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A B S T R A C T   

The goal of the present paper is the verification of the improvement of the performance of a building envelope 
with a green wall also in conditions of high irradiance (≥0.6 kW/m2) and with variable meteorological condi
tions (sunny, cloudy, and rainy), with a focus on intense rainfall and tempest. The object of the analysis has been 
the Innovation and Technology for Development Center in the University Campus of the Polytechnics of Madrid, 
where a modular system of integrated vertical vegetation has been installed on the skin of the South and West 
prospects. The study is based on the analysis of the effective thermoregulation capacity of the system in different 
climatic situations and has been allowed by a database covering a 3-year period, which contains data from 
continuous monitoring of the meteorological variations and thermal flows through a weather station and sensors 
placed on the external surface of the envelope, and on the external and internal surfaces of the wall. The 
experimentation shows that the use of a green wall on the West prospect is even more valid in conditions of high 
irradiance, as it allows reducing the temperature of the wall by 10 ◦C, compared to the scenario without the 
green wall. The combined effect of rain and solar radiation produces different results on the exposure of the 
walls, with a visible effect only on the South side.   

1. Introduction 

Nature-based solutions are compatible with retrofit interventions on 
existing buildings thanks to their characteristics of minimum interven
tion and reversibility, as their natural processes provide the envelope 
with a performance improvement regarding the indoor comfort in the 
building. In general, they represent easily mountable and unmountable 
solutions, as they are dry-placed, independent of the support, adaptable, 
and modulable. Moreover, the technique of plant pre-cultivation allows 
obtaining instant covering also on large surfaces. 

Many studies show that nature-based solutions produce human well- 
being and environmental benefits, as they allow improving air quality 
through the deposition of polluting particles on leaves, hence reducing 
their atmospheric dispersion [1–4]. For this reason, they are especially 
advantageous in dense urban environments, as they protect the com
munity from the exposition of UFPs (ultrafine particles) produced by 

vehicular traffic. 
Green walls can also serve as natural thermal regulators, and so 

contribute to the improvement of urban microclimate both inside and 
outside buildings, balancing the high temperatures reached because of 
climate change [5,6]. The insulating effect is related to the different 
compositions of the systems, among which the presence of the support 
layer and intermediate air cavities, if present, which can be closed or 
open depending on whether the desired effect is traditional insulation or 
behavior like a ventilated façade. 

The literature shows the capacity of the green walls to screen the 
building envelope, with a consequent reduction of the superficial tem
perature of the external wall of the building by up to 15 ◦C on the South- 
West side [7] and by up to 8 ◦C in the air cavity between the green skin 
and the wall [8], and indoor constant cooling by 2 ◦C [9]. 

Thermoregulation occurs through the water vapor exchange be
tween vegetation and the atmosphere, thanks to the combined effect of 
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plant transpiration from surface of leaves and evaporation from growing 
substrate [10]. In this way, in addition to increasing the efficiency of the 
thermal inertia of the building envelope, the green walls improve the 
ecological and environmental footprint of the constructions and the 
surrounding urban environment: one of the best-known effects is the 
contribution to the reduction of the heat island effect, with reductions of 
environmental temperature by up to 5 ◦C (UHI) [11–13]. 

Some studies on the effectiveness of green walls focus on the 
response to solar radiation, showing that at peak times the temperature 
difference between the wall with and without the green wall reaches 20 
◦C, while on cloudy days the temperature difference is reduced to 1–2 ◦C 
[14,15]. When building façades are exposed to sunlight radiation, 
cooling occurs because 5–30% of the solar energy hitting the leaf is re
flected, 5–20% is used for photosynthesis, 10–50% is transformed into 
heat, 20–40% is used for evapotranspiration, and 5–30% passes through 
the leaf [16,17]. 

In terms of façade orientation, the vegetal layer is particularly 
effective in cooling East and West façades when they are exposed to 
maximum irradiance levels and should be considered with the same 
importance as the South orientation [18]. Analyses show that, in spring 
and summer, both shading values and the superficial temperature of the 
walls of the building skin confirm the great capacity of the green wall to 
intercept solar radiation, with a 71% reduction for the East façade and a 
57% reduction for the West façade, compared to the skin without the 
green wall [19]. If there is an intermediate space between the green wall 
and the wall, the resulting microclimate is characterized by lower 
temperature and higher humidity [20]. 

McPherson has carried out a simulation with the software Shadow 
Pattern Simulation (SPS) to test the effects of solar radiation in similar 
residences located in various USA climates. Modeling has proven that 
the reductions in solar radiation absorption produced by the green wall 
increase yearly heating costs in cold climates by 28% and reduce cooling 
costs in hot climates by 61% [21]. 

Overall, the examined research works do not consider extreme and 
combined meteorological variations (rain, tempest, wind), when pre
sent. However, it is important to highlight the analysis of the behavior of 
green walls requires considering multiple variables, among which the 
variations of meteorological conditions, which can influence the real 
contribution to the performance of the envelope. In fact, in addition to 
the usual effect of the climate on the thermal performance of a building, 
it is also necessary to consider the variations related to the growth of the 
plants (density of the leaves, height of the plants, etc.) and their phys
iological response (transpiration, position of the leaves, etc.) as a func
tion of atmospheric agents [22]. In general, most of the finished and 
ongoing research activities tend to draw their conclusions on experi
mental data from monitoring or simulations, with short verification 
periods and a focus on the spring-summer period [16,18–20]. This does 
not include the knowledge of the behavior of the green wall in other 
seasons, but this condition is necessary for the study of the global 
thermal balance of the building [23]. Moreover, most of the consulted 
studies are set in a temperate climate area in Europe and Asia [22], and 
short monitoring periods do not allow assessing the real response of the 
wall to extreme climate conditions, which are more frequent in the rest 
of the world and are expected to occur more often in temperate regions, 
due to climate change. The study presented in this contribution, despite 
being performed in a temperate climate, is based on continuous moni
toring, carried out for a 3-year period. The extensive monitoring period 
has allowed verifying the behavior of the green wall also in rare con
ditions for temperate climates, which however are frequent in sub
tropical climates, for example. In particular, we have focused on 
variable weather conditions (sunny, cloudy), high radiation, intense 
rainfall and storms, and radiation-rain combinations, reflecting on the 
difference in the behavior of the building envelopes between areas with 
the green wall and those without it. Moreover, as of now, the state of the 
art does not show studies referred to the continuity in the effectiveness 
of the green wall under rain conditions, while it is an emerging theme for 

green roofs, which instead have proven good capacity of rainwater 
tightness, and a contextual reduction in the thermal load on the build
ings [24]. 

2. Methods and data 

2.1. The prototype 

The object of the study consists of some rooms of the Innovation and 
Technology for Development Center (itdUPM) in the Moncloa Campus 
of the Polytechnic University of Madrid (UPM), where, a modular sys
tem of vegetal façade, called BIOFIVER, which has already been 
patented and commercialized, has been placed on the South, East, and 
West façades (Fig. 1). The real-time monitoring of the variation of 
external parameters and thermal flows during daytime and nighttime 
has allowed analyzing the effects of passive thermoregulation capacities 
with different meteorological situations, through a database built over a 
3-year period (from 2016 to 2019). The itdUPM building hosts an 
interdisciplinary center, which integrates the various research lines in 
the fields of technology and sustainable development, and is provided 
with teaching spaces, meeting rooms, and laboratories. The building has 
been subjected to an energy retrofit in 2016 and has been realized with 
the goal of achieving quasi-zero energy consumption. The envelope is 
constituted by a load-bearing brick wall, cladded with a perforated 
aluminum profile anchored on L-shaped profiles. Between the wall and 
the perforated profile is a 20 cm air cavity. For the improvement of 
thermal transmittance, a layer of glass wool has been later added to the 
interior of the existing walls, while a green wall has been applied to part 
of the West, South, and East walls. The installed green wall is a 
50*50*10 cm modular system and covers 11.25 m2 on the South façade, 
6.25 m2 on the East, and 10 m2 on the West one. The modular system 
consists of two tridimensional polypropylene frames, separated by a 
hydrophilic felt layer, while the front structure is infilled with an 
enriched organic substrate to allow the cultivation of plants. These have 
been selected according to their adaption to the specific climate context. 
The system is provided with a bleeding irrigation system, which allows 
uniform water supply on the whole surface. 

In order to monitor the efficiency of the green wall, a system of 
sensors has been installed on the West and South walls, which recorded 
the temperatures on the skin and the wall, with and without the green 
wall, and on two different orientations, South and West. The sensors 
have been located on the external surface of the skin and on the external 
and internal surfaces of the wall. For the collected data, a minute-by- 
minute resolution was calculated as the mean of the values detected 
every 10 s in each node of the connected monitoring system. In partic
ular, each node is connected to 8 Type T thermocouples, allowing a 
resolution of 0.1 ◦C, 3 pyrometers with 0.1 W/m2 resolution and a 
weather station. 

The monitoring system is based on an embedded system connected 
through an RS-485 serial bus to several distributed nodes. Every 10 ms 
each node obtains information from all the sensors at which it is con
nected. Every second the monitoring node performs the mean of the last 
100 measurements and stores it internally to be acquired by the main 
controller through an RS-485 RTU-Modbus protocol; the main controller 
is based on an embedded Linux operating system and the data are 
registered on an internal SD card. It is made of a microcontroller with a 
UPS system and an electronic carrier to connect to the nodes. This in
formation is stored together with the date and time. Moreover, every 5 
min the main controller sends the data stored to the monitoring server. 
The monitoring server oversees synchronizing all data, performing all 
conversions from electrical to physical measurements and running pe
riodic scripts which process the data and upload them to the monitoring 
database. The time series data set is currently composed by more than 2 
million, from June 2016 until September 2019. The data are available 
for consultation on the link http://monitoring.robolabo.etsit.upm.es/it 
d/monitoring.php. 
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2.2. Smoothing conditional means and time series 

The analysis of the relationship between multiple variables, such as 
the combined effect of rain and solar radiation on temperature differ
ences, was carried out through visualization of smoothed conditional 
means through the ggplot2 package [25]. In particular, loess regression 
[26,27] is a non-parametric technique that uses locally weighted regres
sion for the local estimation of a regression function. In this way, it is 
possible to identify non-linear trends, which would have otherwise been 
poorly evident if parametric linear or polynomial global models had 
been used. 

Data on temperature differences measured by the sensors placed on 
the wall with and without the green wall (ΔT), for each orientation, have 
been modeled as a time series through ARMA(p, q) models [28] in the 
form:  

Xt = α1 Xt-1 + … + αp Xt-p + εt + b1 εt-1 + … + bq εt-q                            

where p is the order of the autoregressive (AR) terms and q is the order 
of the moving average (MA) terms. These models are useful to describe 
time series when a given phenomenon appears to be influenced by its 
own determination in relation to p previous terms, through autore
gressive terms and the linear combination of the εt errors at the previous 
instants. In this work, we considered one of its generalizations, known as 
ARIMA(p, d, q)(P, D, Q)m model with a seasonal component [29,30]. 
Hence, in addition to AR and MA terms, we considered a differentiation 
of the original series to fulfill the stationarity of the series and added 
seasonal terms expressing the backshifts of the season. 

Hence, our goal is to express the two time series ΔTS e ΔTW (see 
Notation list below) through a seasonal ARIMA model as a function of 
autoregressive terms, moving averages, and the time series of the 
meteorological data, that is external temperature, rain, and irradiance as 
additional explanatory variables. 

We deemed that minute-by-minute resolution was excessive; hence, 
the model has been evaluated through hourly data by calculating the 
hourly mean of all the involved parameters. Hence, in this case, the 
choice of the model is strictly connected to the identification of the 

order, expressed by the number of AR and MA components, for both 
seasonal and non-seasonal components, and of the period, set at 24 in 
accordance with the grouping of the hourly data. All models have been 
estimated and evaluated dividing the dataset into training and valida
tion sets, respectively. The final model has been chosen through a step
wise process, using the AIC (Akaike Information Criterion), to individuate 
the best model without excessively increasing the number of parame
ters. For the sake of brevity, all the intermediate results are not shown 
here. Finally, the validity of the model is assessed through both the 
significance of each parameter and residual analysis. In particular, the 
plot of the auto-correlation function (ACF) allows visualizing the auto- 
correlation of the series with itself in previous lags. The Auto- 
Correlation Function plot shows the comparison between the ACF of 
the original series and the one estimated by the chosen model. In a good 
model, auto-correlations must be near 0, or at most there can be non- 
significant components, that is they must be within confidence in
tervals. The results of the estimated model are here reported in the 
Results section, with a particular focus on the parameters of the 
explanatory variables, such as external temperature, rainwater, and 
irradiance. 

2.3. Initial data 

The monitoring and data collection system allowed building a 
database containing temperature and rain data for the period between 
June 2016 and February 2019, with a minute-by-minute resolution, for 
both South and West façades. In this way, it was possible to perform 
specific statistical analyses to study the effect of irradiance and rain by 
comparing both the different façades and the mitigation effect of the 
green wall on external temperature and changes in climatic conditions. 
All the analyses have been carried out through the R statistical software 
[31]. 

Before carrying out the analyses, it was necessary to clean the dataset 
from all the outliers, presumably caused by interference of electrical 
signals or sensor maintenance. In particular, all the records of temper
atures above 1800 ◦C, negative rain altimetric levels, or irradiance 
values above 1.3 kW/m2 have been removed. The final dataset consists 

Fig. 1. Building of the Innovation and Technology 
for Development Center (itdUPM), located in the 
Moncloa University Campus of the Polytechnic 
School of Madrid (UPM); (a) General planimetry 
(Source: Image processing by Elvira Nicolini); (b) 
green wall on East and South walls (Images of 
idtUPM. Source: https://www.itd.upm.es/); (c) Sec
tion of the green wall (Source: Image by Valentina 
Oquendo); (d) Placement of the sensors on the West 
and South façades (Source: Image processing by 
Joaquin Sicilia Asociados). (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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of around 1 million observations, containing the variables outlined in 
the following table, where, in addition to initial measurements, auxiliary 
variables were built on the base of the original data in order to improve 
the analysis of the interaction between solar radiation and precipitation 
effects.  

Variable Description 

Date, Time Date and Time of the measurement 
TS_G_Wall, 

TS_G_Skin 

Temperature of the Green wall and skin, respectively, measured 
on the South Side 

TS_B_Wall, TS_B_Skin Temperature of the Bare wall and skin, respectively, measured on 
the South Side 

TW_G_Wall, 
TW_G_Skin 

Temperature of the Green wall and skin, respectively, measured 
on the West Side 

TW_B_Wall, 
TW_B_Skin 

Temperature of the Bare wall and skin, respectively, measured on 
the West Side 

Te External temperature 
Precipitation Maximum altimeter level of flow and storm precipitation (mm/h) 
Irradiance Irradiance level (kW/m2) 
Day Binary variable indicating “Day” corresponding to the following 

hours and season (Autumn 06:00–20:00, Spring 06:00–20:00, 
Summer 05:00–21:00, Winter 07:00–18:00) and “Night” 
otherwise. 

Night 

Notation list. Synthesis of the variables that can be obtained from the data set 
and of the auxiliary variables built from the original data to improve the analysis 
of the interaction between solar radiation and rainfall effects. 

All the added variables were built by observing the graphic repre
sentations of the involved measurements; for example, the distinction 
between day and night is useful to compensate for daily irradiance 
variation.  

Symbol Description 

G Green Wall 
B Bare Wall 
S South Orientation 
W West Orientation 
Wall Position of the sensor on the external surface of the wall (see Fig. 1d) 
Skin Position of the sensor on the external surface of the building skin (see 

Fig. 1d) 
ΔT Temperature difference between Bare and Green wall for each orientation 

(ΔTS = TS_B_Wall – TS_G_Wall and ΔTW = TW_B_Wall – TW_G_Wall corresponding 
to South and West, respectively) 

ΔT* Temperature difference between skin and wall, with respect to a specific 
wall (i.e. ΔTB = TB_Skin – TB_Wall and ΔTG = TG_Skin – TG_Wall corresponding 
to Bare and Green respectively) 

ΔT*e Difference between external temperature and wall, with respect to a 
specific wall (i.e. ΔTB

e = Te – TB_Wall and ΔTG
e = Te – TG_Wall corresponding 

to Bare and Green wall respectively) 

Notation list. Synthesis of the acronyms, with their description, used for data 
processing. 

3. Results 

The elaboration of the data has provided a picture of the overall 
behavior during the 3-year period, for each season, for South and West 
orientations, and for both the typologies of building skin. In the first 
part, the data show the general behavior of the building skin with the 
green wall, compared to the one without its, analyzing superficial 
temperature on the wall, and the temperature differences between the 
skin and the wall, also with different values of external temperature. In 
the second phase, the effect of the wall has been analyzed by comparing 
superficial temperature only at daytime (06:00–18:00). High and low 
irradiance thresholds have been defined, to distinguish between the 
reaction of the wall to disadvantageous meteorological conditions, in 
order to isolate superficial temperatures on the wall and on the skin in 
particular circumstances. Finally, the behavior of the skin has been 
evaluated in variable meteorological conditions (cloudy, sunny, vari
able, and rainy), analyzing temperatures in situations of combined rain 
and irradiance. 

3.1. Data processing 

The behavior of the difference between the temperatures measured 
by the B_Wall (without the green wall) and the G_Wall (with the green 
wall) sensors, on each side, is illustrated in Fig. 2, in terms of density 
distribution with respect to every season. During the summer, the su
perficial temperature of the sensor placed in a point without the green 
wall is tendentially higher than the one placed in a point with the green 
wall. During the winter, temperatures are very frequently equal, or the 
superficial temperature is lower without than with the green wall. 
Similar phenomenon occurs on both sides, yet more accentuated in the 
winter and less in the summer in the South-West. 

Fig. 3 shows ΔT* time series over the whole 3-year period. In the 
South side, without the green wall (red), there is higher variability of the 
superficial ΔT and hence wider thermal ranges between the skin and the 
wall over the 3-year period. On the West side, ΔT is slightly lower (by 5 
◦C). With the green wall (green), there is higher uniformity between the 
skin and the wall, again. 

Further analysis focus on the comparison to external temperatures, 
as shown in Fig. 4. During the summer, the ΔT between the external 
temperature and the superficial temperature measured by the sensor 
with the green wall is tendentially higher than when this is not present. 
During the winter, temperatures are frequently equal, or the superficial 
temperature is lower where there is no green wall, compared to where it 
is present. The phenomenon is similar in both sides, although it is less 
accentuated during the summer in the West side. 

Furthermore, the scatterplots represented in Fig. 5 show that during 
the summer, when external temperatures reach even 40 ◦C, without the 
green wall, the difference values are around 0; hence, the wall absorbs 
all the external heat. Conversely, with the green wall, the differences are 
around 7 ◦C; this shows the mitigation effect of the green wall. The effect 
of the green wall is the same in each side, South and West, respectively. 

In order to focus on the solar irradiance effect, different thresholds 
for High/Low irradiance level have been detected on the base of pre
liminary analysis and with respect to each season: fall 0.4; spring 0.6; 
summer 0.7; winter 0.14. Fig. 6 shows that the effect of the green wall is 
more evident on the South wall, in terms of lower temperatures with 
higher irradiance in every season, with the green wall. There is no really 
evident effect on the West wall, except a slight difference in the summer. 
Considering the differences of temperatures (see Fig. 7) ΔT* is mainly 
null, with high irradiance, in presence of the green wall; otherwise, 
without the green wall, the superficial temperature on the skin is much 
higher than on the wall. With low irradiance, the phenomenon is the 
same, but less evident. Same conclusions can be drawn for each side. 

The mitigation function of the green wall is even more visible with 
variable irradiance. A different categorization of data has been done by 
hour-based evaluation to detect constant irradiance (standard deviation 
of hourly irradiance <0.5) and variable irradiance (standard deviation 
of hourly irradiance ≥ 0.5). Fig. 8 shows that ΔT* is much lower (by 
around 20 ◦C), than without the green wall. The difference between the 
two skin typologies is sensible also with constant irradiance. 

In order to extend the analysis and considering the rain effect, the 
distribution of precipitation is illustrated in Fig. 9, for each season and 
divided into day and night hours. The joint effect of rain and solar 
irradiance is shown in Fig. 10. As rainfall increases, ΔTG is always close 
to 0, while ΔTB is strongly affected by rain since in daytime, as rainfall 
increases, during the summer Twall is higher than Tskin and during the 
winter Twall is lower than Tskin; in terms of comfort, it should be just the 
opposite. The poor precipitation does not affect the behavior; this can be 
seen in the proportional trend of the graphs. In the rainiest season, that is 
spring, the Twall with the green wall is higher than the Tskin. 

Atmospheric conditions, such as cloudy, sunny, variable and rainy 
have been categorized by a new variable with different thresholds of 
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Fig. 2. ΔT density distribution by season. ΔT density distribution is proportional to the frequency of a given ΔT value over the 3-year period. It is expressed in ◦C and 
corresponds to the difference between the temperature values measured by the B_Wall (without the green wall) and the G_Wall (with the green wall) sensors on the 
South and West side, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. ΔT* time series over the 3-year period. ΔT values, expressed in ◦C, are the difference between the temperature values measured by the Skin and Wall sensors 
on the South and West side, respectively. 

Fig. 4. ΔT*e distribution in every season. ΔT values, expressed in ◦C, are the difference between the temperature values measured by the B_Wall (without the green 
wall) and the G_Wall (with the green wall) sensors on the South and West side, respectively. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 5. ΔT*e comparison in every season as Te varies. ΔT*e value, expressed in ◦C, is the difference between the external temperature value and the temperature 
value measured by the sensor on the each wall with and without the green wall (G and B, respectively). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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Fig. 6. TWall distribution in the daytime by irradiance in every season. The irradiance thresholds for the definition of High and Low are: fall 0.4; spring 0.6; summer 
0.7; winter 0.14. 

Fig. 7. ΔT* distribution in the daytime by irradiance every season.  

Fig. 8. ΔT* distribution in the daytime by irradiance over the 3-year period, with respect to hour-based evaluation with constant irradiance (standard deviation of 
hourly irradiance <0.5) and variable irradiance (standard deviation of hourly irradiance ≥ 0.5). 

Fig. 9. Distribution of precipitation in every season, comparing daytime and nighttime.  
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precipitation and irradiance:   
Maximum hourly 
precipitation 

Standard deviation of hourly 
irradiance 

Irradiance 

Cloudy 0 <20 <0.02 
Sunny 0 <20 ≥0.02 
Variable 0 ≥20  
Rainy >0    

Fig. 11 shows that all the points deviating from the bisector show 
temperature variation, depending on the presence/absence of the green 
wall. On sunny days, when irradiance is higher, the temperatures of the 
skin with the green wall appear to be higher than on the wall, by around 
0–15 ◦C, with a concentration at around 5 ◦C, while without the green 
wall the differences between the skin and the wall are higher by more 
than 25 ◦C. On variable and rainy days, with high irradiance, there is a 
similar situation, but in several cases, the temperatures of the skin are 
lower than the wall; specifically, the ΔTG is always around 5 ◦C, while 
without the green wall it increases up to 25 ◦C. On this wall, the variance 
in positive temperature differences without the green wall is even more 
evident, as irradiance increases. 

A different point of view is given by Fig. 12: in the rainiest day, which 
occur is spring, with the most consistent rain stream and higher irradi
ance, TB_Wall is higher than TG_Wall, confirming that the green wall ab
sorbs solar radiation. In the rainiest season, the spring, that is spring, 
with the most consistent rain stream and higher irradiance, TB_Wall is 
often lower than TG_Wall. 

3.1.1. Analysis 1 – general conditions 
The results confirm the insulating effect of the green wall, as the 

temperature difference between the wall without and with the green 
wall is around 2 ◦C in the winter (see Fig. 2). During the winter, the 
green wall manages to continuously cool the wall by showing temper
ature differences to 13 ◦C, compared to the skin without the green wall 
(see Fig. 2). The phenomenon is similar on both South and West façades, 
yet on the West one, it is less accentuated during the summer, while 
during the winter the insulating effect is more constant. Moreover, the 
overall analysis of the 3-year period shows that without the green wall 
the thermal difference between the skin and the wall is notable, up to 25 
◦C, while with the green wall the maximum difference is around 3 ◦C 

(see Fig. 3). With respect to external temperature, the contribution of the 
green wall is particularly sensible during the summer, more on the South 
than on the West façade, as it can cool the South wall by up to 10 ◦C, 
while on the West one by up to 7 ◦C (see Fig. 4). For example, consid
ering multiple days with high temperatures (up to 40 ◦C), without the 
green wall, the wall absorbs all the external heat; conversely, the green 
wall can mitigate heat by around 7 ◦C (see Fig. 5). 

3.1.2. Analysis 2 – focus on the effect of irradiance 
In conditions of higher irradiance during the fall and the spring 

(irradiance ≥0.4 and ≥ 0.6 kW/m2, respectively), the cooling of the skin 
with the green wall as a response to the high irradiance, is more present 
on the South wall (see Fig. 6). During the summer, the green wall has 
higher performance (compared to irradiance thresholds ≥0.7 kW/m2), 
as it mitigates the temperature of the wall by around 10 ◦C, both South 
and West, suggesting that it would be particularly effective in tropical 
climates (see Fig. 6). This thesis is confirmed when examining the 
temperature difference between the skin and the wall. In fact, with the 
green wall, it is almost null, as plants manage to absorb notable irradi
ance. This is opposed to the behavior of the skin without the green wall, 
whose temperature grows by 25 ◦C more on the West façade and by 
more than 30 ◦C on the South one (see Fig. 7). The green wall is effective 
over the whole 3-year period, and the difference between the two ty
pologies of skins is consistent in all seasons (see Fig. 8). 

3.1.3. Analysis 3 – focus on the effect of rain 
The rainiest season is spring (see Fig. 9). Rain streams up to 100 mm/ 

h do not influence the behavior of the green wall on the South façade, 
whose inertia always prevents the destabilization of ΔTG, which stays 
around 0. Conversely, the skin without the green wall strongly suffers 
the influence of rain (see Fig. 10), and this can be seen in the increase in 
temperature difference between the skin and the wall, to the disad
vantage of thermal comfort (TWall increases in the summer and decreases 
in the winter). Instead, this behavior does not appear on the West façade, 
as apparently there is no relationship between temperature and increase 
of rain streams. However, in the spring, which is the rainiest season, the 
green wall still produces positive effects, as Twall is always higher than 
Tskin (see Fig. 10). 

Fig. 10. Conditional mean ΔT* with increasing altimeter levels (mm/h) and presence/absence of Irradiance.  

Fig. 11. ΔT* distribution by atmospheric events, with a focus on irradiance. ΔT* value, expressed in ◦C, is the difference between the temperature values recorded by 
the sensors on the skin and on the wall, on each side, with and without the green wall (G and B, respectively). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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3.1.4. Analysis 4 – focused on the combined effect of rain and irradiance 
On rainy days with high irradiance (≥0.6 kW/m2), on the South 

façade, the temperature difference between the skin and the wall, with 
the green wall, is around 5 ◦C, while without the green wall it is around 
25 ◦C (see Fig. 11). There is a difference between South and West: on the 
West façade, the behavior of the green wall changes between sunny 
days, on which ΔTG is near 0, and rainy days, on which ΔTG is around 15 
◦C. As stated before, the response to irradiance is always good, as ΔTG is 
kept near 0. Without the green wall, also on the West façade, ΔTB rea
ches 25 ◦C (see Fig. 11). The behavior of the wall also changes according 
to orientation, as also shown by the data related to the rainiest season, 
that is spring: on the West façade, unlike the South one, in some cases, 
TB_Wall is lower than TG_Wall (see Fig. 12). 

3.1.5. Analysis 5 – analysis of time series 
The ΔT temperature differences for both South and West orientations 

showed high variability. This required considering models with an 
oversized number of parameters, that is ARIMA(24, 1, 24)(1, 1, 1)24. In 
addition to the parameters of the terms AR and MA, also the parameters 
describing the effect of the explanatory values resulted to be significant, 
except for the parameter related to the effect of rain on the temperature 
differences of the South wall. For the sake of brevity, only the final re
sults are reported (see Table 3). 

For completeness, here we report the residual analysis, by comparing 
the ACF plots of the original series and the residual values of the esti
mated model (see Figs. 13 and 14). The results show the presence of a 
cyclic component related to the dependency of temperatures to their 
own values in the previous hours. In particular, these correlations 
decrease up to 12 h before (hinting at the day/night effect, which in
teracts with irradiance level), then increase again with a peak in the 
value of the previous 24 h. The residuals of the model show no more 
significant auto-correlation considering previous lags, thus they are 
negligible because completely captured by the estimated model. 

4. Discussion and conclusions 

The results confirm the effectiveness of the green wall [6,7,16,18], as 
they show a better response to Te throughout all the seasons both on the 
South and the West walls. This results in cooling the South wall by 
around 10 ◦C and the West wall by around 7 ◦C in the summer, and by 
insulating the skin in the winter, to the point of making TG_Wall higher 
than Te by around 9 ◦C, both on the South and the West walls. The 
difference between the two typologies of skins emerges especially in the 
summer, when TG_Wall is lower than TB_Wall by around 7 ◦C on the South 
façade, and by around 4 ◦C in the West; in the winter, an insulating effect 
appears, with TG_Wall being 2 ◦C higher than TB_Wall both on the South 
and the West façades. These data show the validity of the system for the 
reduction of the energy needs, especially considering the expected in
crease in average global temperatures from 2021 to 2040, between 1 and 
2.5 ◦C [32]. This will in fact have a positive impact on the winter season 
but will produce fast overheating during the summer in hotter areas. 

The response to solar radiation showing that on cloudy days the 
temperature difference is reduced (see Fig. 11) as also seen in previous 
studies [14,15]. 

For the South-European latitude, South screening is ideal, as this 
orientation has the highest number of hours of exposure to solar radia
tion; in the summer, solar radiation on the wall is not obstructed by 
horizontal overhangs, if present [33], due to its angle. On the West 
façade, there is a shadowed area in the morning, but strong solar radi
ation during the afternoon [34]. The data from our analysis show that 
screening the West wall is more valid in conditions of high irradiance, in 
which the performance of the green wall increases, and it can cool the 
wall by up to 10 ◦C less than the bare wall, and by 3 ◦C less than in 
normal conditions. Moreover, the skin tends to overheat (around 30 ◦C 
more than the wall) by transferring heat both to the wall and to the 
external environment, hence increasing the UHI phenomenon. In fall 
and spring, the response of the green wall to high irradiance is more 
consistent on the South wall. During the winter, the values of TG_Wall in 
conditions of high irradiance have the same trend as in conditions of low 
irradiance; instead, TB_Wall has higher values. In this specific case, the 
increase in TB_Wall could allow the reduction in the use of mechanical 
heating in indoor environments in correspondence to the bare wall; 
however, the casualism of this condition could be disadvantageous, as it 
would require programming an active regulation system for indoor 
microclimate, while in values stay stable in spaces protected by the 
green wall. On the West façade, the green wall has good performance of 
thermal insulation, and the temperature difference between the skin and 
the wall is kept near zero in sunny, cloudy, and variable weather 
conditions. 

Concerning rainfalls and the combined effect of rain and solar radi
ation, there is a different response according to the exposition of the 
wall. On the South façade, intense rain streams do not influence the 
performance of the green wall, unlike the bare skin, whose superficial 
temperature varies and leads to an increase and a diminution of TB_Wall, 
respectively in the summer and in the winter. On the West façade, the 
behavior of the two typologies is similar and is not proportionally 

Fig. 12. Scatterplot between ΔT and Irradiance (kW/m2), with respect to increasing altimeter levels of precipitation (mm/h), during rainy morning days.  

Table 3 
The table reports, for each variable, the value of the estimated coefficient (Es
timate), the standard error associated with the estimate (Std. Error), the value of 
the test statistic, obtained by testing the significance hypothesis of the Z 
parameter (Z value), and the respective p-value, which took lower values than 
the significance level 0.05, hence showing the empirical evidence in support of 
the statistical significance of the effect of the associated variable (significance 
detected ‘*‘).  

ΔT Variable Estimate Std. Error Z value p-value 

ΔTW Te 1.9028e-01 4.3455e-03 43.7885 <2.2e-16 * 
Irradiance 6.5787e-04 6.4263e-05 10.2371 <2.2e-16 * 
Precipitation − 2.0829e-02 3.3989e-03 − 6.1282 8.89e-10 * 

ΔTS Te 0.25714838 0.00686603 37.4523 <2.2e-16 * 
Irradiance 0.00166693 0.00011149 14.9507 <2.2e-16 * 
Precipitation 0.00156694 0.00582168 0.2692 0.79  

E. Nicolini et al.                                                                                                                                                                                                                                 



Building and Environment 226 (2022) 109731

9

affected by the increase in rain streams. The investigation of this last 
situation is being carried out through an ongoing analysis of the influ
ence of dominant winds, and their combination with rain streams. The 
combination of rainfall and solar radiation shows leads to a continuous 
cooling effect only on the South side, together with a limited thermal 
difference between the skin and the wall, also with rain intensity above 
100 mm/h and irradiance between 0.5 and 1 kWh/m2. 

The resulted limits of the green wall for the West orientation with 
intense rain streams could be considered negligible in a Mediterranean 
climate as in the investigated one, since the examination of the distri
bution of precipitation shows that this meteorological condition only 
appears in rare and sporadic cases, and mainly in spring. However, this 
information must be taken into account for rainy contexts, for which it 
could be opportune to consider overhanging technological solutions, 
aimed at shielding the façade from rain, to be activated manually or 
mechanically (also with sensors that detect the presence of rain). 
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[20] G. Pérez, J. Coma, S. Sol, L.F. Cabeza, Green facade for energy savings in buildings: 
the influence of leaf area index and facade orientation on the shadow effect, Appl. 
Energy 187 (2017) 424–437. 

[21] E.G. McPherson, L.P. Herrington, G.M. Heisler, Impacts of vegetation on residential 
heating and cooling, Energy Build. 12 (1) (1988) 41–51. 
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FedOA-Federico II University Press, 2018. 

[34] G. Chiesa, J. von Hardenberg, Including Climate Change Time-Dimensions in 
Bioclimatic Design, TECHNE-Journal of Technology for Architecture and 
Environment, 2020, pp. 204–212. 

E. Nicolini et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0360-1323(22)00961-1/sref9
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref9
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref9
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref10
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref10
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref11
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref11
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref11
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref12
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref12
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref12
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref13
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref13
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref13
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref14
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref14
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref14
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref15
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref15
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref16
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref16
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref16
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref17
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref17
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref17
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref18
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref18
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref19
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref19
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref19
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref20
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref20
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref20
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref21
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref21
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref22
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref22
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref22
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref23
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref23
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref23
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref24
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref24
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref24
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref24
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref25
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref25
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref26
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref26
https://doi.org/10.1007/978-3-642-48425-4_2
https://doi.org/10.1007/978-3-642-48425-4_2
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref28
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref28
https://doi.org/10.1080/01621459.1982.10477767
https://doi.org/10.1080/01621459.1982.10477767
https://doi.org/10.1007/s12040-020-01408-x
https://doi.org/10.1007/s12040-020-01408-x
https://www.R-project.org/
https://www.R-project.org/
https://edepot.wur.nl/565644
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref33
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref33
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref34
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref34
http://refhub.elsevier.com/S0360-1323(22)00961-1/sref34

	Monitoring of the effect of solar radiation and rain on the building envelope with integrated vertical vegetation
	1 Introduction
	2 Methods and data
	2.1 The prototype
	2.2 Smoothing conditional means and time series
	2.3 Initial data

	3 Results
	3.1 Data processing
	3.1.1 Analysis 1 – general conditions
	3.1.2 Analysis 2 – focus on the effect of irradiance
	3.1.3 Analysis 3 – focus on the effect of rain
	3.1.4 Analysis 4 – focused on the combined effect of rain and irradiance
	3.1.5 Analysis 5 – analysis of time series


	4 Discussion and conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgment
	References


