Manuscript Details

Manuscript number ATE_2019_1095

Title Predictive model of surface temperature difference between green fagades and
uncovered wall in Mediterranean climatic area

Article type Research Paper

Abstract

Buildings vertical surfaces strongly condition microclimate inside the building. The improvement of the thermal
behaviour of the building envelope in urban areas is a suitable solution to increase energy savings. Green fagades are
a promising passive cooling strategy for building envelopes. One parameter useful to evaluate the effectiveness of a
green fagcade is the external surface temperature of the building. The reduction of the building surface temperature in
the warm periods obtained with a green layer plays an important role for cooling energy saving. A multiple linear
regression model simulating the difference of the surface temperature between a wall covered with vegetation and an
uncovered wall was developed. The model was built using the experimental data measured in 2015. The data were
recorded by sensors and data logger on three wall prototypes in scale facing south. The prototypes were realized in
order to simulate a vertical closure for civil buildings commonly used in the Mediterranean area. The cooling thermal
effect of two different climbing plants, Pandorea jasminoides variegated and Rhyncospermum jasminoides, was
analysed and compared, through the evaluation of the external surface temperature of the protected vertical walls in
comparison to a control uncovered wall. The model was used to simulate the behaviour of the green walls during
summer 2016. The simulated data were compared with the measured data. Coefficients of determination (R2) higher
than 0.96 were obtained. The results of the research showed that the model can simulate the thermal effects of green
facade in a similar Mediterranean climate. Data measured and simulated showed that the vegetated walls recoded
surface temperatures lower than the uncovered wall up to 7.69 °C in summertime.

Keywords Multiple linear regression analysis; box plot data visualization; cooling effect;
urban agriculture; building thermal performance; climatic data

Corresponding Author Evelia Schettini

Corresponding Author's University of Bari

Institution

Order of Authors lleana Blanco, Evelia Schettini, Giuliano Vox
Suggested reviewers Carla Balocco, José Luis Miralles i Garcia, Pietro Picuno

Submission Files Included in this PDF

File Name [File Type]
Blanco et al_Cover letter_Applied Thermal Engineering.doc [Cover Letter]

Blanco et al_Highlights.docx [Highlights]
Graphical_abstract.pptx [Graphical Abstract]
Blanco et al_Manuscript.docx [Manuscript File]

To view all the submission files, including those not included in the PDF, click on the manuscript title on your EVISE
Homepage, then click 'Download zip file'.



To the Editor of
Applied Thermal Engineering

Subject: Paper “Predictive model of surface temperature difference between green facades and
uncovered wall in Mediterranean climatic area”
Authors 1. Blanco E. Schettini, G. Vox

Dear Editor,

I would like to submit the research paper entitled “Predictive model of surface temperature
difference between green facades and uncovered wall in Mediterranean climatic area”, authors I.
Blanco, E. Schettini, G. Vox for publication in Applied Thermal Engineering.

The paper compares the cooling thermal effects of two different climbing plants (Pandorea
Jjasminoides variegated and Rhyncospermum jasminoides) used as green vertical passive systems on
building walls in Mediterranean climate conditions. The climatic data of the experimental site were
used to develop a statistical predictive model on the thermal performance of the fagade. The
statistical predictive model provides a tool to simulate the results of the application of green fagades
in a similar Mediterranean climate.

Best regards,
Evelia Schettini

Bari, 19/02/2019

Corresponding author:

Evelia Schettini

Department of Agricultural and Environmental Science (DISAAT)
University of Bari

Via Amendola 165/a,70126 Bari, Italy

Tel +39 080 5443060: Fax: +39 080 5442977

e-mail: Evelia.schettini@uniba.it


mailto:evelia.schettini@agr.uniba.it

Highlights:
e The green facade shows lower surface temperature than the control wall.
e A multiple linear regression is developed to simulate thermal behaviour.
e The regression is based on the climate conditions parameters.
e A prediction tool for the thermal benefits of the two green facades.



Walls e Summer
external surface e e months

Control and green experimental

temperature
WES

climatic data

Multiple linear regression model
of the thermal performance of
the green facades

Temperature reduction on the external surface
covered with Rhyncospermum jasminoides

DDA

08/08/16 / W_/ %/08/16 / ‘
-2

Day
Predicted values

surface (C

Temperature reduction on the external

Experimental values

Thermal performance prediction




NO 0O N O dhWODN e

B DA D W W W WWWWWWWNDNDNDNDDNDNDNDNDNDNDNDNPRPRRPRRPRRERERPRRRPR R PR
N m, O 0 00O N OO D OWODNPEFEP O VOO NODU DM WOWDNRPEPE OV ONODOUL M WDNDMRO

Predictive model of surface temperature difference between green facades and uncovered wall
in Mediterranean climatic area

Ileana Blanco, Evelia Schettini®, Giuliano Vox

Department of Agricultural and Environmental Science DISAAT — University of Bari, Bari, Italy

* Corresponding author

E-mail addresses: ileana.blanco@uniba.it (I. Blanco), evelia.schettini@uniba.it (E. Schettini),
giuliano.vox@uniba.it (G. Vox).

Abstract

Buildings vertical surfaces strongly condition microclimate inside the building. The
improvement of the thermal behaviour of the building envelope in urban areas is a suitable solution
to increase energy savings. Green facades are a promising passive cooling strategy for building
envelopes. One parameter useful to evaluate the effectiveness of a green facade is the external surface
temperature of the building. The reduction of the building surface temperature in the warm periods
obtained with a green layer plays an important role for cooling energy saving.

A multiple linear regression model simulating the difference of the surface temperature between
a wall covered with vegetation and an uncovered wall was developed. The model was built using the
experimental data measured in 2015. The data were recorded by sensors and data logger on three wall
prototypes in scale facing south. The prototypes were realized in order to simulate a vertical closure
for civil buildings commonly used in the Mediterranean area. The cooling thermal effect of two
different climbing plants, Pandorea jasminoides variegated and Rhyncospermum jasminoides, was
analysed and compared, through the evaluation of the external surface temperature of the protected
vertical walls in comparison to a control uncovered wall.

The model was used to simulate the behaviour of the green walls during summer 2016. The
simulated data were compared with the measured data. Coefficients of determination (R?) higher than
0.96 were obtained. The results of the research showed that the model can simulate the thermal effects
of green fagade in a similar Mediterranean climate.

Data measured and simulated showed that the vegetated walls recoded surface temperatures
lower than the uncovered wall up to 7.69 °C in summertime.

Keywords: Multiple linear regression analysis; box plot data visualization; cooling effect; urban
agriculture; building thermal performance; climatic data
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1. INTRODUCTION

Nowadays the diffusion of the greening technology for more sustainable buildings is
encouraged by the worldwide growing interest in urban green (Berardi et al., 2014; Fernandez-Caiero
et al., 2013; Santamouris, 2012). Urban Green Infrastructures (UGIs) are sets of man-made elements
whose performance is influenced by built environment, climate conditions of the area and used plants
(Raji et al., 2015; Gagliano et al., 2015). Public and private green open spaces, planned and
unplanned, such as remaining native vegetation, parks, gardens, street trees, sporting fields, golf
courses, are classified as UGIs. Moreover, also engineered options such as greenery systems in a
building as green roofs, green balconies, sky gardens, indoor sky gardens and vertical greening are
UGIs (Norton et al., 2015; Raji et al., 2015; Cameron et al., 2014; Schettini et al., 2016; Schettini et
al., 2018a).

The thermal effect of greenery systems on the microclimate of buildings is related to the climate
conditions of the area, i.e. air temperature and relative humidity, solar radiation, wind velocity and
direction. Besides, the vegetation type, plant position, plant height, coverage ratio, leaf area index
(LAI), foliage (orientation, dimension, thickness and density), radiometric characteristics of the
leaves (emissivity, reflectivity, absorptance and transmissivity), plant’s biological processes
(photosynthesis, respiration and transpiration), and the growing medium (thickness, water content
and density, substrate thermal properties) affect the thermal behaviour of the vegetation. The building
itself and the surrounding built environment influence the thermal behaviour of UGI. Building
characteristics, such as roof and wall construction materials (Vox et al., 2016), dimension, wall
orientation, insulation level, and building indoor usage, must be considered.

The presence of UGIs will provide environmental benefits at building and urban scale (Pérez
et al.,, 2014; Raji et al., 2015). UGIs contribute to improve urban climate reducing urban air
temperature, extreme air and wall temperature values and thermal excursions on the building surface
(Norton et al., 2015; Tan et al., 2014; Vox et al., 2015; Blanco et al, 2017; Campiotti et al., 2013).
Urban greening can supply several ecosystem services such as improving aesthetically the place to
live and work, removing airborne pollutants and improving air quality, enhancing storm-water
management and water run-off quality, providing sound insulation and noise absorption (Cameron et
al., 2014; Kohler and Poll, 2010; Rowe, 2011; Fernandez-Canero et al., 2013). UGIs improve the
habitat for invertebrates, birds, weeds and plants promoting and increasing biodiversity. Moreover,
UGIs mitigate the frequency and magnitude of the heat events due to urban heat island (Karlessi et
al, 2011; Jaffal et al., 2012), reduce the ambient temperatures, improve human thermal comfort and
decrease energy loads on building (Pérez et al., 2014; Cameron et al., 2014; Norton et al., 2015).

The application of greening systems to the building envelope allows the improvement of the
thermal performance of the building. Improving envelope energy performance is a suitable solution
to increase energy saving (Balocco and Petrone, 2017). Vertical surfaces of buildings constitute part
of the building envelope that strongly condition the microclimate inside the building.

The systems that allow greening a building vertical surface are classified with different terms
in literature: vertical greening systems (Perini et al., 2011; Oluwafeyikemi and Julie, 2015), vertical
greenery systems (Wong et al., 2010; Azkorra et al., 2014; Pérez et al., 2017; Coma et al., 2017),
green walls (Kontoleon and Eumorfopoulou, 2010; Su and Lin, 2015; Wong and Baldwin, 2016;
Djedjig et al., 2017; Vox et al., 2018b), vertical greens (Perini et al., 2011), vertical gardens (Peck et
al., 1999; Alexandri and Jones, 2008; Perini and Ottelé, 2014), bio shaders (Ip et al., 2010), vertical
landscaping (Allan and Kim, 2016; Yu et al., 2016), green facades (Coma et al., 2014; Flores Larsen
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et al., 2015; Hoelscher et al., 2016; Blanco et al., 2018), living walls (Charoenkit and Yiemwattana,
2016; Safikhani and Baharvand, 2017). Such a wide classification often leads to a non-real
interpretation of the results obtained considering the different greening systems.

Data of tests carried out in real conditions are generally collected in short time making the
comparison of the greening system performance even more difficult. Several authors presented
experimental data at real scale concerning short summer periods (Chen et al, 2013; Pérez et al., 2014;
Susorova et al., 2014; Vox et al., 2017). The performance of the greenery systems in winter have been
less investigated and it requires further investigations (Pérez et al., 2014; Coma et al., 2017; Schettini
etal., 2018b).

Another problem for the understanding of the scientific results is that some studies reported
the maximum temperature differences while other researchers reported the average temperature
differences (Charoenkit and Yiemwattana, 2016). The parameter most commonly reported for
assessing the thermal performance of green vertical systems is the wall external surface temperature
of the building or prototype. Comparisons between surface temperature studies do not allow an
adequate assessment of the thermal performance, due to differences in building construction
characteristics (Hunter et al., 2014). However, the analysis of this parameter permits comparing the
potential effects related to the change of one parameter, such as the plant species, the distance of the
supporting structure from the building for the indirect green fagades, the irrigation regimes, the
climate conditions.

Olivieri et al (2014) have expressed the need to develop a performance predictive model of a
vegetal fagades based on the local weather conditions. Simulation models often were not validated
with real data (Pérez et al., 2014; Raji et al., 2015; Hunter et al. 2014).

In this research, the system that allows greening a vertical surface is a green fagade (Cuce,
2016; Riley, 2017; He et al., 2017; Convertino et al., 2019). It is characterized by climbing plants
rooted in the ground. The plants climb on a structural support located at a small distance from the
wall.

Aim of the paper is the development of a statistical predictive model of the thermal performance
of the fagade in summer (from June to August). The statistical predictive model is a tool to simulate
the results of the application of green facades in a similar Mediterranean climate.

The thermal performance of the green facade in summertime, period characterised by the
highest external air temperature values, was analysed through the evaluation of the external surface
temperature of the covered vertical walls in comparison to the uncovered control wall. The multiple
linear regression model was built based on the data gathered during summer 2015. The regression
model was validated with the data collected during summer 2016.

2. MATERIALS AND METHODS

2.1. Experimental test
The test took place at the experimental centre of the University of Bari in Valenzano (Bari),
Italy, having latitude 41° 05' N, longitude 16° 53" E, altitude 85 m asl. The area is characterized by
warm temperate climate with calm, dry and hot summer and by a notably variation of solar radiation
intensity with season; the winter months are much rainier than the summer months. The
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Mediterranean climate of the area can be classified as Csa, according to the Kopper-Geiger climate
classification (Kottek et al., 2006).

In order to simulate a vertical closure for civil buildings commonly used in the Mediterranean
area, a vertical wall with perforated bricks joined with mortar was designed. Each brick had a
thickness of 0.20 m, a height of 0.25 m and a length of 0.25 m. The masonry was characterized by a
thermal conductivity (A) equal to 0.282 W m! K-! (following UNI EN 1745: 2012) and a specific heat
capacity (C,) equal to 840 J kg! K-!. The thermal properties of the plaster, with a thickness of 0.02
m, were: A equal to 0.55 W m™! K" and C, equal to 1000 J kg'! K-!. The wall was characterised by a
density (d) equal to 695 kg m, a solar absorption coefficient (o) equal to 42.1% and a long wave
infrared emissivity coefficient (e wir) equal to 95.3%.

Three wall prototypes in scale, each having a width of 1.00 m and a height equal to 1.55 m,
were made facing south. On the backside of each wall, a sealed insulation structure was realized with
sheets of expanded polystyrene. Each sheet of expanded polystyrene had a thickness of 0.03 m, A
equal to 0.037 Wm K1, C, equal to 1404 J kg'! K'! and d equal to 15 kg m. The presence of the
insulating structure allowed evaluating only the thermal behaviour of the wall due to the plants and
to the incident solar radiation. A blue shading net was placed onto the back structure to reduce the
effect of the incident solar radiation.

The walls were located in a wide open space with no shadow on the vertical surfaces.

Two walls were covered with vigorous evergreen climbing plants, one with Pandorea
Jjasminoides variegated, the second with Rhyncospermum jasminoides. The third wall, used as control,
was kept uncovered. The plants were transplanted on 18 June 2014. An iron net was placed 0.15 m
far from the wall in order to provide a support for the climbing plants (Figure 1).

Figure 1. The three walls at the experimental field of the University of Bari; the right one is greened
with Rhyncospermum jasminoides, the central one with Pandorea jasminoides variegated
and the left one is the control wall (uncovered).
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The drip irrigation method was used for all the plants and fertilization with N, P and K was
performed.

2.2. Data acquisition

The external air temperature and relative humidity, the wind speed and direction, the surface
temperature of the wall on the external plaster exposed to the solar radiation, the solar radiation on a
horizontal plane and the solar radiation incident on the vertical surface were measured during the test.
The value of solar radiation on a horizontal plane is a reference radiation value useful for the
comparison of different climatic zones. The solar radiation on the vertical wall represents the fraction
of solar radiation incident on the south facing green facades.

The external air temperature was measured by a Hygroclip-S3 sensor (Rotronic, Zurich,
Switzerland); it was adequately shielded from solar radiation. The temperature of the external plaster
surfaces exposed to the solar radiation was measured using thermistors (Tecno.EL s.r.l. Formello,
Rome, Italy). Both the solar radiation on a horizontal plane and the solar radiation normal to the wall
were measured by means of pyranometers (model 8-48, Eppley Laboratory, Newport, RI, USA) in
the wavelength range 0.3-3 mm. Wind speed and direction were measured by Young Wind Sentry
anemometer (Young Company, Traverse City, MI, U.S.A).

The climatic parameters were measured with a frequency of 60 s, averaged every 15 min and
recorded on a data logger (CR10X, Campbell, Logan, USA) throughout the experimental test.

Plant Leaf Surface Index (LAI) was measured with an AccuPAR PAR/LAI Ceptometer (model
LP-80, Decagon Devices Inc., Pullman, WA, USA). LAI varies throughout the year from 2 to 4 for
Rhyncospermum jasminoides, and from 1.5 to 3.5 for Pandorea jasminoides variegated. These values
ranged from a minimum to a maximum because, despite the plants are evergreen, in winter they lose
some leaves.

Analysis of variance (ANOVA) was carried out with the CoStat software (CoHort Software,
Monterey, CA, USA).

2.3. Climate conditions of the experimental field during 2013-2015

A preliminary study of the climate parameters of the site was carried out. The study was realized
in order to define the experimental conditions.

In the period from January 2013 to December 2015, the experimental field was characterized
by values of the external air temperature ranging from -1.4°C to 41.4°C. The yearly cumulative solar
radiation on a horizontal plane varied in the range 4891-5327 MJ m>2. The monthly value of
cumulative solar radiation on a horizontal plane ranged from 143 MJ m, recorded in January 2014,
to 802 MJ m2, recorded in July 2015. The annual cumulative solar radiation on the south facing
vertical wall varied in the range 3515-3759 MJ m2; the monthly value ranged from 209 MJ m™
(January 2014) to 397 MJ m? (September 2013).

2.4. Multiple linear regression analysis
Data can be statistically analysed and modelled by means of a statistical regression analysis.
Regression analysis is a methodology to investigate the functional equation between a dependent
variable or response and the variables that influence the response, known as independent or predictor
or influence variables (Fumo and Biswas, 2015; Yildiz et al., 2017). In relation to the number of
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predictor variables, simple linear regression has only one predictor variable while multiple linear
regression has more than one predictor variable. The univariate linear regression analysis models the
connection among variables by fitting a linear equation to the data. The linear fitting of multiple linear
regression analysis is attempted by keeping constant all but one of the predictor variables (Fumo and
Biswas, 2015).

Regression models are influenced by number of input parameters, kind of data, time interval,
forecasting temporal horizon (Yildiz et al., 2017).

In this paper the multiple linear regression technique is used to forecast and model time series.
The response variable that is analysed is the difference of the external surface temperature between
the control wall and the green facade. The response variable at time ¢ is coded as y,. The external
climate conditions were used as predictors variables: external air temperature and relative humidity,
horizontal and vertical solar radiation, wind velocity and direction.

The multiple linear autoregressive model used in this research is:

Ve=Po+ Byer+ Baxi o+ Paxr ert Paxo o+ Bsxo s + Pexs ot Brxs er T Psxa ot Poxy 1 T Proxs T+
Brixs 1+ Bixs + + Pi3xs, 1+ & (1)

where: the response variable y, is the difference between the external surface temperature of the
control wall and of the green fagade at time #; 1 =1, ..., n=8832, with a time sample of 900 s, extends
from June to August 2015. The predictor variable y,; is the difference between the external surface
temperature of the control wall and of the green fagade at time #-/; x;, and Xx;,; are the weather
predictor variables at time ¢ and at time #-/, respectively, withj = I, ..., 6. The value j=1 refers to the
external air temperature, j=2 to the horizontal solar radiation, j=3 to the external air relative humidity,
j=4 to the wind velocity, j=5 to the wind direction and j=6 to the vertical solar radiation. f;, with [ =
0, ..., 13, are the regression parameters of the model; S is the intercept. ¢, 1s the error standing for the
difference between the predicted data and the observed data.

The objective of the regression model is to minimize the sum of squared errors by varying the
coefficient f;.

The Regression Tool in Excel’s Data Analysis add-in was used to obtain the estimated regression
parameters (f ) with the Least Squares Method.

The fitted values () were obtained by using the £ 7 values in eq. (1). The error (g) is the
difference between the observed data (y,) and the fitted data (y,):

Vi =Yt & (2)

The fitted values are obtained considering, for the predictor variables, one of the n observations.

Three parameters can be used to measure the quality of the fitting of the multiple linear regression
model: the coefficient of determination (R?), the adjusted coefficient of determination (R,q?) and the
root-mean-square error (RMSE). In this research, these parameters for the model proposed are defined
as:

2 2?:1(3’1'_ }A’i)z
Re=1-—"7""3 (3)
.-y
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1
Ragj=1-(1-R*); = 4

n AN\2
RMSE = [Fim0 ) (5)
n-k

where n is the number of observations; p, equal to 13, is the total number of the variables; &, equal to
14, is the number of regression coefficients; y; are the observed data, y is the mean value of y;,

Z?z 1(yl- - }A/l-)z is the sum of squared errors and Z?z 1(yi - y)z is the total sum of squares.

The R? is a measure of how much variation of the response variable is explained by every
predictive variables dataset at time . It represents the percentage of variability in the independent
variable that is explained when considering as if all predictor variables in the model affect the
response variable. A high value of the R? means that the predictors account for a great amount of
variability in the independent variable. The coefficient of determination R? ranges between 0 and 1.
When R?is close to 1 then most of the variation of the observed values can be explained by the model
(Raziei and Pereira, 2013). Even with a high value of R?, a more detailed analysis is needed to ensure
that the model can be used to describe the observed data and to predict the response for another set
of data different from the one used to generate the model (Fumo and Biswas, 2015).

The R,q;? indicates how well terms fit a curve or line, but it is adjusted for the number of terms
in a model. The R,q;? gives the percentage of variability explained by only those predictor variables
that really affect the response variable. Adding more useless variables to a model, the R,q? will
decrease. Adding more useful variables, the R,q? will increase. The R,g* will always be less than or
equal to the R? for large datasets. R,q? can be positive or negative.

The RMSE is a standard statistical metric that measures the scatter in the data around the model.
It indicates how concentrated the data is around the line of best fit; it measures how accurately the
model predicts the response. The RMSE is the most important criterion for fit if the main purpose of
the model is prediction and for describing uncertainty. The smaller RSME the better is the model’s
performance (Raziei and Pereira, 2013). A small RMSE implies that the sample is accurate and
precise.

Meteorological and surface temperature data recorded during summer 2015 at the experimental
field were analysed and a multiple linear regression model was fitted on 2015 data. The model
estimates the difference between the external surface temperature of the control wall and of the green
facade. Then the model was used to predict the behaviour of the green fagade during summer 2016.
The validation of the model was done by comparing the data observed during summer 2016 and the
data predicted with the model. The predicted data (y,,) were obtained by eq. (1), using the predictor
variables measured in 2016. The regression parameters where obtained with the data recorded in
2015.

3. RESULTS AND DISCUSSION
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3.1. The measured wall temperature

The monthly values of the external surface temperature recorded on the uncovered control wall
during 2016 are shown in Figure 2 by multiple box-plots (Nuzzo, 2016). The median ranged from
7°C to 26°C. Ignoring the outlier values, maximum values were recorded around 41°C and minimum
values close to -1°C.

Concerning the warmest period in the summer 2016, from June to August, the external surface
temperatures recorded on the control wall were characterized by a high variability and the median
was in the range 22-26°C. The period from June to August recorded surface temperature peaks on the
control wall over 38°C, neglecting the outlier values. The other warm months were characterised by
maximum values of about 32-33°C. Thus, the mitigation of the wall surface temperature due to the
presence of the plants was analysed for June, July and August when the cooling effect is expected to
be more effective.
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Figure 2: External surface temperature of the control wall during 2016.

A value of the horizontal solar radiation of 200 Wm2 was found by Vox et al. (2018a) as a
threshold value for arousing a cooling effect by the green facades on the wall external surfaces. A
solar radiation threshold value emerged as necessary to incite notable cooling functions on the walls
behind the green layers during daytime, with a direct dependence of the surface temperature on the
solar radiation level. This result is in agreement with Jim (2015) that assessed a solar radiation
minimum value of 300 Wm-? for mobilizing effective transpiration cooling for indirect green fagades
forming a 10 cm air gap between wall and support mesh.

Table 1 shows the monthly average of the daily maximum difference between the surface
temperature recorded on the control wall and the surface temperature recorded on the green walls in
2016. One-way ANOVA analysis at a 95% probability level were performed for each month of the
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analysed period in order to compare the average values. Duncan's test was applied with a significance
level equal of 0.05. No significant difference was recorded between the two plants.

The ANOVA analysis showed that statistically significant differences were recorded between
the green walls and the control wall for the monthly average of the daily variation of the wall external
surface temperature (Table 1). It was calculated as the difference between the highest temperature
and the lowest temperature registered each day during daytime, when solar radiation on a horizontal
surface was higher than 200 W m™2. In June and August no significant difference was reported
between the two plants for the temperature variation. During July, that was the hottest month,
Rhyncospermum jasminoides showed the lowest temperature variation (7.93 °C). This value was
statistically different from the variation recorded both for the wall covered with Pandorea
Jjasminoides variegated and for the control wall.

In August, the following maximum daytime temperature variation were recorded: 11.75°C for
Rhyncospermum jasminoides, 13.42 °C for Pandorea jasminoides variegated and 18.40 °C for the
control wall (Table 2). The variations were evaluated when solar radiation on a horizontal surface
was higher than 200 W m2.

The average of the maximum reduction of the covered walls surface temperature versus the
uncovered control wall showed no significant difference between the two plants (Table 1).

The highest maximum reduction value between the surface temperature measured on the control
wall and on the green wall was recorded in August: 7.69°C for Rhyncospermum jasminoides and 7.67
°C for Pandorea jasminoides variegated (Table 2).

Table 1: Monthly average of the daily maximum difference value between the surface temperature
recorded on the control wall and on the green walls; average daytime temperature variation with solar
radiation on a horizontal surface higher than 200 W m. Data recorded in 2016.

Average of the maximum Average variation of the wall
reduction of the covered walls external surface temperature during
surface temperature versus the daytime;

control wall solar radiation on a horizontal
(°O) surface > 200 W m
O
June July August June July August
Rhyneospermum | 5 o7 5g1a 593 713 793 6.65"
jasminoides
Pandorea
jasminoides 5.082 5.572 5.462 8.10° 9.07° 7.87°
variegated
Control wall - - - 12.442 14.082 12.942

acAverage values of the temperature in a column (i.e. for a specific month) with a different superscript letter statistically
differ at P < 0.05 using Duncan’s test.

In one summer month with Thessaloniki’s climatic conditions, characterised by warm
temperate humid climate, Eumorfopoulou and Kontoleon (2009) reported a temperature reduction of
the maximum values in the exterior surface of a plant-covered east wall equal in average to 5.7 °C,
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varying from 1.9 °C to 8.3 °C. Pérez et al. (2014) reported a reduction from 1.7 °C to 13.0 °C of the
external building surface temperature in warm temperate climate region in the case of a wall covered
with traditional green facades during summertime. Susorova et al. (2014) reported an average
decrease of the fagade surface temperatures due to the presence of vegetation on the fagade from 1.0
°C to 9.0 °C during summer on brick infills external surface.

Table 2: Maximum difference value between the surface temperature recorded on the control wall
and the surface temperature recorded on the green walls; maximum daytime temperature variation
considering solar radiation on a horizontal surface higher than 200 W m2. Data recorded in 2016.

Maximum reduction of wall external | Maximum range of wall external
surface temperature versus control | surface temperature during daytime;
wall solar radiation on a horizontal
(°O) surface > 200 W m™
(°O)
June July August June July August
Rhyncospermum 648 7.0 7.69 1087 1041 11.75
jasminoides
Pandorea
jasminoides 6.58 6.73 7.67 12.32 11.96 13.42
variegated
Control wall 17.54 16.87 18.40

The daily thermal behaviour of the walls is shown in Figures 3-5. One typical sunny day for
month was chosen. The external air temperature, the surface temperature of the external plaster of the
three walls exposed to solar radiation, the temperature of the air gap between the vegetation and the
wall, the solar radiation on a horizontal plane are shown.

The wall external surface temperature of the control wall rose in the morning in synch with the
solar radiation values more than the temperature of the external side of the walls screened by the
plants. During the daytime, with the solar radiation on a horizontal surface higher than 200 W m2,
the external wall temperature of the control wall was always higher than the external wall temperature
of the green fagades. The presence of the vegetation layer mitigated the temperature of the external
plaster of the walls. The maximum value of the wall surface temperature of the green fagade was
always recorded at least 1 hour late in comparison to the maximum value of the wall surface
temperature of the control wall.

After sunset and at nighttime, the temperatures on the external wall of the green facades were
higher than the temperatures on the control wall up to 2 °C. The green facades acted as thermal screens
during night, but this behaviour is not desirable in summer.

The air-gap temperatures always followed the hourly evolution of the external ambient air
temperature (Fig. 3-5). The air-gap temperatures often remained below the external ambient air
temperature mainly for Rhyncospermum jasminoides. It is in agreement with the findings of Chen et
al. (2013) and Pérez et al. (2011), which assessed the ability of the green facades to create a behind-

10



371  green layer microclimate, characterized by lower air temperature than the external one during daytime
372  in summer sunny days.
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Figure 4: External air temperature, surface temperature of the external plaster of the three walls
exposed to solar radiation, air gap temperature between the vegetation and the wall, solar radiation
on a horizontal plane; 21/07/2016.

28/08/2016

38 900
36
34
32
30
28

26

Temperature (°C)

24

22

Solar radiation on a horizontal plane (W m-2)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Time
External air temperature e Control - external wall temperature
Pandorea jasminoides - external wall temperature Pandorea jasminoides - air gap temperature
e Rhyncospermum jasminoides - external wall temperature = == « Rhyncospermum jasminoides - air gap temperature

External solar radiation on a horizontal plane
Figure 5: External air temperature, surface temperature of the external plaster of the three walls
exposed to solar radiation, air gap temperature between the vegetation and the wall, solar radiation
on a horizontal plane; 28/08/2016.

3.2. Regression analysis results

The regression model estimated the difference of temperature between the control wall without
vegetation and the green wall at time t. It was built based on the data measured during summer 2015
at the experimental field.

Due to the great amount of heterogeneous data and to the variable thermal performance of the
green walls through the different hours of the day, the observed data related to summer 2015 were
grouped in 5 radiation slots. They were characterized by intervals of solar radiation on a horizontal
surface (Io;) as shown in Table 3. Figure 6 shows the distribution of the radiation slots in a typical
summer day at the experimental site.

Table 3: Solar Radiation slots used in the regression model

Solar Radiation on a horizontal surface

Thor 200 Ihor <200 W m2
Lhor 200-400 200 < I, <400 W m™2
Thor 400-600 400 < I},r < 600 W m™2
Thor 600-800 600 < Tp,or < 800 W m™2
Thor 800 Lor > 800 W m2

12
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Figure 6: Daily distribution of the radiation slots.

A regression model for each green wall and for each Iy, was developed by using the data
observed in the summer season 2015 (June-August 2015). 5 regressive models for each plant were
developed, as shown in Tables 4-5. The models reproduce the thermal performance of the green
facades in comparison with the control wall described in this research.

A regression coefficient £ measures the partial effect of the predictor variable x; on y, holding
the other predictor variables fixed. This interpretation is not valid, of course, for the intercept . The
value of the coefficients £ is characterised by the unit of the measurement, thus these coefficients
cannot be compared to each other. Therefore, the coefficients £ cannot be assumed as indicators of
the importance of the predictor variable in the explanation of the variability of the y,.

When a coefficient £ is equal to 0, it means that the influence of the related predictor weather
variable on the difference of temperature between the control wall without vegetation and the green
wall is not significant.

The coefficients related the external air temperature predictor variable (£, and f3) are
significant for every Ip,: often £ is positive and high while £; is smaller in absolute value and
negative. Therefore, the contribution of the predictor at time #-/ often partially compensates for the
contribution at the following time ¢. A positive and high value for £, means that the higher the
temperature, the greater the difference of temperature between the control wall without vegetation
and the green wall.

The coefficients that explain the dependency of the solar radiation variable are £, and [
(horizontal solar radiation) and £, and f;; (vertical solar radiation); these coefficients can be positive
or negative characterised by a low absolute value.

The dependency on the external air relative humidity variable is highlighted by the £ and 5,
coefficients. A positive low value for £ means that the higher the humidity, the greater the difference
of temperature between the control wall without vegetation and the green wall.
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The dependency on the wind velocity variable is highlighted by the S5 and £ coefficients while
on the wind direction by the 5o and f;; coefficients. As expected, the lowest dependence of the wind
velocity variable results for I, < 200 Wm, from sunset to sunrise when the wind has generally
calmed down compared to other hours of the day.

Tables 4-5 also show the parameters of quality analysis. It can be noted that the coefficients R?
and R,4i? are very high, with values higher than 0.95, for all the radiation slots and for both the green
walls. R? and R,q? show the goodness of the fit by the trained models. In this case, they have similar
values due to the large datasets being used. The scattering around the model explained by RMSE is
low.

A multiple regression model becomes more effective by adding a significant variable to it, while
the addition of an unimportant variable can make the model worse. Thus, in order to analyse the
importance of the individual regression coefficients, the Student t test was applied. The t-value
represents the test statistic for the Student t test. The t-values test the hypothesis that the coefficient
is different from 0. The coefficient with the highest t-value identifies the most important variable.

The t-values connected to the individual regression coefficients are presented in Tables 6-7. In
both green facades the coefficients related to the variables external air temperature x;, and vertical
solar radiation x;,, show high t-values. Thus x;, and x;,, confirm to be the parameters with the
greatest influence on the dependent variable, in addition to y,.;, as expected.

The predictive models described by Olivieri et al (2014) concern a green fagade covered with
sedum and a wall characterised by metal finish; they are characterized by values of R? varying
between 0.63 and 0.87.
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Table 4: Estimated regression coefficients and quality model parameters for the green wall covered with Rhyncospermum jasminoides, for the summer
period 2015.

Estimated Regression
it A B /2 A A A fi B A B B B B B
Quality model parameters R?  R,4? RMSE
Predictor variable to whom the
regression coefficient is related
Yt-1 X1t X1 t-1 X2t X2st-1 X3t X3, t-1 X4t X4.t-1 X5t X55t-1 X6t X6,t-1
Weather predictors variables External  External External External External External
External Air External Air solar solar Air Air Wind Wind Wind Wind solar solar
Temperature Temperature radiation radiation relative  relative Velocity Velocity Direction Direction radiation radiation
horizontal horizontal Humidity Humidity vertical  vertical
Slot of sol. Ihor 200 -0.2484  0.9297 0.0798 -0.0787 -0.0006 0 0.0045 -0.0035  0.0069 0 0.0001 0.0001 0.0041 -0.0019 0.99 0.99 0.06
ot of solar
radiation Ihor 200-400 0.0000 0.9291 0.1261 -0.1302 0 0 0 0 0.0428 -0.0440 0.0002 0 0 0 0.99 0.99 0.11
Ihor 400-600 -0.5393  0.9288 0.0957 -0.0877 0.0004 -0.0003 0.0103 -0.0076 0 0 0 0 0.0009 0 1.00 1.00 0.11
Ihor 600-800 -0.2462  0.9218 0.1280 -0.1247 0.0002 0 0.0019 0 -0.0361 0 -0.0003 0 0.0018 -0.0006 1.00 1.00 0.12
Ihor 800 -0.3601  0.9223 0.1469 -0.1398 0.0002 0 0.0026 0 -0.0198 -0.0240 -0.0007 -0.0002 0.0019 -0.0005 0.99 0.99 0.12
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Table 5: Estimated regression coefficients and quality model parameters for the green wall covered with Pandorea jasminoides variegated, for the
summer period 2015.

Estimated Regression

et A A 2 2 2 2 b £ A B B B B P
Quality model parameters R? R,;’ RMSE
Predictor variable to whom the
regression coefficient is related
Y1 X1t X1t X2t X2ot-1 X3t X35 -1 X4t X4,t-1 X5t X5ot-1 X6, X6,t-1
Weather predictors variables External  External External External External External
External Air External Air solar solar Air Air Wind Wind Wind Wind solar solar
Temperature Temperature radiation radiation relative  relative Velocity Velocity Direction Direction radiation radiation
horizontal horizontal Humidity Humidity vertical  vertical
Ihmr 200 -0.3915  0.9064 0.0972 -0.0914 0 0 0.0013 0 0.0062 0 0.0002 0 0.0031  -0.0030 0.95 0.95 0.14
Slot of solar
radiation Ihor 200-400  -0.4110 0.8511 0.1233 -0.1119 -0.0004 0 0 0 0.0582  -0.0682 0 0 0.0040  -0.0021 0.96 0.96 0.20
Ihor 400-600  -0.8940  0.8581 0.0225 0 0.0020 -0.0020 0.0034 0 -0.0305 0 0 0 -0.0021  0.0041 098 0.98 0.20
Ihor 600-800  -0.3841  0.8777 0.1172 -0.1038 -0.0002 0 0 0 -0.0484 0 -0.0004 0 0.0029  -0.0006 0.99 0.99 0.15
Ihor 300 -0.5010  0.8912 0.1496 -0.1360 -0.0002 0 0 0 -0.0516 0 -0.0006 0 0.0026 0 0.99 0.99 0.14
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Table 6: t-values for the estimated regression coefficients for the green wall covered with Rhyncospermum jasminoides, for the summer period 2015.

t values

Estimated Regression coefficient B B 5 5 B Bs Bs it Ls ) i) B bz Bis

Predictor variable to whom the regression

coefficient is related Yl X1t X161 294 X25t-1 X3t X35 t-1 X4t X4,t-1 X5t X55t-1 X6t X6,t-1
Ihor 200 -18.7532 452.2826 24.9633 -24.7520 -7.1618 7.6639 -5.8971 7.5257 2.6402 3.2594 15.3185 -10.4104

188.6119 11.3593 -11.5942 4.7248 -4.7095 2.6155
Slot of solar Thor 200400
radiation Ihor 400-600 -8.0228  309.3902 6.3024 -5.7320 4.9900 -4.5227 3.7734 -2.8566 9.9100

Thor 600-800 -3.5560 349.6711 120055 -11.7481 4.6788 3.9699 -8.3222 -4.6222 155231 -5.1987
Ihor 300 -4.8567 287.0584 13.4283 -12.7777 5.7365 5.2636 -2.6074  -3.2402  -8.1288 -2.7625  21.3396 -5.7590
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Table 7: t-values for the estimated regression coefficients for the green wall covered with Pandorea jasminoides variegated, for the summer period
2015.

t values
Estimated Regression coefficient yi) B 5 5 B s s yiza Bs ) B Fu Bz bis
Predictor variable to whom the regression
coefficient is related Yt-1 X1t X1,t-1 X2t X2st-1 X3t X3, t-1 X4t X441 X5t X5t-1 Xe6,t X6,t-1
Ihor 200 -11.2070 183.4354 15.9750 -15.4290 8.1673 2.7744 3.8887 7.7124  -7.8066
-4.8556  76.6593 5.6440 -5.0289 -3.1565 34415 -3.9074 7.3328  -3.8128
Slot of solar Thor 200400
radiation Ihor 400-600 -6.2462  103.9778 6.5624 6.5789 -7.0016 3.7466 -3.9686 -3.0516  5.5188
Ihor 600-800 -7.8042  216.9989 8.9842 -7.9374 -4.2656 -9.3785 -4.5116 22.5625 -4.6244
Ihor 800 -9.2642  225.4776 11.8691 -10.7676 -4.3664 -9.7011 -6.7293 33.5433
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3.3. Use of the predictive model in the case study

The predictive model was calibrated using the data recorded during summer 2015. The model
was used to simulate the difference between the surface temperatures of the walls during summer
2016. External air temperature and relative humidity, solar radiation, wind velocity and direction
were used as model input.

Figures 7-8 show the difference of the external surface temperature between the control wall
and the green walls, comparing the simulated values and the values measured at the experimental
field. The data concern 9-15 August 2016, a long period of clear sky.

As shown in Figure 7, the maximum difference between the external surface temperature of the
control wall and of the green wall covered with Pandorea jasminoides variegated was 6.10 °C and
5.92 °C for the simulated values and the measured values, respectively. The highest negative
difference between the external surface temperature of the control wall and of the green wall was
-1.83 °C and -2.29 °C for the simulated values and the measured values, respectively.

Concerning the Rhyncospermum jasminoides (Figure 8), the maximum difference between the
external surface temperature of the control wall and the green wall was 5.98 °C and 6.80 °C in the
case of the simulated values and of the measured values, respectively. The highest negative difference
between the external surface temperature of the control wall and of the green wall was
-1.52 °C and -1.83 °C for the simulated values and the measured values, respectively.

Green wall covered with Pandorea jasminoides variegated

1

0 1 )

09/08/ /08/1 ﬁ/\iﬁ;};’ W \3/08/16’ 4/08/16 /08/16 k
-1

-2

Temperature reduction on the external surface (C°)
w

-3

Day
——Measured values ——Predicted values

Figure 7: Difference of the external surface temperature between the control wall and the green wall
covered with Pandorea jasminoides variegated: simulated data and measured data at the
experimental field, 9-15/08/2016.
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Figure 8: Difference of the external surface temperature between the control wall and the green wall

covered with Rhyncospermum jasminoides: simulated data and measured data at the experimental
field, 9-15/08/2016.

Figure 9 shows the correlation analyses for the simulated results and experimental results for
the difference of the external surface temperature between the control wall and the green walls.
Coefficients of determination (R?) were 0.96 and 0.98 for the wall covered with Pandorea
Jjasminoides variegated and the one covered with Rhyncospermum jasminoides, respectively. For both
cases, determination coefficients show a good agreement between simulated results and experimental
results because they are approaching 1.

The simulated and experimental differences of temperature deviate by maximum 1.95 °C, with
an average difference between the numerical predictions and the experimental measurements of 0.07
°C and a standard deviation equal to 0.49 °C, for the wall covered with Pandorea jasminoides
variegated. The simulated and experimental differences of temperature deviate by maximum 1.59 °C,
with an average difference between the numerical predictions and the experimental measurements of
-0.03 °C and a standard deviation equal to 0.46 °C, for the wall covered with Rhyncospermum
Jjasminoides. The RMSE was 0.50 °C and 0.46 °C for the validation of the model regarding Pandorea
Jjasminoides variegated and Rhyncospermum jasminoides, respectively. These values show the good
agreement between the simulation results and the experimental measurements and are comparable
with the results of the validation of the analytical models presented by Susorova et al. (2013), Djedjig
atal. (2015), Scarpa et al. (2014), Dahanayake and Chow (2017), Suklje et al. (2019), He et al. (2017).
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Figure 9: Comparison of simulated and experimental difference of the external surface
temperature between the control wall and the wall covered with Pandorea jasminoides variegated (a)
and Rhyncospermum jasminoides (b), 9-15/08/2016.

Susorova et al. (2013) studied the thermal effects of plants on heat fluxes through building
external walls through a self-developed a mathematical model of a green fagade. The model was
experimentally validated taking into consideration a bare wall and a green fagade with P. tricuspidata,
south exposed, on a real building in Chicago, USA. The comparison of the measured and modelled
exterior surface temperatures for the vegetated facades showed R? values equal to 0.96 on a sunny
day and 0.86 on a cloudy day.

Djedjig at al. (2015) developed a green envelope model and integrated it into a building
simulation software (TRNSYS). The results were validated through experimental comparisons during
one summer month with an outdoor reduced scale building having a west-oriented green wall. The
average difference between the numerical predictions and the experimental measurements of the
green wall surface temperature during the month of august was 0.22 °C for the vegetated facade with
a mean-root-square error of 1.42 °C.

Scarpa et al. (2014) developed a living wall mathematical model that was able to account for
different features of living walls. The model validation was carried out through comparison with field
measurements assessed during a summer and a winter week on two different kinds of living walls,
one with closed air cavity and grass and the other one with open air cavity and a vertical garden. The
maximum difference between the simulated and the field data of the external surface temperature of
the living wall during the summer week was 1.0 °C. The RMSE for the living wall with the open air
cavity was 1.1 and 0.4 during the summer and winter validation period, respectively. The RMSE was
0.5 during both the summer and winter validation period, for the living wall with the closed air cavity.

A self-developed mathematical model integrated into EnergyPlus building simulation program
was used by Dahanayake and Chow (2017) for analysing the impact of living walls on building energy
performance. The simulation results regarding the exterior surface temperature were validated against
two experimental studies carried out on living walls in a summer month and in the period June-
September respectively. The agreement of simulated results with experiment results was assessed by
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means of a correlation analysis showing R? values of 0.88 and 0.80 for each experimental study,
respectively.

Suklje et al. (2019) proposed a modelling approach that considers the vertical greenery system
as a homogeneous layer with apparent thermo-physical properties. The model was validated on the
period July-August against the data that were generated for an indirect green facade in summer
conditions by using a validated thermal response model, for vertical green systems, developed in a
previous study (Suklje et al. 2016). It was shown that outer surface temperature of the building
envelope differs by maximum +1.1 °C, with standard deviation equal to 0.3 °C, from the calculated
data.

He et al. (2017) investigated the thermal performance of living wall system by developing a
coupled heat and moisture transfer model. Model output parameters were compared with field data,
measured in a summer and a winter week, in order to validate the accuracy of the model. The analysis
on the exterior surface temperature of living wall structure layer showed an RMSE of 0.15 °C both
in summer and winter conditions.

4. CONCLUSION

Building design requires nowadays the use of energy performance simulation models. A
predictive model for the estimation of the difference of temperature between an uncovered wall and
vegetated walls was developed. External climate conditions were used as predictors and input of the
model: external air temperature and relative humidity, horizontal and vertical solar radiation, wind
velocity and direction. The data measured in the summer 2015 were used to build the model, data
were grouped in 5 solar radiation slots in order to facilitate the interpretation of the predictive models.
The developed overall model refers to green fagades covered with Pandorea jasminoides variegated
and Rhyncospermum jasminoides.

The model was validated by comparing the data of the surface temperatures measured in the
summer 2016 with the data obtained by the model, using the climatic data of 2016 as model input.
The validation showed good results with coefficients of determination (R?) higher than 0.96. A
maximum standard deviation equal to 0.49 °C between the numerical predictions and the
measurements was recorded for the difference of temperature between the uncovered and the
vegetated walls.

The research showed that the model can be used for the prediction of the thermal benefits of
the green fagades in the Mediterranean area during summer, by adopting a new dataset of weather
conditions. The results indicate that in early design phases the statistical models can be a valid
substitute of the energy simulation models for buildings characterized by constructive characteristics
typical of this Mediterranean area.
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