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Abstract: The urban heat island (UHI) effect is one of the largest climate-related issues concerning
our cities due to the localized temperature increase in highly urbanized areas. This paper aims to
investigate the impact of UHI mitigation techniques in promoting climate resilience, by reducing
urban air temperatures and cooling energy consumption in buildings. To this end, four mitigation
solutions regarding the building envelope—green roofs, green walls, cool roofs, and cool walls—were
investigated for the city of Bari in Southern Italy and compared with the current baseline scenario.
Hence, five scenarios were simulated—using the ENVI-met microclimate software—during three
representative summer days, and the resulting microclimate changes were assessed. Based on these
analyses, new climate files—one for each scenario—were generated and used as input to run energy
simulations in EnergyPlus to estimate the building cooling consumption. Coupling the microclimate
and the consumption outcomes, the mitigation strategies were evaluated from both an urban and
building point of view. The study shows that urban characteristics, mainly geometry and materials,
are crucial for the UHI phenomenon. All the applied technologies seem to be effective. However,
green walls proved to be more efficient in reducing outdoor temperatures (1 ◦C reduction in daily
temperatures), while cool walls performed better in reducing cooling energy consumption, with an
overall saving of 6% compared to the current scenario.

Keywords: urban heat island; mitigation technologies; energy consumption; Mediterranean climate;
sustainable design; environmental design

1. Introduction

During the 21st century, extreme weather and climate-related events have directed the
attention of researchers toward climate change-related challenges [1]. Climate change is
a global phenomenon; its mitigation through the reduction in greenhouse gas emissions
requires a global effort, but the impacts of a changing climate are localized. Climate change
is a risk factor linked to human behavior that may strongly influence the performance of
the built environment by introducing new vulnerabilities, modifying the performance and
the efficiency of technological systems by increasing energy demand and reducing users’
comfort [2,3]. Vulnerability is exacerbated by increasing urbanization and the exodus of
the population from rural to urban and suburban areas.

Recent analyses [1] confirm that extreme weather and climate events can pose signifi-
cant risks to societies and ecosystems, and that the effects of human-induced climate change
can already be recognized in current events. Cities play a pivotal role in response to climate
change, especially in a highly urbanized continent like Europe, where climate-adapted
planning and urban design can substantially reduce future damage related to changing
climate [4].

A study by Tapia et al. [5] assessed the vulnerability of over 500 European cities
based on specific indicators (human and natural capital, governance and institutions, socio-
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economic conditions, and built environment), finding that highly vulnerable cities are
mainly located in Central Europe, Germany, Estonia, Romania, and Latvia. In terms of vul-
nerability to heat waves, the most affected towns are those located mainly in the Southern
and Central EU and the Baltic republics due to a combination of elderly populations, small
house sizes, and high levels of air pollution. Moreover, climate projections in Europe show
a rise in temperature across the continent: the highest seasonal warming occurs in summer
in Southern Europe and winter in Northern Europe. In a high-emission scenario, Lehner
et al. [6] predicted that by the end of the century, 90% of summers in Southern, Central, and
Northwestern Europe would be warmer than any summer from 1920 to 2014. The most se-
vere health risks identified are localized within Southern Europe [7] and the Mediterranean
coasts due to densely populated urban centers. To date, high temperatures and heat waves
have claimed more victims in Europe than any other weather-related disaster.

In particular, the inevitable rise in temperatures due to climate change is further visible
and exacerbated in cities because of the urban heat island (UHI) effect, which is the most
widely documented climatological effect resulting from the anthropogenic transformation
of the natural environment [8]. This phenomenon causes a difference in temperature be-
tween urban areas and their rural surroundings. It is caused by the increased heat capacity,
the imperviousness of urban surfaces that inhibits evaporative cooling, and is exacerbated
by anthropogenic heat sources such as space heating and cooling, transportation, and
industrial processes [9,10]. Urban and local meteorological characteristics, urban materials,
and the presence or lack of green areas also heavily influence the UHI’s intensity, which
widely varies depending on the European town and increases during hot periods [11].
Urban warming and UHI produce severe energy and environmental impacts on cities
and threaten the quality of citizens’ lives [12]. Understanding and reducing the cities’
vulnerability is the key to address the problems associated with rising temperatures, UHI,
and heat-related mortality in cities.

Moreover, high outdoor temperatures lead to higher indoor temperatures that could
be dangerous for the most vulnerable population categories [13]. At the same time, high
indoor temperatures lead to an increase in the energy demand. Especially in summer, en-
ergy consumption due to cooling increases, internal and external thermal comfort worsen,
and harmful pollutants like the tropospheric ozone severely affect citizens’ health con-
ditions [14]. In this regard, the 2019 EEA report states that peak electricity demand for
cooling will increase throughout Europe, especially in Italy, France, and Spain [15]. Since
this is also dependent on the building design [16,17], building-level adaptation measures
are essential to mitigate these risks.

Furthermore, because of the expected future emissions related to the city growth and
energy demand management, critical questions like urbanization, urban expansion, and
urban development need to be examined [11]. Poor urban design can thus amplify the
impacts of climate change, and, in the future, buildings designed to face certain thermal
conditions may have to operate in drier and warmer climates.

For these reasons, it is crucial to delve into the analysis and development of new and
more efficient mitigation strategies and technologies for the UHI effect [18]. A resilient
approach is required to achieve the transformation and regeneration of the existing environ-
ment. In this regard, the effectiveness of adaptation measures addressing heat is measured
by various indicators, including human comfort, outdoor and indoor temperatures, and
energy-saving levels [4].

Some of the most effective mitigation technologies applicable to buildings and to the
urban context rely on nature-based solutions [19] and on the use of cool materials [20]. The
former can reduce the heat storage capacity of urban surfaces and air temperature by in-
creasing the evapotranspiration and shading effects [21]; the latter can reduce temperatures
through higher solar reflectance and infrared emittance [21].

Therefore, cities are clearly the main field of experimentation for innovative and
climate-resilient design principles and methods. This research fits in this framework and
continues the previous survey carried out by Martinelli et al. [22]. In particular, this study
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aimed at investigating the urban heat island phenomenon in a Mediterranean coastal city
(Bari) in Southern Italy. The first part investigated the effects on the urban microclimate,
deriving from specific UHI mitigation technologies on the urban microclimate through
climate simulations conducted with ENVI-met. Hence, new climate files were created and
used as input weather files for building energy simulations. The goal was to understand
how effectively different mitigation technologies help to reduce the UHI phenomenon
and to verify the indirect effects of mitigation in terms of the reduction in the cooling
consumption of buildings during the summer period. To introduce these topics, the
following subsections describe the state-of-the-art mitigation technologies adopted in this
study and the impact of the UHI effect on the building energy consumption.

1.1. The Energy Impact of the Urban Heat Island Effect

As explained before, the UHI effect can impact indoor comfort, leading, as conse-
quence, to an increase in cooling consumption [23]. In particular, the most documented
effect is related to a significant increase in the peak global electricity demand for HVAC sys-
tems and a significant decrease in the performance of air conditioning systems. It typically
depends on the magnitude of the urban warming, local climate conditions, and HVAC
systems [11]. Akbari reported that the peak electricity load in U.S. cities with populations
larger than 100,000 inhabitants could increase by 1.5–2.0% for every 0.45 ◦C increase in
temperature [24]. In parallel, Santamouris et al. found that the cooling load in downtown
Athens (Greece) is double that of the surrounding region; specifically, the peak electricity
demand triples, while the heating load may be reduced to 30–50% in the urban area [25].
Moreover, further studies underlined that offices and individual households increasingly
use air conditioning—especially in the Mediterranean area—and such a trend is assumed
to continue [26].

Since the increase in urban temperatures, along with the resulting increasing risk of
overheating and indoor thermal discomfort, is greatly influenced by the sensible heat flux
and energy storage of the construction materials [2,27], the UHI mitigation technologies
considered in this study—as previously illustrated—can also produce co-benefits in terms
of the energy-saving rates of buildings [13,28].

1.2. Mitigation Technologies and Mitigation Potential

The last report of the IPCC (Intergovernmental Group on Climate Change) emphasizes
human influence as the dominant cause of climate change [1]. Climate change is usually
linked to resilience, i.e., the capacity of a system to absorb disturbance and reorganize while
changing to retain substantially the same function, structure, identity, and feedback. It
is thus essential to study the urban microclimate to understand the interaction between
urban elements, climate, and comfort, optimize design choices within cities, and include
them as solutions to climate change and as an opportunity to develop strategies for related
adaptation and mitigation.

The materials used in the urban environment play a significant role in the urban
thermal balance: they absorb the incident solar radiation, dissipate into the atmosphere
a percentage of the heat absorbed through radiative exchanges, and consequently affect
the ambient temperature [29]. For this reason, the focus of this paper is the mitigation
potential of different materials, and two major promising groups of mitigation strategies
were identified and investigated:

• Increasing evapotranspiration: This strategy includes nature-based solutions (NBSs)
through the intensive use of urban greenery (such as urban parks or water-permeable
pavements) and green envelopes applied to buildings.

• Increasing solar reflectance (albedo): This strategy includes the use of materials with
high solar reflectance (and high thermal emittance) to keep surfaces cool. These
materials—known as cool materials—can be adopted in both the building envelope
and outdoor pavements.



Climate 2024, 12, 113 4 of 33

In a report published by the European Commission [30], the NBSs are defined as the
interventions inspired by nature that uses “the characteristics and processes of the whole
system, such as its ability to store carbon and adjust the water flow”. Moreover, NBSs
“address a series of economic, social and environmental challenges in a sustainable way,
such as disaster risk reduction, improving human and social well-being inclusive green
growth” [30].

In this work, nature-based solutions refer to those urban interventions that use
nature—and its processes—to mitigate climate change and UHI effects, while providing
several further benefits in terms of environmental quality, human health and well-being,
energy-saving, urban regeneration capacity, improved livability, etc. Recent studies have
shown that nature-based solutions may mitigate climate change more efficiently than
engineering and technological solutions [31].

The thermal impacts of green surfaces are essential in the urban environment, es-
pecially in urban canyons [32,33]. Indeed, solar radiation is absorbed by urban surfaces
and is entrapped, causing an increase in the surface temperature; then, due to the lack of
proper airflow that would allow for recirculation, the air temperatures rise [34]. Through
evapotranspiration, vegetation cools the air using heat to evaporate water and reduce
peak air temperatures in summer. From a quantitative point of view, a previous study
conducted by Brahimi et al. [35] has highlighted that—by implementing green surfaces
in a semi-arid climate—the temperature decrease stands at nearly 0.5 ◦C at 8:00, peaking
at 1.05 ◦C at 13:00. These benefits progressively increase during the morning and slowly
fade during night [35]. Upon looking at the concept of green roofs in more detail, the
average temperature decrease reported in the existing literature is between 0 and 2 ◦C,
with a median value near 0.2 ◦C, whereas the maximum temperature drop of the ambient
temperature is estimated to be between 0 and 3 ◦C, with a median value around 0.6 ◦C [36].
Clearly, the cooling potential of green roofs depends on the building height, as increasing
the distance between the street level and the roof reduces the influence of the greenery on
the urban microclimate. It follows that the cooling potential at street level tends to 0 when
high-rise buildings are considered [36]. Considering the implementation of green walls, a
review conducted by Susca et al. [37] has highlighted that the UHI effect can be mitigated
in different climates thanks to this strategy. In particular, by implementing the green wall
on a single building façade, the median decrease in air temperature reaches nearly 1 ◦C,
with the highest benefits recorded on the southern façade except for the Cwa climate,
where the highest benefits are recorded on the western exposure. Moreover, overall, the
green wall strategy can mitigate the UHI effect up to nearly 5 ◦C in all the investigated
climate zones. Furthermore, the studies conducted at the scale of buildings and canyon
streets have shown the positive impact of green walls in summer in reducing heat loads,
radiant temperature, and air temperature inside buildings while reducing the outdoor
temperature [38]. In particular, previous studies conducted in France have demonstrated
that the operational temperature within the building block can be dropped to as much as
5 ◦C by implementing green walls [38]. From an energy point of view, the increase of 1 ◦C
of the air temperature leads to an increase in daily cooling demand of nearly 12% and a
decrease of 8% in heating demand [39]. It follows that green walls can lead to significant
energy-savings in several climates on both heating and cooling, which can be reduced to
16.5% and 51%, respectively [37].

Moving to the so-called “cool materials”, building envelopes and open spaces covered
by these materials can reflect a significant part of solar radiation and dissipate the heat
absorbed through radiation. Cool materials contribute to increasing the urban albedo,
maintaining lower surface temperatures, representing an effective solution to mitigate
urban heat islands [40,41]. Over the last few years, a considerable number of studies on
solar reflective materials have been carried out [42]. This spread has contributed to the
development of innovative materials and techniques with advanced radiative properties
and better thermal characteristics, leading to significant UHI mitigation potential [43]. For
example, the application of cool road surfaces and reflective roofs in Geneva (Switzerland)



Climate 2024, 12, 113 5 of 33

showed a reduction in yearly mean surface temperature of 2.5 ◦C, and reaching 5.0 ◦C in
July [44]. Considering all the building technologies, cool roofs and cool walls are the most
widespread solutions adopted according to these mitigation strategies. Similarly to what
was already described for the green roofs, the effectiveness of the cool roofs strictly depends
on the buildings’ height as their contribution is negligible when applied on high-rise
buildings. However, on average, an increase of nearly 10% of the roof albedo corresponds
to an average temperature drop of 0.23 ◦C and a maximum temperature reduction of
0.62 ◦C [36]. On the contrary, the contribution of cool walls in the outdoor air reduction is
limited to 0.1 ◦C while considering the energy demand; the results are strictly dependent
on the specific boundary conditions (occupancy, urban context, etc.) [45].

2. Materials and Methods

Studies regarding the UHI effect have shown that this phenomenon is heavily depen-
dent on geographic location, meteorological conditions of the urban area [46], and urban
morphology [47]. Since the uncontrollable factors influencing the urban heat island cannot
be modified, and the configuration of existing urban centers is now consolidated, the atten-
tion of this study is focused on those urban interventions that can be easily adapted and
implemented in existing contexts. All the technologies investigated refer to the building
envelope; hence, this study works on both urban and building scales. To this end, both
microclimatic (ENVI-met version 4.4.3) and building energy software (EnergyPlus version
9.3.0) were used, with each requiring specific settings, input data, and considerations,
which are described in detail in the following subsections; however, the overall approach
adopted can be summed up in four main macro-steps, where each one is described in the
following subsections:

1. Analysis of the site location and climate characteristics;
2. Urban microclimate modeling in ENVI-met and use of actual climate data;
3. Implementation of the mitigation technologies;
4. Creation of new weather files and modeling of the building in EnergyPlus.

Before delving into each subsection, it is worth highlighting that the conducted study
is a simulation-based research and the main sources of uncertainty are limited to the
weather station’s sensitivity, the modeling, and the software’s reliability. Considering the
weather station sensitivity, the reported data are quite reliable with an error of ±0.1 ◦C for
air temperature, ±0.1% for relative humidity, and ±0.1 m/s for wind speed. These small
uncertainties are the same for all the simulations conducted, are limited only to the initial
settings of the simulations, and are not directly taken into account in the final comparisons,
which were conducted considering only the third simulated day. Considering further
potential input data inaccuracies related to the modeling itself (e.g., materials, vegetation)
these values are not directly measured or quantified but are basically reference values
available in the scientific literature. Although these values can change according to the
specific solutions adopted, using the same reference values in all the scenarios considered
still allows us to conduct reliable comparisons between the mitigation strategies. Moreover,
considering the deterministic approach of the simulation engine and the limited modeling
uncertainty—as better explained below—all the simulations conducted consider the same
starting uncertainty, which causes, in turn, the same limited output uncertainty. Therefore,
considering that the main output of this study is a comparison between different strategies
and not the exact value of an environmental parameter, these small input uncertainties can
be considered negligible for the purpose of the final output comparison.

With regard to software reliability, Envi-Met is one of the most reliable dynamic
simulation tools for microclimate analysis [48], and due to its high computational demand, it
has difficulty in conducting sensitivity and validation analyses, which are rarely conducted
in these studies and, when conducted, are limited to air temperature [49]. Previous studies
have already highlighted that the temperature changes related to the mitigation strategies
are an order of magnitude larger than the errors related to the geometric modeling of the
urban area [50]. Moreover, Envi-MET is particularly reliable for comparing relative change
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in parameters rather than assessing the absolute values [51], which is the main purpose of
this study.

Similar considerations can be made for energy modeling, as EnergyPlus is one of the
most reliable and adopted software thanks to its great analytical depth. Also, in this case,
the analyses conducted are in relation to a widely shared reference model rather than to
a specific building. By using a representative reference building, no characteristics are
directly measured on site, but they are simply a realistic starting point to compare different
strategies which refer to the same baseline model.

2.1. Site Location and Climate Characteristics

This study was carried out in the city of Bari (41.12 N, 16.87 E), located in the east-
ern coast of Southern Italy. This city is characterized by a typical temperate climate
of Mediterranean cities with mild winters and hot summers. A specific area for the
analyses was chosen based on a previous study conducted by Martinelli et al. [22] that
identified—starting from the air temperatures recorded at fixed meteorological stations—the
area characterized by the highest UHI effect. Based on the air temperature data collected,
the urban heat island intensity led to identifying Bari CUS and Bari Cavour as rural and
urban areas, respectively (Figure 1c). The resulting differences in daily (Figure 1a) and
monthly (Figure 1b) air temperatures of urban and rural locations, within a year, are
reported in Figure 1.
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Figure 1. The differences in (a) daily and (b) monthly air temperatures of urban and rural locations in
2018, and (c) locations of urban and rural weather stations.

The daily difference in temperature between the urban and reference stations fluctuates
throughout the period with a maximum of 5.5 ◦C on the 28th of March and a minimum
of −3.4 ◦C on the 28th of December. The average difference for the whole period of
measurements is almost 2.0 ◦C. On a monthly basis (Figure 1b), the UHI intensity increases
after May and reaches its maximum value of 6.6 ◦C in June, decreasing after August.

The area where UHI occurs more intensely is the one closest to the city center, where
urban geometry, the lack of vegetation, the urban fabric, and the anthropogenic heat
produced contribute to amplifying the UHI compared to the areas furthest from the city
center. In particular, the selected area is a square-shaped area (250 m × 250 m) in the city
center, in the Corso Cavour (main road) area, a densely built area with a northwestern
orientation (Figure 2). The area has a very dense regular square pattern consisting of several
buildings, of variable heights ranging from 15 m to about 40 m approximately, that are
very close to each other and interspersed with narrow streets not exceeding 15 m in width.
Green elements are almost absent here, resulting in a compact midrise Local Climate Zone
(LCZ 2).
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2.2. Urban Microclimate Modeling

Climate can be analyzed at the macro level (whole-planet scale), meso-level (city or
country scale), and at the micro level (single-building or neighborhood scale). At this
stage, this study is focused on the microscale, and the simulation software ENVI-met was
adopted as reference. ENVI-met is a three-dimensional modeling tool used to simulate the
surface–plant–air interaction, mainly for urban environments. The model considers a set of
parameters (air temperature, surface temperature, wind speed, direction, etc.) and returns
as output microclimate physical parameters, simulating heat and water vapor exchanges
and mass transfers. This software allows us to analyze the effects of small-scale changes in
urban design (e.g., trees, greening, new buildings) on the microclimate.



Climate 2024, 12, 113 8 of 33

The geometric model was initially digitized in ENVI-met with the current existing
configuration of buildings and green spaces (Figure 3).
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The area was rendered in 100 × 100 × 30 (x-y-z) grids, considering the following
spacing: dx = 5.00 m, dy = 5.00 m, dz = 3.00 m. Therefore, the maximum height of the
model is 90 m (30 cells × 3.00 m). Considering that the buildings’ heights range between
8 and 40 m, the maximum height is at least twice the height of the tallest building; this
characteristic allows us to achieve the numerical stability required by the software [52].
With reference to vegetation, 5.00 m high cylindric trees with medium trunks and dense
foliage were used. From a material point of view, the soil was modeled with traditional
concrete pavement for the pedestrian areas and asphalt for roads whose characteristics are
reported in Table 1.

Table 1. Physical characteristics of basic materials.

Element Material Color Roughness
Length Albedo Emissivity

Streets Asphalt road 0.01 0.2 0.9

Pavements Pavement (concrete),
used/dirty 0.01 0.4 0.9

Building
envelopes

Default wall; moderate
insulation 0.02 0.5 0.9

This configuration was adopted as the starting point while the starting microclimate
conditions (temperature, humidity, wind speed, etc.) were set using hourly real-time
monitored data provided by ARPA Puglia, which is the regional office in charge of the
meteorological monitoring activities based on Meteorological Monitoring Systems. In this
case, the weather station used as a reference to obtain climate data is located in the middle
of the chosen area [22], and the initial settings for the microclimate simulations are reported
in Tables 2 and 3.

Table 2. Initial settings for the microclimate simulation.

Parameter Value

Start date July 21
Total simulation time 72 h

Wind speed 3.4 m/s
Wind direction 269◦

Roughness length 0.01
Initial air temperature 27.0 ◦C

Initial relative humidity 29.9%



Climate 2024, 12, 113 9 of 33

Table 3. Air temperature and humidity values set in ENVI-met.

12:00
a.m.

01:00
a.m.

02:00
a.m.

03:00
a.m.

04:00
a.m.

05:00
a.m.

06:00
a.m.

07:00
a.m.

08:00
a.m.

09:00
a.m.

10:00
a.m.

11:00
a.m.

Tair (◦C) 27.0 26.2 26.0 25.5 25.5 25.1 24.8 25.8 27.8 30.0 30.8 31.5
RH (%) 29.9 31.8 31.7 32.1 33.7 37.0 43.3 45.5 43.5 43.1 48.3 49.3

12:00
p.m.

01:00
p.m.

02:00
p.m.

03:00
p.m.

04:00
p.m.

05:00
p.m.

06:00
p.m.

07:00
p.m.

08:00
p.m.

09:00
p.m.

10:00
p.m.

11:00
p.m.

Tair (◦C) 30.1 29.7 29.6 29.3 29.1 29.7 32.8 33.7 32.2 31.0 30.1 29.5
RH (%) 56.9 54.6 53.1 57.3 53.3 50.2 32.6 25.8 27.1 32.7 39.2 43.2

The simulation model’s starting date was set as the 21st of July, chosen as the rep-
resentative summer day based on real temperature data recorded; during this day, the
highest summertime peak temperature was recorded (maximum daily air temperature of
33.7 ◦C at 07:00 p.m.). Moreover, an average difference between urban and rural areas of
4.8 ◦C was recorded, while the maximum intensity of the UHI during the day was reached
at 12:00 a.m. and 5:00 a.m., with a value of 7.5 ◦C. Finally, the minimum UHI effect was
reached at 08:00 a.m. with a value of 2.0 ◦C (Figure 4).
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The minimum simulation time suggested in the ENVI-met guide is 6 h [52]. Some
authors considered less than 24 h of simulation, i.e., 6 h [53] or 15 h [54], and many authors
considered 24 h of simulation [55,56]. Long-time simulation involves 45/48 h [57,58] or
72 h [59]; only a few times more than 3 days (5 days) [60] are simulated. To improve
the reliability of the results, the simulation run time adopted in this study is three days
(72 h). Three days is a reasonable compromise between accuracy and calculation time.
The first 48 h of the model run—even if 24 h would be sufficient—is discarded due to
the ENVI-met model’s spin-up time requirement. While tripling the model-run time, this
approach significantly increases the model’s overall performance.

Hence, all simulations start at 12:00 a.m. on the 21st of July and end at 11:59 p.m. on
the 23rd of July. The last day was considered the most reliable thanks to the higher model
stability—reached within the first 48 simulation hours—and therefore was considered to
draw the conclusions.

2.3. Mitigation Scenarios

In order to test the potential of different strategies, four different mitigated configura-
tions of the model were developed; hence, including the baseline scenario, the following
five scenarios were modeled and analyzed:
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• Scenario 0—Baseline: The baseline scenario; the model represents the actual configura-
tion of the considered area, and standard values of the urban environment—reported
in Table 1—were applied.

• Scenario 1—Green roofs: Green roofs were applied to all buildings. Radiative proper-
ties of the building wall, pavements, and roads were the same as the baseline scenario,
while roof grass albedo was 0.2 (Table 4).

• Scenario 2—Green walls: Green walls were applied to all buildings. Radiative proper-
ties of building roof, pavements, and streets were the same as the baseline scenario,
while wall grass albedo was 0.2 (Table 4).

• Scenario 3—Cool roofs: All the roofs were assumed to be covered with high-reflectance
material (albedo = 0.69, Table 4). Radiative properties of building walls, pavements,
and roads were the same of the baseline scenario.

• Scenario 4—Cool walls: All the walls were assumed to be covered with high-reflectance
material (albedo = 0.69, Table 4). Radiative properties of building walls, pavements,
and roads were the same of the baseline scenario.

Table 4. Physical characteristics of new materials adopted for the mitigated scenarios.

Element Material Roughness
Length Albedo Emissivity

Green roof Greening
(last layer) - 0.2 -

Green wall Greening
(last layer) - 0.2 -

Cool roof Cool material
(last layer) 0.01 0.69 0.9

Cool wall Cool material
(last layer) 0.01 0.69 0.9

Green technologies were chosen from those already available in the ENVI-met database
without any further change while, with reference to cool materials, only the albedo was
changed, setting it uniformly at 0.69 (Table 4). The albedo value did not exceed 0.7 because
this value is considered to be the maximum potential, and for many materials, this might
be hindered by ageing [61] with phenomena that can substantially reduce the mitigation
potential as much as 50% [62]. Moreover, pavements and streets with solar reflectance (SR)
values that are too high are more critical as they might cause glare.

2.4. Building Energy Modeling

As already mentioned, there is a strong correlation between urban heat island and
building thermal energy performance. Hence, after the microclimate analyses, the same
scenarios were analyzed from a building point of view in EnergyPlus to evaluate the energy-
savings related to the microclimatic changes. EnergyPlus is an open-source software for
building energy simulations in dynamic conditions that simulates the thermal and energy
processes that characterize the building (heating/cooling, lighting, occupancy, etc.).

The effects of the mitigation strategies were tested on a representative reference
residential building—the midrise apartment (Figure 5)—provided by the Department of
Energy (DOE). The reference building is composed of 4 levels above ground, each one
consisting of eight main thermal zones and one corridor. The building has a rectangular
base of 46.33 m × 16.91 m; each apartment has 88.33 m, with a total area of each floor of
783.64 m2, including the corridors.
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The analysis of the urban microclimate through ENVI-met allowed us to morph the
climate data, obtaining new weather files—one for each simulated scenario—required to
model the energy behavior of buildings. In particular, the new weather files were obtained
by replacing the typical weather data with those obtained in the ENVI-met simulations.
From an envelope point of view, the thermal and solar properties of the building were
defined according to those imposed by the Italian law (Ministerial Decree 2015 [63]) as
reported in Table 5.

Table 5. Envelope properties adopted for the building simulations.

Building Components Thermal Transmittance
[W/m2K]

Solar Heat Gain Coefficient
[-]

Opaque walls 0.34 -
Opaque roofs 0.33 -

Slab 0.38 -
Windows 2.2 0.35

Starting from these properties—adopted for Scenario 0—the building models of the
mitigated scenarios were modified by applying the specific mitigation technology to the
outer layer of the building envelope (green roof for Scenario 1, green wall for Scenario 2,
cool roof for Scenario 3, and cool wall for Scenario 4). Hence, five different models (one
reference and four mitigated scenarios) were set for the comparative energy analyses.
Along with the characteristics of the envelope components, further important inputs were
specified for evaluating the energy behavior of the building. An average occupancy of
2.5 people was assumed in the apartments and 2 people in the office area. From an artificial
lighting point of view, the following power densities were assumed: 10.76 W/m2 for
the office area, 5.38 W/m2 for the corridor, and 3.88 W/m2 for the apartment; moreover,
12.9 W/m2 and 5.38 W/m2 were adopted as electrical equipment power density for the
office area and apartment, respectively. Considering the green roof, a smart schedule was
set, i.e., the program was forced by entering an irrigation schedule—regardless of the
current soil moisture status—with a saturation limit for irrigation shutdown set to 70%.
Considering the building systems, since the analysis was performed in the summertime,
a 12 h period operation schedule of the cooling system was considered, from 10:00 a.m.
to 10:00 p.m. Finally, the simulation period was set, according to the ENVI-met analyses,
from the 21st to the 23rd of July, for a total of 72 h; however, the results obtained during the
last day were considered the most reliable thanks to the model warm up that allows us to
consider the transient nature of thermal phenomena.

3. Urban Heat Island Analysis: Results

The first analysis was performed considering the results of air temperature and surface
temperature, paying attention to the variations related to the areas where mitigation
technologies were implemented. Firstly, thermal maps of the selected area were simulated
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by analyzing only Scenario 0 to define the initial configuration; then, this baseline was
compared with the mitigated ones to highlight their differences. For all the scenarios, air
temperature at 1.5 m was plotted to represent what people could perceive. For this part of
the study, the results are all related to the last day of simulation (the 23rd of July) because
this is the day when the highest temperatures occur, and the one that is less influenced by
the model’s initial instability. To define the benefits of a mitigation strategy, the following
sections report the differences between the baseline temperatures (Scenario 0) and the
analyzed mitigation scenarios. Consequently, absolute differences with negative values
indicate that Scenario 0 is “cooler”, whereas a positive value suggests it is “warmer” than
the mitigated one. Moreover, to properly describe the thermal phenomena, the thermal
maps are reported, considering three representative hours of the day: 7:00 a.m., 12:00 p.m.,
and 4:00 p.m.

The second analysis (Section 3.3) exclusively focuses on average air temperatures
(derived from thermal maps), not considering the values referred to each pixel but their
mean, obtaining hourly values plotted for the whole simulation period (21st–23rd of July).
However, also in this case, only the last day was considered the most reliable of the whole
period. For this second analysis, line charts were used to allow for a quantitative global
reading and analysis of the behavior of each model. The following subsections describe in
detail the outcomes of the simulations while the overall interpretation of results is reported
in Sections 5 and 6.

3.1. Thermal Maps: Scenario 0 (Baseline)

Starting from the baseline scenario (Scenario 0, Figure 6), from 01:00 a.m. until 06:00 a.m.,
the air temperatures do not exceed 28.0 ◦C in the early hours of the day and do not drop
below 25.0 ◦C. Albeit with a minimum difference, the area with higher temperatures is the
main street of Corso Cavour and the secondary roads on the eastern side. Between 7 a.m.
and 9 a.m., the maximum temperatures gradually rise up to 30.6 ◦C at 09:00 a.m. (26.9 ◦C
at 07:00 a.m., 28.8 ◦C at 08:00 a.m.) while minimum temperatures reach 29.4 ◦C (26.2 ◦C at
07:00 a.m., 27.9 ◦C at 08:00 a.m.). During these first hours of the morning, the main road is
characterized by inhomogeneous air temperatures due to the shading of the buildings. In
the following hours, the maximum temperatures continue to rise rapidly reaching 31.7 ◦C
at 10:00 a.m. up to a maximum temperature of 32.9 ◦C at 02:00 p.m. while the minimum
temperature reaches 31.3 ◦C at 2:00 p.m. These temperatures are nearly steady during
the following hours when the minimum temperature drops by 0.1 ◦C/0.2 ◦C, while the
maximum temperature reaches 32.8 ◦C. Between 04:00 p.m. and 05:00 p.m., compared to
the temperatures of the previous hour, there is a drop of about 0.5 ◦C for the whole scenario.
Then, starting from 06:00 p.m., temperatures start to increase again, reaching 32.9 ◦C at
07:00 p.m.

At 08:00 p.m., the temperatures drop by about 1.0 ◦C with a maximum temperature
(Tmax) of 31.9 ◦C. A further drop in temperature is recorded at 09:00 p.m. with a minimum
temperature (Tmin) of 30.4 ◦C and a Tmax = 30.8 ◦C, at 10:00 p.m. (Tmin = 29.6 ◦C and
Tmax = 30.2 ◦C) and at 11:00 p.m. (Tmin = 29.0 ◦C and Tmax = 29.7 ◦C).

Considering the surface temperatures (Figure 7), from 01:00 a.m. to 05:00 a.m., the
scenario is characterized by an average surface temperature between 27.0 ◦C and 29.0 ◦C
on both secondary and main roads. At 07:00 a.m., for the secondary roads in the East–West
direction, the temperatures range between 29.7 ◦C and 33.9 ◦C, while in all the others, they
are between 26.9 ◦C and 28.3 ◦C because of the direct solar radiation. In the following hours,
temperatures rise, and at 10:00 a.m., along the main road, the highest temperatures are
recorded in the asphalted areas (between 41.1 ◦C and 50.3 ◦C) while the lowest temperatures
are registered in the tree-lined areas (between 29.0 ◦C and 32.0 ◦C). Similarly, at 12:00 p.m.,
along the main road, the highest temperatures are recorded in the asphalted areas (between
48.2 ◦C and 55.3 ◦C) while the lowest temperatures in the tree-lined areas range between
30.5 ◦C and 34.0 ◦C. The surface temperatures continue to rise, reaching its maximum at
01:00 p.m. (56.0 ◦C). Then, the temperatures start to drop: at 04:00 p.m., the temperatures of
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the secondary roads in the East–West direction oscillate between 41.3 ◦C and 50.5 ◦C, while
in the North–South direction, they do not exceed 38.2 ◦C. In the late afternoon (06:00 p.m.),
except for the tree-lined areas where temperatures range between 31.4 ◦C and 33.4 ◦C, the
scenario average temperature is about 36.0 ◦C and further drops to 34.0 ◦C at 07:00 p.m.
and to 30.0 ◦C at 11:00 p.m.
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3.2. Thermal Maps: Mitigation Scenarios

The results obtained from the simulations are presented in the pictures below
(Figures 8 and 9), scenario by scenario, and are discussed in the following subsections,
comparing them with Scenario 0 with a specific focus on air temperature and surface
temperature. The results are discussed as temperature differences between baseline and
the mitigated model; it follows that negative differences represent a baseline cooler than
the mitigated model and vice versa when the differences are positive.
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3.2.1. Scenario 1: Green Roofs

From an air temperature point of view, the two scenarios exhibit the same temperatures
from 12:00 a.m. to 05:00 a.m. At 06:00 a.m., slight differences (nearly 0.1 ◦C) can be registered
only in the eastern part of the model and in the southern part of the main road. At 07:00 a.m.,
these differences begin to extend towards the west side of the model and reach a maximum
of 0.2 ◦C in some points of the eastern secondary roads. From 07:00 a.m. to 11:00 a.m., the
differences in temperature are still between 0.1 ◦C and 0.2 ◦C, with slight differences only
in their pattern throughout the model. Similar trends are reported from 12:00 a.m. until
05:00 p.m. when larger differences (0.3 ◦C in the eastern secondary roads) are recorded.
Then, the differences start to decrease, ranging between 0 ◦C and 0.1 ◦C, at 07:00 p.m. and
become completely negligible after 10:00 p.m.

Considering the surface temperature, from 12:00 a.m. to 06:00 a.m., only limited
differences (0.1 ◦C) can be identified in the eastern part of the model. From 07:00 a.m.
onwards, the whole scenario presents larger differences (between −0.3 ◦C and 0.3 ◦C).
At 12:00 p.m., the roads on the eastern side of the model show a temperature difference
between 0.1 ◦C and 0.3 ◦C, which also extends along the main road in the following hours,
while in the remaining streets, it is between −0.4 ◦C and 0.1 ◦C. In the afternoon—until
06:00 p.m.—sensible differences (between 0.1 ◦C and 0.3 ◦C) are still registered, while these
differences drop to 0.1 ◦C between 07:00 p.m. and 08:00 p.m. and are negligible in the
following hours.

3.2.2. Scenario 2: Green Walls

Considering the air temperature, during the first hours of the simulations
(12:00 a.m.–05:00 a.m.), Scenario 0 is cooler than Scenario 2, with differences that range
mainly between −0.5 ◦C and −0.1 ◦C, with a maximum difference (−0.7 ◦C) registered for
the main road, in particular on the western sidewalks. These differences gradually decrease
(−0.2 ◦C and 0.0 ◦C at 07:00 a.m.), reversing their trend at 08:00 a.m. (between −0.2 ◦C and
+0.3 ◦C). From 09:00 a.m. onwards, the mitigated scenario is always cooler than the baseline
(between 0.1 ◦C and 0.3 ◦C). After 10:00 a.m., the benefits of the mitigation strategy are
clearer, reaching differences ranging between 0.4 ◦C and 1.0 ◦C. This trend is also confirmed
in the following hours, until 02:00 p.m., when the differences are slightly lower (between
0.2 ◦C and 0.8 ◦C). Similar values are registered in the early afternoon until 05:00 p.m.
when most of the secondary roads show a difference between 0.4 ◦C and 0.9 ◦C, while the
remaining areas of the model range between 0.2 ◦C and 0.8 ◦C. Later (06:00–07:00 p.m.),
the models show mostly differences between 0.7 ◦C and 0.9 ◦C and start to reduce their
divergence from 08:00 p.m. onwards. At 09:00 p.m., the differences are already lower than
0.5 ◦C and become negligible after 10:00 p.m.

Considering the surface temperature, also in this case, the baseline scenario is cooler
during the night, until 08:00–09:00 a.m. when differences between −0.5 ◦C and +0.5 ◦C
are registered. During the morning, the mitigation strategy shows its benefits—until
12:00 a.m.— reducing the surface temperatures by nearly 0.5 ◦C, except for the central
tree-lined area of the main road, where lower benefits are shown. These differences increase
during the afternoon (between 0.3 ◦C and 1.3 ◦C at 04:00 p.m.) reaching their maximum
at 06:00 p.m. when differences between 1.4 ◦C and 1.7 ◦C are registered for the secondary
roads, and between 0.6 ◦C and 1.1 ◦C for the main one. The differences drop in the following
hours, and at 09:00 p.m., they become negative in the whole model except for the main
road (between 0.1 ◦C and 0.3 ◦C).

3.2.3. Scenario 3: Cool Roofs

Considering the variation of the air temperatures, between 12:00 a.m. and 06:00 a.m.,
the baseline scenario is cooler than the mitigated scenario with differences that range
between −0.5 ◦C and −0.2 ◦C. These differences are smaller at 07:00 a.m. (between −0.3 ◦C
and −0.1 ◦C) and the trend is reversed at 08:00 a.m. when a difference between 0.0 ◦C
and 0.1 ◦C is present almost uniformly throughout the model. During the morning, the
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divergences of the two models become more noticeable, reaching a maximum difference of
0.4 ◦C at 11:00 a.m.; these values are quite stable up to 04:00 p.m. when a nearly uniform
difference of 0.2 ◦C is registered in the whole area. Then, the differences rise up to 0.6 ◦C at
07:00 p.m. and begin to drop after 08:00 p.m. when the differences range between 0.3 ◦C
and 0.5 ◦C. At 09:00 p.m., the differences are already nearly negligible (between 0.1 ◦C and
0.3 ◦C) and become less evident at 11:00 p.m. (lower than 0.2 ◦C).

Moving to the surface temperature, the two scenarios show similar values fluctuating
between −0.3 ◦C and +0.2 ◦C during the night, with the highest values registered in relation
to the main road. Then, during the day, at 12:00 p.m., the two models show differences
that range from −0.9 ◦C to 0.2 ◦C, dropping between −0.5 ◦C and 0.2 ◦C at 04:00 p.m. On
the contrary, at 05:00 p.m., differences between −0.1 ◦C and 0.2 ◦C are registered, while at
08:00 p.m., these values fluctuate between 0.1 ◦C and 0.4 ◦C and remain almost unvaried
until 11:00 p.m.

3.2.4. Scenario 4: Cool Walls

Starting from the air temperature, from 12:00 a.m. to 06:00 a.m., the baseline scenario is
cooler than the mitigated scenario with differences that range from −0.4 ◦C to −0.1 ◦C, with
the highest differences registered for the main road and between 03:00 a.m. and 06:00 a.m.
These differences are limited at 07:00 a.m. (around −0.1 ◦C) and the trend is reversed from
08:00 a.m. onwards when the differences fluctuate around 0 ◦C and 0.1 ◦C. The divergence
of the two models increases in the following hours, reaching its peak at 11:00 a.m. when
the mitigated scenario is significantly cooler compared to the baseline (between 0.3 ◦C and
0.4 ◦C). In the following hours, the differences are slightly lower, fluctuating around 0.1 ◦C
and 0.3 ◦C, between 12:00 a.m. and 03:00 p.m. A further decrease is recorded at 04:00 p.m.
(0.1 ◦C) when the two models start to show larger variations, peaking at 07:00 p.m., with
differences that range from 0.4 ◦C and 0.6 ◦C. In the following hours, the two models
gradually converge towards similar temperatures (differences between 0.3 ◦C and 0.5 ◦C
at 08:00 p.m., 0.1 ◦C and 0.3 ◦C at 09:00 p.m., and around 0.1 ◦C between 10:00 p.m. and
11:00 p.m.).

With reference to the surface temperature, during the night—from 12:00 a.m. to
06:00 a.m.—the two models significantly differ with regard to the roads (differences between
−0.2 ◦C and +0.3 ◦C) and the paved areas where the mitigated scenario is significantly
cooler than the baseline (up to 1.5 ◦C cooler). At 07:00 a.m., secondary roads have lower
temperatures in the baseline scenario, with differences between −0.7 ◦C and −0.1 ◦C, while
along the main road, they range between −0.1 ◦C and 0.6 ◦C, exceeding 0.6 ◦C (up to
0.9 ◦C) in a few areas close to the western sidewalks. These differences increase within
the following hours in the following manner: negatively along the secondary roads and
positively along the main one. Indeed, at 12:00 p.m., the temperature differences along
the secondary roads range between −1.0 ◦C and 0.1 ◦C. On the contrary, along the main
road, there is a difference between 0.1 ◦C and 1.2 ◦C in the asphalted areas, while at the
sidewalks, the differences range between 1.2 ◦C and 2.3 ◦C. A similar trend is observed
in the following hours, with negative differences for the secondary roads and positive for
the main one. At 04:00 p.m., the secondary roads register differences between −0.7 ◦C
and 0.1 ◦C, while along the main road, the differences fluctuate between −0.5 ◦C and
1.4 ◦C in the asphalted areas and between 0.7 ◦C, up to 2.7 ◦C in the paved areas. In the
following hours, until 11:00 pm, the differences along the secondary roads remain negative
but reduced in magnitude; along the sidewalks, the differences decrease between 1.0 ◦C
and 2.0 ◦C while the asphalted areas record a difference between 0.4 ◦C and 0.7 ◦C.

3.3. Overall Urban Heat Island Comparisons

To better understand how the application of the different mitigation strategies con-
tributes to the reduction in the UHI phenomenon, hourly data were collected from each
simulation and compared. These data were obtained by averaging the temperature values
of each pixel of the analysis grid of thermal maps, for each hour and for each simulated
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scenario. Figure 10 shows the hourly air temperature values of all the scenarios during
the three simulation days and the typical weather file represented with the dotted line.
However, as already mentioned, only the last day was considered in the discussion as it is
considered the most reliable thanks to the higher model stability. The main effects of the
UHI phenomenon clearly emerge from a comparison between the standard values (dotted
line) and the baseline (Scenario 0, blue line). Especially between 06:00 p.m. and 08:00 a.m.,
the reference temperatures have significantly lower values with hourly differences up to
6.0 ◦C, and an average daily difference of about 2.2 ◦C.
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During the three simulated days, the temperatures increase. At the beginning of the
simulation (21st of July), no scenario exceeds 30.0 ◦C, while all scenarios reach the highest
temperature at 07:00 p.m. on the 23rd of July (31.2 ◦C for Scenario 0, 30.8 ◦C for Scenario
1, 30.0 ◦C for Scenario 2, and 30.7 ◦C for Scenario 3 and Scenario 4). In general, Scenario
0 shows the highest temperatures. Between 06:00 a.m. and 09:00 a.m. the temperatures
of all the scenarios tend to be similar. However, during these hours, Scenario 0 generally
remains the hottest, followed by Scenarios 3 and 4, Scenario 1, and Scenario 2. In the
remaining hours, the difference between the scenarios becomes clearer. Between 11:00 a.m.
and 01:00 p.m., Scenario 0 remains the hottest, followed by Scenario 4, Scenario 3, Scenario
1, and Scenario 2 that record temperatures up to 1.0 ◦C lower than Scenario 0.

A more detailed analysis of the differences between Scenario 0 and each mitigation
scenarios was conducted. As already mentioned, negative differences indicate that Scenario
0 has lower temperatures than the mitigation scenario considered; conversely, positive
values of the differences indicate that the mitigation scenario has lower temperatures than
Scenario 0. By comparing Scenario 0 and Scenario 1 (green roofs), a rising trend in the air
temperature differences can be deducted (Figure 11). At the beginning of the simulation,
no differences can be identified between the two models while—as the model steadies—the
different behaviors between the scenarios emerge. Indeed, on the 23rd of July, there was a
difference of 0.4 ◦C from the beginning of the day until 12:00 p.m. and it gradually reached
0.5 ◦C at 06:00 p.m. and fluctuated around 0.5 ◦C until the end of the simulation. Therefore,
overall, the implementation of green roofs leads to lower temperatures compared with
Scenario 0, with significant peaks between 12:00 a.m. and 06:00 p.m.
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Figure 11. Hourly air temperature and differences between Scenario 0 and Scenario 1.

By comparing Scenario 0 and Scenario 2 (green walls), the temperature differences
are larger than in the previous comparison, and variability is also greater as shown in
Figure 12. As already mentioned in the previous scenario, the differences between the two
models mainly emerge during the last day. In the first hours of the of the 23rd of July, the
differences hover around 0.3 ◦C, with a slightly decreasing trend, and become more evident
from 07:00 a.m. onwards. Indeed, the differences gradually increase from 0.3 ◦C, reaching
1.0 ◦C at 11:00 a.m. (until 04:00 p.m.); the benefits are maximized at 06:00 p.m. when the
mitigated scenario is 1.3 ◦C cooler than the baseline and settles at 0.9 ◦C at 11:00 p.m. Also,
in this case, the green walls scenario has lower temperatures than Scenario 0, with larger
benefits compared to the previous analysis.
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Scenario 3 (cool roofs) shows negative differences compared to Scenario 0 (between
−0.3 ◦C and −0.1 ◦C) from 12:00 a.m. and 07:00 a.m., as shown in Figure 13. During
the last day, differences between 0.1 ◦C and 0.4 ◦C are registered between 08:00 a.m. and
11:00 a.m., with an increase of 0.1 ◦C every hour; then, the differences settle at 0.2 ◦C until
05:00 p.m. During the evening, these differences peak at 0.5 ◦C at 07:00 p.m. and then
drop to 0.1 ◦C at 11:00 p.m. Although to a lesser extent than the other mitigation scenarios,
the implementation of cool roofs also records temperatures that are overall lower than
Scenario 0.
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Figure 13. Hourly air temperature and differences between Scenario 0 and Scenario 3.

Scenario 4 (cool walls) shows a temperature trend very similar to Scenario 3 (Figure 14).
Focusing on the 23rd of July, negative differences are registered from 12:00 a.m. and
07:00 a.m. (around −0.3 ◦C) while the mitigated scenario shows its benefits from 08:00 a.m.
to 11:00 a.m. (differences between 0.1 ◦C and 0.3 ◦C), with an increase of 0.1 ◦C every hour.
Then, the differences settle at 0.2 ◦C until 05:00 p.m., reach 0.5 ◦C at 07:00 p.m., and drop
to 0.1 ◦C at 11:00 p.m. As for the other scenarios, temperatures for Scenario 4 are overall
lower than Scenario 0.
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Figure 14. Hourly air temperature and differences between Scenario 0 and Scenario 4.

In general, as the stability of the model and the temperature of the scenarios increases,
from the 21st to 23rd of July, the positive effects of the mitigation technologies grow, except
for Scenario 3 and Scenario 4, where the three days show very similar trends. Following
these analyses and looking at the average daily air temperatures (Table 6), Scenario 2 (green
walls) has the greatest daily air temperature mitigation effects with a difference—compared
to Scenario 0—of 0.8 ◦C on July 23. It is followed by Scenario 1 (green roofs), with a
maximum daily difference of 0.5 ◦C, and Scenario 3 (cool roofs) and 4 (cool walls) with a
maximum daily difference of 0.2 ◦C.
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Table 6. Daily average and differences in air temperature for scenarios 0, 1, 2, 3, and 4.

Day
Air Temperature [◦C]

Scenario 0 Scenario 1 Scenario 2 Scenario 3 Scenario 4 0–1 0–2 0–3 0–4

21-Jul 27.6 27.5
(−0.4%)

27.4
(−0.7%)

27.5
(−0.4%)

27.5
(−0.4%) 0.1 0.2 0.1 0.1

22-Jul 28.5 28.2
(−1.1%)

27.9
(−2.1%)

28.4
(−0.4%)

28.4
(−0.4%) 0.4 0.6 0.2 0.2

23-Jul 29.1 28.6
(−1.7%)

28.3
(−2.7%)

29.0
(−0.3%)

29.0
(−0.3%) 0.5 0.8 0.2 0.2

4. Building Energy Analysis: Results

Since the analysis was carried out in the summer, only the energy consumption for
cooling was considered. The energy data were analyzed as hourly, daily, and global
consumption differences over the three days, by averaging the consumption, which was
calculated firstly by exposure and then by considering all the thermal zones. Negative
differences indicate that Scenario 0 has lower energy consumption than in the mitigation
scenario; conversely, positive differences indicate that Scenario 0 shows higher energy
consumption than the mitigation scenario.

4.1. North

Considering the northern exposure, the daily average of the difference in consumption
(Figure 15a) shows that on the 23rd of July, Scenario 3 offers the highest savings (4.6%),
and very similar values are registered for the cool walls modeled in Scenario 4 (4.5%). On
the contrary, Scenario 2 essentially registers negligible differences when compared to the
baseline while Scenario 1 shows an intermediate behavior (2.3%).
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Comparing hourly differences for the same exposure (Figure 15b) on the 23rd of July,
the consumption of Scenario 0 is similar to Scenario 1, until the middle of the day. In the
second half of the day, Scenario 1 records consumptions between 1.0% and 4.0% lower than
Scenario 0. Instead, comparing Scenario 0 with Scenario 2, except for a few hours at the
beginning of the day, Scenario 2 shows higher consumption: the differences between the
two range between −2.0% and 0%. The comparison between Scenario 0 and scenarios 3
and 4 leads to completely different results. In general, the two mitigation scenarios show
lower consumption than Scenario 0 during the whole day, with differences varying from
4.0% to 6.0% for Scenario 3 and from 4.0% to 5.0% for Scenario 4.

4.2. Northeast

Considering the northeastern exposure, the daily average difference in consumption
(Figure 16a) shows a trend similar to the previous exposure. On the last day of the simula-
tion, Scenario 1 allows us to reduce the energy consumption by nearly 3% while negligible
differences (−0.16%) are recorded for Scenario 2. On the contrary, scenarios 3 and 4 show
similar trends highlighting more noticeable benefits, thus reducing the consumption by
nearly 4.5% and 5.5%, respectively, compared to the baseline.
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Figure 16. (a) Daily average percentage differences and (b) hourly percentage differences in cooling
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higher cooling energy consumption compared to S0).

Considering the hourly averages (Figure 16b), during the first half of the 23rd of July,
the highest consumption is recorded in Scenario 2, which registers differences between
−4% and 0%, while in the second part of the day, benefits up to 1.5% are recorded. A
similar rising trend characterizes Scenario 1, where the differences fluctuate between 0%
(beginning of the day) and 4% in the second part of the day. Instead, for this exposure,
Scenario 4 is the one with the lowest consumption, with differences that fluctuate between
4.0% and 7.0%, whereas for Scenario 3, differences range from 4.0% to 6.0%.
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4.3. Northwest

Moving to the northwestern exposure, the daily differences (Figure 17a) on the 23rd
of July range between 2% (Scenario 2) and 6% (Scenario 4) with intermediate differences
recorded for Scenario 3 (4%) and Scenario 1 (2.5%). Therefore, all the analyzed technologies
reduce energy consumption compared to the baseline.
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Figure 17. (a) Daily average percentage differences and (b) hourly percentage differences in cooling
energy consumption for northwestern exposure (all scenarios performed better than S0).

Considering the hourly differences (Figure 17b), on the 23rd of July, all the scenarios
show a positive difference throughout the whole day. Nevertheless, while scenarios 1
and 2 show a rising trend—ranging nearly between 0% and 4%—Scenarios 3 and 4 are
characterized by higher and steadier benefits. Specifically, Scenario 3 shows differences
ranging between 3.0% and 5.0%. For Scenario 4, consumption savings range from 5.0% to
7.0% in the first part of the day and from 4% and 8% in the second part of the day, peaking
over 8.0% from 08:00 p.m. to 10:00 p.m.

4.4. South

Considering the daily average differences in consumption (Figure 18a) for the southern
exposure, all the technologies considered shows beneficial effects compared to the baseline.
The highest benefits (5%) are recorded in Scenario 4, followed by Scenario 3 (4.5%), Scenario
1 (2.2%), and Scenario 2 (1.0%). Concerning the hourly differences (Figure 18b) during
the last simulated day, Scenario 1 shows consumption lower than Scenario 0, between
0% and 4.0%. The consumptions related to Scenario 2 are steady—around 2% lower than
baseline—during the whole day except for the first hours (10:00 a.m.–12:00 p.m.) when
the consumptions are higher in the mitigated scenario. On the contrary, Scenario 3 and
Scenario 4 exhibit similar differences compared to Scenario 0, ranging from 4.0% during
the earlier hours of the day, up to 6.0% in the afternoon; however, overall, the cool walls
(Scenario 4) perform better than the cool roofs (Scenario 3) for the southern exposure.
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4.5. Southeast

Looking at the daily differences in consumption (Figure 19a), all the considered
technologies improve the building energy performance. The lowest benefits are related to
Scenario 2 (0.5%) while the differences are gradually higher for Scenario 1 (2.8%), Scenario
3 (4%), and Scenario 4 (5.5%).

Results similar to the previous exposure are obtained in hourly percentage differences for
southeast-facing zones (Figure 19b). Scenario 1 exhibits more marked differences—compared
to the previous exposure—saving over 4.0% on the 23rd of July. On the contrary, Scenario
0’s consumption is lower than that of Scenario 2 during the first three hours; however,
in the following hours, the savings deriving from applying the green facades are quite
evident when the differences peak at 2.0% (at 07:00 p.m.) on the last day. Scenario 4 records
a significant cooling saving compared to Scenario 0, reaching over 6.0% in the afternoon.
Positive results are also registered for Scenario 3, with differences that range between 2.5%
and 6.0% on the 23rd of July.
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Figure 19. (a) Daily average percentage differences and (b) hourly percentage differences in cooling
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4.6. Southwest

With reference to scenarios 1 and 2, the daily average differences in consumption
(Figure 20a) highlight good behavior (2.5% lower than the baseline) for both green roofs
and walls (July 23). The benefits are higher for the cool technologies, as the cool roofs
(Scenario 3) save 4% compared to the baseline, while the cool walls (Scenario 4) reach
nearly 6.5%.
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Figure 20. (a) Daily average percentage differences and (b) hourly percentage differences in cooling
energy consumption for southwestern exposure (all scenarios perform better than S0, particularly S4).

Moving to the hourly differences (Figure 20b), all the technologies register a rising
trend in the first hours of the day (July 23) and a more stable trend during the afternoon
except for Scenario 4, which is more fluctuating. Scenarios 1 and 2 show similar trends
ranging between 0—during the first hours—and nearly 4%, during the afternoon and
evening, respectively. Scenario 3 still shows a slight variation, but it is limited to the 3–5%
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range. The highest benefits are registered for the Scenario 4, which ranges between 5% and
8% during the during the day, reaching its maximum at 10:00 p.m.

4.7. Overall Results

To sum up the energy analyses conducted, Figure 21a shows the total consumption
of every scenario represented as the sum of consumptions of all the exposures for each
day, while Figure 21b shows the daily averages of the differences between each scenario
and the baseline (Scenario 0). According to these results, Scenario 0 exhibits the highest
consumption (0.23 kWh/m2), while Scenario 4 exhibits the lowest one, reaching daily
differences larger than 5.0% on the 23rd of July (0.22 kWh/m2). On the same day, Scenario
3 shows an energy-saving rate of 4.0% (0.22 kWh/m2) and Scenario 1 saves up to 2.2%.
Instead, the lowest differences are related to Scenario 2, whose benefits are limited to 0.7%
(0.23 kWh/m2).
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Figure 21. (a) Daily cooling energy consumption and (b) daily percentage differences in cooling energy
consumption of all scenarios (S2 shows similar cooling energy consumption as in S0; S4 performs
best, followed by S3 and S1).

5. Discussion

The above-described outcomes highlight how the urban heat island effect and the
local climate change result in a significant impact on both outdoor thermal comfort and
buildings’ energy consumption, respectively, discussed in the following subsections. It is
worth noting that these are the key topics of this study; nevertheless, further specific aspects
should be considered when an actual mitigation strategy is developed. For example, the
economic and technical feasibility of each strategy could have a significant impact on the
cost–benefit assessments. For example, on the one hand, green walls/roofs can be much
more expensive than cool walls/roofs and can be harder to be implemented into existing
walls. With this regard, a dedicated study conducted across the main Australian cities [64]
found that—depending on the location considered—green walls can be implemented
only on 3% or 34% of the considered existing envelopes. On the other hand, the overall
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evaluation can be changed when ecological, real estate, and social benefits are included
in the assessment [65]. This brief example underlines how considering all the direct and
indirect benefits of these strategies can be extremely complex; it is a further step in the
comparison of mitigation strategies which could start from the results of this study for
future works, as was better described in Section 6.

5.1. Urban Heat Island Effect

Based on the conducted analyses, the air and surface temperature results of the baseline
scenario are worthy of consideration. As previously demonstrated [22], the more detailed
analysis carried out in this study confirm that one of the major causes of greater urban heat
island intensity in Corso Cavour may be its geometric configuration. Outdoor comfort
in the canyon is mainly affected by exposure to solar radiation and, accordingly, street
orientation and the height/width ratio have a considerable effect [66]. The presence of tall
buildings and narrow streets in the considered area creates urban canyons that, with the low
sky view factor and limited surface emissivity, seem to favor heat accumulation because of
the numerous urban-related obstacles. During the day, depending on the sun’s position,
the presence of buildings may ensure shading and lower temperatures in some limited
areas; nevertheless, when the solar radiation reaches the canyon surfaces, the radiation is
absorbed and thus retained, increasing the temperatures. The simulation also demonstrated
that the UHI configuration is affected by the wind’s direction and speed, whose path is
influenced by the buildings, reducing the convection-driven heat dissipation. Moreover,
urban materials influence solar absorption and reflection; indeed, the area of Corso Cavour
mainly consists of asphalt and concrete, materials with low solar reflectance indexes. Hence,
most of the solar radiation is absorbed, contributing to the rise in temperatures (TAir > 32 ◦C
and TSurface > 55.0 ◦C on streets at 12:00 p.m.). This assumption is confirmed by the high
temperatures recorded at night when urban canyons slow down the cooling because the
urban fabric of buildings prevent heat release. Furthermore, on the one hand, Corso Cavour
is a densely populated and busy area, and the high contribution of the anthropogenic heat
can worsen the UHI effect. On the other hand, the vegetation is poorly present in this area,
limiting the beneficial contributions of direct shading and evapotranspiration. Indeed, at
12:00 p.m., the few areas directly shaded by trees recorded surface temperatures lower than
the surrounding areas, being up to 10 ◦C cooler.

Once the starting point and the initial microclimatic conditions of Scenario 0 are
defined, further considerations on the tested mitigation technologies can be conducted.
As expected, the baseline exhibits the highest air temperatures while implementing green
walls, which seems to be the most efficient strategy for UHI mitigation, followed by green
roofs, cool roofs, and cool walls. Indeed, based on the obtained results, all the mitigation
strategies adopted in this study are beneficial and mitigate temperatures even if some prove
to be more effective than others.

The analyses conducted show that the implementation of green roofs can decrease the
air temperature by up to 0.5 ◦C in the considered period while the benefits on the surface
temperature are limited because the green roofs are realized at a different height compared
to the analysis grid (located at 1.5 m above the ground). On the contrary, adopting green
walls can reduce both the air temperature (differences up to 1.3 ◦C compared to the baseline
model) and the surface temperature (up to 1 ◦C) mainly for the secondary roads where the
green walls are closer to the analysis grid.

Comparing the effectiveness of these two types of green envelopes (Scenario 1 and
Scenario 2), green roofs provide overall benefits; nevertheless, their effect is maximized
close to the roofs, which are far from the analysis grid in a high-rise area. On the contrary,
green walls perform better within the canyon as they reduce surface temperatures that
play an important role in the definition of the canyon’s microclimate. The combination of
the decrease in surface and air temperature offered by green walls leads to better outdoor
thermal comfort conditions. From a thermal point of view, green roofs can affect the overall
urban air temperature, although they only slightly improve the pedestrian thermal comfort
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due to their lower impact within the urban canyon. Furthermore, as demonstrated by
Alexandri E. and Jones P. [33], the wider the canyon, the weaker is the effect of green roofs
and green walls on temperature decrease. This theoretical concept has also been confirmed
in our study, where the mitigation effect is generally greater along secondary roads than
along the main street (Corso Cavour). In wider canyons, temperatures are dominated by
the larger street surface and their greater exposure to direct solar radiation, while narrow
canyons are primarily affected by solar reflection on walls and the shading effect; for this
reason, the green walls allow for better performances. It was also demonstrated [67] that
in cities with regular building block arrays, like Corso Cavour, if the greenery is parallel
to the wind path, the effects of temperature reduction are greater. In fact, for the green
wall strategy (Scenario 2), the roads in the East–West direction—the same direction of the
summer prevailing winds—show more beneficial mitigation effects.

Adopting cool materials on roofs (Scenario 3) and walls (Scenario 4) shows almost the
same temperature trend. Regarding the air temperature, the hourly and daily temperature
averages of the two mitigation scenarios are almost identical, showing the same differences
compared to the baseline. The highest benefits considering air temperatures are shown in
the late evening: in the hottest hours, air temperatures show almost constant differences of
0.2–0.4 ◦C, which increase up to 0.5 ◦C in the evening hours. On the contrary, the differences
are negative in the early hours of the day (between −0.3 ◦C and −0.1 ◦C). A similar effect is
also observed for surface temperatures: the temperature variations are very similar between
Scenario 3 and Scenario 4, although cool walls generally show slightly lower temperatures
along secondary roads. Thus, according to the simulation results, cool walls and roofs with
an albedo value of 0.69 show similar temperature reductions. Moreover, the reduction in
air temperatures in cool envelope scenarios is less impactful than green envelope strategies;
however, as demonstrated in several studies [40,42], the insertion of cool materials inside
cities still brings benefits.

5.2. Implications on the Building Energy Consumption

With reference to the energy consumption analyses, the baseline (Scenario 0) is still
the most disadvantaged scenario, while cool walls (Scenario 4) and cool roofs (Scenario 3)
are the most energy-efficient mitigation strategies, followed by green roofs (Scenario 1) and
green walls (Scenario 2). However, all the scenarios show positive results, and it is worth
noting that the energy scenarios are linked to the respective mitigation scenarios. Indeed,
the results obtained are derived from the combination of changes in the urban microclimate
and mitigation technologies on buildings. Therefore, apart from Scenario 0, the climate
files adopted are characterized by lower outdoor temperatures, resulting from the UHI
mitigation effects of the different technologies applied at urban scale.

Regardless of the scenario considered, the results show that the highest consumptions
are referred to the southwest thermal zones, while the lowest are recorded in the northern
ones. This trend can be easily explained considering that the simulations were conducted
during the summer period and that the southwest exposure is the most exposed to solar
radiation during the hottest hours of the day while the northern ones are not exposed to
direct solar radiation.

The cooling system starts operating from 10:00 a.m., and between 10:00 a.m. and
11:00 a.m. there is an initial peak of energy demand in all zones due to the heat stored
during the previous hours when the system is off. Such consumption decreases in the
following two hours and rises between 7:00 p.m. and 8:00 p.m. This generally occurs for all
the three days simulated; according to the air temperature data collected, in these hours,
the increase in cooling demand coincides with an increase in the outdoor air temperature.

Many studies [68,69] have underlined the effectiveness of using green walls in mit-
igating the UHI effect and reducing cooling consumption. In this study, the data show
that the southwestern thermal zones are those that mostly benefit from the application of
green walls, with a saving rate of up to 2.5%, while northern and northeastern thermal zone
consumptions worsen compared to Scenario 0. This could be due to the lower incident
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solar radiation which reduces the evapotranspiration mechanism of the plant mantle [33];
this the reason why this type of technology is usually applied on south-facing facades. The
lack of this contribution, combined with a green wall albedo value (0.2) lower than the
one adopted in the baseline (0.5), leads to average differences in energy consumption of
−0.16% both in the northeast thermal zones. The results of the total sum of consumption
for building cooling show that Scenario 2 is the most penalized, with a reduction in total
consumption limited to only 1.7%.

A study by Zinzi and Agnoli [70] demonstrated that cool and green roofs are very
effective for cooling and energy-saving. Nevertheless, cool roofs are more effective than
green roofs for southern Mediterranean areas because—relying on rainfall—during the dry
Mediterranean hot season, the green roofs are not wet enough to guarantee good cooling
performances. The results obtained in our analyses confirm this trend as, compared to
Scenario 0, the green roofs show a total reduction of 2.3% for cooling consumption against
almost the 4.0% registered in the cool roofs scenario.

Moving to the last mitigation strategy, the results showed that from an energy point
of view, the adoption of cool walls brings the greatest benefits. Overall, during the last
simulated day, the energy-savings related to the cool walls were higher than 5.3% compared
to the baseline scenario followed by cool roofs (4%), green roofs (nearly 2.3%), and green
walls (0.7%).

6. Conclusions

Urban climate simulations and dynamic energy analyses of a residential building
have contributed to defining UHI mitigation and energy-saving potential by adopting
innovative envelope technologies. Firstly, the results show that both the urban microclimate
and the building consumption are affected by the mitigation strategies considered even in
a small urban area. From a microclimate point of view, the use of green façades proved
to be the most effective in reducing air temperatures in the urban canyons while green
roofs, cool roofs, and cool walls progressively showed lower efficacies. Instead, from a
building perspective, the best performances were recorded for the cool walls scenario,
while cool roofs, green roofs, and green walls progressively reduced the energy-saving
benefits. It is worth noting that the most effective strategy from an urban point of view
(green walls) is the worst from a building perspective and, vice versa, the highest energy
savings (cool walls) correspond to the lowest urban microclimate benefits. Similarly, the
intermediate strategies also show a reversed behavior. This trend highlights the importance
of assessing both microclimate and building behavior to find the best trade off according to
the specific case study. Future studies could be focused on this topic by conducting a multi-
objective optimization to find a set of optimal solutions to improve both urban microclimate
and building consumptions; nevertheless, the main issue would probably be the high
computational demand related to the urban microclimate simulations in the optimization
loop. Furthermore, this paper has evaluated the benefits of UHI mitigation strategies in
terms of outdoor thermal comfort and building energy consumption; nevertheless, when
no cooling systems are implemented, the effects of the mitigation strategies on the indoor
thermal comfort can play a pivotal role for the users’ comfort. This topic is particularly
interesting for several vulnerable groups of the population that are strongly affected by the
mitigation strategies; therefore, this topic deserves further investigations in future studies.

Finally, it is worth highlighting the limitations of this study to properly interpret the
results and to allow for consistent future further studies. In particular, from a modeling
point of view, the use of a commercial software (ENVI-met) reduces the replicability of these
analyses; nevertheless, the wide application of this tool allows for a good comparability of
the results with other studies. Furthermore, this study is mainly focused on the thermal and
energy benefits of the mitigation strategies while their social, economic, and technological
feasibility are out of the scope of this work. Undoubtedly, this topic can be the starting point
for a subsequent study which considers the capital cost and maintenance requirement of
each analyzed technology comparing them with the results of this paper during the whole
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building life cycle to quantify their economic feasibility. Moreover, the technical feasibility
can also be considered to account exactly the type and number of existing buildings and
areas which can be equipped with the mitigation technologies analyzed. Finally, the social
benefits and the real estate value can also be considered in an overall assessment of the
benefits related to each strategy. Hence, technical, social, and economic insights would all
provide a feasibility study complementary to this paper.

In conclusion, a combined analysis involving microclimate modeling and energy
simulations allowed us to assess the simultaneous benefits of mitigation technologies from
both urban and building perspectives. Despite the impossibility of modeling the entire city
and the limited simulation period considered, the results could help to obtain a screening
of the mitigation technologies to be adopted in a Mediterranean area to select the ones to
be implemented and tested.
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