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Abstract
The use of vegetated vertical systems is a sustainable technology for improving the energy efficiency
of buildings in cities in order to reduce the energy consumption for air conditioning in summer and
to increase the thermal insulation in winter. Increasing urban green infrastructure (UGI) in a city can
contribute to improve urban climate in summer reducing buildings surface temperature and urban air
especially in Southern Europe. The application of vertical green systems requires the knowledge of the
energy performance of the applied greenery system. The choice of the green facades depends on the
local climate, water availability, building shape.
The presence of green facades affects the building microclimate all day, by reducing heat waves
during the warm periods and heat losses from the building in the cold period.
The heat and mass transfer between the external environment, the green facades and the building
surface determine the building microclimate. Solar radiation, long wave infrared radiation, convective
heat transfer and evapotranspiration are the main mechanisms of heat transfer in a green façade.
The paper describes the main parameters concerning heat flow in green facades that can be used in
simulation models for predicting temperatures in buildings using the external weather conditions as
model inputs. The input parameters are: external air temperature and relative humidity, solar radiation,
wind velocity and direction, plants and building characteristics.
The green facade was described by a schematic representation, four layers were defined: the green
layer, the external surface of the building wall, the internal surface of the building wall, the air inside
the building.
The energy balance was defined for each layer and all the terms involved in the energy exchange
between the layers were defined as a function of the plant, the weather conditions and the constructive
characteristics of the wall.
Keywords: convection, evapotranspiration, green facades, green walls, modelling, solar radiation,
urban agriculture.

1 Introduction
Vertical greening systems are characterized by plants grown on buildings vertical surfaces.
This kind of envelope technological solution has a very ancient history, dating back to
Babylonians. Over time, the forms of vertical green systems have spread and have changed
considerably. Literature is rich in an incredible variety of definitions of all the different types
of vertical greening systems [1], [2]. The main difference is between green facades and green
walls. Green facades are usually realized with climber plants covering the wall and rooted
into the soil or in planter boxes. They can be distinguished into direct green facades, where
plants are attached directly to the wall, and indirect green facades, characterized by the presence of a supporting system, such as continuous guides or modular trellises, to assist the
upward growth of climbing plants, in this way creating a sort of second skin detached from
the wall. Green walls are an alternative and most recent solution to vegetate the vertical walls.
They are usually composed of a supporting element, a growing medium, plants and an irrigation system. Supporting elements can be lightweight and permeable screens in which plants
are inserted individually (continuous living wall systems) or pre-cultivated modular panels
(modular living wall systems) that already contain the growing medium and the irrigation
system; they can be fixed directly to the wall or to a supporting frame. The panels or
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geotextile felts support plants development. Green walls rapidly create a uniform growth of a
wider variety of plant species along large wall surfaces in high buildings [3], [4].
Nowadays, the spread of vertical greening systems is rising. This is due to the growing
need of environmental sustainability. In fact, the use of green layers in buildings is a smart
way to mitigate several environmental problems and to improve the quality of urban contexts.
The advantages deriving from their use and diffusion are many and very remarkable, under
various points of view and at different scales. Vertical green layers applied to building walls
allow to reduce energy consumption for air conditioning, in summer, and to improve thermal
insulation, in winter [3], [5]–[10]. Thus, green vertical systems can be used as a passive technology for enhancing the energy efficiency of buildings and for mitigating the frequency and
magnitude of the heat events due to urban heat island (UHI). In comparison to the green
roofs, the green vertical systems are the most suitable systems for greening dense urban areas
because buildings with a high wall to roof ratio offer large surface areas available for retrofitting [12]. They reduce the ambient temperatures and improve human thermal comfort [4],
[10], [11]. Green vertical systems function as a solar shading barrier reducing the heating of
the external surface of the building during daytime and function as thermal barrier at nighttime [8], [13]. An important and additional benefit of this living screen, respect to no living
ones, arises in relation to solar radiation. In fact, plants produce a cooling effect by intercepting the incident solar radiation; actually, plants partially reflect and partially use solar
radiation for the biological activities such as evapotranspiration, photosynthesis, and storing
it through the lymphatic system [5], [14]. Evapotranspiration leads to cooling the leaf and the
temperature of the surroundings and consequently reduces the cooling load of the buildings
[12], [14], [15]. The main advantages given by green vertical systems, in summer, are a lower
external and internal surface temperature and an improved indoor thermal comfort [4], [5],
[10], [11], [16], [17]. While, in winter, they are able to reduce energy demands for heating,
by decreasing the wind velocity and by controlling heat losses [3]. In the functioning of vertical greening systems, significative aspects are the wall orientation and the specific
characteristics of the greenery system used [13], [18]–[21]. Nevertheless, only few studies
deal with the long-term thermal performance of these systems useful to assess suitable plant
species and systems options [4], [5], [13]. Another critical aspect is the poor availability of
simulation tools, specifically designed to describe and forecast the vertical green systems
energy performance. Many authors use effective thermal resistance as a parameter to compare thermal benefit and characteristic of vertical green systems [22]–[24].
The study and the comprehension of the energy balance in vertical greening systems are
essential to better understand, to make the most of the potential and to obtain the maximum
benefit from their use. When working with living systems, the reaching of this objective is not
so easy, because of the numerous and complex variables involved and because plants respond
to environmental conditions in a very complicated way [25]. In the most recent literature the
researchers’ attention to this problem emerges. Some authors, concentrating on the reduction
of the solar radiation on the wall behind the plant, focused on the leaf coverage and proposed
a sort of shading or bioshading coefficient [26], [27]. However, although this is one of the
most significative influence of the green canopy, it is necessary to evaluate all the other complex and determining processes, such as the radiative, the convective and the latent (i.e. the
evapotranspiration) heat transfer. It is possible to find, in literature, different modelling
approaches for the heat and mass exchanges, interesting, in particular, the vegetated layer: the
big leaf, the dual leaf and the multi-layer canopy model, with an increasing complexity. It is
also very common to find, in the models, the thermal-electrical analogy. Among the most
recent studies’ objectives, there is that to realize complete analytical models and to validate
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them by empirical measurements. Many attempts were made to describe the evapotranspiration process. Larsen et al. [25] proposed an energy balance equation for the foliage, in which
the latent contribution derives from the well-known Penmann–Monteith (PM) equation,
advised by FAO [28]. The authors considered a glazed façade, to point out the reduction in the
direct solar radiation through the green wall. Malys et al. [29] proposed a hydrothermal model
of vegetated walls, for the implementation in an urban microclimate simulation software, and
compared simulation results with experimental data obtained for three green wall samples.
Scarpa et al. [30] tried to predict the thermal behaviour of living walls, considering two kinds
of living walls, one with grass and closed air cavity and another with vertical garden and open
cavity. They used the PM equation and managed to deduce the crop coefficient (which distinguishes the considered crop from the hypothetical reference crop), considering the most
correct equivalences with the FAO guide, which includes only agricultural species. Evapotranspiration was particularly analysed also by van de Wouw et al. [31]. They derived crop
coefficient by comparing the reference crop evapotranspiration value, calculated through PM
equation, with empirical data, obtained from an experimental setup, designed to monitor the
changes in water contents. From these and other recent studies, a close connection between
the solar radiation and the functioning of the vertical green systems clearly emerges. This
work allows to point out this influence, as well as that of the other thermal contributions.
Therefore, in a vertical green system all the terms of the energy balance must be determined in the most effective way, even if the presence of the living component makes it not a
simple task. Among the balance components, the most characteristic is the evapotranspiration, which deserves a particular attention.
To assess the actual effects of the green vertical systems, mathematical models are needed,
also for their implementation in simulation software. This implies the necessity to increase
the analytical modelling, still at an initial stage, together with the most common
empirical approach.
This paper aims to investigate the heat flow mechanisms involved in green facades. Heat
balance equations for the different layers, in which the system was schematized, were defined.
The attention was focused, specifically, on the energy balance of the vegetate layer.
2 materials and methods
The thermal exchange in the green facades occurs by convection, conduction and radiation
heat transfer. The latent heat flux also contributes to the energy exchange; latent heat arises
from the evapotranspiration that is a typical process of the plants. A schematic representation
of the green facade is reported in Fig. 1 with the different heat fluxes existing in the system.
The green facade was described by means of energy balance equations corresponding to
the different layers [32], [33]: the green layer (gl), the air gap between the green layer and the
building external wall (ag), the external surface of the building wall (ew), the internal surface
of the building wall (iw) and the air inside the building (ia). For each of these layers, the heat
fluxes were modelled and a heat balance equation was written.
The system was simulated by means of a one-dimensional model, considering only the
energy flux normal to the wall, thus neglecting the horizontal fluxes of energy.
2.1 The energy balance equations
The layers exchange energy by radiation in the solar wavelength range between 300 and 3000
nm (E) and in the longwave infrared (LWIR) range >3 μm (R), by convection (CV), conduction (C) and evapotranspiration (Φ); energy is also stored into the layers (S).
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Figure 1:	Schematic representation of the green facade and of the energy fluxes for each
element.

An energy balance equation was written for each layer (Fig. 1).
The heat balance for the air inside the building is:
CVia , iw − Qia = 0

(1)

The heat balance for the internal surface of the building wall is:

with:

ε iw R5 − R6 − CVia , iw = 0

(2)

R5 = ε irσ Tir4

(3)

R6 = ε iwσ Tiw4

(4)

both calculated according to the Stefan–Boltzmann law.
The heat balance for the external surface of the building wall is:
E2 − E3 + ε ew R2 − R3 − CVag , ew − Cw − Sw = 0

(5)

The terms Cw and Sw express the contributes of heat conduction and storage into the first
layer of the building external wall, respectively. Heat storage and conduction in the building
wall were considered by using the Fourier’s heat equation:
∂T
∂ 2T
=D 2
∂t
∂z

(6)

The heat balance for the air of the gap is:
CVag , ew − CVag , gl − H ag , ea = 0

(7)
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The term H accounts for the heat exchanged by ventilation between the air in the gap and
the external air.
The heat balance for the green layer is described by:
E1 − E4 − E2 + E3 + ε gl ( R1 + R3 ) − ( R4 + R2 ) + CVea , gl + CVag , gl + Sgl − Φ = 0

(8)

The evapotranspiration term (Φ) is specific of the vegetation.
2.1.1 Energy exchange in the green layer
The attention is, here, focused on each term of the energy balance of eqn (8).
Heat storage
The heat storage in the green layer (Sgl) was neglected, since the heat capacity of the vegetated layer is small compared to the other existing fluxes.
Shortwave radiation
E1 is the solar radiation on a vertical surface, the other E terms can be calculated by means of
E1, the green layer solar reflectivity (rgl), transmissivity (tgl) and absorptivity (agl) and the
external wall surface solar reflectivity (rew):
E2 = τ gl ⋅ E1

(9)

E3 = ρew ⋅τ gl ⋅ E1

(10)

E4 = ρ gl ⋅ E1

(11)

The algebraic sum of the E terms gives the net solar radiation absorbed by the green layer.
Longwave radiation
The LWIR heat exchanges are:
R1 = Rsky + Rground

(12)

R1 includes the flux of LWIR radiation coming from the sky (Rsky) and from the ground
(Rground) over the solid angle of sky and ground viewed by the green layer, respectively:
4
Rground = σ ⋅ Fground ⋅ Tground

(13)

4
Rsky = σ ⋅ Fsky ⋅ Tsky

(14)

Rground and Rsky are calculated in accordance with the Stefan-Boltzmann law; with:
Tsky = 0.0552 ⋅ Tea1.5

(15)

calculated as suggested by Kindelan [33], in clear sky conditions.
The other R contributes take into account the LWIR emission from the green layer (R2 and
R4) and from the building external surface (R3):
R2 = R4 = σ ⋅ ε gl ⋅ Tgl4

(16)

R3 = σ ⋅ ε ew ⋅ Tew4

(17)
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Convection
The convective heat exchange between the external air and the green layer was calculated
according to Papadakis [34], using the Nusselt number for pure forced flow:
CVea , gl = ρ a ⋅ C pa ⋅ Tea − Tgl ⋅ re−1

(

(18)

)

The convective heat flux between the air gap and the green layer is:
CVag , gl = hag ⋅ Tag − Tgl

(

(19)

)

Evapotranspiration
The latent heat transfer associated to the evapotranspiration process is calculated according
to [34], [35]:
Φ = ρ a ⋅ C pa ⋅ es, gl − ea ⋅ γ −1 ⋅ ( rs + re )

(

)

−1

(20)

where rs is the stomatal (or internal) resistance and re is the aerodynamic (or external)
resistance.
2.2 Application to experimental data
The energy balance model was applied using the data collected in 2015 at the experimental
centre of the University of Bari, where a green facade was realized. The wall was made as
prototype of a commonly used vertical building closure in Mediterranean civil construction.
The wall facing south was built using perforated bricks joined with mortar. Pandorea jasminoides variegated, evergreen climbing plant, was chosen as greenery vertical system
component. A plant supporting structure made of an iron net was placed at a distance of 15
cm from the vertical wall. The experimental data were collected by means of a meteorological station consisting of a data logger (CR10X, Campbell, Logan, USA) and several sensors
for measuring different climatic parameters. The data were measured with a frequency of
60 s, averaged every 15 min and stored in the data logger. The solar radiation normal to the
wall was measured using a pyranometer (model 8–48, Eppley Laboratory, Newport, RI,
USA) in the wavelength range 0.3–3 µm. The external air temperature was measured by a
Hygroclip-S3 sensor (Rotronic, Zurich, Switzerland). The temperature of the external plaster
surfaces exposed to the solar radiation was measured using thermistors (Tecno.el s.r.l.
Formello, Rome, Italy).
3 results and discussion
The proposed mathematical model aims to simulate the energy behaviour of green facades in
different boundary conditions. The model was applied in the case of the green facade realized
at the experimental centre of the University of Bari. Two summer clear days characterized by
a measured maximum vertical solar radiation equal to 399.2 W/m2 (17 July 2015) and equal
to 608.5 W/m2 (17 September 2015) were considered.
Figures 2 and 3 show the results of the application of the model to the data recorded on
17 July 2015. Figure 2 shows the main contributes of sensible heat to the energy balance
calculated for the green layer: net vertical solar radiation, net longwave radiation and convection; the measured temperature of the vegetation is also shown. The highest contribution to
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Figure 2:	Net vertical solar radiation, net LWIR radiation and convection energy exchange for
the green layer, measured green layer temperature (secondary axis), 17 July, 2015.

Figure 3:	Sensible heat and latent heat exchange for the green layer, measured vertical solar
radiation, 17 July, 2015.
the sensible heat absorbed by the vegetation is given by the shortwave radiation. The net
LWIR radiation flux has generally negative values, so the green layer loses energy in this
way. The convective heat transfer, always positive, has a jagged trend, because it is particularly influenced by the wind speed.

14

F. Convertino, et al., Int. J. of Design & Nature and Ecodynamics. Vol. 14, No. 1 (2019)

Sensible heat and latent heat for the vegetation are plotted in Fig. 3. The sensible heat is
the sum of all the radiative and convective contributes. The latent heat represents the quantity of energy lost by the vegetated layer through the evapotranspiration mechanism. There
is a symmetry between the two curves that represent the energy input and output for
the layer.
The maximum values of net vertical solar radiation, convection and latent heat, calculated
for 17 July 2015, were 214.3 W/m2, 88.0 W/m2 and 265.8 W/m2, respectively.
Similar results were pointed out applying the model to the data recorded on 17 September
2015 (Figs 4 and 5), with the exception of the convective heat transfer that was sometimes
negative. The maximum values of net vertical solar radiation, convection and latent heat,
calculated for 17 September 2015 were 326.7 W/m2, 106.5 W/m2 and 344.7 W/m2,
respectively.
Shortwave radiative energy influences the evapotranspiration and then the latent heat flow
(Figs 3 and 5). The solar term seems to be confirmed as the most decisive for latent exchange.
Malys et al. [29] by comparing latent heat flux values between a sunny and a cloudy day, for
green wall samples in Geneva (Switzerland), suggested that solar radiation is the most sensitive parameter in latent heat calculations. Hoelscher et al. [36] in the study conducted in
Berlin (Germany) on three building facades found that the daily sap flow was influenced by
incoming shortwave radiation, air temperature and relative humidity, but that the first was the
most influencing factor. Van de Wouw et al. [31] analysing two living wall systems in
Eindhoven (Netherlands) showed a linear correlation between solar radiation and evapotranspiration and stated that the deviation from linear correlation was due to variations in other
climatic factors, i.e. wind speed, air relative humidity and temperature.

Figure 4:	Net vertical solar radiation, net LWIR radiation and convection energy exchange
for the green layer, measured green layer temperature (secondary axis), 17
September, 2015.
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Figure 5: Sensible heat and latent heat exchange for the green layer, measured vertical solar
radiation, 17 September, 2015.
NOMENCLATURE
C heat transfer by conduction [Wm-2]
Cpa specific heat of air at constant pressure
[Jkg-1K-1]
CV heat transfer by convection [Wm-2]
D thermal diffusivity [m2s-1]
E solar radiation [Wm-2]
e
es
F
H
h
Q
R

r
S

resistance [sm-1]
heat storage [Wm-2]

T
t
γ

temperature [K]
time [s]
psychrometric constant = 66.7 [PaK-1]

ε emissivity [%]
ρ solar reflectivity [%]
ρ a air density [kgm-3]
view factor
σ Stefan-Boltzmann constant
heat transfer by ventilation [Wm-2]
= 5.6697x10-8 [Wm-2K-4]
-2
-1
τ
convective coefficient [Wm K ]
solar transmissivity [%]
heat exchanges for air conditioning [Wm-2] Φ evapotranspiration [Wm-2]
heat transfer by LWIR radiation [Wm-2]
air vapour pressure [Pa]
air vapour pressure at saturation [Pa]

Subscripts
a
ag
e
ea
gl
ia

air
air gap
aerodynamic or external
external air
green layer
internal air

ir
ew
iw
s
w

internal room
external surface of the wall
internal surface of the wall
stomatal or internal
external building wall

16

F. Convertino, et al., Int. J. of Design & Nature and Ecodynamics. Vol. 14, No. 1 (2019)

4 conclusions
The study investigated the dynamics of heat transfer in the green facade and the energy balance of the elements that compose it. A heat balance equation was written for each layer.
The proposed energy balance considers all the thermal and physical processes: fluxes of
shortwave radiation, longwave radiation, convection, conduction, heat storage and evapotranspiration. The study focuses its attention on the thermal behaviour of the green layer and on
its energy balance. A specific objective is to understand the evapotranspiration trend with
respect to all the other terms of the balance. The theoretical model was applied to measured
data, recorded on an experimental green facade. The analysis of the single terms of the balance pointed out how their contributions influence the overall thermal balance of the green
facade. The solar radiation is the most influencing parameter.
Overall, the developed model can be considered able to forecast the thermal behaviour of
green facades. The obtained results could be implemented in models, simulating the building
microclimate, to define useful tools specifically designed for green facades.
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