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a b s t r a c t

Using green façades in large cities with hot climates has been introduced in the search for more sus-
tainable solutions for urban development. This paper presents the data collected in situ and quantifies
the thermal external behaviour of a green wall and a bare one in the same surrounding environment in
the city centre of Madrid, Spain. The methodological approach helps to assess the impacts of both walls
on the variation of the urban temperature range at the microclimate scale in accordance with envi-
ronmental physical data at different seasons and times of the day. In the summer campaign, the
maximum values of air temperature reduction as measured in situ range between 2.5 �C and 2.9 �C which
confirmed the values of various other studies using similar measurements. In the autumn campaign, the
maximum values were half of the ones obtained for the summer, not exceeding 1.5 �C. However, these
values increased after calculating similar conditions of sunlight in both façades. This comparative
analysis of the experimental results on a green wall and a bare wall demonstrates that green façades can
have a significant temperature reduction potential in the surrounding microclimate.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The type of land use cover plays an important role in
e Jesus).
determining the urban climate [1]. Due to the expansion of urban
areas, especially after the Industrial Revolution, the type of occu-
pation in urban areas underwent significant changes. Previous to
this expansion, there were areas predominantly covered by natural
vegetation, whereas nowadaysmost of them are covered by asphalt
and concrete. The changes occurring in the properties of the soil
surface that has, to a large extent, become impervious and the
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absence of natural vegetation in urban areas have resulted in local
changes in the climatic conditions of urban environments, such as
urban “heat islands”. Heat islands occur especially in the central
areas of large urban centres where there is a significant increase in
air temperature compared to the surrounding areas. Their conse-
quences are the increase in pollutants in the atmosphere and
higher costs to meet increased energy demands for cooling needs,
which consequently leads to an increase in environmental impacts
due to resource extraction. In Spain, according to a report by
Madrid City Hall, it was found that green roofs, vertical gardens and
groves reduce the energy consumption of buildings by 14% in the
summer and a temperature reduction of 4 �C was documented in
green areas [2].

Nevertheless, environmental problems associated with “heat
islands” are influenced by other parameters and physical-
environmental variables, as well as the type of land use.

For example, solar radiation that provides heat to the human
metabolism of thermoregulation, the exposure of the human body
to wind by exchanging heat through convection and climatic vari-
ables, such as temperature and humidity, also affect the thermal
comfort [3].

The case study herein presented focuses on assessing the
reduction potential of the thermal conditions of the urban envi-
ronment in the presence of green façades. The aim is to compare
the thermal behaviour of a façade covered with vegetation and a
bare façade inserted in the same microclimate in the centre of
Madrid, Spain. Air temperature variables, solar radiation, relative
humidity and wind speed were collected in situ. Results of climatic
variables were compared, relating the thermal behaviour of both
façades in different seasons and day times.

1.1. Thermal performance of green façades and green roofs

Various studies on green façades and green roofs using in situ
measurements or simulation models have analysed their thermal
performance. Experimental investigationwas conducted in Spain in
order to clarify the various mechanisms that influence the use of
green façades and their behaviour as passive systems for energy
saving purposes. Four fundamental mechanisms were considered
by the researchers: solar radiation interception; thermal insulation
provided by vegetation; evaporative cooling; and wind variation on
buildings. The results obtained from the spring and summer cam-
paigns confirmed that green façades have a large capacity to
intercept solar radiation. The radiation, temperature and humidity
measurements confirmed the creation of a microclimate in the
intermediate space, characterized by a lower temperature and
higher humidity [4,5]. In the Netherlands, relevant effects were also
quantified using green façades with measurements taken in the
interspace between the frame and the façade, where the vertical
greening systems have shown to be effective natural sunscreens
due to a reduction in surface temperature of the green layer
compared to a bare façade. Green façades are effective wind bar-
riers because they reduce the wind speed in the building envelope,
thus improving the energy efficiency [6,7]. Various studies were
conducted in Germany [8] to identify and assess the cooling ben-
efits of green façades. A study was carried out on a wall covered
with plants and a bare wall with no vegetation. The results show a
temperature reduction in the green façade in the range of 2 �Ce6 �C
compared to the bare wall.

Various comparative studies on a façade covered by greenery
and a bare façade were explored in situ. To assess the magnitude of
the cooling from vegetation in urban areas, a study was conducted
in the city of Nagoya, Japan, where air temperatures during the
summer are close to 40 �C. It was observed that the impact of
shadowing and evapotranspiration of plants can significantly
reduce the amount of heat that will be retransmitted by façades and
other surfaces. The shading and cooling potential of a green
coverage parking lot showed a temperature reduction from 2 �C to
4 �C [9]. In the Mediterranean climate of Greece, a comparison was
made between façades with and without vegetation focusing on
variations in temperature and dynamic thermal characteristics of
wall surfaces for both cases. The contribution of the indoor green
wall is important to improve the thermal behaviour of its sur-
roundings [10,11].

In Taiwan, a comparative experiment was carried out between a
planted lawn and a sun exposed slab. The results confirmed that the
rooftop lawn contributes to benefits in the surrounding outdoor
environment and a decrease in the internal energy demand [12].
Another comparison [13] made between a black painted roof and a
green roof covered by vegetation showed a 50% reduction in the
sensitive flow of the green roof in the Mediterranean climate with
dry warm summers in Portland, Oregon. It was observed that the
albedo of the material may decrease temperature surfaces exposed
to solar radiation [14].

The effects of vegetation and high albedo of the materials were
investigated in the Mediterranean climate of Rome. It was found
that the vegetation significantly benefits the environment and high
albedo materials can alleviate the thermal load of buildings espe-
cially higher thermal stress in the summer months [15]. In
Singapore, eight different green façade systems were measured at
different distances. Results confirm a reduction of temperature in
the surrounding environment of up to 3.33 �C at 0.15 m from the
wall [16].

A series of numerical simulations were also conducted in order
to evaluate the performance of green façades. The importance of
using green façades is highlighted to reduce heat island effects in
hot, dry weather microclimates whereby substantial benefits in
reducing urban temperatures can be achieved. For example, a
reduction of 8.4 �C was obtained in the simulation of an urban
canyon [17] and materials with very different reflection properties
were large scale modelled in Greece, where the increase in the
albedo represented a 2 �C decrease in air temperature [18]. In the
USA, green roofs and the seasonal behaviour of the heat flux were
modelled for a humid continental climate. It was observed that the
widespread adoption of green roofs and surfaces covered with
vegetation can reduce the temperature in the urban environment
in the range of 2 �Ce3 �C due to the increase of the albedo and
evapotranspiration [19,20].

2. Experimental methodology

The first phase of the research included planning the experi-
mental work. The site selection was more problematic than ex-
pected due to the difficulties in finding a green wall with good
vegetation conditions. For example, unique structures such as Air
Trees were completely depleted of vegetation as they dried out
between the work planning in the office and the first site visit.
Having found the Caixa Forum green wall in perfect conditions,
problems arose to find a suitable comparative bare wall. These
conditions are further described below. The next steps involved,
among others, selecting some equipment, as well as establishing
the protocol and campaign times for in situ measurements. The
next phase involved experimental investigation and in situ data
collection comprising 144 measurements of climatic air tempera-
ture parameters, humidity, air velocity and solar radiation. After
each of the two in situ campaigns, the data was analysed and
computed. A solar radiation conversion was performed for the bare
wall as it had a different orientation from the green wall. Data
obtained for the two walls were compared with and without solar
conversion. The two campaigns of in situ measurements were
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carried out in different seasons of the year: in the summer, where
higher average temperatures are observed, and in the autumn
period, where average temperatures are lower. The in situ mea-
surements of the climatic parameters weremonitored over six days
and throughout three periods of the day.
2.1. In situ conditions

The case study relies on data collected in situ from two mea-
surement campaigns at different times in the Caixa ForumMuseum,
located near Retiro, an area in the city centre of Madrid. This
microclimate can be found in the Mediterranean continental
climate. Madrid has an annual daily average temperature between
2 �C and 14 �C. During the day, in the summer, average daily annual
temperatures range from 24 �C to 30 �C while in the winter, these
temperatures range from 6 �C to 12 �C. In this urban microclimate
[21], there is a vertical garden located at Lat.40�24039.9700N/Long.
3�41035.4100W that was designed by French landscape architect
Patrick Blank. Its dimensions are 24 m high and 19 m long (Fig. 1)
and it is called Wall 1 for purposes of this study analysis. Another
wall, subject to the same environmental conditions, was success-
fully located in the proximity at Lat.40�24038.9200N/3�41035.5400W
and was also selected for analysis. It is a bare wall and is calledWall
2. The location of the bare wall meets recommended standards
between an ideal distance within a radius of 50 m and a maximum
acceptable distance less than 100 m from the object of study
[22,23].

This guideline instruction is not easy to follow in urban areas
with real existing buildings where a variety of problems can occur,
such as unparallel walls, walls blocked by vegetation, especially
trees or green strips, short pavements and heavy traffic that do not
allow for the same environmental conditions.

It is important to highlight the known complexity of in situ
measurements which address problems related to in situ condi-
tions. This has been investigated in various studies [24,25] where
many in situmeasurements were rejected due to damage caused to
Fig. 1. Green wall installation (Wall 1) at th
equipment left in the open air for 24 h without close supervision.
Therefore, the best solution for field measurement campaigns,
when there is no possibility of monitoring continuous data of
physical-environmental variables by installing fixed equipment, is
to adopt a simplified and reduced time campaign. This approach
limits the isolation and quantification of all physical and environ-
mental variables that influence thermal behaviour in the micro-
climate but it makes the in situ analysis feasible. Another problem
that can be encountered in the field is the choice of the reference
wall among the existing walls. Such was the case in this research. In
fact, it is not easy to find parallel façades that are either accessible to
measurements or similarly quantifiable in terms of general char-
acteristics such as door and window openings. Other important
constraints include incoherent conditions created in the streets by
the comparative shortage of pavements or the existence of arboreal
nuclei that do not allow access to the façade (Fig. 2).

The adopted methodology [23] successfully analysed the ther-
mal behaviour of urban spaces in the presence of vegetation and its
correlation with a reference point without having vegetation using
data collection at a distance between 50 and 100 m from the urban
environment under analysis [22]. These field conditions implied
that the radius of incidence in the search for the reference façade
was extended up to 100 m. Digital map analysis and field visits
were carried out to search for a reference façade that met all the
listed requirements including the same solar orientation condi-
tions, but it was not possible. It was observed that the two façades
are not exposed to the sun in the sameway as Facade 1 points to the
Southeast and Facade 2 points to North-Northeast. Owing to such
real limitations found in the field, this feasible solutionwas adopted
as an opportunity to minimize the spatial problems. This solution
meant that the solar radiation incidence measurements on the
reference façade had to be numerically converted.
2.2. Measurement campaigns

To systematize in situ measurements of the climatic parameters
e Caixa F�orum Museum, Madrid, Spain.



Fig. 2. Spatial location of the case study at the Caixa F�orum Museum, Madrid, Spain.
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of temperature, humidity and wind speed, it was decided to
performmeasurements in three periods of the day so that different
temperature ranges were collected. In the first measurement
campaign, held on September 23, 24 and 25, 2015, the measure-
ments were taken in the morning (between 10:00 a.m. �11:00
a.m.), in the middle of the day (between 1:00 p.m. �2:00 p.m.) and
in the afternoon (between 3:00 p.m. - 6:00 p.m.). In the second
measurement campaign, held on November 16, 17 and 19, 2015 due
to the autumn period, measurements were taken on average 1 h in
advance when comparing the respective measurements to the first
campaign. Eight different points were selected for measuring, four
for each of the walls (Wall 1 e Green Wall and Wall 2 e Bare Wall),
and four at distances of 0.5m (Point 1),1.5m (Point 2), 3m (Point 3)
and 5 m (Point 4) (Fig. 3).
Fig. 3. Points for measurements and walls (Wa
2.3. Measurement protocol

The measurement approach was based on field work (Fig. 4)
procedures mentioned in the literature, such as the studies that
successfully analyse the thermal performance of urban spaces in
the presence of vegetation and its correlation with a reference
point, without vegetation [6,8,11,22]. Generally, field measure-
ments were performed on average for 3 days and preferably on
clear days, and spot measurements every 3e4 h [9,15,16,22e24].

The experimental research took into account the strategies
adopted in previous studies [4,11,22,23] which provided the first
measurement campaign in order to analyse the urban thermal
behaviour in the summer period, when higher average tempera-
tures are observed. For the purpose of comparative analysis of
different thermal behaviour, according to various other studies
ll 1- Green Wall and Wall 2 e Bare Wall).



Fig. 4. Summary of experimental investigations carried out in different countries.
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[6,9,16,24,26], the second measurement period occurred in the
autumn period.

In terms of equipment, the air temperature was measured using
the digital thermometer Fluke 52II with two channels T-type
thermocouples ( ±0.5 �C accuracy). The wind speed was measured
using digital Testo equipment, anemometer model 350XL-testo454
( ±0.2 m/s accuracy). The relative humidity was measured using a
digital metre Laser model GP3181B ( ±5% accuracy). Solar radiation
measurements were performed using the pyranometer Ingen-
ieurbüro-Solar irradiation sensor Si-02-K ( ±0.5 �C accuracy).

Care was taken regarding the use and handling of equipment
during data collection so as not to affect the measurement of re-
cords. For example, for the data recorded manually, a 30 s time of
stabilizing the equipment to collect themeasured datawas defined.
The temperature and humidity measurements were performed at
the height of 1.5 m and the wind speed at 1.7 m, aiming to record
the data measurements protected from direct sunlight and at
general heights for human beings while in urban space. The radi-
ation measurements were performed at a height of 1.5 m with the
device pointing at the vertical and horizontal positions.

Taking into account that the two walls could not be measured
simultaneously and there was a change of temperature throughout
the day, both measurements were related to the referential com-
mon temperature of Madrid Alameda weather station at the exact
time of measuring. This process enabled us to strictly relate the
measured temperatures to one another.

Radiation was monitored on average 30 min before and 30 min
after (intercalated with measurements of other variables), in the
same three periods of the day (morning, afternoon and evening).
The solar radiation measurement point was fixed at point 1 of Wall
1 (0.5 m) due to the influence of direct radiation on the facade and
also the reflection of the horizontal radiation of the pavement.
3. Results and discussion

The data collected daily in situ in the two campaigns comprise 3
measurements on each of the 8 points, a total of 24 daily mea-
surements and in the total campaign,144measurements of climatic
air temperature parameters, humidity and air velocity. Two
weather stations: Chamberi (Lat.40�26015.8600N/Long.3-
�41059.1100W) and Alameda (Lat. 40�24041.3500N/Long.3�41037.7000W)
were selected in the vicinity of the case study area in order to
obtain actual recorded values of air temperature, humidity, velocity
and wind direction during the two phases and their respective
periods of measurement campaigns. For this study, only data from
the Alameda stationwere submitted due to the proximity of Wall 1.
The Alameda station is located approximately 150 m away from the
object of study. Data collected were related to air temperature and
humidity [27]. The wind velocity data collected at the Chamberi
station, as well as the values obtained in situ showed that
throughout all the campaign days, the wind velocity had a low
influence and was characterized according to the International
classification as a “gentle breeze” or point 2 of the Beaufort Scale.
For this reason and considering that both walls are located in a
confined city centre square, this parameter was disregarded in the
calculations.

3.1. Thermal behaviour during the summer

Meteorological conditions measured by the Alameda weather
station between the 23rd and the 25th of September were
considered as a reference for the behaviour of temperature and
humidity in the microclimate analysis (Fig. 5). The thermal
behaviour found served as a comparative analysis between Walls 1
and 2 on the same days and times.

It can be observed that on day 1 (23rd of September 2015),
minor variations in the air temperature and humidity were
observed throughout the day due to the cloudy weather conditions
over the period analysed. Furthermore, on day 3 (25th of
September 2015) the measurements revealed higher temperatures
and lower moisture values. Throughout the day, we obtained
temperatures progressively ascending and humidity descending
profiles. Humidity was between 20 and 30% as observed at the
periods 1:00 p.m. and 6:00 p.m.

In situ temperature measurements of the wall 1 and the wall 2
confirmed (Fig. 6) that the temperature range between measure-
ments from point 1 to point 4 presented a good thermal reduction
behaviour throughout day 1 between the first and third measure-
ments. On day 2, 24th of September 2015 even with direct inci-
dence of sun on wall 1, there was no significant variation in
temperature values throughout the day.

3.2. Thermal behaviour during autumn

The measurements of Alameda weather station on November
16,17 and 19 (Fig. 7) show that there is temperature rise throughout
the day. In the morning, at 9:00 a.m., temperature was between
8.3 �C and 10.3 �C and in the evening period, around 4:00 p.m., the
highest temperatures occurred, between 16.7 �C and 20.3 �C.
Moisture had a similar behaviour for the three days, of 85% in the



Fig. 5. Measured meteorological conditions in Alameda station on September 23, 24 and 25, 2015.

Fig. 6. First campaign - Temperature range between analogous points.
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morning at 9:00 a.m., decreasing throughout the day. There was a
single exception of one day, on November 17, when the relative
humidity did not show this behaviour, significantly increasing for
the period between midday and 3:00 p.m. (to a maximum of 100%)
and, starting to decrease afterwards.

The thermal variation of in situ temperature measurements
between Walls 1 and 2 is shown in Fig. 8. In both walls, the refer-
ence was adopted by the Alameda station, as explained before,
because the measurements were taken at different times, therefore
requiring a common framework to be equalized.

The range of temperature variations between measurements
from Point 1 to Point 4 showed a similar behaviour in the first
measurements carried out on November 16 and 19, 2015 as the
highest 1 �C temperature rangewas between Points 1 and 4. For the
second and third measurements, there was a similar behaviour on
November 16 and 19, 2015 when the range reached a peak thermal
variation of 1.2 �C.
3.3. Solar radiation

In the second campaign, a measurement of the solar radiation
was performed in situ to complement the microclimate analysis in
the thermal behaviour study.

The reason of this radiation measurement is that the Wall 1 was
exposed to direct and diffuse solar and the reflected solar from the
ground near it and, theWall 2, since it was shadowed, received only
the diffuse solar radiation. So, in order to enable a better compar-
ison of the results, in the second campaign the solar radiation was
measured in the nearest point to thewall exposed to direct sunlight
(considered point 1 of Wall 1). To perform this measurement, the
equipment was used in two different positions, vertical and hori-
zontal. The horizontal position was responsible to the measure-
ment of the direct sunlight radiation, but since the incidence is not
perpendicular to the equipment, it was necessary to compose this
incidence with the horizontal measurement. The horizontal mea-
surement was also responsible to know the diffuse reflected



Fig. 7. Measured meteorological conditions in Alameda station on November 16, 17 and 19, 2015.

Fig. 8. Second campaign - Temperature range between analogous points.
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radiation of the ground. In order to define the solar incidence area
of Wall 2 in view of its homogeneity, a small area was adopted as
being representative of the whole. Furthermore, in order to ensure
that the transmittancy (t) is zero, a sufficient thickness was adop-
ted to calculate a representative volume so that Wall 2 can be
considered as opaque.

Therefore, for the calculation of the representative area (A),
formula 1 is used:

A ¼ l:h (1)

where:

l e length of the section; and
h e height of the section.

To estimate the representative volume (V) of the area (A),
Equation (2) is used:

V ¼ A:d (2)
where:~

Aearea of the section; and
dethickness of the section.

In order to obtain the mass (m) of the Wall 2 sample, Equation
(3) is used:

m ¼ r:V (3)

where:

r e density of the wall material; and
V e volume of the section.

Considering a sample of 1 m3 wall with granite density of
2800,0 kg/m3, the equivalent mass of a Wall 2 sample is 2800 Kg.

In order to obtain the absorptance, derived from Moran [28], p.
483, Equation (4) is used:
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sþ aþ t ¼ 1 (4)

where:

a e reflectance;
s e absorptance; and
t e transmitancy.

Considering that Wall 2 is opaque, as stated before, Equation (4)
can be simplified into Equation (5), taken from the same author:

sþ a ¼ 1 (5)

Therefore, assuming a reflectance of 0.29 for granite, an
absorptance of 0.71 is obtained [29]. In order to calculate the
temperature increase at each point for Wall 2, the fundamental law
of calorimetry was used (Eq. (7)), considering the added heat (Q) as
accumulated from the early hours of the day until the time of the in
situ measurement or from Equation (6), the solar incidence at the
sunrise as zero, the temperature collected from station Alameda,
and the composed measurement of the horizontal and vertical ra-
diation employed as explained above (direct incidence of sunlight
and reflected from the ground):

Q ¼
Xn

n¼2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qnh

2 þ qnv
2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qn�1h

2 þ qn�1v
2

q

2
ðtn � tn�1Þ (6)

where:

n emeasurement at the actual time of the in situmeasurement;
n� 1 e point at the time before;
qnh - horizontal solar radiance measurement for point “n”;
qnv

- vertical solar radiance measurement for point “n”; and
tn e time at point “n” measurement.

Q ¼ m:c:
�
Tf � Ti

�
(7)

where:
Q - added heat (kJ);
c - specific heat (kJ/kg�C);
m- mass of the sample (kg);
Fig. 9. Second campaign e Temperature variatio
Ti- initial temperature (�C); and
Tf - final temperature (�C).

Assuming the final temperature as the temperature gradient
and the initial temperature as null, Equation (7) can be rewritten in
Equation (8):

Tf ¼
Q
m:c

(8)

Fig. 9 shows the temperature values converted at point 1 ofWall
2, considering the same incidence of solar radiation as inWall 1. The
difference between the measured temperature and the converted
temperature at point 1 in the morning showed an average increase
of 0.2 �C. However, the temperature rise was significant in the later
period ranging from 1.2 �C to 2.4 �C.

4. Conclusion

A comparative analysis of the experimental results obtained
from a green wall and a bare wall, both located in the same micro
climate in the city centre of Madrid, demonstrates that green fa-
çades can have a potential significant temperature reduction in the
surrounding microclimate. We found values and results that are in
line with similar studies developed in some countries such as
Germany, Spain, Greece, Singapore in which the values of temper-
ature reduction in the presence of vegetation were between 2 �C
and 5 �C [8,9,16and20]. In the current case study, the maximum
temperature reduction according to in situ measurements was
2.7 �C for the Caixa F�orum Museum green wall.

This value was obtained over two consecutive days during the
first campaign held in the summer. This season when the air
temperature is higher and the humidity is lower, representing drier
days, the results showed a greater potential of the reduction in the
air temperature in the microclimate surrounding the green façade.
During the second campaign held during the autumn, tempera-
tures were lower and humidity data of the air higher, with signif-
icantly wetter days. Note that the temperature reduction at the
different measured distances was smaller and was less represen-
tative when compared to the summer season. A maximum tem-
perature reduction of 1.5 �C was found between Point 1 and Point 4
(4.5 m) on the greenwall. If this value is converted according to the
calculation of similar conditions of sunlight in both façades, this
ns (between Points 1e4) in Walls 1 and 2.
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reduction reaches 2.3 �C. Therefore, there is a significant temper-
ature reduction in the intermediate micro climate environment of
the green wall, even in the autumn.

Field data collection in the actual urban space can cause more
problems than using simulation scenarios, but it adds a realistic
dimension of the conditions of the urban environment. This espe-
cially applies to singular elements such as the green wall of the
Caixa F�orum Museum. Moreover, as proven in this case study,
careful planning of the experimental work and monitoring the re-
sults can help to minimize the constraints of in-situ measurements
such as location and access to equipment in terms of space and
time, as well as similar solar exposition for the sample walls. The
complementary solar radiation parameter, accounting for the real
influence of the solar orientation in the studied walls, achieved the
purpose of allowing in situ feasible measurement campaigns and,
consequently, enriched the discussion of the results.

The obtained results apply to the characteristics of the studied
façade (Wall 1). It should be mentioned that this is an atypical
façade because it does not have windows and other openings.
Research carried out in conventional dwellings with typical façades
is likely to lead to different results.

In order to guide future work, further clarification is needed
regarding sources of thermal uncertainty in the urban environment
and various other influences exerted on the outdoor thermal
behaviour, such as urban morphology, density of green areas and
shade.
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