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HEAT TRANSFER MODELLING IN GREEN FACADES
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ABSTRACT

Making green urban environments through the application of the vertical green facades is an interesting
new challenge in view of the growing sustainability of cities. Several advantages have been recognized
for this type of passive technology. Inhabitants, buildings and cities are all recipients of these benefits.
Due to their potential, an in-depth knowledge of the energy functioning of green fagades and,
consequently, their conscious use has become essential. This study traces a path for the energy analysis
and modelling of green facade systems. Heat fluxes were identified and described by using a
mathematical methodology and with the support of experimental data. The energy balance approach
was followed. The most significant heat and mass transfer mechanisms were deepened and modelled.
Convective, radiative and evapotranspirative exchanges were considered. Thanks to this strategy, the
surface energy budget at the external building surface was evaluated. A comparison between the energy
behaviour of a green facade and that of a bare wall was carried out. A measurement campaign relative
to an experimental green fagade realized at the University of Bari allowed also the implementation of
realistic data. It was observed that the covered wall, behind the vegetation layer, gained 88% less energy
than the bare wall during daytime in the summer. The findings demonstrated, with knowledge of the
facts, that the green fagades applied to buildings provide significant advantages in Mediterranean areas.
In perspective, this study could be further developed through the writing of codes for the energy
simulation of building equipped with green fagades.
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1 INTRODUCTION
The climatic and environmental emergency is now a fact and can no longer be ignored. All
human activities, in every sector, must be oriented towards increasing sustainability. The
constructive activities and the building sector have a great negative impact; thus, a sustainable
turn can produce significant improvements.

Concerning this, a great opportunity is provided by the spread of the urban green
infrastructures (UGIs) [1], [2]. The concept of UGI is wide and refers to several planned and
unplanned solutions which bring vegetation inside cities [3]. Vegetation is, in fact, the key to
solve numerous environmental problems and to improve the quality of urban areas.

A promising way, under many points of view, to integrate vegetation into urban contexts
is its application on buildings surfaces [4]. These kinds of UGIs belong to two main groups
of technological solutions: green roofs and vertical green systems (VGS) [5]. In the past few
years, green roofs were the most studied and applied typology. Recently, VGSs received
increasing research interest and their applications in cities multiplied. An indisputable
advantage of using VGSs instead of green roofs is linked to the surfaces available in cities.
The overall vertical surface is certainly wider than the horizontal one. However, concerning
VGSs, other research contributions are needed to fill some gaps, especially to clarify their
real performance and the most relevant influencing factors [6].

Many technical solutions are included in the expression VGSs. In any case, it indicates
that a layer of vegetation covers the vertical walls of building. Plants can be directly attached
to the wall or placed at a certain distance from it. They can be rooted into the ground or in
pots and supported by metal structures (green facades) or in modular panels (green walls)
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[7], [8]. Beyond the multiple available technical solutions, what needs to be highlighted is
that VGSs are passive sustainable envelope technologies providing various kinds of positive
contributions. The reduction of the urban heat island effect, the lowering of the carbon
dioxide emissions and the rainwater retention are among the VGSs benefits at the urban scale.
At the same time, VGSs enhance thermal performance of buildings, contributing to energy
saving and human comfort. The application of greenery systems, as the recovery of
the traditional bioclimatic architecture and the careful choice of constructive materials
properties can contribute to the improvement of microclimatic conditions and human
wellbeing [9]-[15].

This study focuses on a particular type of VGSs: the indirect green facade (GF). These
GF's can be considered as double skin fagades. In this case the second skin is the green layer
of vegetation. This consists of evergreen or deciduous plants, climbing from below or
cascading from above. Generally, a net is placed to assist the growth of the plants. This
supporting structure allows to create an air gap between the building wall and the vegetation
layer, since it stands at a certain distance from the building envelope. As other VGSs, GFs
are a means of passive climate control in buildings. In fact, they are able to reduce the
building heat transfer with the external environment. Many environmental and constructive
factors influence the thermal performance of GFs: the climate, the building features and the
plant characteristics are the most significant ones [16]-[18]. The positive contributions to
the energy performance of the building envelope provided by the GF system can be
summarized into three main functions. The green layer applied to building acts as a shading
barrier during daytime [19]-[21]. At the same time, the vegetation, together with the air gap,
increases the building envelope thermal insulation [22], [23]. A significant additional benefit
is provided by the evapotranspiration of the plants and of the ground [24], [25]. As
consequences, a building equipped with a GF has lower surface and air temperature and needs
less energy for cooling, in summer [26]-[28]. In wintertime, the increased insulation and the
effects of thermal and wind barrier provide the main benefits [29]-[31].

Evaluation of GFs performance mainly comes from empirical measurements on real scale
buildings or small experimental blocks. In fact, a significant gap, concerning GFs, is the poor
availability of energy models and simulation tools specific for them. Specific GFs tools
implemented in building energy simulation programs would allow to simulate the energy
behaviour of buildings equipped with GFs and, thus, to analyse them under different
conditions and for long time periods. In this way, GFs would be designed in the best way and
their energy functioning could be forecasted.

The design of simulation tools needs the energy model of a GF. The GF modelling implies
that all the heat and mass transfer mechanisms occurring at each layer must be defined
[32]-[35]. Heat fluxes due to radiation, convection and evapotranspiration are the main ones.

This paper focuses on the energy behaviour of the wall in the GF system, compared to a
bare one. The influence of the presence or not of the green layer is clear by analysing the
energy balance at the external surface of the two walls. In this research, radiative and
convective energy transfer were mathematically defined and calculated for the two envelope
solutions. The effect of the evapotranspiration, which is the most specific of a GF, can be
read in the air characteristics near the GF system, which are different from those near the
bare wall. Experimental data were gathered and used in calculations. The different energy
behaviour of the walls was emphasized during summer. The surface energy budget was
analysed with particular attention to the period of the day.
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2 MATERIALS AND METHODS
Heat fluxes occurring at the external surface of a green fagade system and of a bare wall,
used as control, were studied. Three layers were identified to schematize these envelope
solutions and the heat transfer mechanisms: the bare wall (BW), the green layer (GL) and the
covered wall (CW), which stands behind the vegetation in the GF system.

Heat fluxes at the external surface of the BW and of the CW were evaluated. Radiative
exchanges in the solar wavelength range and in the IR longwave range, and convective heat
flow were determined.

Data collected during a measurement campaign concerning an experimental green fagade
were implemented in calculations.

The calculated heat fluxes at the external surface of these two technological solutions
allow to highlight their different energy behaviours and the possible advantages deriving
from the application of GFs in the Mediterranean climate.

2.1 Experimental set up

The experimental data used in the energy modelling have been collected at the experimental
centre of the University of Bari, in Valenzano (Italy), where a measurement campaign is still
in progress since 2018. The experimental set up, which simulates a real building equipped
with a green fagade, consists of a block, having a rectangular plane. Its south facing wall was
studied. This was made of perforated bricks, held together with cement mortar, and
completed with a white plaster external finishing. Such constructive solution was chosen to
reproduce a typical external envelope used in the Mediterranean region. The south facing
wall was divided into three parts: two parts provided with a green fagade system and the last
left bare as control (Fig. 1). The selected type of green fagade was the indirect or double-skin
one. The layer of vegetation was placed at 0.15 m from the external surface of the wall and,
thus, an air gap was created between them. Plants of Rhyncospermum Jasminoides, an
evergreen climbing species, were selected and an iron net was used to support their
upward growth. Three plants were placed in pots, while other three were rooted directly into
the ground.

Figure 1:  South facing wall and measurement instrumentation of the experimental set up.
From right to left: green fagade with plants rooted into the ground, green fagade
with plants in pots and bare wall (control).
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The experimental equipment consists of a meteorological station, three data loggers
(CR10X and CR1000, Campbell, Logan, USA) and sensors for climatic parameters detection.
A pyranometer (model 8-48, Eppley Laboratory, Newport, RI, USA) allowed to measure
solar radiation normal to the wall; wind speed and direction were detected using a Wind
Sentry anemometer (model 03002, R. M. Young Company, USA). HygroClip-S3 sensors
(Rotronic, Zurich, Switzerland) were used to measure air temperature and relative humidity;
walls surface temperature was measured by thermistors (Tecno.el s.r.l. Formello, Rome,
Italy); the Apogee SI 400 IR radiometers (Logan, UT, USA) allowed to detect canopy
temperature. Longwave infrared radiation was measured by means of a PIR pyrgeometer
(Eppley Laboratory, Newport, RI, USA). An ultrasonic anemometer (ATMOS 22, METER
Group, Pullman, WA, USA) was used to detect wind speed and direction near the wall. The
measurements were taken every 60 s, averaged every 15 min and stored in the data loggers.

2.2 Modelling of the heat fluxes for bare and covered wall

The heat fluxes occurring at the external surface of the BW and the CW were identified,
described by mathematical relationships and evaluated by wusing the gathered
experimental data.

The energy balance (B) for both the bare and the covered surfaces was written by
including the different heat transfer mechanisms (Fig. 2). Positive values of B mean energy
input in the surface.

For the external surface of BW, B was evaluated as:

By, = E; —E; + gws(Rsky + Rg) - Re,bw + Cwa,eas @)

where: E terms refer to solar radiation, R terms refer to longwave infrared (LWIR) radiation
and CV to convection.

The term E; (Wm) is the solar radiation on a vertical surface. E> (Wm2) was calculated
as a function of the solar reflectivity coefficient of the wall surface (p°%,s)

E, = P@%lEr 2

DA s

(a)

Figure 2: Heat fluxes at the external surface of (a) The BW; and (b) The CW.
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The LWIR terms were calculated by:

Rsky = O_Fsky s4kya (3)
Ry = e,0F;_ T, “
Re,bw = gwsaT:bw: 5

where: Ry, Rz and R, 5, (Wm™) are the LWIR radiative energy coming from the sky and the
ground and emitted by the external surface of the BW, respectively; o is the
Stefan-Boltzmann constant equal to 5.67-108 W m2 K, F, is the sky view factor between
the sky and the building wall and F.,, is the configuration factor between the ground and the
vertical surface, Tsy, T, and Tesw (K) are temperatures of the sky, of the ground and of
the external surface of the BW, respectively; ¢, and &, are the emissivity coefficient of the
ground and of the BW external surface, respectively.
The convective heat transfer at the external surface of the BW was calculated by:

Cwa,ea = he (Tea - Te,bw), (6)

where 4, (Wm'K™!) is the external convective coefficient and T, (K) is the external
air temperature.
For the external surface of the CW, B is:

Bew = E3 — E4 + €ysRigi — Reew + CVgap. (7

The solar radiation terms were calculated by:
E; = ;?lEla )]
E, = piilEs, ©

where z‘“’lgl is the solar transmissivity coefficient of the leaves in the GL.
The LWIR radiative energy fluxes were:

Rigi = £0Tig (1 = pgipws) ™, (10)
Re,cw = swso—Técw (1 - (gwspgl)(l - pglpws)_l)a (1 1)

where: R;g and R, (Wm™) are the LWIR radiative energy emitted by the inner side of the
GL and by the external surface of the CW, respectively; T; » and 7, (K) are the temperatures
of the inner side of the GL and of the external surface of the CW; &y and p, are the leaves
emissivity and reflectivity coefficients, respectively, and p. is the reflectivity coefficient of
the wall surface.

The convective heat flux was calculated as a function of the convective coefficient /4,
(Wm'K™) [33]:

CVyap = hgap(Tigr = Te.cw)- (12)

3 RESULTS AND DISCUSSION
The heat fluxes at the external surface of the BW and the CW were evaluated by using the
aforementioned mathematical relationships and the experimental data. Calculations were
performed for a period of three clear summer days (26-28 August 2019).

Concerning the BW, Fig. 3(a) shows the energy exchanged by means of the three
mechanisms at the external surface. During daytime the solar radiation provides the most
significant gain of energy. LWIR radiative and convective exchanges are often negative
(energy losses) and these essentially allow to disperse energy.
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Similar considerations can be done referring to the energy fluxes at the external surface
of the CW (Fig. 3(b)). However, in this case, the heat fluxes, especially the solar one, show
lower values than the previous ones.

The surface energy budget for the BW and the CW were shown in Fig. 4. These two curves
summarize the different behaviour of the two envelope solutions.
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Figure 3:  Calculated heat fluxes at the external surface of (a) The BW; and (b) The CW.
Solar radiation, LWIR radiation and convection, 26-28 August, 2019.
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—Bare wall ——Covered wall

120

Figure 4: Energy balance at the external surface of the BW and the CW, 26-28
August 2019.

It is interesting to compare the energy functioning of the BW and the CW, by focusing on
the energy budget at their external surfaces (Fig. 5). In Fig. 5 the mean external air
temperature was also plotted, to highlight the influence of this climatic parameter on the
energy budget. During daytime, the energy gained by the BW was significantly higher than
that gained by the CW (Fig. 5(a)). Similarly, the BW lost more energy than the CW at
night-time (Fig. 5(b)). If compared to that of the BW, the range of energy variation for the
CW was smaller, thus it was more stable. Concerning the energy budget for the all-day
periods (Fig. 5(c)), the energy budget for the CW showed similar values for all the three days
and it was always negative.

During daytime, the daily mean value of the energy budget for the BW was equal to
1.04 MJm?2, while it was equal to 0.12 MJm? for the CW. This means that the BW gained
88% more energy than the CW.

At night-time, the BW lost 0.98 MJm, while the CW lost 0.25 MJm?.

Overall, the mean value of the energy budget for the all-day period was equal to 0.06
MJm for the BW and to -0.13 MJm™ for the CW.

Concerning the evaluation of the energy performance of the GFs during warm seasons,
these findings are significant. It was shown that the GL played a crucial role in reducing the
heat fluxes and preventing the heating of the wall behind it. During warm days a BW gains
energy, while a CW loses heat.

In the literature, the evaluation of the energy performance of the GFs was mainly based
on the analysis of the surface temperature difference between the BW and the CW and on the
energy balance at the internal surfaces of the walls. However, the findings of this research
are consistent with those of the other studies. In fact, Jim and He [21] and Larsen et al. [36]
showed that heat fluxes were significantly reduced in the CW, compared to the BW. Other
authors found that the overall heat fluxes were generally negative for the CW and positive
for the BW [35], [37], [38] and Chen et al. [37] showed that the CW was cooled especially
through radiative heat exchanges. All these authors recognized the relevant advantages of the
vertical greenings during summer.
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Figure 5:  Energy budget at the external surface of the BW and the CW. (a) Daytime; (b)
Night-time; and (c) All day. Mean external air temperature: 26-28 August, 2019.
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Nomenclature
B Balance of energy (Wm™) p*l  Solar reflectivity coefficient
BW  Bare wall c Stefan-Boltzmann constant
CV  Convective heat transfer (Wm?) (5.67-10° W m2 K+#)
CW  Covered wall % Solar transmissivity coefficient
E Solar radiative heat transfer (Wm™) Subscripts
F Configuration factor bw  bare wall
GF  Green fagade cw  covered wall
GL  Green layer e external
h Convective coefficient (Wm™'K-") ea  external air
LWIR Longwave infrared e,bw external surface of bare wall
R LWIR radiative heat transfer (Wm?) ecw external surface of covered wall
T Temperature (K) g  ground
UGI  Urban green infrastructure gl  green layer
VGS  Vertical green system g-vs  from ground to vertical surface
I Infrared emissivity coefficient i,gl  inner side of green layer
p Infrared reflectivity coefficient ws  wall surface

4 CONCLUSIONS
Green fagades can significantly improve the building energy performance thanks to the
application of a layer of vegetation. The presence of plants has a positive influence on
microclimatic conditions and on human comfort. In order to produce the best possible
benefits and to allow their optimum design, energy models of GFs are needed.

This paper analysed the thermal behaviour of a wall in a GF system and highlighted the
advantages compared to a bare wall, in summer clear sky days. Radiative and convective heat
transfer were modelled. The evapotranspiration benefits were implicitly considered too. Data
coming from an experimental GF, realized at the University of Bari, were recorded and used
to calculate the effective heat fluxes at the external surface of the two walls. The solar
radiative energy was found to be the most relevant for both walls, but significantly reduced
in the covered wall. Convective and LWIR radiative exchanges mainly allowed to disperse
energy. The surface energy budget at the outer side of the two building walls were evaluated
and compared, taking into consideration the change during the day periods. This study
demonstrated that the heat fluxes in a GF system were significantly reduced and that the
covered wall was thermally more stable. The energy budget at the surface of the covered wall
was negative, this means that it lost energy and that the wall heating was avoided. This energy
behaviour has direct consequences on the energy saving for cooling in warm periods. Results
obtained by this research can be a useful contribution to the modelling of the energy
functioning of GFs and to the knowledge of the real advantages provided by them.
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