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Abstract: This article examines the influence of the emissivity of fagade materials on outdoor
microclimatic comfort. The developed methodology is based on the collection of input data
regarding the site, the geometrical and technological characterization of the building envelope and
the definition of the associated emissivity, the development of alternative emissivity-driven
scenarios, the scenario simulation to obtain Outdoor Microclimate Maps (OMMs), and their
interpretation and discussion. The operative steps of the proposed simplified method are applied
to a specific case study in the city of Bologna made of a mix of buildings, including some towers
overlooking an inner courtyard. The emissivity of the facade materials is assumed as the main
variable. The results show how, by properly addressing the design choices, it is possible to achieve
significant improvements in the outdoor microclimate for the space in-between the considered

volumes.

Keywords: low-emission materials; emissivity; building fagade; solar radiation; building envelope;
outdoor comfort

1. Introduction, Context and Background

Cities and metropolitan areas are currently accommodating most of the global
population, and it is expected that this trend will increase even further in the coming
decades [1-5], posing a significant challenge to meeting the Agenda 2030 sustainable
targets [6,7]. The increase in the population living in the built environment and the ever-
increasing recurrency of extreme phenomena due to the impacts of climate change [8]
mean there are calls for a wider reflection on the role of public spaces, green areas, and
complementary spaces in ensuring adequate levels of quality and comfort condition [9-
12].

These spaces are vital places of socialization and relation on which most city patterns
are based. However, they are often affected by unsuitable conditions such as the street
canyon effect [13-18] or urban heat island (UHI) [19-22]—among others—which
significantly decrease outdoor comfort and livability. UHI is defined as an urban or
metropolitan area that is significantly warmer than its surrounding rural areas mainly
due to the modification of land surfaces and human activities [23,24].

In the European Union, a study by Zhou et al. (2013) reported that the UHI intensity
is seasonally dependent, and the saturation is maximal in summer at approximately 3 °C
and much smaller in winter [25].

These phenomena have been largely investigated in the scientific literature, not only
in relation to the perceived level of comfort/discomfort [26-28] but also with reference to
the potential mitigative actions to be adopted [29-32].

The increase in the average temperature in cities has huge impacts, and in the near
future, it might have an even larger impact on the energy demand for cooling which, in
many countries, is equal to or larger than then one for heating. The related energy demand
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is often concentrated in specific peak times during the hottest days [33,34], causing, in the
worst scenarios, a collapse of the energy infrastructure or prolonged black outs. Many
different techniques have been explored to mitigate or reduce the effect of UHI, from
water bodies to green surfaces and cooling roofs, and among them, the study of the albedo
[35] of the surfaces involved in urban fabric configuration is growing in interest and
importance.

The albedo depends on three main architectural-related factors [36]: the reflection of
direct solar radiation from paving surfaces, the roofs of buildings, and the indirect
reflection of buildings” facades. Many efforts have been made among the scientific
community to investigate the possible responses regarding horizontal surfaces, focusing
on how vegetation or draining paving can contribute to mitigation [37-40] and how green
or cool roofs [41-43] can actively reduce the overheating effects.

However, less attention has been dedicated to the indirect contribution of facade
materials. Among the possible solutions explored to reduce the effect of UHI, the
application of highly reflective (HR) surface materials [44] (i.e., paints and coatings) [45-
48] in building facades and roofs has been largely experimented with to reflect the incident
solar radiation of a building surface. Nonetheless, most of them are diffused HR materials
(DHRs) meaning that the solar radiation incident to the building-wall surface is reflected
and consequently absorbed by the surrounding surfaces remaining in the urban canyon
[14,18,49,50]. For this reason, retro-reflective (RR) materials have been introduced with
the purpose to reflect the incident solar radiation to the sky without being absorbed by
nearby surfaces [51-56]. Among the properties of materials, emissivity is one of the most
relevant factors influencing the way solar radiation is reflected [57-60] and therefore
contributing to the increase in the risk of outdoor spaces overheating due to both the direct
and the indirect reflection of radiation [61,62] (i.e., reflection from paving largely
contributes to the increase in the UHI effect, affecting the urban microclimate).

The scientific literature offers many studies where microclimatic conditions have
been explored with reference to inhabitants’” comfort perception [63-66] as well as to the
geometrical configuration [67-69] of the spaces in-between buildings which are “still an
underestimated field of investigation”. In addition to empirical studies [70,71], thermal
comfort has been widely investigated during the last decade using the so-called Predicted
Mean Vote (PMV) [72], Physiologically Equivalent Temperature (PET) [73], or the
Universal Thermal Climate Index (UCTI).

Developed by Fanger [74] and accepted as a standard by ISO 7730 [75], PMV is an
index that aims to predict the mean value of votes in a group of occupants on a seven-
point thermal sensation scale with the purpose to “measure” the comfort/discomfort level
reflecting one’s subjective thermal sensations in an objective thermal environment. The
process has been largely discussed among the scientific community for the complex
interaction of many parameters and for the limitations originally assumed by Fanger, but
considering that the conditions within the built environment are generally within a small
range, PMV has been largely used, and further studies focused on clothing or metabolic
rates, defining standards (i.e,, ASHRAE Standard 55 Comfort Zone [76]) and indicating
thermal conditions that will give a satisfactory predicted mean vote.

Defined as the operative temperature of a reference environment that would cause
the same physiological response in the subject as the environment under study, PET
(Mayer & Hoppe [77]; Hoppe [78]; Matzarakis et al. [79]) is mainly used to examine the
distribution of physiological stress (PS) thresholds as originally presented by Matzarakis
and Mayer [79,80]. PET was further highlighted for its applicability to thermal evaluations
within bioclimatic-orientated assessments, as also highlighted by other relevant studies
(e.g., Cohen et al. [81]; Abreu-Harbich et al. [82]; Martinelli et al. [83]; Algeciras et al. [84];
Chatzidmitriou & Yannas [85]; Lin et al. [86]; Nouri & Costa [87]; Nouri et al. [88]; Staiger
et al. [89]).

PET allows one to describe the thermal sensation in urban spaces in city areas such
as parks, squares, and streets [90,91]. The local microclimate and the climate conditions as
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well as the urban fabric design can be considered the main factors influencing outdoor
microclimatic comfort; however, the design choices regarding buildings (orientation,
volume configuration, and materials) and particularly facades [92-95] can also
significantly influence the quality and comfort levels. The emissivity of materials used in
the building skins are therefore an interesting variable to be investigated with relation to
their possible effects on the surroundings.

2. Scope of the Research

The main scope of the study is to investigate the effects facade configuration and
material choice have on surrounding outdoor spaces, particularly focusing on the role of
the emissivity of materials with relation to the outdoor microclimate [16]. The research
analyzes how the variation in emissivity in the choice of facade materials may influence
the outdoor comfort levels expressed in Physiologically Equivalent Temperature (PET).
Accordingly, the study aims to address the choice, with relation to material properties, to
optimize the local response within the overall mitigation strategy, particularly with
reference to dense urban contexts with a high height/width (H/W) ratio [11] where the
emissivity can become a relevant factor to influence the local microclimate [7]. A detailed
study using the simulation software Envi-met [96] was conducted on a test-bed site
involving a polygonal plot with an inner courtyard, considering in particular the air
temperature and Physiologically Equivalent Temperature (PET) as key variables.

The originality of the study lies in focusing on the role of emissivity in building
facades with relation to effects on outdoor comfort conditions, which is generally
investigated by paying more attention to horizontal surfaces, namely roofs [97,98] and
paved spaces [99]. The main focus of the scientific literature is usually on the specific
albedo of materials [100], on the analysis of UHI patterns and intensities with relation to
urban typologies [101], and on mitigation techniques and technologies [102], while the
role of vertical surfaces is basically addressed to explore cool facade optimization [103].
U. Dietrich particularly focused on the impacts of the materials adopted for building
facades in urban street canyons where the Urban Thermal Comfort Index (UTCI) is
investigated [104].

The novelty of the present paper is presented in two aspects. The first is the aim to
investigate the effects of the emissivity of fagade materials with relation to a surrounding
outdoor space. Despite the fact that this topic has already been researched by in Fabbri K.
et al. [105], this follow up is devoted to providing a simplified way to identify the most
appropriate material to clad a fagade at a very early design stage with the purpose to
consider outdoor comfort as a priority which cannot be achieved without including a
consistent reflection of the contribution of vertical surfaces. The second is the use of
Outdoor Microclimate Maps (OMMs) and PET as evaluation tools to compare the
different performances and effects of materials within the same fagade configuration or
among alternative scenarios. The role of emissivity is often underestimated during the
design process because many other parameters, such as energy and thermal performance,
durability, natural ventilation, life cycle analysis, cost-effectiveness, etc., represent more
urgent priorities to be fulfilled in finally choosing the fagade configuration, layers, and
materials. Nonetheless, emissivity can influence outdoor comfort, and the use of OMMs
for each possible design configuration or scenario can be of great help in addressing
proper choices while reducing the time needed for more detailed simulations. Being costly
and time consuming, these simulations—based on advanced software for dynamic
modeling —are rarely performed within the design activity of ordinary practice and even
less so at an early stage. For this reason, the use of OMMs represents a viable alternative
which is a step forward in taking into account additional parameters, and particularly the
emissivity of materials, influencing outdoor comfort.
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3. Methodology and Materials

The study adopted a comparative methodology to estimate how the different
properties of materials, and reflectance in particular, may influence the performance of a
building envelope with reference to outdoor microclimatic comfort. The methodology
was developed by choosing a specific site to carry out the study in Bologna, which was
chosen as a case study. Every possible location has its own unique features and specific
complex interactions of multiple factors depending on the site and the surroundings that
may impact on outdoor microclimate. Among these conditions, the density of the urban
fabric, the distance between buildings, the volume configuration, the building envelope
materials, the properties of vertical and horizontal surfaces, as well as some climatic
conditions are discussed in the following text. The authors are aware of this complexity
and used a demo-site to create a sequence of steps aimed at fixing some parameters (which
may be variable or constant) and focused on the emissivity of the envelope materials for
optimization purposes. Following the Stefan-Boltzmann Law, emissivity is defined as the
ratio of the radiation emitted by the surface to the radiation emitted by a blackbody at the
same temperature. The radiation may be reflected, absorbed, and transmitted by surfaces
in relation to surface phenomenon, e.g., color surface [106].

The case study is firstly introduced, and then the operative steps of the methodology
are described.

3.1. Case Study

In cooperation with the city of Bologna, the Department of Architecture carried out
many studies regarding the regeneration and renovation potential of some strategic assets
during the last decade, particularly focusing of energy transition and climate-responsive
solutions. The city of Bologna (see Figure 1) is located in the north of Italy, 50 m above sea
level, classified E according to the Italian climatic zones (DPR 26/08/1993 n.412) with 2502
day degree. The city is characterized by a humid temperate climate, classified as Marine
Climate subtype Cfb according to the Koppen scale [107,108] with a hot, humid summer
and a cold, rigid winter. As explained in the following section, temperature and climatic
datasets for simulation purposes can be downloaded from the Dexter portal gathered by
the Environmental Agency of Emilia Romagna Region [109].

Figure 1. Italy and Bologna location.

The chosen site is located in the Bolognina neighborhood, north of the railway
station, which has been largely redeveloped during the last 15 years. According to the
masterplan, several residential buildings and some commercial volumes replaced the
former general market within a large polygonal area, divided into many plots which
approximately recreate the pattern size of the original district. For the purpose of the
study, a plot located on the northern side, and assigned to a mixed-use, was selected,
having adequate distances from surroundings and representing a well-balanced
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mediation between the consolidated urban fabric of five-story buildings with the taller
volumes of the new development in its size and density (Figure 2).

A
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Figure 2. Plan of the redevelopment area with the selected plot highlighted.

The selected case study is a multistory, multifunctional building articulated in
several bodies of different heights around an inner courtyard, creating optimal conditions
to test the typical microclimatic conditions of recurrent plots in the district.

The plot includes many long, four-story buildings, with some spotted setbacks and
three residential towers, 52 m tall (see Figure 3). The volume layout was carefully defined
during the early design stage so as not to compromise the possible solar gains during
winter with the shadow of the towers which are therefore located to optimize their own
solar exposure while preserving the inner courtyard’s quality and avoiding any canyon
effect (which would influence the outdoor temperature, air speed, and air quality).

Y

Figure 3. Axonometric view of the case study volumes.
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The inner courtyard is irregularly shaped with a maximum width of 52 m and a
maximum length of 115 m. The h/w ratio at the minimum distance is 1.

The tower facades represent the largest and most relevant surfaces interacting with
the courtyard. The main elevation of the tower is 18 m wide and 52 m tall over 14 stories.
The building envelope typical opaque section includes multilayered wood fiber insulation
which fills the main timber-based structural framework, wrapping it on the outer side to
prevent any thermal bridge, furtherly completed by lightweight Glassfiber-Reinforced
Concrete (GRC) panels. A pattern of glazed elements is regularly repeated on each floor.

A ventilated second skin is envisaged with the purpose to reduce the heat loads and,
at the same time, to act as an active adaptive shading system for the glazed surfaces.

The choice of the most appropriate material —considering the emissivity and the local
conditions —represents the key design challenge and the driver for the application of the
proposed methodology.

3.2. Operative Methodological Steps

Once the site was chosen, the proposed methodology proceeded according to the
following steps, which are also graphically represented in Figure 1:

(a) The collection of the geometrical characteristics of the urban fabric and of outdoor
space;

(b) The definition of the geometrical and technological characteristics of the fagades and
related emissivity;

(c) The definition of alternative scenarios with different emissivity values according to
pre-set theoretical levels;

(d) The Envi-Met simulation of the different scenarios to obtain Outdoor Microclimate
Maps (OMMs);

(e) The interpretation and discussion of OMMs [71] and related outcomes;

(f) The application of theoretically derived ranges to a test-bed site with the emissivity
of materials in real conditions.

The study relied on some simulations adopting the software Envi-met, and the
authors already addressed the request for laboratory or field measurements for calibration
and validation purposes, which have been already discussed and provided in previous
research stages and previously published in scientific journals, as well as being presented
at international conferences [110-113]. As a consequence, the present study was based on
the same assumptions and methods, which basically involve the calibration of the Envi-
met model on a starting condition configuration (scenario 0) which is validated by
comparing the setting with thermographic images gained with the use of drones [114] as
well as data provided by the Regional Environmental Agency (ARPAER [115]) for the
same site and location.

The paper evolves the outcomes and the lesson learned in the previous studies
regarding the model validation and focuses on the elaboration and the visualization of the
results to possibly deliver a speedy methodology that can be adopted by scientists and
professionals without investing a huge amount of time and resources while improving
their capacity to gain a critical reflection about design choices.

The overall workflow of the methodological steps listed above is graphically
represented in Figure 4.
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Figure 4. Workflow flow chart.

(a) Collection of the geometrical characteristics of the urban fabric and of outdoor space

The proposed methodology required some basic information and data about the
location to properly set the modeling and in particular the form, the geometrical layout,
and the density of the urban fabric to appropriately define the outdoor spaces in-between
the buildings. The height and configuration of the volumes were also relevant when
correctly considering the influence of the facades’ surfaces as well as the size, the
exposure, and the way they face one another. Local climate data input (temperature,
relative humidity, and wind speed and direction) were collected from a weather station
located in Bologna, 500 m away from the case study site, by ARPAER, the local climate
agency, and made available for the purpose of this study following Envi-met data input
instructions. Environmental data were gathered from the ARPAER [115] dataset and
compared with the results of the Envi-met model, referring to the central point of the
polygonal courtyard. Data processing and validation followed the statistical indexes of
Guideline 14-2002 [116]. For the scope of the article, a specific location was chosen, but the
process could be replicated with any other case study.

(b) Definition of the geometrical and technological characteristics of the fagades and
related emissivity

The volumetric architectural configuration of the building, including its structural
and technological key elements, was defined to properly consider the nature and the
characteristics of the building envelope materials. In addition to conventional information
regarding conductivity, density, specific heat, etc., the emissivity value was of particular
interest for the definition of the external layer of the facade, as it influences the way the
solar radiation is directly “reflected” back into the surroundings.

(c) Definition of alternative scenarios with different emissivity values according to pre-
set theoretical levels

In order to investigate the influence of the adoption of different materials on the
outdoor spaces, a range of different options were explored, analyzed, and compared.
After considering several materials (belonging to different families from metal sheets to
ceramic forms, from GRC panels to glass, and from meshes to membranes) and the related
emissivity values, the different options were grouped into three main sets—associated
with three different emissivity values as summarized in Table 1 —to perform the Envi-met
simulations [117,118]. Three simulation scenarios related to 0.1, 0.5, and 0.9 emissivity
values were performed to obtain the related OMM output. The goal was to compare how
different materials and their respective emissivity values contribute to achieving the
highest comfort level with reference to the local microclimate.
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Table 1. Emissivity value associated with the three scenarios.

Scenario Emissivity
1 e=0.1
2 €=0.5
3 =09

(d) Envi-Met simulation of the different scenarios to obtain Outdoor Microclimate Maps
(OMMs)

Simulations were performed using the software Envi-met, which is widely adopted
within the scientific community to analyze the microclimate and the comfort conditions
of different spaces, from buildings to squares or green areas [70,73,105,119,120]. The main
investigated variables were temperature, humidity, air speed, and physiological
equivalent temperature (PET) in a range between 4° and 41° C, as summarized in Table 2.

Table 2. Grade of physiological stress.

PET (°C) Thermal Perception Grade of Physiological Stress
<4 Very cold Extreme cold stress
8 Cold Strong cold stress
13 Cool Moderate cold stress
18 Slightly cool Slight cold stress
23 Comfortable No thermal stress
29 Slightly warm Slight heat stress
35 Warm Moderate heat stress
41 Hot Strong heat stress
>41 Very hot Extreme heat stress

In order to properly compare the simulation outcomes, and particularly the effects of
a specific design choice, a specific day of the year —namely the hottest day to consider the
maximum thermal stress—was taken to set the simulation and evaluate the response
according to the variations in the main investigated variable. With the support of the
Leonardo module, the software provided some Outdoor Microclimate Maps (OMMs) as
the main output, and particularly those related to the temperature and PET variations
which are used to analyze the physiological stress of the human body depending on the
microclimatic conditions. The OMMSs were then compared to investigate (and easily
display) the effects of using alternative materials in the same fagade and context.

(e) interpretation and discussion of OMMs [71] and related outcomes

Comparing the OMMs [73], it was possible to clearly and easily display the different
effects of alternative design options and to consequently address the overall strategy
considering the related pros and cons. The maps offered clear images of the isolines
defining the temperature or PET variations dependent on the selected scenario, thus
directly and immediately showing the role of the chosen material emissivity through the
related effect on the local microclimate.

(f) application of theoretically derived ranges to a test-bed site with emissivity of
materials in real conditions.

Once this step was completed, a range of emissivity reference values was defined,
and then, the material that best fit the optimal reference threshold according to the OMM
outcomes was chosen.

4. Results

The simulations demonstrate that the adoption of materials with low emissivity
(<0.1) leads to a reduction in the surrounding areas with temperatures above the
maximum threshold of 41° compared to other alternative options where emissivity is over
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0.1 with a consequent very unpleasant sensation of discomfort, as Table 2 highlights.
Figures 5 and 6, respectively, refer to air temperature and PET and represent the OMM
output of scenario 1, where emissivity is equal to 0.1. The wide blue/cyan areas indicate
temperatures lower than 28 °C in the courtyard, meaning an acceptable slightly warm
microclimate, which might not be the most suitable condition—as it is at the border of the
beginning of the stress scale—but certainly represents a more convenient condition
compared to the surroundings or to the alternative scenarios. It must be noted that it is
largely conditions below the 41° C temperature limit of heat stress which usually lead to
high discomfort levels or to possible related pathologies.

3
g
g
2
§
i
3

below 28.00 °C

28.00 to 28.25 °C
28.25 to 28.50 °C
28.50 to 28.75 °C
28.75 t0 29.00 °C
29.00 to 29.25 °C
29.25 t0 29.50 °C
29.50to0 29.75 °C
29.75 to 30.00 °C
above 30.00 °C

JNO0ONEn

Min: 26.65 °C
Max: 30.61 °C

Figure 5. Envi-met simulation, Potential Air Temperature with emissivity equal to 0.1.

below 41.00 °C

41.00 to 42.00 *C
42.00 to 43.00 °C
43.00 to 44.00 °C
44.00 to 45.00 °C
45.00 to 46.00 °C
46.00 to 47.00 °C
47.00 to 48.00 °C
48.00 to 49.00 °C
above 49.00 °C

LR

S~

Figure 6. Envi-met simulation, PET with emissivity equal to 0.1.

Min: 18.19 °C
Max: 45.50 °C

Figures 7 and 8, which refer to air temperature and PET, respectively, show how the
adoption of an emissivity value equal to 0.5 in scenario 2 leads to an increase in
temperature and PET in the courtyard, which the reduction in the blue area intensity in
the OMMs makes clearly visible. The temperature is between 28 and 29 °C, which is still
acceptable, though slightly discomfortable, with a moderate heat stress risk. However, the
PET map shows that this small difference leads to some localized discomfort zones in the
courtyard, which clearly make scenario 1 preferable.
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Potential Air Temperature
R below 28.00 °C
B 2:.00 to 28.25 °C
I 28.25 to 28.50 °C
B 28.50 to 28.75 °C
I  28.75 to 29.00 °C
[ 2s.00t029.25°C
] 29.25t029.50 °C
B 2950 to 29.75 °C
I 25.75 to 30.00 °C
B  =bove 30.00 °C

Min: 26.69 °C
Max: 30.85 °C

below 41.00 °C

41.00 to 42.00 °C
42.00 to 43.00 °C
43.00 to 44.00 °C
44.00 to 45.00 °C
45.00 to 46.00 °C
46.00 to 47.00 °C
47.00 to 48.00 °C
48.00 to 49.00 °C
above 49.00 °C

ERCOOmam

Min: 26.68 °C
Max: 48.00 °C

Figure 8. Envi-met simulation, PET with emissivity equal to 0.5.

Figures 9 and 10 highlight how scenario 3 with an emissivity value equal to 0.9 leads
to a significant increase in air temperature with a remarkable reduction in the blue area in
the courtyard and the increase in wide green and light green zones at the edges, meaning
a temperature above 29 °C, which can be considered the threshold of heat stress. Looking
at the PET map, this becomes even more evident with spotted pink and red zones where
the discomfort sensation becomes particularly relevant.

Potential Air Temperature

below 28.00 °C

28.00 to 28.25 °C
28.25 to 28.50 °C
28.50 to 28.75 °C
28.75 to 29.00 °C
29.00 o 29.25 °C
20.25 to 20.50 °C
29.50 to 29.75 °C
29.75 to 30.00 °C
above 30.00 °C

L

Min: 26.73 °C
Max: 31.19 °C

Figure 9. Envi-met simulation, Potential Air Temperature with emissivity equal to 0.9.
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below 41.00 °C

41.00 to 42.00 °C
42.00 to 43.00 °C
43.00 to 44.00 °C
44.00 to 45.00 °C
45.00 to 46.00 °C
46.00 to 47.00 °C
47.00 to 48.00 °C
48.00 to 49.00 °C
above 49.00 °C

ERCEOEWEm

Min: 30.62 °C
Max: 54.00 °C

Figure 10. Envi-met simulation, PET with emissivity equal to 0.9.

Considering the index of stress level associated with the thermal sensation reported
in Table 2, it can be easily noted that scenario 3 presents very critical situations in some
zones compared to the alternative scenarios, demonstrating the relevance of considering
the role of emissivity and its importance during the design process and the building
envelope conceptualization.

These effects must be considered during the daytime variations, and Figures 10 and
11 show the air temperature and PET variations for each of the three scenarios which
referred to a specific test day, namely 27 July 2019, the hottest day in 2019 (according to
historic dataset), at 12 o’clock.

——Temperature (emissivity 0.1) ——Temperature (emissivity 0.9) ——Temperature (emissivity 0.5)
6.00%
5.00%

4.00%

3.00%

Frequency (%)

2.00%

1.00%

0.00%

26 27 28 29 30 31 32
Air Temperature (°C)

Figure 11. Variation in the percentage of temperature as the emissivity value varies. Red arrow
highlight frequency increase of temperature in case of emissivity equal to 0.1.

Figures 11 and 12, respectively, report the temperature and PET values, expressed in
°C, on the x-axis and the frequency of distribution incidence in the OMM on the y-axis.
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——PET (emissivity 0.1) ——PET (emissivity 0.9) ——PET (emissivity 0.5)

20.00% 1

18.00%

16.00%

14.00%

12.00%

10.00%

Frequency

8.00%

6.00%

4.00%

2.00%

PET (°C)

Figure 12. Variation in the percentage of PET as the emissivity varies. Red arrow highlight
frequency increase of temperature in case of emissivity equal to 0.9.

Figure 11 refers to air temperature considering the three emissivity values 0.1, 0.5,
and 0.9, showing that in the case of 0.1 (blue line), the frequency of temperatures under 28
°C is increased compared to the other two options (green and red lines), as evidenced by
the green area of the graph. On the other hand, in the simulation with emissivity equal to
0.1, a higher frequency of temperature values higher than 29 °C is shown. In the case of
emissivity equal to 0.5 or 0.9, the percentage of the surface of the OMM with temperatures
between 29 °C and 30 °C is lower than 4%, while in the case of emissivity equal to 0.1,
these surfaces represent more than 4% of the OMM (blue area and red arrow).
Furthermore, the entire area with emissivity of 0.1 has a higher frequency than values
between 30 °C and 31 °C (blue area).

Accordingly, Figure 12 reports the analysis of the frequency regarding PET
distribution values, expressed in °C, within the investigated area. In this case, the PET
values are between 40 °C and 45 °C. It can be noted that with an emissivity of 0.1, the
frequency distribution shows some areas below 40 °C (blue area), while in the other two
simulations, the distribution is more concentrated between 40 °C and 45 °C. On the other
hand, the simulation with an emissivity of 0.9 shows that 16% of the areas have a PET
value of 45 °C.

Comparing the frequency of distribution in the OMM allows one to make more
conscious decisions about emissivity values that clearly influence the air temperature and
the PET distribution in different ways: air temperature is higher with emissivity of 0.1,
while PET is higher with emissivity of 0.9. It can be noted that the outdoor microclimate
is much more influenced by the mean radiant temperature and by the energy exchange
rather than by the air temperature. In other words, direct or indirect solar radiation
negatively influences the outdoor microclimatic comfort.

The performed simulation demonstrated the relation between the emissivity of
materials and outdoor microclimate. OMMs and graphs show that the emissivity due to
the choice of fagade materials may influence temperature distribution, and the case study
demonstrated that the adoption of a low-emissivity material in the building skin facing
the inner courtyard can improve the outdoor microclimatic comfort.
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5. Discussion

The study reported in this paper is a follow up of a more articulated research activity
regarding the evaluation of design choices in climate-responsive building shells (adaptive
facades) developed by K. Fabbri and J. Gaspari. The research aimed to bridge the gap
between the knowledge gained in specialized scientific studies and the application of their
outcomes at the design level in the real market. The authors believe that a simplified
approach can be adopted at the early stage to better address design choices while saving
time and resources, which are key and determinant factors in ordinary professional
activities. Other studies have shown that returning to simplified methods improves the
chance that more refined and advanced concepts of sustainable design are embedded
from the very beginning in the design practice.

This indicated the need to explore alternative methods for dynamic simulations,
which still represent the most reliable way to gain a detailed response regarding the
performance of each design solution but are also far from being adopted during the
preliminary design phase—where several alternative configurations can be explored —
due to their cost in terms of time, resources, and competencies. Thus, the ambition of this
study was not to replace a consolidated and detailed approach with another less costly
one, but to provide a simplified method to anticipate the time for a critical reflection,
enabling one to compare alternative options and related effects at an earlier stage. This
can speed up the process, focusing on the most promising alternatives, which can be then
investigated according to traditional detailed methods and can point flowchart scientists
and designers toward more conscious design decisions by considering outdoor
microclimate a priority.

The spatial representation of the microclimatic conditions is a useful tool to
understand and address the effects of technological solutions to be evaluated and adopted
at the design stage. The proposed methodology can be replicated at an early design phase
in any other context to investigate a wide range of possible building envelope materials,
especially if the H/V ratio is similar to the proposed case study (which reflects quite
recurrent conditions in contemporary cities) to obtain a quite reliable overview of the
impacts and effects of design decisions on the overall site.

However, some limitations must be taken into account:

(a) The process considers a single case study, and the results are influenced by its
geometrical configuration. A further step could be to keep a fixed emissivity level for
the building skin (a low-emissivity one) and then explore how geometrical variations
in the configuration in the H/V ratio may influence the outdoor microclimate by
comparing the related OMMs.

(b) The study defines three reference emissivity values to collect a wide range of
materials into three main families, and more detailed results could be obtained in the
future by investigating the behavior of different materials using their own real
emissivity value.

Additionally, other variables could be considered in the future (i.e., density,
conductivity, etc.) to also investigate the effects on indoor quality at the same time. The
more we work on trying to reduce energy demand to ensure optimal living standards, the
more we will need to consider the interrelated effects of design choices.

6. Conclusions

This study represents a fragment of a broader debate on the roles and impacts that
buildings and cities may have within climate-change-related phenomena, such as air
temperature increase, urban heat island, energy increase to cooling buildings,
precipitation increase, etc., which are strictly related to the characteristics the building
envelope must own and to key decisions about materials and technologies to be adopted
from the very early design stage. The proposed methodology allows one to point
designers in the direction of more appropriate facade material choices, focusing on a
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thermophysical characteristic: the emissivity value, which is supposed to influence the
outdoor microclimate. Once the emissivity value—which is typically related to the
intrinsic features of materials—is investigated and finally chosen, it is then possible to
focus on the other requirements such as thermal insulation, technologies, aesthetic value,
etc., usually considered during the design process.

Further related topics to this study for future development deal with:

- Therelationship between the geometry of outdoor spaces, the emissivity of materials,
and outdoor comfort;

- The effects of the emissivity values on the indoor comfort of buildings and on the
deriving energy demand for heating or cooling;

- The characteristics of building materials with relation to the emissivity value and
other parameters to reduce the effects of solar radiation.

The outcomes of this study are relevant not only during the design stage of new
buildings but also when addressing the renovation options for existing ones.
Additionally, considering the complexity of building initiatives, the number of involved
stakeholders, the financial dynamics, the specific characteristics of the site, the
architectural ambitions, the construction and engineering requirements, it might be very
helpful to have benchmark values or “sentinel thresholds” to monitor, without time- and
resource-consuming actions, the directions the design choices are taking with reference to
their potential effects on the local microclimate.
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