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Abstract

The use of plants attached to the building walls is a bioclimatic strategy that has grown in popularity due to the savings in building
energy consumption. The plant is a living component of the façade that responds to the environment in a very complicated way, by reg-
ulating their transpiration levels. The simulation of this response is generally not included in the available software for transient thermal
simulation of buildings, thus making difficult the simulation of green walls by architects and building designers. The aim of this paper is
to present a simplified method to simulate a green wall using a traditional wall/glazing element, with fictitious properties, whose thermal
model is included in transient simulation softwares. Thus, green walls can be simulated with softwares that do not provide specific mod-
ules for plant calculation. The model is more accurate under humid conditions and for low wind speeds. An application example is pre-
sented, consisting of a building prototype with a green façade that was simulated through EnergyPlus software. Inside and outside glass
temperatures, plant foliage temperature, and window heat gain and losses were calculated. The results were discussed and recommen-
dations for simulating green façades were done.
� 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Using plants on building walls is an effective passive
design strategy that has benefits at the urban, building,
and human scales. At the urban scale, this strategy mitigates
the heat island effect and reduces the CO2 emissions
(Alexandri and Jones, 2008; Thottathil et al., 2010;
Metselaar, 2012). When compared with green roofs, green
walls have larger potential surface area for greening because
in tall buildings the area of the walls is always greater than
the area of the roof. Thus, green walls can play an important
role in urban rehabilitation and they can contribute to the

insertion of vegetation in the urban context without occupy-
ing any space at street level (Manso and Castro-Gomes,
2015). At the building scale, green walls can reduce the
energy demands of buildings and provide benefits related
to the acoustic comfort (GhaffarianHoseini et al., 2013;
Manso and Castro-Gomes, 2015). The reduction of the
energy demand is due to the additional insulation layer pro-
vided by the vegetation together with the shading of build-
ing façades and the evaporative cooling effects on the
surrounding air (Pérez et al., 2011; Renterghem et al.,
2013). For example, reductions of around 12–32% in the
cooling loads were reported for a building in Singapore with
50% and 100% of glazing coverage, respectively (Wong
et al., 2009), while reductions of 28% were found by Di
and Wang (1999) in a west vegetated wall in summer.
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Reductions of the temperature of the external surface of
building walls between 1.1 �C and 11.6 �C were found,
depending on the vegetation type (Wong et al., 2010). Other
studies reported reductions of 5.5 �C (Pérez et al., 2011) and
1.9–8.3 �C (Eumorfopoulou and Kontoleon, 2009). At the
human scale, using plants in the built environment is recog-
nized, beyond its aesthetic value, as a source of psychologi-
cal and therapeutic benefits (Fjeld et al., 1998).

Pérez et al. (2011) proposed a detailed classification of
green vertical systems. The authors make a first classifica-
tion of green vertical systems into green façades and living

walls. In green façades, climbing plants or hanging port

shrubs are developed using special support structures,
mainly in a directed way, to cover the desired area. The
plants are mainly rooted at the base of these structures,
in the ground, in intermediate planters or even on rooftops.
On the other hand, living walls are made of panels and/or
geotextile felts, sometimes pre-cultivated, which are fixed
to a vertical support or on the wall structure. These panels
can be made of various types of material, and support a
great variety of plant species. Due to the diversity and den-
sity of plant life, living walls normally require more inten-
sive maintenance and protection than green façades
(Kontoleon and Eumorfopoulou, 2010). This paper focuses

Nomenclature

Af effective area, m2

cp,f specific heat at constant pressure, J/(kg K)
d characteristic length of the leaf, m
eair the actual vapor pressure, kPa
ef average leaf thickness, m
e0 saturation vapor pressure at the mean air tem-

perature, kPa
Fground view factor between the green façade and the

ground, unitless
Fsky view factor between the green façade and the

sky, unitless
g gravitational acceleration, m/s2

G heat absorbed by the soil, usually negligible
when compared to the other contributions
(G ffi 0), W/m2

Gr Grashoff number (GrL = bgL3DT/u1
2), unitless

hc reference crop or plant height, m
hf,in heat transfer coefficient between the foliage and

the air cavity, W/(m2 K)
hf,out heat transfer coefficient between the foliage and

the outdoor environment, W/(m2 K)
hw heat transfer coefficient between the outer wall/

window surface and the air cavity, W/(m2 K)
Is solar radiation incident on the green façade,

including the shortwave radiation reflected by
the ground and surrounding surfaces, W/m2

IIR,f radiative heat exchange between the foliage and
the surrounding environment (sky, ground, and
glass/wall surface), W/m2

k von Karman constant (equal to 0.41), unitless
LAIactive active (sunlit) leaf area index, m2 of leaf area/

m2 of soil surface, unitless
Lf latent heat, W/m2

Pr Prandtl number, unitless
qrad infrared net flux between the green façade and

the surrounding, W/m2

ra aerodynamic resistance to moisture transfer,
s/m

rl stomatal resistance, resistance of a single leaf to
the diffusion of water vapor from the leaf stom-
ata into the atmosphere, s/m

rl,min minimum stomatal resistance, s/m
rs ‘bulk’ surface resistance, resistance of vapor

flow through the transpiring crop and evaporat-
ing soil surface, s/m

Re Reynolds number (Red = u1qd/l), unitless
Tground ground temperature (K)
Tsky sky temperature (K)
Tw,out outer surface temperature of the glass or wall

(K)
u wind speed, m/s
W water evaporated, g/(s m2)
x ratio of latent heat expelled from the plant to to-

tal absorbed radiation by the plant, unitless

Greek symbols
af solar absorptivity of the vegetation, unitless
b volumetric thermal expansion coefficient, 1/K
c psychrometric constant (c = 665 � 10�3 P, with

P the air pressure in kPa), kPa/�C
DT in Gr number, the absolute value of the temper-

ature difference between the surface and the
fluid in the free stream, K

ef infrared emissivity of the vegetation, unitless
ew glass (or wall) infrared emissivity of the vegeta-

tion, unitless
k specific heat of water evaporation (k = 249 KJ/

kg)
K slope of the saturation vapor pressure–tempera-

ture curve at the mean air temperature T in �C
(kPa/�C)

qf density of the plant, kg/m3

r Stephan–Boltzmann constant, 5.67 � 10�8 W/
(m2 K4)

sf solar transmissivity of the vegetation, unitless
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