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Abstract – Green walls and green roofs are innovative construction technologies involving the use environmentally friendly materials. In addition to their aesthetical and environmental beneﬁts, green walls have
signiﬁcant thermal eﬀects on buildings and heat islands within high-density urban areas. In this paper,
we study the impact of an innovative green wall system on building energy performance. These green
walls have speciﬁc composition and particular geometry that can lead to higher thermal performances
and therefore more signiﬁcant impact on building energy performance. The development, validation and
prior integration of a hygrothermal green wall model in a transient building simulation tool make possible
the assessment of the energy performance of buildings when covered by green walls. The used model was
adapted to be the particular forms and composition of the studied green walls. In parallel, this type of green
walls has been installed on a one tenth building mockup to be experimented. The aim of the experiment
is to measure the thermal eﬀects and to calibrate some parameters of the numerical model. The results
highlight the thermal beneﬁts of this kind of green walls in summer condition. They reduce annual energy
demand of building up to 37% for hot climates.
Key words: Heat and moisture modelling / green wall / building energy simulation / experiment

1 Introduction
The research on energy performance of buildings and
their environmental quality improvement has become indispensable for sustainable urban development. Green
roofs and green facades, which consist on plant covering
of external surfaces, have considerable potential to reduce
building energy consumption. Several studies show various beneﬁts associated with the use of these bio-based
architectural elements in terms of energy saving [1–3], urban microclimate [4–6], stormwater management [7–9],
sound insulation [10, 11], air pollution [12, 13] and social
and psychological aspects [14–16].
Thermal eﬀects of green roofs and green walls were
the subject of some experimental studies. Most often,
it has been to monitor green roofs or green façade installed residential or commercial buildings in order to
compare reached temperatures or energy consumptions
with or without the vegetated envelope part. Generally,
a
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collected data showed noticeable thermal beneﬁts, especially for temperate climates [2, 17–19]. Indeed, the thermal behavior of the vegetated wall is quite diﬀerent from
conventional walls made of common materials. The reason is that green roofs and green walls consist of plants
substrate. The hygrothermal and radiative behavior of
plants, which are living species, is variable over time and
depending on meteorological conditions. Indeed, the type
of the used plants must be adapted to the local climate.
Growth conditions and seasonal cycles imply change in
many thermal and radiative characteristics such as the
leaf area index or the leaves color. Therefore, some biophysical phenomena, in particular evapotranspiration, are
directly controlled by the plant life cycles.
Modeling the hygrothermal behavior of vegetated
walls is quite complex but it is possible to simulate by
accounting for the most inﬂuential heat and mass transfer phenomena. The heat transfer through the green wall
is coupled to the water transfer in its diﬀerent layers.
Furthermore, the thermophysical parameters of the green
walls layers are depend on the technology and the structure of the green wall. In fact, the kind of the drainage
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Nomenclature
df
D
E
F
h
H
k
lv
L
pv
P
ra
rc
rsub
rs,min
Rn
t
T
u
z
γ
ε
ρs
ρg
ρcp
σ
σf
τs
Is
ω
a
f
g
s
sat
sky
w

Average leaf thickness
m
Drainage
kg.m−2 .s−1
Evapotranspiration
kg.m−2 .s−1
Leaf area index
–
Height
m
Sensible heat ﬂux
W.m−2
Thermal conductivity
W.K−1 .s−1
Latent heat of vaporization
J.kg−1
Latent heat ﬂux
W.m−2
Vapor pressure
Pa
Rainfall
Pa
Aerodynamic resistance to sensible heat transfer
s.m−1
Resistance to heat ﬂow from soil surface displacement height s.m−1
Substrate surface resistance to mass transfer
s.m−1
Minimum leaf stomatal resistance
s.m−1
Net radiation ﬂux
W.m−2
Time
s
Temperature
K
Wind speed
m.s−1
Altitude or depth
M
Greek letters
Thermodynamic psychometric constant
Pa.K−1
Emissivity
–
Leaf shortwave reﬂectance
–
Soil shortwave reﬂectance
–
Speciﬁc thermal capacity
J.m−3 .K−1
Stefan-Boltzmann constant
W.m−2 .K−4
Fractional vegetation coverage
–
Leaf shortwave transmission
–
Incident radiation on the horizontal
W.m−2
Volumetric water content
–
Subscripts
Air
Foliage
Ground (soil) surface
Solar/Shortwave
Saturation value
Sky/Longwave
Water

layer used in green roofs, the use of certain type of substrate and the air layer often located between the latter
and the building façade modify considerably the thermohydric behavior of vegetated envelopes [20, 21].
This paper focuses on thermal impacts of innovative living walls VertissTM . This study consists on modeling this speciﬁc green wall type by performing numerical simulations. The calculations are based on a
thermohydric model established previously to simulate
thermal indoor and outdoor thermal eﬀects of vegetated
envelopes [22–24]. This model considers heat and water
balances on vegetated walls, it has been embedded into a
building energy simulation program in a manner to evaluate vegetated buildings energy performance.
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2 Green wall model
The green envelope model in this study has been programmed in python language and then it has been embedded into TRNSYS. Before embedding the model into the
energy building simulation tool, the model was validated
by measurements carried out on an experimental mockup
located on the campus of the University of La Rochelle.
The model considers two green envelope layers that are
the leaves canopy (foliage) and the growing medium (substrate). The foliage acts as a semi-transparent screen
whose shortwave radiation transmittance depends on the
leaf area index. The substrate is a porous medium, of
a given thickness, characterized by its maximum water
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Fig. 1. Main modeled heat ﬂuxes on a vegetated envelope module and corresponding heat and vapor transfer resistances.

capacity. The heat capacity and the thermal conductivity of the substrate vary according to the water content
of this layer.
The model is based on energy and mass balances written for the foliage and the substrate layers. The energy
balances account for the radiative, the sensible and for
the latent heat transfer on the foliage and through the
substrate (see Fig. 1). Convective heat ﬂuxes are proportional to the temperature and partial vapor pressure gradients. Hence, these heat ﬂuxes are expressed in terms of
temperature or partial pressure vapor diﬀerences.
If we consider homogenous temperature within the foliage layer (Tf ), we can write:
(ρcp )f df F

dTf
= Rnf − Hf − Lf
dt
(ρcp )a
(Tf − Ta )
Hf = F
ra
(ρcp )a
Lf = F
(pvf,sat − pva )
γ (ra + rs )

(1)
(2)
(3)

where Rnf , Hf and Lf (all in W.m−2 ) are respectively the
net radiative ﬂux, the sensible heat ﬂux and the latent
heat ﬂux. Here F is the leaf area index, (df ) is the mean
leaf depth, (ρcp ) is the volumetric heat capacity, (ra ) and
(rs ) are respectively the aerodynamic and the stomatal
resistances to heat and vapor transfer.
The Radiative ﬂux (Rnf ) is the sum of the absorbed
solar irradiance (Rnf,s ) and the infrared radiation exchange with the external surface of the substrate, the sky
and/or surrounding surfaces (Rnf,IR ). These terms are
calculated as the following:
(4)
Rnf,s = σf [(1 − τf,s − ρf,s ) (1 + τf,s ρg,s )] Is


 4
1
σ
Rnf,IR = σf εf σ Tsky − Tf4 +
1/εf + 1/εg − 1



× Tg4 − Tf4
(5)
Here (σf ) is the fractional foliage coverage, (τ ) and (ρ)
are respectively the solar transmittance and the solar

reﬂectance. (ε) is the thermal emissivity and (σ) is the
Stefan-Boltzmann constant. Subscripts (f) and (g) refer
to the foliage and the substrate layers.
The heat and moisture transfer equations are coupled
in the model, ﬁrst by the thermophysical properties of the
substrate that depend on the water content, this latter
is calculated by water balance. Second, they are coupled
by the boundary conditions on the external surface of
the substrate and on the foliage. These latter involve the
latent heat ﬂuxes (Lf ) and (Lg ) are also used in the water
content balance.
The dynamic thermal model of the substrate is based
on the one dimensional heat equation. The boundary condition on the external surface heat ﬂuxes is written in the
same manner as for the foliage balance:



∂T
∂
∂ 
(ρcp )g,ωg T =
kωg
(6)
∂t
∂z
∂z

∂T 
= Rng − Hg − Lg
(7)
−kωg
∂z z=0
Rng = (1 − ρg,s ) (1 − σf (1 − τf,s )) Is


+ σf εfg σ Tf4 − Tg4 + (1 − σf ) εg
 4

× σ Tsky
− Tg4
(8)
Hg =

(ρcp )a
(Tg − Ta )
(rc + ra )

Lg =



(ρcp )a
pvg,sat − pva
γ (rsub + ra )

(9)
(10)

For more detail about the calculation of the diﬀerent
properties and resistances, see reference [22].
The water balance is given by Equation (3) which
takes into account the water intake related to precipitation (P ), watering (A), and water losses by drainage (D)
and evapotranspiration c(all in kg.m−2 .s−1 ). The amount
(E) of evapotranspiration is calculated according to latent
heat ﬂuxes that are (Lf ) for plant transpiration and (Tg )
104-page 3
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Fig. 2. Comparison between the numerical and the experimental temperature and water content results for a monitored green
roof.

for direct evaporation. Hence, the water balance can be
written as the following (lv [J.kg−1 ] is the latent heat of
vaporization).
hg

∂ωg
=A+P −D−E
∂t
E = (Lf + Lg )/lv

(11)
(12)

The reliability of the model was veriﬁed by comparing numerical simulation results to measurements carried out an
experimental mockup of green roofs set up at the University of La Rochelle. The performed comparisons showed
good agreement between the numerical prediction and the
observed thermo-hydrological behavior.
Figure 2 shows comparison model numerical results
and experimental results for the two variables: external
substrate surface temperature (Tg ) and the station degree
that correspond to the water content in the substrate. The
data were collected during the third week of July 2011.
This ﬁgure shows that the diurnal variations of surface
temperature (Tg ) are correctly predicted over a fairly long
period with changeable weather condition variables. The
rainfall recorded during this week led to lower the picks
of temperatures achieved over time.
To simulate the building energy consumption of vegetated buildings, we use the building model available in
the BES program TRNSYS. This building model is capable for simulating complex dynamic systems including
buildings with their equipment, control strategies and occupants behavior. The green envelope model embedding
into TRNSYS is undertaken by creating a new component
type (see Fig. 3). When a new user component is created
104-page 4

Fig. 3. Coupling the multizone building model with the new
green envelope component in TRNSYS.
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Fig. 4. Setting up VertissTM green walls.

in the software environment, this one can be used in the
same way as any other standard TRNSYS component.
Physically, green wall is adhered to an outer wall of the
building. Numerically, it goes through a coupling to ensure the continuity of heat ﬂux and temperature values
at the interface for each time step of the simulation. See
references [23, 25] for more details on the numerical development method.

3 Description of the studied green walls
The studied green wall (VertissTM ) consists of modular panels made of foamed propylene. The green walls
are set up by attaching the panels on a galvanized metal
grid and then to ﬁll them with a speciﬁc substrate (see
Fig. 4). The substrate is made to meet the settling constraints while still allowing a good root development. It
consists of 70% mineral matter (pozzolana, expanded clay
balls. . . ) and 30% of organic matter (garden peat, compost. . . ) and speciﬁc water retention agents.
The beneﬁts of VertissTM green walls are manifold. In
addition to its easy installation, it can be mounted and
then taken apart unlike some other green walls. In addition, the vegetation is planted vertically in the green wall
modules and vertical position is better to ensure good
health. Indeed, the proper weight of plants is better supported by stems and roots in this position.
To model the thermohydric behavior of this kind
of green wall, certain geometric and structural features
should be taken into account because they aﬀect directly
the heat exchange on the facade. Indeed, this green wall
is composed of various material layers which lead to different hygrothermal behavior. Starting from the building
facade, layers to be considered in thermal modelling are
(see Fig. 5a):
1. Air layer of 2–3 cm thickness between the building
facade and back of the modular panel.

2. High density expanded polypropylene layer. It is a
part of the modular panel and gives additional thermal insulation to building wall.
3. Substrate layer with an average of 10 cm depth.
4. Panel/substrate external surface with diﬀerent tilt depending on whether it is the substrate or polypropylene area. When the leaf area index is small, tilted surfaces aﬀect the solar radiation trapping not to mention
the diﬀerent radiative properties on this part. For high
values of the leaf area index, mean values may be considered in overall thermal modelling; this is the case
of the present study. Indeed, we consider that the leaf
area index on the green wall is F = 4.
5. The leaf canopy characterized by the leaf area index
F and the fractional foliage coverage σf .
To take into account the speciﬁcities of this type of green
walls, the green wall/building models have been adapted.
Coupling the green wall component with the multizone
building model of Trnsys was carried out in a way to
consider the non-ventilated air layer and the adjacent
polypropylene layer (layers #1 and #2 in Fig. 5). Thus,
two layers with the same thermal properties were added
to the east and west original walls in Type 56 of Trnsys.
Furthermore, an average thickness of the substrate was
considered to account for its variation. In addition, the
thermal conductivity of the substrate layer has been adjusted to account for the polypropylene that covers a part
of it. Finally, the radiative properties of the outer surface
were averaged and the resistance to direct evaporation
(rsub) was increased.
Parallel to the modelling approach, a green wall was
set up recently at the University of La Rochelle in order to be studied in real weather conditions (see Fig. 6).
Actually, the green wall is monitored on a reduced scale
mockup of building. Data collected on this mockup will
make possible analyzing the thermohydric behavior of the
green wall in connection with weather data collected in
situ. In addition the same experimental mockup was used
to study another kind of green walls which use sphagnum
moss as growing medium [4,26]. Hence, this experimental
104-page 5
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Fig. 5. Considered parts in VertissTM green wall modeling. (a) Considered parts in VertissTM green wall modeling. (b) 1D
Equivalent thermal model.

Fig. 6. “VertissTM ” Green wall monitoring at the University
of La Rochelle.

approach will make possible to compare the two green
wall technologies on the same building test.

4 Results and discussion
In this part, the green wall model embedded into
TRNSYS is used to evaluate the thermal impact of this
kind of green walls on buildings energy performance. The
case study is a three-story building whose walls are made
of 20 cm cinder block and the roof and ceilings made
of 12 cm concrete. The building envelope is has inner
104-page 6

insulation of 5 cm thick. The east and the west façade
have glazing surfaces that represents 20% of the ﬂoor
area. No internal gains are considered. The inﬁltration
rate is set at 0.6 ACH. The albedo of reference facades
is set to 0.5. To evaluate the energy eﬀects of VertissTM
green walls on this building, numerical studies have been
conducted for this building with and without the use of
the green wall module. So, for vegetated building case,
both east and west facades are vegetated. The green wall
substrate depth is 10 cm and its saturation ratio is ﬁxed
at 75%. The vegetation coverage ratio is set at 1 and the
leaf area index is set at 4. Standard weather data of two
diﬀerent climates are used. The ﬁrst is the La Rochelle
climate and the second is Casablanca weather data.
Annual dynamic thermal simulations were performed
for the studied building for both climates. The cooling
system operates from May to September and the heating
system is turned on from October to April. The cooling
temperature is set at 26.C and the heating temperature
is set at 19.C during day and 15.C during night. The
calculated cooling and heating loads are compared for the
reference building and for the same building covered with
the green walls (see Figs. 7 and 8).
In summer, the green walls tested on the east and west
facades of the building reduce the cooling load in both
studied climates (see Fig. 8). This energy demand decrease is proportional to the cooling load of the reference
building. This is true for La Rochelle and for Casablanca:
at La Rochelle, the cooling load decreases from 7.8 to
2.5 kWh.m−2 when at Casablanca it decreases from 17.6
to 7.4 kWh.m−2 . In winter, thermal eﬀects are less clear.
We even get a slight increase in the heating load for the
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Fig. 7. Comparison between annual thermal loads for the reference building and for the vegetated building in La Rochelle
(France) and Casablanca (Morocco).

building located in Casablanca. That being said, the overall thermal load remains obvious, especially when the
cooling load is very important. This is the case of the
building located in Casablanca where the annual energy
demand was reduced by 37% thanks to the green walls.
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In this paper we have adapted the green wall model
integrated previously into TRNSYS to simulate the thermal behavior of an innovative green wall. To assess the
impact on building energy performance of this kind of
green walls, two case studies with and without vegetated
east and west facade have been studied for two diﬀerent
climates. It has been found that the green wall impact is
more signiﬁcant for hot climates since it reduces substantially the cooling loads but less the heating loads. Future
work is to reﬁne thermal modeling of this kind of green
walls and to compare the numerical results with experimental data being collected. Also, sensitivity studies will
be conducted to determine the importance of diﬀerent
parameters in order to propose a reduced thermal model.
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Fig. 8. Comparison between cooling and the heating thermal
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