Union’s
Directive 2008/50/EC sets an annual mean of 25 µg/m3 for PM2.5 and a 24 h mean of
50 µg/m3 for PM10, not to be exceeded more than 35 times per year [13,14]. These regula-
tory thresholds are not only intended to protect public health but also serve as references
for urban environmental assessments and the design of effective mitigation strategies.

Numerous studies have highlighted the potential of green infrastructure and inno-
vative technologies to reduce air pollutants and thermal accumulation. Tree-lined streets,
vegetative canopies, and photocatalytic surfaces with titanium dioxide can absorb or
degrade NOx and PM while also offering thermal benefits through shading and evapotran-
spiration [15–26]. However, their effectiveness depends on factors such as climate, urban
form, and plant physiology. High temperatures can limit stomatal uptake by inducing
closure [27], while cooler microclimates may reduce ozone formation via atmospheric
chemical processes [28]. Urban traffic modeling has emerged as a key tool for estimating
pollutant emissions under real-world conditions and supporting urban planning decisions.
Advanced simulation platforms such as SUMO and VISSIM are increasingly integrated
with Computational Fluid Dynamics (CFD) approaches to represent the complex dispersion
behavior of pollutants in built environments [29,30]. For example, combining SUMO with
the Lattice Boltzmann method (OpenLB) allows for dynamic simulation of traffic-air quality
interactions in highly detailed urban scenarios, while Gaussian process models integrated
with CFD are used to optimize traffic flow and reduce CO emissions [30]. CFD-RANS
models have also proven effective in reproducing pollution hotspots at the street and neigh-
borhood scales, offering high spatial resolution in simulating the dispersion of PM, NOx,
and CO under real-world conditions [31,32]. Simultaneously, solar radiation absorbed by
dark surfaces and heat retention in densely built areas intensify the UHI effect, especially
under increasingly frequent and intense heatwaves caused by climate change [33,34]. Ur-
ban materials and design play a central role in modulating thermal loads: the strategic use
of high-albedo surfaces, vegetative shading, and traffic reorganization has been shown to
reduce thermal stress and improve outdoor comfort [35–41].

Microscale modeling tools such as ENVI-met enable high-resolution simulation of
key microclimatic parameters, including air temperature, Mean Radiant Temperature
(MRT), and Physiological Equivalent Temperature (PET), by accounting for detailed urban
morphology, surface materials, and vegetation properties. ENVI-met is widely used in
urban climate studies due to its capability to represent small-scale interactions between the
built environment and atmospheric processes, making it particularly suitable for scenario-
based assessments in pedestrian-oriented areas [42–50]. Other models, such as SOLWEIG
and OpenFOAM, provide complementary approaches: the former focuses on solar radiation
and shading patterns in urban canyons, while the latter offers CFD-based simulations of
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airflow and pollutant dispersion. However, these tools typically operate at lower spatial
and temporal resolution and may require more complex calibration [50,51].

A comparative overview of key studies is presented in Table 1, which summarizes
modeling methods, spatial scales, and mitigation strategies. The table highlights how many
contributions focus on isolated aspects—either microclimatic or air quality-related—often
neglecting the systemic interaction between them. It also clearly shows the limited attention
devoted to university campuses, and especially to those located in Mediterranean regions.

Table 1. Main studies dealt with air pollution, urban microclimate, urban thermal comfort, numerical
models, mitigation measures, and the scale of use.

Ref. Author and
Year Model Name

Microclimate
Features/Outdoor
Thermal Comfort

Air Pollution
and/or Traffic
Modeling

Scale of Use Mitigation
Measures

[26] Morakinyo
et al., 2017 ENVI-met

Air temperature,
Mean Radiant
Temperature

- Neighborhood Trees

[52] Morakinyo
et al., 2020 ENVI-met Mean Radiant

Temperature, PET - Neighborhood Trees, green
walls

[53] Cruz et al.,
2021 ENVI-met Air temperature - District River and

trees

[54] Gatto et al.,
2021 ENVI-met Mean Radiant

Temperature, PET - Neighborhood
Trees, green
roofs, low
vegetation

[18] Huang et al.,
2020 ENVI-met

Air temperature,
Mean Radiant
Temperature

- Neighborhood Cool materials

[50] Lindberg
et al., 2011 SOLVEIG Mean Radiant

Temperature - City Trees, bushes

[55] Mahdavinejad
et al., 2018 ENVI-met - CO dispersion District Trees

[5] Buccolieri
et al., 2020 ENVI-met Air temperature CO2 storage, air

quality Neighborhood
Trees, green
roofs, low
vegetation

[8] Liu et al., 2022 ENVI-met - PM2.5 and PM10
dispersion Neighborhood Trees

[27] Miao, 2022 ENVI-met - O3 dispersion Street canyon Trees

[56] Moradpour,
2018 CFD-RANS - NOx dispersion Street canyon Trees

[57] Coutts et al.,
2016

RayMan
model

Universal Thermal
Climate Index - Neighborhood Street tree

canopies

[58] Djekic et al.,
2018

RayMan
model

Pedestrian thermal
comfort - District

Cool
materials,
shading,
water features

[59] Sánchez et al.,
2021.

VISSUM,
COPERT,
R-LINE

-
CO, NOx and PM
emissions and
dispersion

District Traffic flow
reduction
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Table 1. Cont.

Ref. Author and
Year Model Name

Microclimate
Features/Outdoor
Thermal Comfort

Air Pollution
and/or Traffic
Modeling

Scale of Use Mitigation
Measures

[29] Mei & Liu,
2023

CFD +
Gaussian
Process

-
CO emissions
and traffic flow
optimization

Neighborhood Traffic
reassignment

[30] Pasquier et al.,
2023

SUMO +
OpenLB -

Urban traffic
dispersion (NOx,
PM)

Neighborhood Urban design
optimization

[31] Ioannidis
et al., 2024

CFD-RANS +
COPERT -

PM, NOx, CO
dispersion from
traffic

Urban street
Hotspot
microclimate
analysis

[32] Boikos et al.,
2025

CFD 3D
validated Traffic heat effects

Daily
traffic-related
pollution

Neighborhood
Policy
support
simulations

[60] Kornyei et al.,
2021

SUMO +
OpenFOAM -

Coupled traffic-
emission-CFD
modelling

District
Real-time
multiscale
simulations

[61] Amorim et al.,
2010

CFD
(FLUENT) -

PM10 and CO
dispersion from
traffic scenarios

Street/Block Traffic lane
closures

Despite the breadth of existing literature, significant gaps remain in both methodol-
ogy and application. In particular, there is a lack of studies employing an integrated and
validated microscale approach capable of simultaneously modeling traffic, air pollution,
and outdoor thermal comfort. Moreover, while various urban environments have been
widely investigated, university campuses remain substantially underexplored despite their
distinct characteristics—such as high pedestrian density; internal traffic flows; limited green
coverage; and climate vulnerability—that make them highly relevant for environmental
research. Even more notable is the absence of case studies focused on Mediterranean uni-
versity campuses, which often feature complex urban morphologies and climatic conditions
that exacerbate environmental vulnerability. University campuses represent unique urban
microcosms, characterized by internal traffic flows, pedestrian zones, open spaces, and
green areas that interact to influence both air quality and thermal comfort for students,
faculty, and staff.

This study aims to fill this dual gap—methodological and contextual—by evaluating
whether a validated integrated simulation framework can provide realistic and transferable
insights into the combined effects of traffic reduction, greening, and material interventions
in such a specific setting. In this context, walkability and user experience are closely tied
to environmental conditions such as traffic congestion, shade availability, and vegetation
cover. The lack of shaded areas, insufficient green infrastructure, and high vehicular traffic
can significantly impair the livability of outdoor spaces, with consequences for sustainable
mobility and environmental health [62,63]. Targeted interventions—such as expanding low-
traffic zones; increasing green surfaces; and enhancing shaded pedestrian networks—are
therefore essential to support healthier and more resilient urban environments.

To address these limitations, this study proposes an integrated and validated simula-
tion framework that combines traffic modeling, air quality assessment, and outdoor thermal
comfort analysis, applied to a Mediterranean university campus in Catania, southern Italy.
The approach leverages advanced numerical tools and on-site measurements to simulate
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the effects of combined mitigation strategies—traffic reduction and urban greening—on
pollutant dispersion and microclimatic conditions. The added value of this research lies not
only in its methodological innovation but also in its practical relevance, offering scientific
evidence and actionable guidance for advancing environmental sustainability in academic
settings and, more broadly, in complex Mediterranean urban systems.

2. Materials and Methods
This study develops and applies a microscale modeling framework designed to be

replicable in similar urban contexts, such as university campuses, hospital complexes, or
institutional districts characterized by internal vehicular traffic, open spaces, and high
pedestrian flows. Although implemented within the university campus of Catania (South-
ern Italy), the proposed method is intended to assess the effectiveness of integrated environ-
mental mitigation strategies aimed simultaneously at reducing air pollution and improving
outdoor thermal comfort in complex yet representative urban environments.

The study area is located within an open urban block of the University of Catania,
a major city on the eastern coast of Sicily (37◦30′ N, 15◦04′ E). According to the Köppen-
Geiger classification, Catania falls within the Csa category—Hot-Summer Mediterranean
climate—characterized by dry and very warm summers and mild winters with relatively
higher humidity. In summer, average outdoor temperatures typically range between 23 ◦C
and 35 ◦C, with daytime peaks reaching up to 39 ◦C, contributing to thermal discomfort
and high pollutant concentrations during low wind conditions.

The selected site, covering approximately 129,600 m2, is located in a suburban area
relatively sheltered from central urban congestion and features vehicular and pedestrian
traffic dynamics that reflect the institutional use of the site. It includes a mix of academic and
administrative buildings, internal roadways, and paved open spaces. The built environment
consists mainly of low- and mid-rise structures (three square buildings, 35 × 35 m, 5–15 m
high, and two buildings up to 20 m), with an urban morphology that results in a high Sky
View Factor (SVF > 0.60), indicating limited shading and strong solar exposure.

Although detailed surface cover data were refined through model input parameters,
current land use distribution can be summarized as follows:

• approximately 7680 m2 of rooftops,
• about 13,700 m2 of impervious surfaces (roads and walkways),
• a limited presence of vegetation, mainly located at the periphery of the site.

These characteristics—open spatial configuration, limited greenery, and concentrated
pedestrian activity—make the site particularly suitable for testing mitigation strategies
based on traffic calming and urban greening. Furthermore, the contained scale of the study
area allows for high-resolution microscale modeling using ENVI-met, offering detailed
insight into local microclimatic conditions and pollutant dispersion patterns.

The methodological framework adopted, summarized in Figure 1, includes several
phases: data collection (meteorological and traffic), model calibration, integrated simu-
lation of traffic emissions, pollutant dispersion and microclimate, scenario development,
validation using field data, and assessment of environmental and climatic impacts.

The simulation employed the ENVI-met model, supported by CFD techniques, cal-
ibrated with local data, and validated through targeted monitoring of PM10 and PM2.5

concentrations. Two mitigation scenarios were analyzed:

• Scenario 1: traffic calming measures combined with moderate urban greening;
• Scenario 2: more intensive greening paired with moderate vehicular traffic reduction.
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Both scenarios were compared to the current baseline condition, focusing on variations
in pollutant concentrations and effects on key thermal comfort indicators, specifically Mean
Radiant Temperature (MRT) and the Universal Thermal Climate Index (UTCI).

Figure 1. Methodological framework adopted for the integrated analysis of air quality and outdoor
thermal comfort.

Figure 2a shows the satellite location of the study site within the broader urban context
of Catania, while Figure 2b presents a simplified 2D view of the area, including the main
buildings and circulation routes.

 

Figure 2. (a) Satellite image of the study area within the city; (b) 2D view of the investigated area.

2.1. Data Collection and Monitoring Campaign

On 31 May 2023, a comprehensive and structured monitoring campaign was con-
ducted to collect essential data for the estimation of traffic-related emissions and for the
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simulation of air quality within the university campus. Vehicular and pedestrian flows
were recorded throughout the entire day to represent the full cycle of campus activity. Air
quality measurements were specifically concentrated in the time window between 8:00 a.m.
and 2:00 p.m., corresponding to peak mobility hours, including the morning arrival of
students, faculty, and staff; lunchtime circulation; and transitions between classes and
administrative functions.

Two Traffic Monitoring Stations (TMS1 and TMS2) were set up at the main intersection
of the campus in order to intercept all characteristic vehicular flows along road Sections A,
B, and C, as shown in Figure 3. At each station, a Miovision Scout® (Miovision Technologies
Incorporated, Kitchener, Ontario, Canada) device was installed—an autonomous, video-
based monitoring system equipped with high-efficiency sensors and LTE connectivity.
The two units, owned by the Department of Civil Engineering and Architecture at the
University of Catania, enable the accurate detection of directional traffic flow and vehicle
classification, distinguishing between private cars, motorcycles, buses, and vans.

Figure 3. Road sections A, B, and C and Traffic Monitoring Stations (TMS1 and TMS2).

The collected data enabled the development of detailed origin-destination matrices
and the segmentation of vehicular flows along the three internal road sections. The recorded
values are summarized in Table 2 and were subsequently input into the ENVI-met sim-
ulation model as stationary linear emission sources using the “Sources” module of the
Database Manager. Each source was parameterized based on traffic volume, vehicle fleet
composition, and emission rates calculated for each segment.

Table 2. Road flow values for the three main sections are inserted in the “Sources” area.

Section Total % Private Cars % Motorcycles % Buses % Vans

A 2736 81 17 1 1
B 1811 87 12 1 -
C 1314 63 35 - 2

Simultaneously, air quality measurements were carried out using Aeroqual S500
portable sensors (Aeroqual Ltd, Auckland, New Zealand), placed both at the TMS1 and
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TMS2 stations and at six additional locations corresponding to specific receptors, described
in Section 2.6. The selection of these receptors was based on the following criteria: proximity
to the main entrances of academic buildings and student residences and the presence of
pedestrian crossings and high-traffic footpaths. At each of these locations, particulate
matter concentrations (PM10 and PM2.5) were measured through sampling conducted
between 8:00 a.m. and 2:00 p.m., with the aim of assessing the local environmental quality
and enabling subsequent comparison with simulation results.

Additionally, continuous monitoring was performed at the TMS1 station for the entire
duration of the same time window in order to support the validation process of the ENVI-
met model, as described in Section 2.5. For the air quality component as well, the entire
experimental setup was designed with attention to spatial and temporal consistency to
ensure robustness and reliability in the model-based analyses.

The Aeroqual S500 sensors were configured to acquire data at high sampling fre-
quencies, allowing the detection of short-term variations in pollutant concentrations. The
technical specifications of the sensors are presented in Table 3.

Table 3. Technical features of the Aeroqual S500 portable sensor.

Sensor Measurement
Sensor

Measurement
Range Accuracy Resolution

LPC Particulate matter
(PM2.5, PM10)

0.001–1000
µg/m3

±(5 µg/m3 + 15%
of reading) 0.001 µg/m3

- Air temperature −5–45 ◦C
- Relative humidity 0–95%

Meteorological input data for ENVI-met calibration were collected using a Davis
Vantage Pro 2 weather station (Davis Instruments Corp., Hayward, CA, USA) installed on
the rooftop of a campus building. The station recorded air temperature, relative humidity,
wind speed, and wind direction every 5 min, providing consistent and localized climatic
data. The technical characteristics of the station are presented in Table 4. In addition, solar
radiation values (global, direct, and diffuse irradiance) were retrieved from the SIAS station
(Sicilian Agrometeorological Information Service), located near the study area, to improve
the accuracy of radiation modeling.

Table 4. Technical features of the Davis Vantage Pro 2 stationary weather station.

Sensor Measurement
Range Accuracy Resolution

Air temperature −40–65 ◦C ±0.3 ◦C 0.1 ◦C
Relative humidity 1–100% ±2% 1%

Wind speed 0–89 m/s ±0.9 m/s 0.1 m/s

Finally, to ensure the external validity of the data collected, a comparison was made
with reference values from the nearest ARPA (Regional Environmental Protection Agency)
monitoring station. The consistency between datasets confirmed the reliability and rep-
resentativeness of the locally collected information, which was used in the subsequent
modeling phases.

2.2. ENVI-Met Model Setup and Calibration

The simulation domain was configured within ENVI-met V5.6 to replicate the mi-
croclimatic and pollutant dispersion conditions of the university campus of Catania. The
selected area spans approximately 360 m × 360 m with a vertical domain extending up to
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50 m. The computational grid consists of 180 × 180 × 25 cells, each 2 m in width, length,
and height, with telescopic stretching above 20 m in the vertical direction to optimize
simulation efficiency. To reduce boundary effects, six nested grid cells were applied at
each edge.

To accurately reproduce the topography, Digital Elevation Models (DEMs) were incor-
porated into the model setup. This allowed the terrain’s natural slope and local altitude
variations to influence airflow and surface temperature distribution, improving the physical
reliability of the microclimate simulations. Figure 4 displays the modeled domain under
the baseline scenario, both with (Figure 4a) and without (Figure 4b) the DEM.

Figure 4. Baseline scenario modeled in ENVI-met: (a) with the inclusion of the Digital Elevation
Model (DEM); (b) without the inclusion of the DEM.

Urban materials used in the simulation were classified into six surface types, each
assigned with specific values of albedo (ρ) and thermal emittance (ε), as shown in Table 5.
These values reflect the typical properties of surfaces found on campus, such as asphalt,
concrete, and plastered building walls. The albedo and emissivity values were extracted
from the general ENVI-met database and are consistent with those reported in several
studies and scientific papers [64–68].

Table 5. Thermal and optical properties of input materials in ENVI-met.

No. Urban
Component Color Name Albedo (ρ) Thermal

Emittance (ε)

1 Ground, soil Dark green Sandy loam 0.20 0.90

2 Pedestrian
roads Grey

Concrete
pavement
grey

0.30 0.90

3 Clay brick
building roofs Red Brick

pavement 0.30 0.90

4 Concrete
building roofs Grey Brick

pavement 0.40 0.90

5 Roads Black Asphalt roads 0.12 0.90
6 Parking Black Asphalt roads 0.12 0.90
7 Building walls Light grey Plaster 0.60 0.90

Vegetation was also carefully parameterized. Tree canopies, hedges, and grass layers
were modeled with detailed inputs on albedo, emissivity, and Leaf Area Density (LAD).
Table 6 reports the thermophysical properties assigned to the various plant types simulated
in the model, which include coniferous and deciduous trees, shrubs, and grass with realistic
heights and densities based on on-site surveys [64–68].
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Table 6. Thermo-physical and optical properties of plants included in the model.

Name Leaf Type Height (m) LAD Albedo
ρ (-)

Transmissivity
τ (-)

Emissivity
(ε)

Grass dense - 0.25 0.30 0.20 0.30 0.97
Hedge light Deciduous 2.00 0.55 0.20 0.30 0.97
Hedge dense Deciduous 1.00 1.00 0.20 0.30 0.97
Hedge dense Deciduous 4.00 1.00 0.20 0.30 0.97
Tree conic, small trunk,
dense, large Conifer 25.00 1.00 0.12 0.10 0.96

Tree, cylindric, large
trunk, dense, large Conifer 25.00 1.50 0.12 0.10 0.96

Tree spherical, medium
trunk, dense, medium Deciduous 15.00 1.00 0.18 0.30 0.96

Tree conic, medium
trunk, sparse, medium Conifer 15.00 1.00 0.12 0.10 0.96

The setup phase concluded with a preliminary simulation run to calibrate the model
using meteorological inputs collected from a Davis Vantage Pro 2 station and pollution
data from Aeroqual sensors. This calibration ensured consistency between modeled and
observed microclimatic conditions before implementing the mitigation scenarios.

2.3. Simulation Framework

The simulation framework integrates traffic emission modeling, pollutant dispersion,
and outdoor thermal comfort evaluation within a unified and coherent microscale approach,
implemented using the ENVI-met software. This holistic method allows for the simulta-
neous assessment of environmental variables that are usually treated separately, offering
a more comprehensive view of the interactions between mobility patterns, atmospheric
conditions, and built form. Traffic data collected from the extensive monitoring campaign
were used to calculate the emission rates of PM10 and PM2.5, applying vehicle-specific
emission factors obtained from internationally recognized databases, such as COPERT
and the EMEP/EEA Guidebook. These emissions were input into ENVI-met using the
“Sources” module, where urban roads were represented as linear stationary emitters posi-
tioned at a standardized height of 0.3 m, reflecting the average exhaust outlet of light-duty
vehicles. Each emission line was defined by three key parameters: hourly traffic flow,
the proportional composition of the local vehicle fleet, and the corresponding emission
intensity (expressed in µg/m2/s).

Pollutant dispersion was simulated through the CFD-based module integrated into
ENVI-met, which employs a high-resolution Eulerian approach to solve the advection-
diffusion equation under complex urban boundary conditions. The model incorporates
several physical processes that influence the behavior of airborne particles, including advec-
tion driven by prevailing winds, gravitational settling, and dry deposition on both artificial
and vegetated surfaces. Particular attention is given to the role of urban morphology, as
elements such as tall buildings, narrow street canyons, and open courtyards can generate
turbulence, channeling, or stagnation zones that influence pollutant accumulation and
dispersion patterns. These geometric characteristics were incorporated into the simulation
domain using detailed 3D representations of the study area.

To evaluate thermal comfort, ENVI-met computed the Mean Radiant Temperature
(MRT) and the Universal Thermal Climate Index (UTCI) at high spatial and temporal
resolutions. MRT quantifies the overall radiative load on the human body by integrating
the effects of shortwave and longwave radiation from buildings, vegetation, and the sky
dome. The model uses the formulation from VDI 3787 [69], combining Stefan–Boltzmann’s
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law, directional view factors, and fixed coefficients for emissivity (εp = 0.97) and shortwave
absorption (αp = 0.7) [70–73]. Recent studies have shown that Mean Radiant Temperature
(MRT) plays a central role in determining outdoor thermal comfort, especially in highly
urbanized and sun-exposed environments. According to ISO 7726 and the German VDI
3787 Part 2 standard, outdoor MRT values below 30 ◦C are typically associated with neutral
or slightly warm thermal sensations under moderate air temperature and wind conditions,
while values exceeding 40 ◦C often indicate strong or extreme heat stress, particularly when
coupled with low wind speed and high humidity [74–76]. Studies have suggested that MRT
thresholds of 35–40 ◦C represent the upper limits of thermal acceptability for pedestrian
comfort in Mediterranean summer conditions [77,78].

UTCI was selected as a complementary index for its robustness in characterizing
dynamic thermal stress conditions. It is based on a sophisticated multi-node human
thermoregulation model developed by Fiala et al. [79–82], simulating 187 tissue nodes
across 12 body segments. UTCI calculations incorporate meteorological parameters such
as air temperature, wind speed, humidity, and MRT, along with metabolic activity and
clothing insulation values. In this study, a metabolic rate of 2.3 MET (135 W) was assumed.
Thermal stress categories were classified according to the internationally validated UTCI
classification system, ranging from extreme cold to extreme heat, as detailed in Table 7 [83].

Table 7. Thermal sensations and different groups in UTCI.

Thermal Sensation UTCI (◦C) Physiological Stress

Very Hot >46 Extreme heat stress
Hot 38–46 Very strong heat stress
Warm 32–38 Strong heat stress
Slightly Warm 26–32 Moderate heat stress
Comfortable 9–26 No thermal stress
Slightly Cool 0–9 Slight cold stress
Cool −13–0 Moderate cold stress
Cold −27–−13 Strong cold stress
Very Cold −40–−27 Very strong cold stress

This integrated modeling approach supports a realistic and detailed assessment of the
environmental performance of different urban design strategies, ensuring comparability
across scenarios. It plays a central role in evaluating the effectiveness of the mitigation
interventions described in Section 2.4.

2.4. Scenario Development

To assess the effectiveness of different mitigation strategies in reducing air pollution
and improving outdoor thermal comfort, two design scenarios were developed and simu-
lated using the calibrated ENVI-met model. Both scenarios were compared to the current
configuration of the university campus, which serves as the baseline scenario, with a focus
on spatial variations in PM concentrations and thermal comfort indicators such as MRT
and UTCI.

The two scenarios were specifically designed to test the influence of traffic reduction
as a key variable affecting environmental outcomes. Scenario 1 was conceived as a high-
intensity traffic mitigation scenario, involving strong interventions to reduce vehicular
circulation and assess the maximum achievable benefits through mobility-focused actions.
Scenario 2, by contrast, was developed to explore whether a more moderate and politically
feasible reduction in traffic could still deliver comparable environmental improvements if
combined with more substantial material and vegetative interventions.
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Importantly, both scenarios follow an integrated approach, combining mobility strate-
gies with physical transformations of the urban space in order to assess potential synergies
between traffic management and environmental design.

Scenario 2, in particular, was also intended to evaluate whether solutions such as
photocatalytic pavements, permeable surfaces, and increased greenery could partially
compensate for the more limited traffic reduction while still ensuring measurable ben-
efits in terms of air quality and thermal comfort. This structure reflects realistic urban
planning practices where mobility constraints are moderate but supported by spatial and
material innovation.

Scenario 1 emphasizes a strong reduction in traffic volume (−50%) through the intro-
duction of mini-roundabouts, raised pedestrian crossings, and redesigned road layouts
aimed at reducing vehicle speeds and promoting walkability. Green interventions are
limited to the planting of small trees and shrubs at strategic locations such as building
entrances and pedestrian paths. The spatial configuration of Scenario 1 is illustrated in
Figure 5.

Figure 5. (a,b) Two different 3D perspectives of Scenario n. 1 simulated with ENVI-met.

Scenario 2, in contrast, applies a 30% traffic reduction and prioritizes enhanced envi-
ronmental interventions, including a higher density of vegetation, the addition of medium-
to-large canopy trees along major roads, the replacement of asphalt parking areas with
permeable pavements, and the resurfacing of pedestrian paths with photocatalytic materi-
als. These interventions are illustrated in Figure 6.

A total of 6480 m2 was renovated in Scenario 2: 2450 m2 (37.8%) with draining
pavements and 4030 m2 (62.2%) with photocatalytic pavements, as summarized in Table 8.
Materials were selected based on their thermal and optical properties, ensuring both
functional performance and visual compatibility with the campus context.

The Green Cover Ratio (GCR) in Scenario 2 increased to 10.2%, compared to 8.0%
in the baseline and 8.8% in Scenario 1, corresponding to relative improvements of +26%
and +15.5%, respectively. Vegetation types used in both scenarios include deciduous
and coniferous trees, dense hedges, and grass cover, selected for their shading potential,
physiological resilience, and suitability for Mediterranean climate conditions.

To facilitate a direct and concise comparison between the two proposed strategies,
Table 9 summarizes the main characteristics of Scenario 1 and Scenario 2. The table
highlights differences in traffic reduction intensity, green coverage, material treatments,
and design approaches, offering a synthetic overview that supports the subsequent
impact assessment.
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Figure 6. Detailed 3D views of Scenario 2 simulated with ENVI-met: (a) draining pavement in
a redesigned parking area; (b) tree rows along a main road; (c) upgraded pedestrian paths with
photocatalytic paving.

Table 8. Surface cover (%) treated with draining and photocatalytic pavements and their optical
properties.

Urban
Components Texture Surface

(m2)
Surfaces
Ratio (%)

Albedo
(ρ)

Emittance
(ε)

Draining
pavements Green 2450 37.8 0.50 0.90

Photocatalytic
pavements Light grey 4030 62.2 0.20 0.97

Total - 6480 100 - -

Table 9. Summary of the main variables and interventions in Scenario 1 and Scenario 2.

Variable Scenario 1 Scenario 2

Traffic reduction (%) 50% 30%
Green Cover Ratio (GCR) 8.8% (vs. 8.0% baseline) 10.2% (vs. 8.0% baseline)
Vegetation type and
density

Sparse planting of small
trees and shrubs

High-density planting,
medium-large canopy trees

Material interventions Minimal changes to paving
materials

6480 m2 modified: 2450 m2

draining + 4030 m2

photocatalytic pavements

Pavement albedo (ρ) Mostly unchanged Up to 0.50 (draining) and
0.20 (photocatalytic)

Main goals
Maximize air quality and
thermal comfort via
mobility reduction

Compensate lower traffic
reduction with material
and greening interventions

Intervention strategy
Traffic calming measures:
mini-roundabouts, raised
crossings, limited greening

Comprehensive
environmental design:
permeable, photocatalytic
surfaces, denser vegetation
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Overall, the dual-scenario structure allows for a realistic comparison of urban mit-
igation strategies with varying levels of ambition and feasibility, providing practical in-
sights for environmental planning in university campuses and urban areas located in
warm-temperate climates. The results of these simulations form the basis for the impact
assessment presented in Section 2.6.

2.5. Model Validation and Statistical Analysis

To ensure the reliability of the simulation outputs generated by the ENVI-met model,
a validation procedure was carried out by comparing simulated values of air pollutants
(PM10 and PM2.5) and microclimatic parameters with experimental measurements collected
on-site during the monitoring campaign. This step was essential to verify the model’s
performance and support the credibility of subsequent impact assessments.

The validation process involved both temporal and spatial comparisons between
measured and simulated data, focusing on the time window between 8:00 and 14:00.
Continuous measurements of PM10 and PM2.5 at Traffic Monitoring Station TMS1 provided
high-resolution reference data for model evaluation. Additional comparisons were made
at selected receptor locations, where both air quality and thermal comfort parameters
were recorded.

To evaluate model performance, the following statistical indices were used:

• Mean Absolute Error (MAE): quantifies the average magnitude of errors between
measured and simulated data, regardless of direction. Lower MAE values indicate
better agreement.

• Bland-Altman index (µ): calculates the average difference between simulated and
observed values and provides upper and lower acceptance limits based on the stan-
dard deviation. This index is useful for detecting potential biases and assessing
data consistency.

• Coefficient of determination (R2): represents the proportion of variance in the mea-
sured data explained by the simulated values. It ranges from 0 to 1, with values closer
to 1 indicating stronger correlation and better predictive performance.

These indices were calculated separately for PM10, PM2.5, air temperature, and UTCI
at multiple receptor points within the study area.

2.6. Impact Assessment Strategy

To evaluate the effectiveness of the proposed mitigation strategies, a comparative
analysis was conducted between the baseline condition and the two alternative scenarios
described in Section 2.4. This assessment focused on quantifying variations in both air
quality and outdoor thermal comfort parameters, using spatially explicit indicators derived
from ENVI-met simulations.

The first phase of the analysis involved generating full-domain maps of PM10, PM2.5,
air temperature, MRT, and UTCI for each scenario. These outputs enabled a synoptic
understanding of how pollutant dispersion and thermal stress conditions evolved under
different urban configurations. Key environmental indicators were examined during the
most critical hours of the day (8:00–14:00), corresponding to the time window of the
measurement campaign and peak campus activity.

To complement this domain-wide analysis, a targeted receptor-based evaluation was
carried out. Eight representative receptors were selected within the study area (Figure 7),
including entrances to academic buildings, pedestrian crossings, internal courtyards, and
other zones with high pedestrian exposure. The selection aimed to capture the most
sensitive locations from both a climatic and an environmental perspective.
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Figure 7. Location of the eight receptors: (a) 2D top view including x and y coordinates; (b) 3D model
view of the study area simulated with ENVI-met.

At each receptor, simulated values of PM10, PM2.5, MRT, and UTCI were extracted
and compared across the three scenarios. These data were then analyzed to determine
local improvements or deteriorations resulting from the mitigation interventions. Table 10
summarizes the spatial coordinates of the receptors and specifies the mitigation measures
planned at each location under Scenarios 1 and 2.

Table 10. Planned interventions for optimizing the microclimatic comfort of receptors.

Receptor Scenario 1
(Planned Interventions)

Scenario 2
(Planned Interventions)

N. 1 (146 m, 242 m) No specific intervention for
receptor protection.

Presence of grass in the central
island of the mini-roundabout
located near the receptor.

N. 2 (226 m, 246 m)
Thinning of existing
vegetation and planting of
new trees less than 5 m tall.

No specific intervention for
receptor protection.

N. 3 (202 m, 314 m) Thinning of existing
vegetation.

Installation of photocatalytic
pavement on sidewalks and
permeable pavement in parking
areas. Additional vegetation
introduced in a sparse
configuration, composed of low
shrubs (1 m in height).

N. 4 (258 m, 244 m) No specific intervention for
receptor protection.

Installation of photocatalytic
pavement on sidewalks.

N. 5 (184 m, 236 m)
Thinning of existing
vegetation and planting of
new trees less than 5 m tall.

Installation of photocatalytic
pavement on sidewalks. Addition
of a few shrubs 2 m in height.

N. 6 (110 m, 222 m) Moderate thinning of
existing vegetation.

Installation of photocatalytic
pavement on sidewalks.

N. 7 (66 m, 170 m) No specific intervention for
receptor protection.

Installation of photocatalytic
pavement on sidewalks.

N. 8 (60 m, 128 m)
Thinning of existing
vegetation and planting of
new trees less than 5 m tall.

Installation of photocatalytic
pavement on sidewalks and
permeable pavement in parking
areas. Vegetation reduced to low
shrubs (1 m in height).
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This receptor-based approach enabled a precise assessment of localized effects, cap-
turing microclimatic variations that may not be fully evident in domain-scale outputs.
The strategy also allowed for identifying which types of interventions yielded the most
significant environmental benefits in specific contexts, supporting a more nuanced and
site-responsive design logic.

3. Results and Discussion
3.1. Validation of the Numerical Model

The reliability of the ENVI-met model in reproducing the measured concentrations of
PM2.5 and PM10 was assessed using the statistical indicators described in Section 2.5, based
on the data collected by portable sensors during the monitoring campaign. In particular,
continuous measurements carried out at Traffic Monitoring Station TMS1 provided a
high-resolution dataset suitable for direct comparison with simulation results. Figure 8
illustrates the comparison between the measured and simulated hourly concentrations of
PM10 and PM2.5.

Figure 8. Comparison between measured and simulated hourly concentrations of PM10 and PM2.5.

The observed hourly concentration profile ranged from 0.95 µg/m3 to 1.3 µg/m3 for
PM2.5, and from 0.75 µg/m3 to 1.17 µg/m3 for PM10. These values are consistent with
the prevailing traffic conditions, characterized by a low-emission vehicle fleet and the
absence of congestion. Under such conditions, the contribution of particulate matter from
exhaust, brakes, and tires is limited [84]. Moreover, the open campus morphology, low-rise
buildings, and good natural ventilation support pollutant dispersion and help maintain low
concentration levels. Similar outcomes have been documented in other studies conducted
in comparable urban environments [85]. The key statistical indicators used to evaluate the
model’s performance are presented in Table 11.

The results of the statistical analysis provide robust evidence of the ENVI-met model’s
reliability in simulating the dispersion of PM10 and PM2.5. The coefficients of determination
(R2), which approach 0.80 for both pollutants, indicate a strong linear relationship between
measured and simulated values and confirm the model’s ability to reproduce a substantial
portion of the variability observed in the experimental data. The Mean Absolute Error
(MAE) values are remarkably low, highlighting the model’s accuracy in replicating the
temporal dynamics of the observed concentrations. These results are further supported by
the Bland–Altman analysis, which shows minimal mean differences and narrow acceptance
limits, all within the ranges considered acceptable by current standards. Taken together,
these indicators confirm the solid performance of the ENVI-met model in representing
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particulate matter distribution under the specific environmental and traffic conditions
analyzed in this study.

Table 11. Statistical validation indices of the ENVI-met model.

Concentration of Pollutants

Statistical Index PM10 PM2.5

Coefficient of determination (R2) 0.77 0.79

MAE (µg/m3) 0.0722 0.0592

Mean of the differences (µg/m3) 0.0135 0.0288

Acceptance limits (µg/m3) [−0.170, 0.197] [−0.093, 0.151]

Although the recorded PM10 and PM2.5 concentrations were well below regulatory
thresholds, the site was not selected due to high pollution levels but for its representa-
tiveness. The university campus combines several microclimatic vulnerability factors—
high pedestrian density, intense solar radiation, limited vegetation, and internal vehicular
circulation—which make it an ideal testbed for assessing integrated mitigation strategies
under typical Mediterranean urban conditions.

3.2. Comparative Analysis of the Investigated Scenarios

This section presents a comparative evaluation of the three simulated scenarios—
Baseline, Scenario 1, and Scenario 2—with a dual focus on air quality and outdoor thermal
comfort. The objective is to assess the effectiveness of the proposed mitigation strategies
in improving environmental conditions across the campus, both in terms of pollutant
concentration and microclimatic comfort experienced by users.

To ensure a comprehensive and spatially aware interpretation of the results, the
analysis is supported by two complementary visualizations. Figure 9 displays the ENVI-
met simulation maps for PM10 and PM2.5 concentrations under each scenario, illustrating
how air pollution varies spatially across the study area as a function of traffic intensity,
surface types, and vegetation coverage. Figure 10 presents the spatial distributions of MRT
and UTCI, providing insight into how thermal conditions change in response to the different
interventions. These maps serve to visually contextualize the effectiveness of the design
strategies prior to quantitative interpretation. The outputs shown in Figures 9 and 10 refer
to the hour between 12:00 and 13:00, which was identified as the period of maximum
vehicular traffic during the monitoring campaign. This time window was selected because
it best represents the peak exposure conditions in the area. Moreover, the simulation
considers the cumulative effect of pollutant emissions from the start of the reference period
(8:00 a.m.), thereby accounting for the progressive build-up of particulate matter due to
ongoing traffic activity and atmospheric conditions. This approach allows for a more
realistic representation of the air quality and thermal comfort impacts resulting from the
different mitigation interventions applied in each scenario.

Following the spatial analysis, Tables 12 and 13 report the simulated values of key
environmental parameters at the eight representative receptors described in Section 2.5.

These tables allow for a direct comparison of air quality and thermal comfort indicators
across the three scenarios, referring specifically to the simulation hour between 12:00
and 13:00. Table 12 presents both absolute and relative variations in PM10 and PM2.5

concentrations, while Table 13 shows the corresponding data for MRT and UTCI. Baseline
values and changes under both mitigation scenarios are included, enabling a clear and
quantitative assessment of their performance.
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Figure 9. ENVI-met maps of pollutant concentrations (PM10 and PM2.5) for the considered scenarios.
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Figure 10. ENVI-met maps related to MRT and UTCI for the considered scenarios.
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Table 12. Simulated values of PM10 and PM2.5 across scenarios and selected receptors.

Receptor Scenario PM10
(µg/m3)

∆PM10
(µg/m3) ∆PM10 (%) PM2.5

(µg/m3)
∆PM2.5
(µg/m3) ∆PM2.5 (%)

1 Baseline 1.065 - - 1.185 - -
1 Scenario 1 1.027 0.038 3.6 1.080 0.105 8.9
1 Scenario 2 1.059 0.006 0.6 1.130 0.055 4.6

2 Baseline 1.120 - - 0.975 - -
2 Scenario 1 1.082 0.038 3.4 0.950 0.025 2.6
2 Scenario 2 1.107 0.013 1.2 0.960 0.015 1.5

3 Baseline 0.937 - - 1.100 - -
3 Scenario 1 0.896 0.041 4.4 0.975 0.125 11.4
3 Scenario 2 0.930 0.007 0.7 1.060 0.040 3.6

4 Baseline 1.070 - - 1.300 - -
4 Scenario 1 1.026 0.044 4.1 1.150 0.150 11.5
4 Scenario 2 1.057 0.013 1.2 1.225 0.075 5.8

5 Baseline 1.170 - - 1.125 - -
5 Scenario 1 1.101 0.069 5.9 1.025 0.100 8.9
5 Scenario 2 1.164 0.006 0.5 1.073 0.052 4.6

6 Baseline 1.120 - - 1.075 - -
6 Scenario 1 1.082 0.038 3.4 1.000 0.075 7.0
6 Scenario 2 1.107 0.013 1.2 1.030 0.045 4.2

7 Baseline 0.913 - - 0.975 - -
7 Scenario 1 0.869 0.044 4.8 0.925 0.050 5.1
7 Scenario 2 0.907 0.006 0.7 0.950 0.025 2.6

8 Baseline 0.750 - - 0.950 - -
8 Scenario 1 0.719 0.031 4.1 0.925 0.025 2.6
8 Scenario 2 0.744 0.006 0.8 0.935 0.015 1.6

Table 13. Simulated values of MRT and UTCI across scenarios and selected receptors.

Receptor Scenario MRT (◦C) ∆MRT (◦C) ∆MRT (%) UTCI (◦C) ∆UTCI (◦C) ∆UTCI (%)

1 Baseline 55.480 - - 27.880 - -
1 Scenario 1 54.390 1.09 2.0 26.500 1.38 4.9
1 Scenario 2 54.210 1.27 2.3 26.577 1.30 4.7

2 Baseline 54.830 - - 28.270 - -
2 Scenario 1 52.810 2.02 3.7 26.110 2.16 7.6
2 Scenario 2 53.790 1.04 1.9 26.554 1.72 6.1

3 Baseline 54.340 - - 27.860 - -
3 Scenario 1 53.170 1.17 2.2 26.600 1.26 4.5
3 Scenario 2 53.590 0.75 1.4 26.978 0.88 3.2

4 Baseline 52.840 - - 32.190 - -
4 Scenario 1 51.650 1.19 2.3 31.810 0.38 1.2
4 Scenario 2 51.380 1.46 2.8 31.869 0.32 1.0

5 Baseline 55.440 - - 29.690 - -
5 Scenario 1 52.920 2.52 4.5 28.570 1.12 3.8
5 Scenario 2 53.770 1.67 3.0 28.887 0.80 2.7

6 Baseline 56.380 - - 27.560 - -
6 Scenario 1 55.570 0.81 1.4 26.080 1.48 5.4
6 Scenario 2 56.010 0.37 0.7 26.159 1.40 5.1
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Table 13. Cont.

Receptor Scenario MRT (◦C) ∆MRT (◦C) ∆MRT (%) UTCI (◦C) ∆UTCI (◦C) ∆UTCI (%)

7 Baseline 55.590 - - 27.610 - -
7 Scenario 1 54.510 1.08 1.9 26.150 1.46 5.3
7 Scenario 2 54.270 1.32 2.4 25.647 1.96 7.1

8 Baseline 55.190 - - 27.500 - -
8 Scenario 1 53.635 1.56 2.8 25.894 1.61 5.8
8 Scenario 2 54.610 0.58 1.1 26.387 1.11 4.0

The detailed discussion of these results is structured into three subsections. Section 3.2.1
analyzes changes in air quality, focusing on the reduction of coarse and fine particulate
matter. Section 3.2.2 evaluates improvements in thermal comfort based on MRT and
UTCI indicators. Finally, Section 3.2.3 integrates both dimensions to assess the overall
effectiveness of the mitigation strategies and identify synergies between traffic reduction,
green infrastructure, and material interventions.

This structured approach allows for both localized and systemic assessments of
environmental improvement, providing practical insights for sustainable urban and
campus planning.

3.2.1. Air Quality Analysis

This subsection presents the air quality simulation results for the three scenarios under
investigation, with a particular focus on PM10 and PM2.5 concentrations. The simulations
were performed using the ENVI-met model at pedestrian height (z = 1.0 m) in order
to realistically assess the exposure of campus users to atmospheric pollutants during
daily activities.

In the baseline scenario, PM10 concentrations ranged from 0.68 to 1.22 µg/m3, while
PM2.5 levels varied between 0.914 and 1.321 µg/m3. The highest values were recorded
near internal roadways characterized by intense traffic flows, poor ventilation, and the
presence of impervious surfaces that promote dust resuspension. These findings confirm
that urban morphology and surface material characteristics play a key role in determining
the persistence of pollutants near the ground.

The introduction of mitigation scenarios resulted in a systematic reduction of both
pollutants. In particular, Scenario 1, which includes a 50% reduction in vehicular traffic com-
bined with targeted interventions in vegetation and street layout, proved significantly more
effective than Scenario 2, which involves a smaller traffic reduction (30%) but incorporates
extensive greening and the use of permeable and photocatalytic materials.

Specifically, the average PM10 concentration decreased from 1.028 to 0.985 µg/m3 in
Scenario 1 (−4.2%) and to 1.019 µg/m3 in Scenario 2 (−0.9%). For PM2.5, levels dropped
from 1.078 to 0.997 µg/m3 (−7.5%) in Scenario 1 and to 1.038 µg/m3 (−3.7%) in Scenario 2.
These differences were also evident at the receptor level. At receptors 1, 3, 4, and 5—those
most exposed to vehicular emissions—the reductions in Scenario 1 were particularly
marked, reaching up to −11.5% for PM2.5 (receptor 4) and −5.9% for PM10 (receptor 5). By
contrast, the same receptor 4 in Scenario 2 showed more modest reductions of −5.8% for
PM2.5 and −1.2% for PM10.

Even at receptors located in more ventilated or less exposed areas (e.g., receptors 6, 7,
and 8), Scenario 1 consistently delivered more substantial improvements. For instance, at
receptor 8, PM10 decreased from 0.750 to 0.719 µg/m3 (−4.1%), and PM2.5 decreased from
0.950 to 0.925 µg/m3 (−2.6%). In Scenario 2, the reductions at the same receptor were more
limited: −0.8% for PM10 and −1.6% for PM2.5.
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All these data, represented in Figure 9, clearly illustrate the spatial distribution of
PM10 variation across the eight receptors and provide visual confirmation of the greater
effectiveness of Scenario 1 in reducing airborne particulate matter.

These results suggest that, while the material and greening interventions in Scenario 2
contribute to localized air quality improvements, the magnitude of traffic reduction remains
the primary determining factor. Fine particulate matter (PM2.5), being more persistent
and harder to remove, is especially sensitive to changes in vehicular flows and benefits
significantly from the combined effects of reduced emissions and improved ventilation
resulting from lower traffic volumes.

It is also worth noting that the effectiveness of the interventions depends not only on
the magnitude of traffic reduction but also on local urban configuration, the presence of
physical barriers to pollutant dispersion (e.g., closely spaced buildings), and the capacity of
surfaces and vegetation to function as pollutant sinks. Scenario 1, although less ambitious
in terms of vegetation enhancement, demonstrated higher overall efficiency because it
directly targets the primary source of air pollution.

In summary, the results are consistent with recent literature [86–88], which highlights
the value of integrating traffic reduction policies with microscale environmental strategies
as an effective approach to improving air quality in dense urban settings. However, to
achieve significant and widespread benefits, structural measures must be coupled with a
substantial reduction in direct emission sources, particularly internal vehicular traffic.

3.2.2. Outdoor Thermal Comfort

This subsection analyzes the effects of the three simulated scenarios on outdoor
thermal comfort, using the Mean Radiant Temperature (MRT) and the Universal Thermal
Climate Index (UTCI) as reference indicators, both calculated at pedestrian level (z = 1.0 m).
Results are presented in both absolute and percentage terms to highlight the differences
between scenarios. The spatial configurations of the three scenarios are illustrated in
Figure 10, as simulated through ENVI-met.

In the baseline scenario, MRT values across the selected receptors range from 52.8 ◦C
to 56.5 ◦C, with an average of approximately 55.0 ◦C, reflecting extensive impervious
surfaces, asphalt-covered areas, parked vehicles, and minimal vegetation. UTCI values
range between 27.6 ◦C and 32.2 ◦C, averaging around 28.6 ◦C, indicating conditions of
moderate to severe heat stress, especially in zones with low shading and limited ventilation.

Scenario 1, which includes a 50% reduction in vehicular traffic and a moderate increase
in vegetated surfaces, achieves the most consistent improvements:

• MRT average: 53.6 ◦C, with an absolute reduction of 1.43 ◦C compared to the baseline
(−2.6%). The maximum drop occurs at receptor 5, from 55.44 ◦C to 52.92 ◦C (−2.52 ◦C,
−4.5%).

• UTCI average: 27.2 ◦C, showing a decrease of 1.36 ◦C from baseline (−4.8%). The
greatest improvement is observed at receptor 2, where values drop from 28.27 ◦C to
26.11 ◦C (−2.16 ◦C, −7.6%).

Scenario 2, which combines a smaller traffic reduction (30%) with more intensive
greening measures and the use of permeable and photocatalytic pavements, also leads to
improved thermal comfort, albeit with more localized effects:

• MRT average: 54.0 ◦C, with an overall reduction of 1.06 ◦C compared to baseline
(−1.9%). The largest decrease is recorded at receptor 5, from 55.44 ◦C to 53.77 ◦C
(−1.67 ◦C, −3.0%).

• UTCI average: 27.4 ◦C, corresponding to a reduction of 1.19 ◦C (−4.2%). The best
result is at receptor 7, with UTCI decreasing from 27.61 ◦C to 25.65 ◦C (−1.96 ◦C,
−7.1%).
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The comparison clearly shows that Scenario 1 enables reductions of up to 4.5% in MRT
and 7.6% in UTCI, outperforming Scenario 2, where maximum improvements reach 3.0%
for MRT and 7.1% for UTCI. The greater effectiveness of Scenario 1 is attributed to the
direct reduction of anthropogenic heat sources, particularly vehicle engines and asphalt
surfaces. Conversely, the material and greening interventions in Scenario 2 play a more
complementary role, offering significant but spatially limited cooling benefits.

These results are in line with recent findings in the literature [89–91], which con-
firm that the integration of traffic reduction, green infrastructure, and high-albedo ma-
terials constitutes an effective strategy for mitigating urban heat stress. However, to
achieve widespread and uniform benefits, it is essential to combine physical and mate-
rial interventions with substantial cuts in direct heat emissions, especially from internal
vehicular circulation.

3.2.3. Integrated Evaluation of Traffic Flows, Air Quality, and Thermal Comfort

This subsection provides an integrated assessment of the simulated effects of the two
mitigation strategies on both air quality and outdoor thermal comfort. The analysis, based
on data from eight strategically selected receptors, enables a direct comparison of the spatial
and environmental performance of the Baseline, Scenario 1, and Scenario 2 configurations.
Receptors were placed in areas characterized by diverse morphological and functional
conditions, including zones with high pedestrian density, vehicular traffic exposure, and
variable vegetation cover.

The comparative results, detailed in Tables 12 and 13, show that Scenario 1, which im-
plements a 50% reduction in vehicular traffic along with moderate greening interventions,
achieves more substantial and consistent improvements than Scenario 2, which features a
30% traffic reduction combined with extensive urban greening and material-based inter-
ventions such as photocatalytic pavements and permeable surfaces.

From a quantitative perspective, PM2.5 concentrations decreased by an average of
0.081 µg/m3 (−7.5%) in Scenario 1, compared to a reduction of 0.040 µg/m3 (−3.7%) in
Scenario 2. Similarly, PM10 dropped by 0.043 µg/m3 (−4.2%) in Scenario 1 versus only
0.009 µg/m3 (−0.9%) in Scenario 2. For thermal comfort indicators, Scenario 1 yielded an
average decrease of 1.43 ◦C in MRT (−2.6%) and 1.36 ◦C in UTCI (−4.8%), while Scenario 2
resulted in reductions of 1.06 ◦C (−1.9%) for MRT and 1.19 ◦C (−4.2%) for UTCI.

The integrated analysis highlights the strong synergy between reduced traffic volumes
and improved microclimatic conditions. Receptors located near main roads and hard
surfaces—particularly receptors 3, 4, and 5—recorded the highest reductions in both
pollutant concentrations and UTCI values. For instance, at receptor 4, PM2.5 decreased by
0.150 µg/m3 (−11.5%), and UTCI improved by 0.38 ◦C (−1.2%) in Scenario 1. At receptor 5,
the UTCI dropped by 1.12 ◦C (−3.8%) and MRT by 2.52 ◦C (−4.5%).

While the more ambitious greening strategy adopted in Scenario 2 produced some
localized improvements, particularly in receptor 7 (UTCI −1.96 ◦C, −7.1%), it was not
sufficient to match the overall effectiveness of Scenario 1, which directly addressed the
primary source of pollution and thermal load through aggressive traffic mitigation.

Overall, the results support the conclusion that traffic reduction is the dominant factor
influencing both air quality and thermal comfort. Vegetation and sustainable materials
play a crucial complementary role by enhancing shading, lowering surface temperatures,
and capturing pollutants. However, their effectiveness is maximized only when combined
with a significant decrease in vehicular flows.

Importantly, these findings are in line with the initial expectations formulated during
the design phase of the scenarios. It was hypothesized that a more ambitious traffic
reduction (Scenario 1) would outperform a strategy relying more heavily on greening
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and materials (Scenario 2), even if the latter involved broader spatial interventions. The
results confirmed this assumption, demonstrating that Scenario 1 consistently led to greater
environmental improvements across all key indicators.

The persistence of thermal stress and pollution hotspots in some receptors, despite
mitigation efforts, underscores the need for a more targeted spatial distribution of greening
and reflective materials, especially in less ventilated or highly impervious areas.

These findings are consistent with recent studies [89–91] that emphasize the impor-
tance of integrating mobility policies with urban microclimate interventions. They reinforce
the notion that a site-specific, multi-scale strategy, combining traffic calming, urban green-
ing, and high-albedo materials, is essential to achieve effective and equitable environmental
improvement in complex urban settings such as university campuses.

4. Conclusions
This study addressed a specific research gap: the lack of integrated assessments com-

paring the environmental effectiveness of traffic reduction strategies with those based
primarily on urban greening and material innovations in dense university settings. In
particular, most existing studies have focused on single-variable evaluations or isolated mit-
igation measures, without validating their combined impact through a unified microscale
simulation framework grounded in real-world data.

The core research question was whether greening and material interventions can
partially offset a lower level of traffic mitigation while still achieving comparable improve-
ments in air quality and outdoor thermal comfort.

The modeling framework, based on ENVI-met simulations and supported by field
measurements, allowed for a detailed evaluation of two alternative scenarios. Scenario
1, focused on a 50% traffic volume reduction with limited greening, was hypothesized to
yield stronger improvements in air quality. Scenario 2, featuring a 30% traffic reduction
combined with extensive vegetative and material interventions, was expected to improve
thermal comfort more substantially.

The results confirmed that traffic reduction remains the most effective driver for
improving both air quality and thermal comfort in compact urban areas. Scenario 1 consis-
tently outperformed Scenario 2 across all key indicators, particularly in areas with high
pedestrian activity and vehicular exposure. While vegetation and permeable or photocat-
alytic pavements contributed positively—especially in specific receptors—their effects were
not sufficient to compensate for the lesser reduction in emissions under Scenario 2.

These findings have both scientific and practical implications. From a methodological
perspective, the study demonstrates the value of integrated, multi-parameter simulation
frameworks for assessing trade-offs among mitigation strategies. From a contextual perspec-
tive, it highlights the environmental vulnerability of Mediterranean university campuses
and the need for place-based, data-driven assessments to guide effective interventions.
From a planning perspective, it confirms that meaningful environmental benefits can only
be achieved through ambitious traffic calming, supported—but not replaced—by spatial
and material enhancements.

Although the simulations were validated and robust, they remain limited to a single
meteorological condition. Future research should explore the replicability of these findings
under seasonal variations and extreme climate scenarios and integrate a broader range of
empirical data to refine calibration and improve transferability.

In summary, the study provides evidence-based guidance for urban planners and
campus managers seeking to improve environmental quality in pedestrian-oriented en-
vironments. The approach and results are transferable to other compact urban contexts
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where climate-responsive design and sustainable mobility must be balanced in an inte-
grated strategy.
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