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ABSTRACT

Among the problems caused by the increase of the urban heat island phenomenon, the worsening of the
outdoor thermal comfort at pedestrian level was addressed to improve urban resilience. Starting from the
analysis of a real urban area in Venice, Italy, the study was extended to different urban forms classified by
the Local Climate Zones (LCZs) method. The Physiological Equivalent Temperature (PET) calculated with
the ENVI-met code was used to evaluate outdoor thermal comfort. Different mitigation strategies were
compared for the whole summer period. For this purpose, a monthly assessment was performed using
the monthly mean day approach rather than the usual single days analysis. A new index (%DPET) was
proposed, indicating the percentage reduction in the discomfort rate in PET of the original scenario
achieved by mitigation measures. The results show that the largest PETs, corresponding to very hot
human thermal sensation, for the original scenario occur in the case of lowrise buildings. In this case,
green and cool roofs provide their best performances and the seasonal %DPETs reach 9.1% and 7.5%,
respectively. Green wall technology is the most effective in all urban forms studied with %DPET values
ranging from 28% to 115%, sometimes reaching the neutral comfort level.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Increasing urbanization and the next climate forecast promote
urban heat island (UHI) effect problems and thus the challenge of
ensuring adequate quality of life and health in urban areas [1,2].
Urban quality of life requires acceptable comfort conditions even
outdoors, especially at pedestrian level. However, simply transfer-
ring comfort indices from indoor to outdoor environments has pro-
ven to be inadequate. This is due to the larger number of
parameters involved in human thermal balance in the case of the
outdoor environment. For this reason, indices developed specifi-
cally for the outdoors were adopted such as the Physiological
Equivalent Temperature (PET) [3], the Outdoor Standard Effective
Temperature (OUT_SET) [4] and the Universal Thermal Climate
(UTCI) [5]. In particular, the PET index is the most widely used
index nowadays [6] due to its ease of application and the possibil-
ity to be used in different climatic zones. For the European climate,
a scale elaborated for Midwest Europe is usually used.

In terms of strategies to improve outdoor comfort, most studies
have focused on the cooling effect of the green spaces on the
ground level, such as parks and gardens, which reduce air and sur-
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face temperatures [7]. When greening measures on the ground are
not feasible, efforts must be directed toward mitigation solutions
applied to buildings. For this aim, three basic typologies can be
considered [8]: cool or green surfaces on the roof and vertical
greening on the facade.

The use of materials or coatings with a high albedo coefficient
permits to reduce the surface temperature obtaining in this way
the so-called cool surfaces [9]. Cool pavements can result from
the application of flooring materials. Although many studies
[10,11] have highlighted that this increase in reflectance in urban
open spaces lowers the air temperature at pedestrian level, but it
also penalizes thermal comfort due to a higher mean radiant tem-
perature. For this reason, cool pavement technology was not con-
sidered in this work. As concerns cool roofs, several cool
materials have been developed for this purpose, which are charac-
terized by a high reflectivity for the visible or infrared quota of
solar radiation [12,13]. These solutions have the general advantage
of being easy to apply to existing roofs. One method to quantify the
characteristics of a cool roof is to evaluate its Solar Reflectance
Index (SRI) [14]. SRI is calculated based on solar reflectance and
thermal emissivity values that also account for wind effects. This
index is often used in green building rating procedures such as
Leadership in Energy and Environmental Design (LEED) [15].
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Integrating vegetation into the building envelope is another
strategy to mitigate thermal discomfort. In fact, greenery reduces
solar heat gain [16,17] and evaporates water through evapotran-
spiration, a process that has a cooling effect on the environment.
In this way, the surface temperature is lowered, and the emitted
longwave radiation is reduced. Green roofs are divided into two
main types: intensive and extensive green roofs. Intensive green
roofs are roof gardens without restriction of available plants such
as shrubs and trees [18]. They require deep soil substrates and
are therefore very heavy, resulting in high costs for support struc-
tures and maintenance [19,20]. Extensive green roofs are charac-
terized by vegetation that requires a thin soil substrate,
obtaining in this way lightweight systems at low cost. Other dif-
fuse characteristics include low maintenance and minimal or low
irrigation [21]. For these reasons, extensive green-roofs are much
more commonly used in practice than intensive green-roofs [22].
Green wall is a term that refers to the technology in which walls
are covered with plants. In general, green walls can be divided into
two broad categories, green facades and living walls. Green facades
consist of plants growing on the building envelope. The plants can
climb directly on the wall or use additional supports such as trel-
lises [23]. The root of the climbing plant can be placed either in
the ground or in soil positioned in modular panels on walls [24].
Living wall systems consist of pre-vegetated panels, attached ver-
tically to the structural wall or to a frame.

On the other hand, an investigation on the effects of a mitiga-
tion technology cannot ignore the urban context in which it is
applied. Therefore, the generalization of the results requires a pre-
cise classification of the urban contexts considered in the study. An
urban classification can be based on the use of local climate zones
(LCZ) [25]. The basic parameters that characterize each LCZ are the
height and spacing of buildings, percentage of permeable surface,
tree density, and soil moisture [26]. LCZs can be used in UHI mod-
eling because they provide numerical data about urban canopy
[27]. Seventeen LCZ types have been introduced, ten of which are
related to urban canopy parameters and seven of which are related
to land-cover types. Most methods for determining the appropriate
LCZ in relation to an urban area are based on a procedure consist-
ing in an automatic LCZ mapping proposed by [28], and adopted by
the World Urban Database and Access Portal Tools (WUDAPT) pro-
ject to produce consistent LCZ maps for entire cities [29].

In this paper, the possibility of reducing thermal discomfort at
pedestrian level during summer months was investigated for dif-
ferent LCZs where greenery on the ground is often lacking and
where greenery improvement is not possible. For this aim an urban
area in the mainland of the city of Venice was selected. This area
was extracted from WUDAPT's map of Europe and classified as
LCZ 2 compact midrise. The study only considers mitigation tech-
nologies that can be applied to building envelopes. Special care
was taken to evaluate the impact of the height of the buildings
on their effectiveness. Therefore, only the height of the buildings
was changed to create the models of the other two LCZs from the
real one: a compact lowrise and a compact highrise. The study
finally addressed these three LCZs. The analysis was based on the
simulation of the urban microclimate using the ENVI-met software
[30]. ENVI-met is a Computational Fluid Dynamics (CFD) software
that has been widely used and tested [31,32] to evaluate the effects
of various urban characteristics on microclimate including the
presence of trees, density, types and dimensions of buildings, and
various building materials [33-36]. The simulations were per-
formed using the recent version V 4.45, released in summer
2020. ENVI-met is used to assess the impact of various outdoor
environment improvement strategies in urban areas. This program
includes the BioMet sub-module to calculate the PET index. The
application of this software provided the PET indices for the stud-
ied area. As detailed in Section 4, this work aims to contribute to

Energy & Buildings 273 (2022) 112368

the knowledge of the benefits of greenery applied to buildings in
terms of improving outdoor human comfort at the street level.
An innovative monthly approach is applied to evaluate the perfor-
mance of these mitigation strategies using the new features of
ENVI-met 4.45 in a climate and urban forms still not investigated.
To this end, a new index derived from PET is introduced.

2. Materials and methods
2.1. The investigated area

The mainland of Venice is the territory on the mainland coast of
the Venice Lagoon. The rapid development, without a master plan,
led to a certain disorder. The urban layout was deeply modified,
with radical changes to city areas and the demolition of monu-
ments and historic sites. From the last decade of the twentieth cen-
tury, the expansionism was exhausted, and this area became the
object of an urban renewal aimed at improving both its appearance
and its quality of life. At this moment, the introduction of green
spaces such as gardens has mainly interested the suburban neigh-
borhoods, while interventions in the city center are still lacking,
due to the difficulty of introducing green spaces and public gardens
in the built center, where the classified areas refer to the compact
zones. For this reason, this study is dedicated to the city center to
evaluate the possibility of different measures to mitigate the urban
heat island by applying solutions directly to the building envelope.
Most of the city center is occupied by the three compact LCZs
typologies: LCZ 1 compact highrise, LCZ 2 compact midrise and
LCZ 3 compact lowrise [25]. In Venice urban mainland the predom-
inant LCZ is compact midrise. For this reason, the focus for this
study is on the compact midrise area reported in Fig. 1. Fig. 1b
shows the part of the map extracted by WUDAPT, with the LCZ col-
ors reported in Fig. 1a, which individuates the studied area (LCZ 2)
from the surrounding area where only LCZs 2 and LCZs 5 are pre-
sent. Fig. 1c is a picture of the analyzed area. The investigated area
is a rectangle of 90x126 m (total area 11844 m?).

In the studied area there are 20 buildings with a variable height
between 20 and 40 m. The average ratio of height to width of the
street canyons is 1.74. The percentage of the building footprint to
the total footprint is 53 %, while the rest of the area is almost com-
pletely cemented and thus impervious (44 % of the total area).
There are few trees and small permeable flowerbeds (3 %). The
building volume density in relation to the total area is 7.08 m°/
m?. The average height of buildings in the area is 18.4 m. Based
on these values for urban geometry and surface cover parameters,
the studied area can be classified as LCZ 2 compact midrise. To
directly assess the impact of building heights, two additional com-
pact LCZs were modeled by simply halving and doubling the build-
ing heights in the studied area to obtain an LCZ compact lowrise
and an LCZ compact highrise, respectively, in this way.

2.2. The monitoring and meteorological data

A measurement of outdoor air temperature was made during
the summer of 2019, i.e., between June and September. From these
limited measurements, four days (June 22, July 15, August 18, and
September 10) were selected to test the ENVI-met model of the
area investigated as described in the Results section. A Hanwell
data logger model ML4109 was used for the measurement. As
regards measurement accuracy, the NTC temperature sensor has
an accuracy of +0.1 °C at 20 °C. The measurement was performed
by installing the device in a location in the center of the studied
area, in a courtyard, at a height of 1.80 m above the ground and
shielded from solar radiation. The installation position is indicated
by a blue dot in Fig. 1c. A preliminary simulation with ENVI-met
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Fig. 1. LCZ colors (a) applied by WUDAPT to a part of the map of Venice b) and the analyzed area c).

was used to verify that this position was representative of the aver-
age thermal conditions in this urban area. Temperature was
recorded every hour.

The weather conditions used to compare the performance of the
different mitigation strategies through ENVI-met code simulations
were instead based on actual weather data spanning the entire
period from June to September 2019. These data were provided
by the regional environmental agency ARPAV and collected by a
meteorological station installed in the urban context and located
near the analyzed area. The corresponding weather file is referred
to here as the ARPAV weather file. The ARPAV weather data was
used to create the corresponding EnergyPlus weather (EPW) file,
according to [37]. However, due to the excessive computational
time of ENVI-met, it was not possible to run complete simulations
for all cases analyzed, which spanned the entire summer period, so
a representative day was chosen for each month. This day is the
monthly average built by the arithmetic means of outside temper-
ature, radiation, relative humidity, and wind speed/direction at
hourly time step. Peak and mild weather conditions are averaged
in the monthly mean day to provide a mean condition. Unlike a
single real day, the monthly mean day contains information about
the frequency distribution of all the weather parameters through-
out the month. The reference to a day that is representative of an
entire month allows to reduce the computation time in hourly sim-
ulations of long-term periods. This is especially useful when
sophisticated programs are used to perform demanding simula-
tions. For this reason, it is often used in simplified performance
evaluations of building systems. The same approach is now pro-
posed to assess the seasonal performance of the mitigation solu-
tions at the urban area scale. For this purpose, the full forcing
procedure of the meteorological data was chosen in the simula-
tions of ENVI-met, as foreseen by the program. This procedure uses
these meteorological data directly in the simulation. Since precip-
itation was not available in our case, these data were not forced, an
option allowed by the program allows. Since this analysis was ded-
icated to summer comfort conditions, the average values for
September refer only to the period between the 1st and the 15th
of the month, since the rest of this month is characterized by mild
weather. The hourly data of the four monthly averages are shown
in Fig. 2.

These four days were implemented in the ARPAV EPW file as
replacements for the four original days and later used in the simu-
lation with ENVI-met. In this paper they are mentioned only with
the name of the corresponding month.

2.3. The ENVI-met code and the specific urban model of the case study

ENVI-met is a software that uses three-dimensional modeling
to simulate the microclimate of the urban environment in the pres-

ence of surface-plant-air interactions at the microscale. It applies
the k- ¢ turbulence model to solve the Reynolds averaged
Navier-Stokes equations in a spatial grid at each time step [30].
The main input data required by ENVI-met are meteorological data,
features and characteristics of ground surfaces, vegetation, and
buildings [38]. The ability of ENVI-met to simulate urban thermal
conditions under different weather conditions and in different
countries was verified in several studies [39-42]. In [43] the daily
profiles of outdoor air temperature from field measurements were
compared with the corresponding values obtained by ENVI-met
simulations. In this way, an excellent coefficient of determination
R? of more than 0.8 was found. Similarly, [44] performed model
validation in the case of a green roof simulation where air temper-
ature was studied on two green roofs and one bare roof. They
found a strong agreement between the simulations and the on-
site measurements for both green roofs (R?> equal to 0.95) and
the bare roof (R? equal to 0.96).

For the digitization of the studied area (midrise case) in ENVI-
met, a grid resolution of 2 x 2 x 2 m was used. In this way, the
net investigated area of 126 x 94 m required a horizontal grid of
63 x 47 cells. Moreover, to ensure the stability of the simulation,
6 nested grids were used. As for the height, a total height of
60 m was used, i.e. 30 cells, which is higher than the minimum
height required, which is twice that of the tallest building (24 m
in our case) [45]. This height ratio was also maintained for highrise
and lowrise simulations.

The digitized model in relation to the midrise case study intro-
duced in ENVI-met is illustrated in Fig. 3, where an example of the
graphical output of the program is shown in relation to a single
time step (1 pm) of a daily simulation in August. In detail, the maps
of outdoor air temperature at a height of 1.8 m are shown on the
digitized surface (Fig. 3a). In the model, the albedo of the road
pavement and of the cemented soil was assumed to be 0.2, and
that of the traditional tile roof was assumed to be 0.3 [46]. As for
the thermal transmittance of the building structures, the external
walls have a U-value of 0.9 W/m? °C and the roofs 1.67 W/m?°C,
since they are usually not insulated in this urban area. These are
typical thermal transmittances for Italian buildings structures [47].

2.4. The physiological equivalent temperature (PET) and the proposed
PET indices

The PET index considers important variables of the outdoor
environment in addition to thermohygrometric conditions, human
metabolism, heat exchange and the parameters that influence it.
PET is defined as the air temperature at which, in a reference
indoor environment (without wind and solar radiation), the energy
budget of the human body is balanced with the same core and skin
temperature as in the outdoor condition to be evaluated. With
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Fig. 3. Calculated air temperature map (a) and corresponding PET distribution (b) at height of 1.8 m in August at 1 pm.

ENVI-met, the PET index is calculated based on a simplified form of
the Munich Energy Balance Model for Individuals (MEMI) proposed
by Hoppe [3] and improved by Walther and Goestchel [48]. PET
quantifies thermal comfort in terms of temperature with a com-
mon unit (°C) and can therefore be easily understood and also used
to compare results in different climates [49,50]. Consequently, a
human comfort scale based on the PET values was developed to
estimate different degrees of human thermal perception and phys-
iological stress in an outdoor environment.

In Table 1, this classification of comfort based on PET is repro-
duced in the form elaborated by Matzarakis et al. [50] for the Cen-
tral European climate. The human thermal sensation is classified as
cool when the PET value is below 13 °C, and as very hot when the
PET value is above 41 °C. The neutral comfort condition for PET is in
the range of 18 to 23 °C.

In Fig. 3b shows a visualization of the PET map computed by
ENVI-met at an altitude of 1.8 m for the area studied. The remark-
able variability of PET in the map highlights the validity of using a
value averaged in this area in the analysis, which is more represen-
tative than values in individual points. For a more precise compar-
ison of the different mitigation technologies, two indices were
introduced to better highlight the advantage over the reference

Table 1
Human perceptions corresponding to PET
values.

Thermal sensation PET range [°C]

Very cold <4
Cold 4-8
Cool 8-13
Slightly cool 13-18
Neutral 18-23
Slightly warm 23-29
Warm 29-35
Hot 35-41
Very Hot >41

scenario resulting from the application of one solution, both in
absolute and relative terms. Eq. (1) calculates the absolute differ-
ence DPET (°C) between the PET in the reference scenario (PET ef)
and the corresponding final PET obtained:

DPET = PET,¢r — PET (1)

Since in the PET scale a temperature value of 23 °C is considered
as the limit of neutral comfort sensation, the study was dedicated
to the condition where PET is above this value in order to investi-
gate human perception under hot conditions. For this aim, the
DPET index was used and calculated only when the average PET
of the reference scenario is above 23 °C. This is because, only in this
case, human comfort is considered to have to be improved in a
summer condition.

DPET expresses the efficacy of the solution in reducing the value
of PET, but is not directly related to the improvement of comfort.
Therefore, in Eq. (2), the further index %¥DPET (%) is proposed to
represent the effectiveness in terms of comfort benefit:

DPET
(PET —23) @

The %DPET is the DPET, i.e., the PET reduction after application
of a mitigation measure, expressed as a percentage relative to the
discomfort quota in the reference scenario. This discomfort quota
is quantified as the difference between PET, and the neutral
human sensation threshold in the PET scale, which is 23 °C. It is
important to note that these two indices can change in very differ-
ent ways for the same mitigation intervention.

%DPET = 100 =

2.5. Modeling of the mitigation solutions investigated

The main parameters introduced in the model description are
listed in Table 2.
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Table 2
Properties of the simulated solutions required by ENVI-met.
Cool roof properties (new coating) SRI 105
Emissivity (=) 0.9
Albedo (-) 0.84
Green roof properties (sedum) LAI (m?/m?) 2.0
Leaf Angle Distribution (-) 0.5
Plant thickness (cm) 50
Albedo (-) 0.15
Green wall properties (ivy) LAI (m?/m?) 15
Leaf Angle Distribution (-) 0.5
Plant thickness (cm) 30
Albedo (-) 0.2
Greenery substrate properties Emissivity (-) 0.9
(sandy loam) Albedo (-) 0.3
Soil thickness (cm) 15
Water coefficient (-) 0.5

2.5.1. Cool roof model

The intervention in the original roof consists in a strong incre-
ment of the solar reflectance. In the simulation with ENVI-met,
the value of 0.42 [51] is assumed for the original reference case
with tiles. Then, the same simulations were repeated, introducing
for the roof a final value of 0.84 for the solar reflectance. In both
cases, the thermal emissivity is assumed to be 0.9, which is a com-
mon average value for this type of surfaces. In this way, SRI of the
roof from the initial value of 54 reaches a value of 105 after the
intervention in the roof [52]. To reach this value of SRI, several
actions are possible, such as treating the roof tiles with highly
reflective paints or coatings, laying new white tiles or metal tiles
characterized by high SRI values.

2.5.2. Greenery models

2.5.2.1. The modeling of vegetation in ENVI-met. ENVI-met simulates
the dynamic interaction of the vegetation layer with the surround-
ing environment and in particular with soil, air, sky and visible
urban surfaces. The vegetation is considered as a living organism,
where the heat and vapor fluxes must take into account the phe-
nomena of evaporation and transpiration through the leaves, by
introducing a sub-model that simulates the opening and closing
of the stomata of the leaves. The simulation of new greening mod-
ules requires a specific validation of the model through the moni-
toring of prototypes [53,54]. On the other hand, many studies are
not characterized by the introduction of new or local vegetation
types, but focus on the impact of a typical greening on different
urban forms [55,56]. In this case, the reference to well-known
and already validated vegetation modules is frequently used and
usually accepted [57,58].

2.5.2.2. Green roof. Given the limited structural capacity of the
existing buildings in the area, the retrofit action calls for the use
of an extensive green roof with sedum planting. The green roofs
will be installed on the roof slopes as a replacement for the roof
tiles. For the green roof studied here, a soil thickness of 15 cm
and a plant height of 50 cm for the sedum were considered.
Another important parameter to consider is the foliage density of
the plants, as it plays a fundamental role in the green roof’s ability
to reduce the air temperature and energy demand of the building.
Foliage density is named Leaf Area Density and is defined as the
total one-sided leaf area per unit volume [59]. It controls the solar
radiation intercepted by the leaves and consequently the temper-
ature of the soil surface [60]. Based on this parameter, the Leaf Area
Index LAI is introduced, which is the projection of the total leaf
area onto the soil surface [61], i.e., the green leaf area per unit area
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of the ground surface. In the simulation of the green roof, a value of
LAI equal to 2 was assumed, which is typical for sedum [57].

2.5.2.3. Green wall. ENVI-met is equipped with a module to simu-
late the effects of facade greening on the energy performance of
a building and on the urban climate. The properties of the vegeta-
tion layer and of the soil layer next to the wall, have to be intro-
duced into the model, if necessary.

The model calculates heat and vapor exchanges within and
between the vegetation canopy and the substrate layer by consid-
ering plant interactions with the soil and atmosphere. Shortwave
and longwave radiation fluxes on the green surface are assessed,
as well as radiation reflections with the building walls [62,63]. As
for the greening properties, the main input parameters required
by the program are LAI, plant thickness, and Leaf Angle Distribu-
tion which is evaluated based on the orientation of the leaves
and plays an important role in the solar transmission mechanism.
For the substrate, the emissivity, albedo, and water content are
required. For ivy (Hedera helix), the default values of the program
were used. It was assumed that the ivy is planted in several mod-
ular, prefabricated boxes that are attached to the vertical surfaces
of the building without an air gap. The boxes are filled with sandy
loam soil and the ivy is planted in this substrate.

3. Results and discussion

Monitoring of outdoor air temperatures was conducted on a few
selected days in the middle of each summer month to test the reli-
ability of the model. Specifically, June 22, July 15, August 18, and
September 10 were considered. A sensor (called receptor) to collect
the corresponding air temperature calculated by ENVI-met (recep-
tor temperature) was selected at the same location in the area
model. Fig. 4 shows the comparison between the hourly trends
of this monitored temperature and the corresponding receptor
temperature at the same location. Then, the relative coefficient of
determination R? was calculated for the outdoor air temperature
at the receptor point during the four days of summer period. The
hourly trends of the contemporary mean air temperature of the
area are also reported. The mean air temperature of the area is
the average value of air temperatures calculated in all cells of the
area at 1.8 m height using ENVI-met. In addition, Fig. 4 shows
the coefficients of determination R? of the comparison of the mon-
itored temperatures with the calculated temperatures.

The R? assessment refers to the whole day or is limited to the
daytime hours. In fact, the analysis shows that ENVI-met generally
underestimates temperatures at nightime and evaluates them bet-
ter during the daytime. In any case, the R? (R%day) referred to the
whole day remains in an acceptable range between 0.813 and
0.847 and in agreement with previous studies [57,64]. However,
during the central part of the day, i.e., considering the interval from
9 am to 9 pm, the corresponding R? (R?daytime) reaches excellent
values, ranging from 0.898 to 0.923. This is particularly significant,
because the following analysis focused on this daytime period
when the comfort conditions resulted more critical. As for the daily
profile of the mean temperature in the area, Fig. 4 shows an excel-
lent agreement with the corresponding profile of the air tempera-
ture at the receptor point. In terms of daily averages, the
corresponding values are almost identical. Therefore, the experi-
mental validation of the model can be considered significant for
the whole simulated area, since the receptor point was placed in
a truly representative location. The analysis of discomfort at pedes-
trian level is based on the average PET relative to all PETs calcu-
lated in the cells at a height of 1.8 m in the studied area. The
change in this area average PET is used as a criterion for evaluating
the effect of the mitigation interventions here analyzed. For this
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Fig. 4. Daily profiles of the receptor and measured air temperatures at the same location. Calculated area mean air temperatures trends in the same days are also reported.

reason, the first step was to calculate these average PETs for the
real condition, i.e., without interventions, of the urban area used
as a reference scenario. Then, the average PET values were calcu-
lated for the area considering each solution to reduce the overheat-
ing effects associated with the urban context. For each scenario,
the simulations were performed using ENVI-met on the four
monthly mean days. Fig. 5 shows the daily trends of the area aver-
age PETs in the reference scenario and after the application of each
mitigation technology for the four monthly mean days.

The corresponding DPETs are reported if calculated, i.e., when
PET,.r is greater than 23 °C. Fig. 5 refers to the case of midrise
which is the actual rise of the considered area on the Venice main-
land. As for the reference case, PET profiles indicate a clear condi-
tion over the neutral limit at pedestrian level during the central
daytime on the monthly mean days. It is important to point out
that each profile refers to the average weather conditions during
the month, and therefore covers the entire monthly period, rather
than to the hottest days. The discomfort hourly interval, i.e., the
hours when the reference PETs are above 23 °C, is variable in each
month. The maximum widths of this interval are in July (9-21) and
then in August (10-19). Regarding PETprofiles after the application
of mitigation measures, a net benefit of the green wall is evident.
The impacts of the mitigation interventions concerning the roofs
are more modest and therefore better evaluated when considering
the DPETs. For the green roof solution the DPETs result always
faintly higher than with cool roof. A slight tendency for the green
wall DPET peaks to shift towards the afternoon compared to the
cool roof and green roof values is generally observed throughout
the season.

Fig. 6 shows the same comparison based on PET and DPET
hourly profiles as in the previous Fig. 5, but now refers to the low-
rise case. The comparison with the midrise highlights significant
differences. As for PET profiles, the comfort at pedestrian level
results clearly worsened. This is due to the lower height of the

building, as the influence of solar radiation is greater at street level.
All PET profiles have grown significantly, especially in August.

Fig. 7 reports the hourly PET and DPET trends for the case of
highrise. As concerns a comparison between the reference scenario
of the three LCZs, highrise has the lower PET profiles and thus the
better initial conditions. Therefore, all the hours are in a PET range
lower than the one corresponding to the Hot thermal sensation.

The values of the green walls PET are greatly reduced by
increasing the wall heights to which the green walls are attached.
For this reason, the trend of PET in this intervention is always
below the limit of 23 °C in August and above it only for one hour
in June and September.

Fig. 8 shows mean and peak values of the area average DPETs
obtained with the mitigation strategies considered for each
monthly typical day for the three LCZs. In addition, the correspond-
ing %DPETs are also given. In general, it can be observed that each
mitigation solution causes a larger DPET for the peak values than
for the average values, since all measures lead to a larger reduction
in the hours when the comfort condition is worse. However, the
DPETs and %DPETs generally increase at different rates and thus
may provide different quantitative indications in the various
months. For example, for all the LCZs, mean and peak DPETs are
the highest in July while the ¥DPETs assume the lowest values in
that month. In Fig. 8a, the values are referred to midrise. In the case
of the green wall, Fig. 8a highlights high mean %DPETs, which
range from 38.5 % to 48.7 %, and the higher values for the mean
%DPETs than the peak ones. This means that the mitigation effect
is effective throughout the day. Different considerations can be
made for green and cool roofs. For these measures, the mean %
DPETs are lower. In addition, peak %DPETs are now typically higher
than average values. Therefore, they appear to perform better dur-
ing peak hours than during the entire daytime.

In Fig. 8b with the lowrise, there is a clear reduction in DPETs
relative to the green wall, which is due to a lower greening area,
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Fig. 5. Area average PET trends for all the studied scenarios and relative DPET trends obtained with the mitigation strategies for each monthly typical day in the case of

midrise.
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Fig. 6. Area average PET trends for all the studied scenarios and relative DPET trends obtained with the mitigation strategies for each monthly typical day in the case of
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Fig. 7. Area average PET trends for all the studied scenarios and relative DPET trends obtained with the mitigation strategies for each monthly typical day in the case of

highrise.

even though they continue to have the highest values. An evident
DPET improvement concerns green and cool roofs both in mean
and peak values. In terms of ¥DPETs, for the green wall now the
maximum is 30 % in June. For green and cool roofs, the peak values
remain higher than the mean ones. However, the increment versus
the midrise values is greater for the mean %DPETs rather than for
the peak ones. Fig. 8c confirms the excellent performance of the
highest vertical greenery in terms of PET reduction with highrise
which was already seen in Fig. 7. The lowering of the PET profiles
below 23 °C involves %DPETs greater than 100 %. It is interesting
to note the important contribution at street level (1.8 m) of the ver-
tical greenery surface quota installed at heights between 20 and
40 m, which is present only in the case of highrise. Only in July,
the %DPETs is lower than 100 %, at 90 %. On the contrary, the
advantages of green and cool roofs are strongly downscaled.

Fig. 9 reports the frequency distributions as a percentage of the
daytime (hours 9-21) of PETs referred to the comfort classification
for each scenario and for the three LCZs on the four monthly typical
days. In this case, the frequency distribution was calculated consid-
ering the PET of each cell of the studied area rather than the aver-
ages in the area as in the previous figures. In this way, the behavior
in each cell can be examined in detail, considering, for example, the
different impacts of building shadows in different zones of the
area. The frequency distributions allow to underline more effec-
tively the positive effect to reduce the highest PET values, even
in the cases where no extension of the neutral condition is
observed for green and cool roofs. Figs. 8 and 9 highlight strong
variability in the benefits achieved in the various months for the
same intervention and LCZ typology, which is accentuated by the
different monthly performance responses of DPETs and %DPETs.
No single monthly mean day can be considered representative of
the entire summer and a seasonal assessment is necessary. There-
fore, a seasonal calculation was made based on the results relative
to the monthly mean days. Specifically, the averages from the pre-

viously evaluated daily profiles were used to build the correspond-
ing seasonal averages by weighting them by the number of hours
in the discomfort interval and days in each month. As mentioned
earlier, only 15 days were considered for September. Fig. 10a
shows these seasonal values of mean DPETs and %DEPTs. Although
aggregating monthly data reduces the peak effectiveness of mitiga-
tion strategies found at monthly level analysis, comparison of mit-
igation strategies at the seasonal level illustrates values/points that
are significantly different from monthly analysis. For example, the
monthly mean %DPETs range from 90 % to 148 %, while the sea-
sonal mean value is 115 % for the green wall and highrise. Simi-
larly, they range from 7.7 % to 10.5 % and the seasonal value is
9.1 % for green roof and lowrise. For cool roof and lowrise they
range from 5.8 % to 8.2 % and the seasonal value is 7.5 %. These
numerical differences confirm the opportunity of extending the
analysis to the entire summer period to obtain a more correct
quantification of the benefits of a mitigation solution.

In the same way, the seasonal frequency distributions of PETs in
the comfort ranges were obtained for each scenario considered and
presented in Fig. 10b. As in Fig. 9, these frequency distributions are
obtained starting from the PETs of the single cells. The seasonal
assessment again provides different values than the monthly ones,
and thus a temporal distribution of comfort values that is more
correct for the whole summer.

4. Contributions of this study

ENVI-met 4.45, used here, includes new procedures for wall and
roof greening, to increase the ability to simulate the interactions
between vegetation, substrate layer, and attachment materials on
facades or roofs [62,63]. These are important improvements for
the present study, which focuses on the performance of green
walls and roofs. Regarding vegetation, a review paper [31] high-
lighted the limited studies on the effects of vertical greening on
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Fig. 8. Mean and peak DPET trends with mitigation strategies for each monthly typical day in the three LCZs. The corresponding %DPETs are also indicated above the bars.

the PET index, which is due to the recent introduction of more
accurate greening modeling in the ENVI-met software. Continued
development of ENVI-met is stimulating new applications of vege-
tation modeling [65]. This is the case with this study, which
focuses on the impact of installing green infrastructure in build-
ings. Important confirmations of the effectiveness of greening were

found, particularly in hot [35] and continental [66] climates and in
high-density cities such as Hong Kong [64] and Cairo [67]. In this
study, an evaluation of the benefits for the northern Mediterranean
climate and considering LCZs typical of European urban areas was
carried out. The approach adopted has three innovative aspects.
First, the monthly assessment. Indeed, several studies have focused
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on the outdoor thermal comfort at the microscale level [68-71].
However, due to the high computational time, ENVI-met is usually
used to simulate single days [72]. Consequently, the studies are
conducted on a few days, usually selected about the hottest days
of summer, to highlight the effects of mitigation measures under
the worst conditions rather than over a long period of time. In this
work, monthly mean days obtained from real meteorological data
were used instead of a few real days in the period. An analysis
based on monthly mean days allows the extension of validity to
the entire summer and overcomes the limitations of difficult gen-
eralization resulting from simulating individual summer days. In
this way, the results are more representative, as climatic condi-
tions strongly influence the impact of mitigation strategies. Con-
sidering that the goal is to improve human comfort along an
extended period, the use of average weather conditions is oppor-

10

tune. Second, the analysis was performed using an average PET
value of the studied area, obtained from the corresponding values
of all cells of the corresponding ENVI-met model for each simu-
lated scenario. This procedure was validated by evaluating the
PET frequency distributions from each cell of the studied area,
which gave matching results. Third, the introduction of the ¥DPET
index. In the previous studies [31,32], the change in the index PET
is directly used as a comparative tool to evaluate the improvement
compared to the urban reference scenario. In this study, a new
algorithm based on PET is proposed for this purpose to better eval-
uate the benefit in terms of comfort threshold. The %¥DPET index
expresses the effectiveness in terms of relative comfort benefit,
i.e., in relation to the discomfort gap of the corresponding reference
scenario. It complements the DPET index, which quantifies the
ability of each technology to reduce the value of PET in absolute
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terms. The different results obtained by using DPET or %DPET
demonstrate the advantage of using the two indices in combina-
tion. The averaged values of these indices facilitate the extension
of the analysis to monthly and seasonal time periods.

5. Conclusion

Different results were obtained in different monthly weather
conditions underlining the fundamental importance of climate in
the evaluations. Therefore, an assessment based on monthly mean
days confirmed its better suitability to examine the mitigation
effects on a seasonal level. In addition to the DPET index, the %
DPET, which directly relates to the reduction in the discomfort
gap of the individual reference scenario, allows for a more compre-
hensive assessment of the effectiveness of each mitigation strat-
egy. In fact, in the same case studied, the simulation provided
different trends in terms of DPETs or %DPETs. As for the thermal
mitigation at 1.8 m quota, the interventions at roof level are
resulted very sensitive to the height of the buildings and useful,
especially in the case of LCZ 3 Compact lowrise. Here, the simpler
and cheaper cool roof technology has provided an average summer
%DPET of 7.5 %, which is not much lower than that of the green roof
(9.1 %). However, the choice should also consider the other benefits
of the green roof, such as stormwater capture and air quality
improvement. To improve pedestrian comfort, the best technology
for the building envelope is resulted the introduction of vertical
greenery. In all three compact LCZs analyzed here, the advantage
over the other solutions is clearly highlighted and increases shar-
ply with building height, with average summer %DPET ranging
from 28 % to 115 %. Thus, in the highrise buildings, the vertical
greenery systems allowed to move PET into the comfort zone for
almost all the simulated periods.
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