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Abstract: This study examined the atmospheric urban heat island (UHI) phenomenon within the city
of Rome (Italy) and its effects on building energy demand. Weather data from 2020 and 2022 collected
from six meteorological stations were considered. A Geographic Information System (GIS) was used
to analyze the landscape, correlating the percentage of impermeable surfaces with UHI intensity
values in each area. Dynamic simulations were conducted using different climatic data to estimate
the heating and cooling energy demands for two representative residential buildings. The findings
revealed significant differences in the climatic conditions between urban and rural areas, primarily
due to temperature increases. The UHI intensities reached maximum values of 4.67 °C and 3.54 °C in
2020 and 2022. In urban areas, the UHI has positive effects on the heating energy demand but results
in a significant increase in energy demand for cooling. Considering a building type constructed
between 1900 and 1950, a variation of up to 33.03% in the heating energy demand in urban areas
compared to rural areas was calculated, along with a variation of up to 81% for cooling. In contrast,
considering a more recent building type constructed between 1991 and 2005, the corresponding
values reached up to 36.47% and 75.7%.

Keywords: building energy needs; climate data; geographic information system; overheating;
TRNSYS simulation; urban heat island

1. Introduction

It is well known that anthropogenic greenhouse gas (GHG) emissions into the atmo-
sphere have continued to rise since 1950, resulting in a global average temperature increase
of more than 1 °C by 2019 [1].

The combined effects of demographic growth and the continued expansion of urban
areas have been identified as key factors in accelerating climate change.

Urbanization is continuously increasing; in fact, it is expected that by 2050, more than
two-thirds of the world’s population will live in urban areas [2]. Currently, cities consume
over 65% of global energy and generate over 70% of global CO, emissions [3]. The building
sector is responsible for about 30% of the global energy consumption and about 27% of
the total energy sector’s CO, emissions [4]. In order to reduce the environmental impact
of the building sector, it is necessary to promote the construction of new energy-efficient
buildings and invest in the energy requalification of the built heritage.

In urban areas, a microclimatic phenomenon often occurs: the so-called urban heat is-
land (UHI). This leads to local overheating. It is worthy to distinguish between surface [5,6]
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and atmospheric [7-9] heat islands because the temperatures are different at the surface
of the earth and in the atmospheric air, and they are higher above the city. When the phe-
nomenon is monitored with remote sensing data, it is possible to identify the surface urban
heat island, since the parameter studied is not the air temperature but the temperature of
the earth’s surface.

Considering the atmospheric UHI, an increase of up to 4-5 °C in the temperature
compared to rural areas was highlighted in the literature. The increase in temperature is
related to the high density of buildings, roads, and urban infrastructures, the absence of
green areas, the use of building materials with a high capacity to accumulate heat, and the
sizes of buildings [10].

At the same time, a greater number of heat-producing activities are concentrated in
urban centers, such as traffic emissions, industries, and the heating and cooling systems of
buildings. Once the causes have been defined, it is evident that the greater the extension of
the urban area, the greater the risk of intensifying the heat island effect, with a temperature
difference compared to rural areas that cannot be neglected [11]. The UHI effect was found
to be more noticeable in extremely urbanized areas, highlighting, in some cases, the increase
in the UHI coverage from 3.35% in 2005 to 8.56% in 2015, and in other ones, a mean land
surface temperature difference equal to 0.75 °C from 2002 to 2014 [12,13]. Different studies
have investigated how the shift from a rural to an urban land use configuration can result
in an increase in the air temperature, which is an effect that is closely associated with the
UHI phenomenon [14-16]. Even if there are several findings in the literature on this issue,
the relationship among the UHI effect, land coverage, and land use in Italian cities still
needs to be clarified, requiring further estimations and analysis under a quantitative point
of view.

Several scientific works in the literature assessed the environmental conditions in
Rome. The impact of heat waves in Rome was investigated by Zinzi et al. [17], analyzing
climate data related to three districts, from 2015 to 2017. The authors found a UHI index
increase of up to 1.5 °C, and found a correlated cooling energy consumption increase of
87%. Analyzing three years’ data from 2015 to 2017, Zinzi et al. [18] observed that the
atmospheric heat island in Rome is more severe in the summer (intensity of 1 °C) than in
the winter (intensity of 0.7 °C). A parametrization of Rome’s morphology was conducted
by Morini et al. [19], highlighting that an increase in terms of an albedo can reduce the air
temperature by up to 4 °C. Rome is placed about 25 km from the Tyrrhenian coast, and
some investigations analyzed the correlation between the sea breeze and the urban texture
of the city as they influence the atmospheric heat island [7,20-22]. Numerous studies in the
literature focus on the UHI’s impacts on the climatic conditions in Rome and the positive
effects of the applied mitigation strategies in terms of the air temperature value reduction
in localized zones and outdoor thermal comfort conditions [5,18,23].

The assessment of the intensity of the UHI phenomenon within urban areas is closely
tied to the selection of the reference meteorological station. Martin et al. [24] provided a
comprehensive definition of the necessary requirements that an area must satisfy in order
to be categorized as a reference rural zone. Specifically, this area should be characterized
by a low percentage of hard-covered surfaces (less than 10%) and be located within or in
close proximity to the urban environment. Consequently, in order to properly assess the
heat island phenomenon, weather stations installed in areas that are correctly defined as
“rural” are needed.

In this context, the correct UHI identification matches the climate data availability
issue, which, in turn, can be related to the building energy simulation topic. By combining
monitoring data together with a numerical analysis, several authors studied different UHI
mitigation strategies in Rome [25-28]. The effect of the UHI phenomenon on buildings’
energy performances in a densely built city can be significant [29]. It is evident how accurate
simulation models are fundamental to perform these kinds of studies.

The energy efficiency of the building stocks and the requalification strategies to be ap-
plied are very critical issues that have to be considered and carefully chosen. Consequently,
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the employment of dynamic simulation tools for building and urban energy modeling
requires suitable environmental data. Usually, dynamic software applies climate data
from their library to run a building energy model, the so-called Typical Meteorological
Year (TMY). Employing these datasets can reproduce geographic positions and climatic
conditions for every hour in a year, considering data covering a long time period [30-32].
The selected data must be accurate to best represent the actual climatic conditions of the
area in which the simulated building is located. Therefore, to assess the effects of climate
change on buildings’ energy efficiency and their energy consumption, depending on the
urban density of the area in which they are built, updated and precise meteorological data
from weather stations located within the city are needed.

Battista et al. [33] conducted a comprehensive experimental investigation of the atmo-
spheric UHI phenomenon within the urban environment of Rome, employing data collected
from a network of 23 meteorological stations. The findings obtained from this study re-
vealed that the temperature increase related to the heat island phenomenon within the city
shows a variability in space and time. Specifically, the northeastern side of the city experi-
ences more critical climatic conditions that are associated with the UHI effect. However, in
accordance with the definition of the reference rural area proposed by Martin et al. [24], it
is worthy to observe that in [33], the characteristics of the areas where the Fiumicino (FCO)
and Ciampino (CIA) airport stations are situated do not meet the necessary requirements.
The FCO station is located in an area that is far from Rome, which may result in a different
climatic domain compared to that of the city. On the other hand, the CIA station exhibits an
excessively high percentage of hard covered surfaces. Therefore, considering the climatic
conditions recorded at the airports may lead to errors in estimating the energy demands of
buildings within the city.

This research is a preliminary follow-up of the study described in [33]. Here, climatic
data (in terms of air temperature, relative humidity, and wind speed) obtained from the
weather stations located in the two Roman airports (Fiumicino and Ciampino) and those
recorded in different neighborhoods of Rome were acquired during 2020 and 2022, and
they were analyzed and compared. Finally, a building model was created by means of the
dynamic software, TRNSYS 16 [31], to evaluate and compare the atmospheric UHI intensity
in these two years and its effect on the energy performance in terms of the energy needs for
heating and cooling. In this work, a step forward was made in terms of selecting the rural
reference weather station, using one installed in a green neighborhood of the city, which
was able to better satisfy the definition proposed in the literature.

2. Aim and Scope

As already mentioned, this work is a preliminary follow-up of the investigation
described in [33], where only 2020 climate data were analyzed, which was the time of the
COVID-19 lockdown. In accordance with the Institute for Environmental Protection and
Research (ISPRA) [34], 2020 was one of the hottest years in Italy since 1961, with an average
anomaly of +1.54 °C relative to the climatic reference value of the 1961-1990 period [34].

According to a recent analysis conducted by the Institute of Atmospheric Sciences and
Climate of the Italian National Research Council (ISAC-CNR), 2020 was surpassed by 2022
in terms of recorded temperatures. The year of 2022 was the hottest year in Italy since 1800,
with an average temperature of 14.95 °C, which is 1.15 °C higher than the average for the
period between 1991 and 2020 [35].

Starting from this, here, the atmospheric UHI in Rome was assessed through an
updated analysis based on environmental data logged within the metropolitan area during
2020 and 2022, that is, the time of the COVID-19 lockdown and a normal year. The aim of
this research activity is to provide revised analyses of the climatic conditions in Rome both
in space and time, with constant investigations, proposing an observation of the heat island
from two points of view:

e  The climatic point of view, which is based on the evaluation of the diurnal and
nocturnal heat island intensities in function of the reference station. However, it
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is worthy to observe that the specific choice of the reference rural weather station
influences the estimation of the strength of the heat island. The so-called rural station
should be placed outside of the constructed urban space. Nonetheless, the urban
continuum frequently lacks clear boundaries. Most cities do not border on rural
spaces, but rather on peri-urban spaces. Therefore, different choices can affect UHI
intensity evaluations, leading to different results in both directions (severe or modest
heat island intensities).

e The second one is the building energy point of view. It is well known that the UHI
affects the climatic conditions within a city. On the other hand, buildings’ energy
simulations are often performed using the Typical Meteorological Year (TMY), which
comprises statistically processed climatic data related to specific geographic locations,
whose data come from airport monitoring. On the other hand, if calibrated energy
models are required, it is necessary to rely on updated weather data acquired in the
desired time windows and registered in meteorological stations near the building that
is considered as the case of study. The use of weather data registered outside of the
city (commonly airport sites) can lead to the effect of the UHI phenomenon on the
energy performance of the building being neglected, and can consequently lead to an
incorrect estimation of the energy needs for heating and cooling. This issue could be
stressed when the different neighborhoods of cities are characterized by quite different
environmental conditions.

3. Materials and Methods

The aim of this work is to investigate the UHI phenomenon evolution over space and
time within the city of Rome (Italy), while also providing evidence of its effects on the
energy performances of buildings in terms of their heating and cooling demands. Climatic
data logged within and near Rome in 2020 and 2022 were analyzed in order to assess the
evolution of the atmospheric UHI phenomenon over space and time within the city. In
particular, the weather data analyzed in this research were measured by meteorological
stations located within the city and by two meteorological stations installed in the airports
of Ciampino and Fiumicino, respectively. The UHI phenomenon also has implications
in terms of the energy performances of buildings. Often, airport data are used in energy
simulations in order to investigate the energy performances of buildings. However, airports
can be located outside of the urban context, providing data that may not consider the
UHI phenomenon.

3.1. Methodology

As mentioned before, this research is a follow-up of the study described in [33], where
the highest urban heat island intensity (UHII) values were identified in the northeastern
side of the city. Starting from this, considering the availability of updated climate data, here,
four Weather Stations (WSs) selected within the ones available in that area were employed.
Figure 1 shows their positions and the locations of the two airports. Different colors and
marker shapes were used to distinguish urban and airport weather stations. Yellow square
markers were used for airports, and circle orange markers were used for urban stations. It is
worthy to observe that the urban station, WS1, in Figure 1 is characterized by a circle marker
with a yellow-orange tint. This graphic solution has been used to specify that the urban
station is in a rather green area of the city, in a context that could be defined as rural (or
semi-rural), and this urban station was also used as a reference to evaluate the UHI intensity.
For the sake of clarity, the UHI intensity can be evaluated as the difference between air
temperatures measured in an urban context and air temperatures measured in a rural
zone. Consequently, the intensity of the UHI is expressed in the temperature difference at a
given time between the hottest area of a city and the non-urban space surrounding it. The
information on the geographical positions of the selected meteorological stations is listed
in Table 1.
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Figure 1. Locations of the weather stations.

Table 1. Districts, acronyms, and coordinates of the weather stations.

District Acronym Coordinates
Fiumicino FCO 41°47'53.66"" N, 12°14/22.36" E
Ciampino CIA 41°48/29.49"" N, 12°35'5.82" E

Roma—Tor Carbone WS1 41°49'46.6"" N, 12°32/28.3" E
Roma—Vigna Clara WS2 41°56'39.6"" N, 12°27'39.0" E
Roma—San Pietro WS3 41°54'13.7"" N, 12°26/38.0" E
Roma—Trieste WS4 41°55/29.9" N, 12°30'49.7"" E

The methodological approach of this work is characterized by the following main steps:

1.  Weather data recording and GIS analysis: Climatic data (recorded in 2020 and 2022)
in terms of air temperature, wind speed, and relative humidity were acquired for
the selected points, and a GIS analysis was performed. The analysis was conducted
using QGIS 3.28, an open-source GIS application that allows one to visualize, organize,
analyze, and represent spatial data. A circular area centered around the meteorological
station, with a diameter equal to 2.8 km, was defined, and the land use map of the
Urban Atlas 2018 [36], provided by the Earth observation program of the European
Union Copernicus [37], was considered. In this way, it was possible to identify the
surfaces that correspond to buildings, or those that are covered by water, greenery,
and roads or other hard surfaces (e.g., sidewalks and squares).

2. Weather data analysis: By examining the air temperature, wind speed, and relative
humidity values, it was possible to characterize the climatic conditions in the selected
areas during the considered periods. Consequently, a comparison was made between
the results for the two years.

3. UHI assessment and reference station issue: FCO and CIA climatic data were prelim-
inarily used as references to compute the UHI intensity (UHII). As mentioned before,
airport data were used to evaluate the UHI impact on heating and cooling energy
demands of buildings. The UHIIs were calculated by processing the monthly average
maximum and minimum air temperatures during the day and night. The UHII values
during the day and night were calculated as follows [33]:

UHHday = Tmax,UA - Tmax,RA (1)

UHIIpight = Tmin,uA — TminRA 2)

where the maximum and minimum monthly values are represented with the max
and min subscripts, respectively, while the urban areas” data and rural areas’ data are
represented with UA and RA. Finally, the urban station, WS1, positioned in a rather
green area of the city, in a context that could be defined as rural (or semi-rural), was
also used as a reference station to evaluate the UHIL
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4. Building energy simulations: The meteorological data acquired from the weather
stations in Rome, CIA, and FCO, were used as thermal boundary conditions for the
simulations of the annual energy needs for the heating and cooling of two typical
buildings using TRNSYS [31]. Simulations were carried out considering two separate
Italian residential buildings with 72 m? floor area. The first building is characterized
by a typical stratigraphy covering the construction period of 1900-1950 (named in the
following as B1), with bricks plastered on both sides [38] (thermal conductivities of
bricks and plaster equal to 0.770 W/mK and 0.700 W/mK, respectively). The second
one is characterized by a typical stratigraphy for the construction period of 1991-2005
(named in the following as B2), with walls made of concrete (thermal conductivity of
1.900 W/mK) with a thickness of 0.30 m, thermally insulated with 0.06 m extruded
polystyrene panels (thermal conductivity of 0.045 W/mK) and plastered on both
sides (thermal conductivity of plaster equal to 0.700 W/mK). Table 2 lists the main
characteristics of the two buildings modeled with TRNSYS, according to previous
works [11,33].

Table 2. Main characteristics of the two building models.

Building 1 (B1) Building 2 (B2)
Construction period 1900-1950 1991-2005
Building shape Cubic—;haPed structure with Cubic—shaped structure with
orizontal roof horizontal roof
Wall thermal resistance 0.810 m2K/W 1.496 m?K/W
Solar absorption coefficient of external walls 0.6 0.6
Windows’ thermal transmittance 5.60 W/m2K 5.60 W/m2K
Infiltration rate 051/h 051/h
Internal sensible and latent heat loads 65 W and 55 W 65 W and 55 W
Internal heat gains 140 W 140 W
Indoor set point temperatures 20 °C (winter) and 26 °C (summer) 20 °C (winter) and 26 °C (summer)

The selection of these two building types is related to the regulatory framework
connected with the energy efficiency that began in Italy in 1976. Italy introduced the first
energy efficiency regulation with Law n.373 of 1976 [39], specifying minimum requirements
for the thermal insulation of buildings and the design of thermal systems. Later, with Law
n.10 of 1991 [40], additional regulations were introduced to the planning methods and the
management of the building-plant system. In this regulatory context, about two-thirds of
the existing Italian buildings were built before 1976. Accordingly, the selected building
types set the lower and upper boundaries for most of the building stock.

Monthly average climatic data were used in TRNSYS through the Type 54 weather
generator, which was used within the building model to obtain the weather data for
simulations [41]. It is worthy to specify that the Type 54 generator allows for hourly
climatic data to be generated from monthly average observations.

Figure 2 schematically represents the methodological approach through a flowchart
that connects the several steps. Following the proposed scheme, it is possible to consider
other cities or deepen the study of the UHI phenomenon in Rome by considering more
stations or different time periods.
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Figure 2. Flowchart of the methodological approach.

4. Results and Discussion
4.1. GIS Analysis and Climatic Conditions in the Urban Areas

It is known that the UHI phenomenon is closely related to the level of urbanization
and the specific attributes of an urban environment. The principal factor contributing to
the UHI is the conversion of natural open lands into urbanized areas that are characterized
by the presence of buildings, roads, and surfaces constructed with massive materials. In
this context, the need to understand the characteristics of the urban environment becomes
evident. To obtain a comprehensive characterization of the areas where the meteorological
stations are installed, in accordance with a study conducted by Battista et al. [33], an area
with a 2.8 km diameter centered around each weather station was analyzed to compute the
percentages of buildings, streets, green areas, and water surfaces. The characterization of
the areas was performed using QGIS (a free open-source geographic information system).
The land use map, Urban Atlas 2018, was used for this purpose. Figure 3 shows the in-flight
views of the areas surrounding the four weather stations sited within the city, as well as the
two airport sites. Figure 4 shows the percentage distribution of built-up areas, roads, and
green spaces for each area. As previously stated, for this study, the climatic data recorded
at the WS2, WS3, and W54 stations were selected due to their locations in areas of the
city where the impacts of the UHI phenomenon are potentially more pronounced. As
expected, these areas are characterized by hard covered surfaces (built-up areas and road
areas), resulting in significantly low ground permeability. In particular, the neighborhoods
related to the WS2, WS3, and WS4 stations have notable shortages of green areas, with
percentages ranging from 15% to 25%. Conversely, these areas are characterized by a
significant presence of hard covered surfaces, with values ranging from 55% to 58% in
terms of built-up areas, and from 16% to 27% in terms of street areas. The WS1 station is
located within the city in a green area known as the Natural Regional Park of Appia Antica.
It is characterized by extensive green surfaces, which constitute 60% of the total coverage.
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Figure 3. In-flight views of all urban weather stations and the two airports.
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Figure 4. Green, built-up, and road areas’ percentage distributions.

According to Martin et al. [24], the reference station should be placed in a rural area in
close proximity to the city and characterized by natural vegetation cover. The Fiumicino
and Ciampino weather stations are in a peri-urban areas outside of the city. The area
of the Fiumicino station is characterized by a significantly higher percentage of green
areas, accounting for 68%, compared to the Ciampino station, which has a percentage of
green area equal to 40%. Conversely, the percentage of hard covered areas in Ciampino,
measuring 60%, is higher than that calculated for the Fiumicino station, which stands at
32%. The area surrounding the Fiumicino weather station exhibits characteristics that
are apparently consistent with those of a rural reference zone, but it is characterized by
excessively large hard surfaces (not less than 10%), and it is not located within or in close
proximity to the urban environment. These conditions are against what is suggested by
Martin et al. [17]. Moreover, it is worth noting that the climatic domain in the Fiumicino
area may differ from that in the city of Rome, given the considerable distance between the
two locations, which is about 25 km [24]. In contrast, despite the proximity of Ciampino
Airport to Rome, which is approximately 11 km from the city center, the surfaces of the
Ciampino area are characterized by low ground permeability. This condition is correlated
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to the significant presence of streets and built-up areas. Consequently, the characteristics
of the area in which the Ciampino station is located do not satisfy the required criteria to
designate it as a reference rural zone. Consequently, employing the climatic data recorded
at the Ciampino station as a reference may lead to an inaccurate assessment of the UHI
within the city.

In this context, selecting the WS station as a reference could be considered a viable so-
lution due to the characteristics of the area (percentage of green areas) and its geographical
position (inside the city).

The meteorological data, in terms of the air temperature, wind speed, and relative
humidity, recorded in the four weather stations in Rome and in the airport stations of
FCO and CIA, were analyzed, and they are shown in Figure 5. In particular, the red area
represents the range of data between the maximum and minimum values measured in the
weather stations within Rome in 2020, while the blue area represents the values related
to 2022 recorded in the same stations. On the other hand, the red lines and the blue lines
illustrate the data recorded by the airport’s weather stations in 2020 and 2022. By analyzing
the results, it is possible to observe that the air temperatures in Rome are higher than those
measured in the two airports (Figure 5a).

15 T : 100
[T Weather stations 2020
[l Weather stations 2022

-FCO 2020
25 1, ~ 9 CIA 2020
€107 X ----FCO 2022
20 E . CIA 2022
= £ 80
2 :
15 3 £ 7
o o
= 2
10 <t s
[l Weather stations 2022 = [l Weather stations 2022 &) 60
----FCO 2020 ----FCO 2020
5 CIA 2020 (U CIA 2020
----FCO 2022 ----FCO 2022 50

CIA 2022

(a)

CIA 2022

N ; o V V& L A ; ; o V\ l\ : ' V\ V V o
TP W PERPOE P S @S PR P P W PR

(b) (©)

Figure 5. Monthly average values of (a) air temperature, (b) wind speed, and (c) relative humidity
monitored during 2020 and 2022.

By analyzing the 2020 data, the maximum air temperatures measured in the CIA and
FCO airport stations were equal to 26.60 °C and 26.68 °C, respectively. On the contrary, the
minimum air temperatures were equal to 7.29 °C and 7.68 °C, respectively. Considering the
air temperatures logged within the metropolitan area, all of the weather stations acquired
higher values than the airport sites, with the maximum value registered by WS3 in August
(27.65 °C).

In 2022, the maximum air temperatures measured in CIA and FCO were equal to
27.90 °C and 26.35 °C, respectively. On the other hand, minimum air temperatures equal to
7.58 °C and 7.87 °C were measured, respectively. Taking into account the air temperatures
registered within the city, the maximum value of 27.65 °C was registered by WS3 in July.

The wind speed data recorded in 2020 and 2022 at the airport stations are characterized
by consistently higher values than the city stations (see Figure 5b). In 2020, the wind velocity
values varied from 1.38 km/h to 7.38 kmm/h in Rome, from 9.05 km/h to 11.81 km/h in
CIA, and from 11.22 km/h to 14.06 km/h in FCO. Instead, in 2022, values ranging from
2.54 km/h to 7.02 km/h were observed in Rome, from 7.74 km/h to 13.00 km/h in CIA,
and from 8.71 km/h to 14.60 km /h in FCO. These differences are due to the specific urban
landscapes of the airport areas, which are characterized by lower building densities, with
buildings that are not as tall as those in the city. Buildings impact the wind patterns and
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decrease the airflow within the city, resulting in lower recorded wind velocities compared
to the airports.

The results obtained in terms of relative humidity (RH) are shown in Figure 5c. In
Rome, the RH values varied between 58.55% and 87.70% in 2020, and between 42.22% and
89.58% in 2022. The RH ranged from 54.92% to 78.23% in CIA and from 69.27% to 82.30%
in FCO in 2020. In 2022, the relative humidity ranged from 49.30% to 82.71% in CIA and
from 63.74% to 89.84% in FCO. These ranges are justified by the different distances from
the Tyrrhenian coast and the differences in terms of green areas (see Figure 4).

The results highlight that the air temperature inside cities is higher than that measured
in rural areas, such as airports. This can be attributed to the high building density, the lack
of green areas, and the extensive use of massive materials.

4.2. Assessment of UHII Effects

As mentioned in Section 3.1, the UHI intensity values were initially computed by
comparing the air temperature data recorded within the city (WS1, WS2, WS3, and WS4)
with those measured in the airports. This analysis included both day and night data
from 2020 and 2022. The daytime and night-time UHIIs were obtained by applying
Equations (1) and (2). The UHII baseline was set at a value of zero (0) and represents the
case for which the maximum or minimum air temperature measured within the city is the
same as that of CIA or FCO.

Figure 6 shows the results obtained in 2020 by comparing the climatic data of Rome
with those of the CIA and FCO stations, respectively. The yellow and the green areas
represent the diurnal and nocturnal UHIIs considering all of the urban weather stations,
respectively, and the two dashed lines refer to the annual average intensities. In Figure 6a,
it is possible to observe that the annual average diurnal UHII value is above the base-
line (2.09 °C). On the contrary, the average nocturnal UHII is below zero (—0.24 °C),
highlighting that the metropolitan area is colder than the CIA airport district, on average.

The UHI is a predominantly nocturnal phenomenon, and this finding contrasts with
what has been highlighted in the literature. Indeed, other studies reported night-time UHIIs
in Rome ranging from 0.23 °C to 1.30 °C [11,33]. This makes it clear that the phenomenon
is dynamic over time and can be correlated to specific climatic conditions. Figure 6b shows
the urban heat island intensities computed while considering FCO as a reference. In this
case, the annual average UHIIs calculated during the day and night show positive values:
2.34 °C for daytime and 0.30 °C for night-time.

On the other hand, the results related to 2022 are reported in Figure 7, where always
positive UHIIs can be observed. Considering CIA as a reference, average annual diurnal
and nocturnal UHIIs of 0.75 °C and 0.44 °C were found, respectively. On the other hand,
considering FCO as a reference, 1.26 °C and 1.00 °C were obtained as annual diurnal and
nocturnal heat island intensities. These results are in accordance with the findings in the
literature mentioned before [11,33].

As mentioned in the Methods section, the urban station, WS1, was also used as a
reference to evaluate the UHIIs, and the results are shown in Figure 8. Also, in this case,
positive UHII values were obtained. In 2020, 0.58 °C and 0.99 °C were found as annual
average diurnal and nocturnal UHIIs. In 2022, these values became equal to 0.24 °C and
0.56 °C. It is worthy to observe that the choice of this reference station, within a green urban
context, allows for the characterization of the heat island in Rome with modest diurnal
and nocturnal intensity values (lower than 1 °C) on average. During the 2020 summer
months (June, July, and August), the highest UHII values reached about 1.40 °C and 2.00 °C
during the day and night, respectively. In 2022, these values became equal to about 0.60 °C
and 2.00 °C.

In Figure 9, a comprehensive summary of all of the obtained results in terms of the
UHII values is presented, specifically referring to the years 2020 and 2022. Analyzing the
results, it is possible to observe that the particular selection of the reference meteorological
station allows for different intensities of the UHI during the day or during the night to be
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found. Specifically, when selecting the Fiumicino meteorological station as a reference, the
UHI phenomenon appears to be predominantly diurnal. Conversely, when considering
WS1 as a reference, the UHI phenomenon predominantly occurs at night, which is in
accordance with other works in the literature [42,43].
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Figure 6. (a) Day and night UHIIs in 2020 considering CIA as reference. (b) Day and night UHIIs in
2020 considering FCO as reference.

4
3 L
2 L
, - / SR TN
oY y \N
~05 \/ -
-1 ~1
-1 .5 ‘DDay :]nght ~Avg day -~ Avg night ) “:IDay C]Night ~Avgday - Avg night\
5’0 QG @rb vQ@'b\\B\)Q 50 \} @ro’éo 5{b QQ) @‘b YQQ{b\\ 500 Bovg @) eo
(a) (b)

Figure 7. (a) Day and night UHIIs in 2022 considering CIA as reference. (b) Day and night UHIIs in
2022 considering FCO as reference.
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Figure 8. (a) Day and night UHIIs in 2020 (a) and 2022 (b) considering WSI as reference.

FCO day 2020 FCO night 2020 CIA day 2020 CIA night 2020 WS1 day 2020 | WS1 night 2020
Time| WS1 WS2 WS3 WS4| WS1 WS2 WS3 WS4|WS1 WS2 WS3 WS4|WS1 WS2 WS3 WS4|WS2 WS3 WS4|WS2 WS3 WS4
Jan | 1.06 144 245 144 |-048 044 061 056|216 254 355 253|-0.72 0.20 037 032|038 139 037092 1.09 1.03
Feb | 1.61 1.28 260 151 |-0.60 1.03 122 136|184 150 283 1.73(-1.20 042 0.61 0.75|-0.34 099 -0.11|1.63 1.82 1.96
Mar | 191 191 311 043 |-044 025 148 110|176 176 296 0.28|-1.41 -0.72 0.51 0.13 | 0.00 1.20 -1.48|0.68 1.92 1.54
Apr 237 296 350 269 |-055 -0.67 1.18 -0.18|1.87 246 3.00 219 |-1.29 -141 044 -091(059 113 0.32-0.12 1.73 0.38
May | 344 4.04 447 4.15|-1.77 -155 -0.15 -1.16( 2.82 342 386 3.53 |-2.30 -2.08 -0.68 -1.69| 0.60 1.04 0.71 023 1.63 0.62
Jun | 331 440 467 445|-024 004 174 045)|213 321 349 326 (-1.33 -1.05 0.66 -0.63|1.09 1.37 1.14|0.28 198 0.70
Jul | 268 333 3.82 355|046 075 244 1.03|090 155 204 1.78|-0.85 -056 1.13 -0.28]| 0.65 1.14 0.88 | 029 198 0.57
Aug | 268 279 372 331|015 020 201 061105 116 209 1.68|-089 -0.85 0.96 -0.44|0.11 104 0.63|0.04 1.86 046
Sep | 230 276 3.34 3.03|-149 0.17 -001 -1.0511.93 240 297 266 |-1.62 0.04 -0.14 -1.18| 046 1.04 073|166 149 044
Oct | 197 1.62 3.01 236 |-1.31 1.02 029 -1.15|242 207 346 281(-144 089 0.16 -1.27|-0.35 1.04 039|233 1.60 0.17
Nov [-0.60 -0.55 0.37 -0.49| 046 0.69 1.84 079010 0.5 1.07 021]0.61 084 199 0.94(0.05 097 011023 137 0.33
Dec | 033 024 1.04 044]|046 0.06 171 055]1.09 099 180 1.20|0.58 0.17 1.82 0.66 [-0.10 0.71 0.11 |-0.41 1.25 0.09

FCO day 2022 FCO night 2022 CIA day 2022 CIA night 2022 WS1 day 2022 | WS1 night 2022
Time| WS1 WS2 WS3 Wsa|ws1 ws2 ws3 wsa|ws1 ws2 wsa wsa|ws1 ws2 wsa wsa|ws2 ws3 wsa|ws2 ws3 ws4
Jan [001 030 011 037]024 036 093 098056 085 066 092]040 053 1.09 -0.82][029 010 036[013 069 -1.22
Feb | 061 102 092 083|039 074 182 076|050 091 081 072|039 074 1.82 076|041 031 022]|034 143 036
Mar [ 096 153 113 -1.01| 059 099 232 -1.17|090 147 107 -1.08|056 096 229 -120|057 017 -197| 040 173 -1.76
Apr[1.00 153 1.09 204)|047 084 221 135(097 149 106 201|020 058 195 1.09|052 009 104|037 174 088
May | 148 221 197 208|171 201 318 185[029 1.02 078 089|016 046 1.63 030|073 049 060|030 147 014
Jun | 182 210 241 204142 172 342 175|022 050 081 044(-018 012 1.82 0.15]|029 059 022030 200 033
Jul |243 298 233 317|153 182 354 141|030 085 020 1.04|-051-021 151 -0.63|0.55 -0.10 074|029 2.02 -0.12
Aug|150 213 198 174 [-005 110 199 152|030 094 079 055[-111 003 093 045|063 048 024114 204 156
Sep | 144 111 1.04 089 |-018 037 087 014|107 074 067 052]|-031-050 074 0.01 [-0.33 040 —0.55[-0.19 1.05 0.32
Oct [ 178 237 244 211|058 047 157 042|094 153 161 128(023 012 121 007|059 067 034]|-0.11 098 -0.16
Nov | 0.00 -0.01 0.48 -0.15| 048 039 141 047|063 062 111 048[045 036 1.38 044 |-001 048 -0.15/-0.09 093 -0.01
Dec [-0.05 012 037 -0.19|-0.24 -031 068 -0.33[020 038 063 0.07]-001 008 091 -0.10|0.18 042 -0.13|-0.07 092 —0.09

Figure 9. (a) Day and night UHIIs in 2020 considering FCO, CIA, and W51 as references. (b) Day
and night UHIIs in 2022 considering FCO, CIA, and WS1 as references (the orange and blue boxes
identify the maximum and minimum values).
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4.3. Building Energy Simulations

Simulations were performed using TRNSYS by reproducing two representative resi-
dential buildings in Italy (named in the following as B1 and B2). The aim was to evaluate
the effects of the UHI phenomenon on the annual energy demands for heating and cooling.
Figures 10 and 11 provide an overview of the simulation outcomes, specifically presenting
the total heating and cooling energy needs per unit floor area, which were computed using
different meteorological datasets based on the logged data during 2020 and 2022. The
results highlight that the energy demands for heating are higher in areas outside of Rome
(CIA and FCO) and in greener urban area, such as WS1. These findings highlight that
during the winter, the UHI has a positive influence by decreasing the energy demands for
heating. Conversely, the analysis confirmed that the energy requirements for cooling are
higher in densely built areas. As expected, the simulated energy demands for the typical
B1 building differed from those obtained for building B2 because of different thermal
insulation levels.

Simulated energy demands considering data recorded in 2020
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Figure 10. Heating and cooling energy demand intensities using different weather data recorded in
2020 for B1 and B2.
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Figure 11. Heating and cooling energy demand intensities using different weather data recorded in
2022 for B1 and B2.
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When using the 2020 climatic data, analyzing the results obtained for B1, and consid-
ering FCO as a reference, it is possible to notice heating energy demands varying from
—33.0% to 0.4%. When CIA is considered as a reference, quite similar percentage differences
can be obtained, from —33.3% to —0.4%. On the other hand, when analyzing the cooling
energy needs for 2020 while considering FCO as a reference, a variation in terms of the
heating energy demands ranging from 20.8% and 81.0% is found. When CIA is considered
as a reference, the percentage differences range from —17.2% to 49.8%. Finally, considering
WS1 as reference and analyzing the heating energy needs simulated using only the weather
data related to WS2, WS3, and WS4, the percentage differences range between —28.0% and
—7.4%. These values become equal to 21.1% and 38.3% when the energy needs for cooling
are considered. On the other hand, when considering B2 and FCO as references, heating
energy demand variations from —36.5% to 2.0% were computed. When taking CIA as a
reference, similar differences can be observed, from —37.7% to —2.0%. When analyzing the
cooling energy demands, when FCO is the reference climatic dataset, a variation for heating
ranging from 14.7% to 56.4% is found. Considering CIA as a reference, the differences vary
from —12.8% to 36.3%. Finally, considering WS1 as a reference and analyzing the heating
energy needs, the percentage differences range between —32.8% and —6.5%. These values
become equal to 8.2% and 30.6% when the energy needs for cooling are considered.

By applying the 2022 climatic data, when B1 is simulated, taking FCO as a reference, it
is possible to notice heating energy demands varying from —17.3% to 0.7%. When CIA is
considered as a reference, quite similar percentage differences can be obtained, from —17.9%
to —0.7%. Finally, considering W51 as a reference and analyzing the heating energy needs
that were simulated using only the urban weather data, the percentage differences range
between —5.1% and 7.3%. These values become equal to 3.0% and 12.9% when the energy
needs for cooling are considered. On the other hand, when analyzing the cooling energy
needs, considering FCO as a reference, a variation in terms of heating energy demands
ranging from 19.5% and 50.6% is found. When CIA is considered as a reference, the
percentage differences range from —16.3% to 26.0%. Considering B2 and FCO as references,
heating energy demand variations from —17.6% to 3.1% are calculated. Taking CIA as a
reference, quite similar differences can be observed, from —18.9% to 1.5%. When analyzing
the cooling energy demands, when FCO is the reference climatic dataset, a variation in
terms of heating energy demands ranging from 15.7% to 38.0% is found. Considering
CIA as a reference, the differences vary from —13.5% to 19.3%. Finally, considering WS1
as a reference and analyzing the heating energy needs, the percentage differences range
between —13.0% and 8.8%. These values become equal to 4.3% and 12.0% when the energy
needs for cooling are considered.

The results allow us to highlight the impact of the building envelope’s construction
characteristics on the energy performance. The higher thermal resistance of the walls in the
more modern building type (B2) led to a significant reduction in the heating energy demand
compared to the older building typology (B1). However, the cooling energy demand values
for building B2 were found to be higher than those for building B1.

Aiming to provide a comparison with the existing literature, considering the FCO
station as a reference, an average decrease in terms of the annual heating energy demand
of about —16% can be noticed for 2020, and an average decrease of about —7% can be seen
for 2022. On the contrary, an average increase of about 47% is found for cooling during
2020 and about a 37% increase is found during 2022. These data can be compared with the
previous works related to the climatic conditions in Rome and their influences on buildings’
energy performances. A heating energy demand reduction ranging from about —18% to
—16% was highlighted using the climate data related to the time span of 2014-2020 [11,33]
due to the UHI phenomenon in Rome. On the contrary, the data from the literature reveal
an increase in the cooling energy demands from about 58% to about 67%. Starting from this,
the obtained results confirmed the need to carefully address the local climatic conditions
for building simulation purposes.
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The findings demonstrate how particular thermal boundary conditions significantly
impact the energy requirements for heating and cooling. Therefore, the careful selection
of suitable reference data during simulations assumes a critical role in achieving accurate
estimations of building energy requirements. This is fundamental when calibrated models
are needed for buildings’ energy retrofit through specific interventions designed in function
of the actual buildings’ thermal behaviors. Energy simulations are often performed by
applying TMYs, whose data come from airport monitoring. When calibrated models
are needed, it is necessary to use updated weather data logged within the desired time
windows and through meteorological stations installed near the building considered as the
case of study. The use of climate data acquired outside of cities (generally airport sites),
can lead to the effect of the UHI phenomenon on the simulated energy performance being
neglected. These aspects become crucial, especially in ancient countries like Italy, where a
large part of the built heritage requires redevelopment interventions.

5. Limits of This Work

Despite the significant results, some possible weaknesses of this work that, at the same
time, represent possible future developments need to be highlighted:

o  Other typical wall stratigraphies can be used within building energy simulations in
order to provide a wider range of constructive techniques of the building stock.

e  Several construction archetypes of the Italian building heritage can be investigated in
order to provide a more comprehensive view.

e  Itis worthy to observe that the building heating and cooling energy needs also depend
on the household size, the user’s behavior, and their lifestyle. Consequently, these
issues represent food for thought for the follow-up of this research.

6. Conclusions

The UHI phenomenon in Rome was examined here while also considering its effects on
building energy needs. The investigation was carried out by analyzing meteorological data
collected during the years of 2020 and 2022. The Fiumicino and Ciampino airports were
preliminary selected as reference stations to calculate the heat island intensities because
energy simulation software generally exploits airport climate data, leading to a potential
neglect of the effect of the UHI on the building’s energy performance and consequently
leading to an incorrect estimate of the energy consumption.

In 2020, when considering the FCO station as a reference, the annual average UHIIs
calculated for the day and night showed positive values, which were 2.34 °C for daytime
and 0.30 °C for night-time. Instead, considering CIA as a reference, an annual average
diurnal UHII of 2.09 °C was obtained, while the nocturnal UHII was equal to —0.24 °C,
highlighting that the metropolitan area is colder than the CIA airport district, on average.
The negative heat island intensity value raises some questions about the selection of the
Ciampino airport site as a possible reference station. The characteristics of the area in which
the CIA station is installed do not align with the definition of rural area provided in the
literature. Finally, the urban station, WS1, which is positioned in a rather green area of the
city, in a context that could be defined as rural (or semi-rural), was also used as a reference
to evaluate the UHIL In this case, the diurnal and nocturnal UHIIs were equal to 0.58 °C
and 0.99 °C, respectively.

In 2022, when selecting CIA as a reference, average annual diurnal and nocturnal
UHIIs of 0.75 °C and 0.44 °C were found, respectively. Instead, considering FCO as a
reference, 1.26 °C and 1.00 °C were obtained as the annual diurnal and nocturnal intensities.
By choosing WS1 as a reference, the UHIIs became equal to 0.24 °C (diurnal) and 0.56 °C
(nocturnal).

The assessment of the UHI intensity is strictly related to the selection of the reference
weather station. The results allow us to conclude that Rome is affected by the heat island
phenomenon, but more in-depth studies must be conducted to better identify the reference
weather station.
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By analyzing the effects of the UHI intensity on the energy needs of buildings, it is
possible to state that the atmospheric heat island allows for reductions of up to approxi-
mately —33% in terms of the energy needs for heating, and it allows for an increase of up to
approximately 80% for cooling based on the environmental conditions of the specific year.

The obtained results confirmed that it is not recommended to use meteorological data
derived from airports, as this can lead to inaccurate estimations of the energy demands
of buildings in urban environments. Failure to consider the UHI phenomenon can lead to
inaccuracies. To ensure reliable results within a densely built environment, it is crucial to
use climatic data recorded near the case of study. This becomes particularly valuable when
evaluating energy savings resulting from renovations of existing buildings, as dynamic
models can be appropriately calibrated. By utilizing calibrated models, more informed
and rational assessments of energy savings can be conducted, leading to effective decision
making in improving a building’s energy efficiency. The use of data that were recorded in
urban meteorological stations is usually limited to weather forecasts. It would therefore be
advisable to enhance the network of meteorological stations within cities to collect reliable
and representative climatic data for individual urban areas in an open database. Such data
can be used in building energy simulations, enabling results that consider the presence of
the UHI phenomenon, as well as quantifying and monitoring the effects of the UHI within
urban areas.

Future developments will regard the following: (i) the simulation of other typical wall
stratigraphies to provide a wider range of constructive techniques of the building stock;
(ii) the influence of household size, the user’s behavior, and their lifestyle; and (iii) the
comparison between the UHII values obtained through climate data and specific models,
such as the Oke model.

Author Contributions: Conceptualization, E.D.C., L.E., G.B. and C.G.; Methodology, E.D.C., LEE.,
G.B. and C.G;; Software, E.D.C. and L.E.; Formal analysis, E.D.C. and G.B.; Resources, R.D.L.V. and
F.A.; Data curation, R.D.L.V. and F.A.; Writing—original draft, E.D.C. and L.E.; Writing—review &
editing, L.E., C.G., RD.L.V. and F.A.; Supervision, R.D.L.V. and FA. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no funding.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

BEP Building Energy Performance

CIA Ciampino Airport

FCO Fiumicino Airport

GHG Greenhouse Gas

GIS Geographic Information System

RH Relative Humidity

TmaxRA Maximum Air Temperature in Rural Area
Tmax,UA Maximum Air Temperature in Urban Area
TminRA Minimum Air Temperature in Rural Area
Tmin,UA Minimum Air Temperature in Urban Area
™Y Typical Meteorological Year

UHI Urban Heat Island

UHlIl4ay Diurnal Urban Heat Island Intensity
UHllpjgne  Nocturnal Urban Heat Island Intensity
WS Weather Station
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