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a b s t r a c t

The use of vegetal systems in façades affects the reduction of the buildings’ energy demand, the
attenuation of the urban heat island (UHI) and the filtration of pollutants present in the air. Even so, up to
now the knowledge about the effect of this type of systems on the thermal performance of insulated
façades is limited. This article presents the results of an experimental study carried out in a vegetal
façade located in a continental Mediterranean climate zone. The objective is to study the effect of a
vegetal finishing, formed by plants and substrate, on the thermal-energy performance of an insulated
façade under summer conditions.

To this effect, the thermal data obtained from two full-scale experimental mock-ups of the same di-
mensions and composition of the enclosure and only different in the south façade’s enclosure where one
incorporates a vegetation layer are compared and analysed.

The results show that, in spite of the high thermal resistance of the enclosure, the effect of the
vegetation is very positive, particularly in the warmer hours of the day. Therefore, vegetal façades can be
used as a passive cooling strategy, reducing the consumption of energy for refrigeration and improving
the comfort conditions of the users.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

As a consequence of the growing interest in energy saving and
environmental sustainability in buildings, in recent years many
studies have been carried out about the potential of vegetal façades
in this field [1e8].

Several researches have shown that the use of vegetal systems in
the façade affects positively the reduction of the buildings’ energy
demand [7,9e12], the attenuation of the urban heat island (UHI)
[13e16] and the filtration of pollutants present in the air [17,18].

Concerning the reduction of the buildings’ energy demand, in a
research study conducted in a hot and humid climate, Chen et al. [7]
showed the potential of the Living Wall Systems (LWS) in lowering
buildings’ energy use. One of the aims of the research was to
compare the energy use of two identical experimental prototypes
þ34 913366560.
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on a summer day. The only existing difference between them was
that the west façade of one of them was covered with Living Wall
System modules. Both spaces had identical air-conditioning sys-
tems running at 24 �C for 24 h. Results showed that the energy use
of the space with the LWS was 12% less than the energy use of the
space with the bare wall. Perini et al. [9] studied the potential of
vertical greening systems as passive cooling techniques, by evalu-
ating the contribution of vegetation to the improvement of the
thermal behaviour of the building envelope. In particular, the in-
fluence of the vegetation on wind speed and its effects on the
thermal resistance of the façades were analysed. The experiment
was conducted in Netherlands by comparing three different vertical
greening systems with bare façades next to them. Results showed
that depending on the system, the wind speed reduction varies
from 0.43m/s to 0.55m/smeasuring at 0.1m in front of the façades.
As a consequence of this reduction, wind speed measured next to
the vertical greening systems was in each case lower than 0.2 m/s,
which implies that the exterior surface resistance (Re) could be
equalized to the interior surface resistance (Ri), raising the total
thermal resistance of the façade in 0.09 m2K/W. Touceda et al. [10]
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Table 1
Local weather conditions during the monitoring period. The number of days is shown in percentage with relation to the total number of days of the monitoring period.

Maximum global
irradiance [W/m2]

Mean temperature [�C] Maximum
temperature [�C]

Minimum
temperature [�C]

Mean relative
humidity [%]

>900 >1000 >24 >28 <22 >35 >30 <17 >21 <25 >35
85% 36% 64% 20% 15% 17% 30% 28% 23% 28% 32%
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evaluated the thermal performance of a pre-vegetated modular
façade system installed on an experimental building situated in
Seville, Spain. The experimental procedure consisted in comparing
data obtained from the pre-vegetated façade with data obtained
from others façade cladding solutions implemented in the same
building. In particular a bare wall and a ventilated façade were
studied. Monitored recordings were analysed and processed by
DesignBuilder software in order to compare the enclosures’ ther-
mal performances under different conditioning solutions. Most
significant results showed that in the case of conditioning systems
being switched off, and therefore no natural ventilation, the mean
indoor temperature of the space covered by vegetation was 3 �C
lower than the space with ventilated façade. Furthermore, in the
case of the conditioning system being turned on, the vegetal façade
resulted in a 33% energy saving in comparison to the ventilated
façade.

Out of all the vegetal façade systems existing in the market
[1,5,19,20], the systems constituted by substrate and vegetation
seem to be the most effective from an energy point of view. The
substrate works as a natural insulating material, due to its low
thermal conductivity and high thermal mass; whereas the vege-
tation reduces the solar gains thanks to its high albedo and the
evapotranspiration phenomena that take place in it. Wong et al.
[21] studied eight different vertical greening systems installed on
free standing concrete walls in Singapore. One of the aims of the
research was to study the thermal impacts of different vertical
greening systems on the performance of buildings based on the
surface and ambient temperatures. They are found to depend on
specific vertical greening systems. In particular, vertical greening
systems consisting of modular panels and substrate showed better
capacity in lowering the temperature of thewall surface and having
the lowest diurnal range of average wall surface temperature
variation. These systems also showed a good capacity in reducing
the ambient air temperature, being its effect felt as far as 0.60 m
away. On the other hand, the system consisting of climber plants in
planters forming green screen across mesh panels on the wall had
hardly any effect on the ambient temperature.

Building on these results, it can be said that the use of vertical
greening systems to cool the ambient temperature in building
canyons is encouraging. In addition, air intakes of air-conditioning
at a cooler ambient temperature bring to save energy in the cooling
load.

Most of the researches done about the performance of vegetal
façades in temperate climates focus on the analysis of enclosures
with high U-values. Even though all these studies agree on the
positive effects related to energy saving in buildings and environ-
mental comfort of the users, the advantages are usually linked to
specific cases and not only to the vegetal layer performance [2,22e
25]. Furthermore, the cooling capacity depends on the species.
Plant physiology and leaf morphology should be considered when
selecting species to maximize cooling in green wall applications
[26]. Eumorfopoulou and Kontoleon [22] analysed the influence of
a plant-covered wall on the thermal characteristics of building
envelopes by a thermal analysis performed during the summer for
a east oriented building envelope that incorporated insulated wall
surfaces with or without vegetation. The building was situated in
the north of Greece. The cooling effects were analysed, among other
things, by the daily temperature reduction in the interior surface of
the assumed façade due to plant-covered sections. Results showed
that the temperature reductions of the maximum values in the
interior surface of the wall, due to the leaf cover, varied from 0.4 �C
to 1.6 �C for the time period of the filed measurements.

Mazzali et al. [24] monitored three vertical greening systems
situated in a Mediterranean temperate climate (northern and
central Italy) in order to investigate the effects of the green enve-
lope on the energy behaviour of the buildings. In each case, the
performance of the green vertical systemwas comparedwith a bare
wall. Results showed that the effect of the vegetal layer on the
thermal balance of the wall is always positive but its rating varies
according to the composition of the wall and to the presence of a
conditioning system in the ambient area behind the wall. The
analysis of the heat flux of the three monitored vertical greening
systems during a sunny day showed relevant differences. In the
case of a 0.3 m concrete wall with no conditioning system, the heat
flux balance is 0, both in the green and the barewall. In the case of a
0.4 m concrete wall with conditioning system, the green wall
showed an overall outgoing heat flux of �87 W/m2 against the
incoming heat flux of 30 W/m2 of the corresponding bare wall. In
the case of a 0.4 m brick wall with conditioning system the green
wall registered an outgoing heat flux of �37W/m2 against the
outgoing heat flux of �23 W/m2 of the corresponding bare wall.

Regarding the influence of vegetal systems on the thermal
performance of insulated enclosures, the knowledge is still limited.
Some studies confirm that the use of high insulation could reduce
the cooling effect caused by vegetal surfaces. Many of them base
their conclusions on results of simulations However, since vegeta-
tion is a difficult element to characterize and simulate, it seems
necessary to keep analysing monitoring data.

The experimental campaign described in this study aims to
provide new knowledge to this research line, studying the effects of
a vegetal finishing formed by plants and substrate on the thermal-
energy performance of an insulated façade in a continental Medi-
terranean climate in summer conditions.

2. Material and methods

2.1. Local climate conditions

The monitoring is carried out during the summer of 2012 in a
full-scale experimental building in Colmenar Viejo 40� 390 N, 3� 450

W, a locality 40 km north of Madrid, in the Guadarrama mountain
range.

In order to have a direct control of the local weather conditions
during the monitoring period, a weather station installed near the
experimental building (100 m away from the façades) is used to log
global irradiance, air temperature, relative humidity and pluviom-
etry data.

The monitoring begins on July 1 and ends on September 5,
needing to be interrupted thrice due to power supply problems:
between July 8 and 11, between July 26 and 31 and between August
6 and 7.

Colmenar Viejo is characterised by a continental Mediterranean
climate, with hot-dry summers. As shown in Table 1 during the
monitoring period, the horizontal global irradiance exceeds 900W/



Fig. 2. Experimental façades.
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m2 in 85% of the days and 1000W/m2, in 36% of the days, that is, it’s
an area with a high solar radiation.

The maximum daily temperatures fluctuate between 24 �C and
38 �C, being over 35 �C in 17% of the days and 30 �C in 30% of the
days. The minimum daily temperatures vary between 10 �C and
27 �C, being below 17 �C in 28% of the days and over 21 �C in 23% of
the days. The average daily temperatures are in most cases over
24 �C, 20% of the days they are over 28 �C and only in 15% of the
cases they are below 22 �C.

The average daily relative humidity varies between 16% and 52%,
being below 25% in 28% of the cases and over 35% in 32% of the
cases. There is no record of rainy days.

All of this shows a basically dry climate with high, although not
extreme, temperatures, and high average daily oscillations.

2.2. Experimental design

The experimental building is built in the summer of 2008, as an
integral part of an office building from the Intemper company.

The building has a rectangular floor plan and three storeys. The
first two are equal in size, (13.8 m � 40 m), whereas the top floor
(13.8 m � 28.9 m) shows a terrace facing south where the experi-
mental prototype built-in in the façade is installed. During the
whole monitoring period the façade is completely sunny, since the
plot includes a large unoccupied space in the front part and the
closest buildings are far enough so as to not cast shadows onto it.

The prototype has four spaces of identical size
(1.8 m � 1.8 m � 2.4 m) and composition of lateral, inferior and
superior enclosures, with the only difference being the south
façade enclosure. These spaces are completely insulated from each
other, since one of the design objectives was to create spaces
practically adiabatic, so that all the heat transfers took place
exclusively through the south façade. For this reason a 0.60 m layer
of extruded polystyrene (l¼ 0.035W/(mK)) was added in the floor,
ceiling and walls of each environment, achieving a total thermal
resistance of 17.8 m2K/W in the separation layers and 17.2 m2K/W
in the floor and ceiling (Fig. 1).

This research focuses on analysing and comparing the thermal
data obtained from the monitoring of two of the four existing fa-
çades in the prototype (Fig. 2). Both enclosures are formed by
modular panels that include the following components: metal box
(0.6 m � 0.6 m � 0.08 m) containing the substrate wrapped in the
felt, extruded polystyrene (e ¼ 0.07 m, l ¼ 0.035 W/(mK)),
anchorage framing and vertical support. The exterior finishing of
one of the façades corresponds to a sedum vegetation layer, the
other one to a felt layer with a solar absorptance value of 0.7.

In order to keep the substrate damp, a drip irrigation system to
the enclosure with vegetal finishing was added.
Fig. 1. Schematic plan of the full-
To determine the substrate’s thermal conductivity, laboratory
tests following the standard UNE-EN 12667:2002 [27] were carried
out. Both the dry substrate and the field capacity substrate (is the
amount of soil moisture held in the soil after excess water has
drained away and the rate of downward movement has decreased)
were analysed and their respective thermal conductivity values
were determined.

The dry substrate’s thermal conductivity is 0.092 W/(mK) and
the damp substrate’s, 0.191 W/(mK).

Table 2 summarizes the main characteristics of the layers
forming the façades.

It was observed that both façades comply with the thermal
transmittance value established by the regulations in force for the
Spanish climatic zone D (U ¼ 0.66 W/(m2K)) [28]. The value as
0.13 m2K/W of the exterior surface resistance of the façade with
vegetation was picked up. This value is over the standard exterior
surface resistance value, since the plants provide an added thermal
resistance, as indicated by several previous researches [9].

The use of a cistern planter box at façade level enables the
recirculation of the drainage solution achieving a closed system,
optimising and rationalising the water use.
2.3. Data acquisition

The façades were monitored in order to obtain and record the
temperature data corresponding to each one of the modules’s
enclosure layers, from the outside to the inside by means of state
size experimental prototype.



Table 2
Main characteristics of the layers forming the façades.

Bare wall Green wall

Thickness [m] l [W/(mK)] R [m2K/W] Thickness [m] l [W/(mK)] R [m2K/W]

Rse 0.40 0.130
Galvanized steel 0.0010 50 0.006 0.0010 0.006
Polyester felt 0.0015 0.250 0.006 0.0015 0.006
Substrate (dry) 0.0800 0.09 0.870 e e e

Substrate (field capacity) e e e 0.0800 0.190 0.420
Polyester felt 0.0015 0.250 0.006 0.0015 0.006
Galvanized steel 0.0010 50 0.006 0.0010 0.006
Extruded polystyrene 0.0700 0.035 2.000 0.0700 2.000
Rsi 0.130 0.130
Total thermal resistance 3.051 2.691
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probes. Three surface thermoresistances in both façades were
installed: between the sheet metal layer and the panel’s felt layer;
between the panel and the extruded polystyrene; and in the inte-
rior surface of the extruded polystyrene, inside the module. PT100
thermoresistances (63 mm � 8 mm � 2 mm) in three threads were
used to obtain the surface temperature of each component of the
enclosure. Two ambient temperature sensors were installed in the
interior of the modules, located in the central zone, one near the
floor and one close to the ceiling.

PT100 thermoresistances (length ¼ 100 mm and
diameter ¼ 6 mm) in four threads were used to obtain the air
temperature in each place.

The thermoresistances were doubled in order to verify the
reliability of the recorded data in all cases. This duplication pre-
vents possible reinstallations in case of errors in the thermor-
esistances, because of breakage or other causes.

For the rest of data (solar radiation, pluviometry, wind speed in
the exterior ambient, relative humidity in the exterior ambient),
the information provided by the weather station, installed in
another experimental building less than 100 m away from the fa-
çades, was used.

The accuracy of the probes is �0.15 K for the thermoresistances
and �0.2 K and �2% for the thermohygrometers [29,30].

The heat flow that occurs through the south façades was
determined by using two heat flux sensors located in the interior
side of both enclosures (Huseflux HFP01). The results obtained with
this type of heat flux sensors are generally good [30e32] the data in
literature indicate a �5% margin of error. The heat flows crossing
the enclosures were measured during the period between August
21 and September 5.

The thermal data obtained in the façades and analysed in this
work are (Fig. 3):

� surface temperature of the panel on the exterior (Tse);
� surface temperature of the enclosure between the insulation
material and the panel (Tsb);

� surface temperature of the insulating material on the interior
(Tsi);

� air temperature near the ceiling (Tc);
� air temperature near the floor (Tf);
� heat flow (TF).

For each probe, the values were recorded in 5 min intervals. The
values were noted down in a spreadsheet, indicating date and time.
The data acquisition software used can represent graphically the
instantaneous values. The graph can include the conjunction of the
probes we want to represent at each moment, as well as the se-
lection of a time period.

The software recording the data is of SCADA type, installed in a
conventional PC.
The equipment that converts the analogue signal of the probes
and flow meter into a temperature or flow value is an M-340
programmable automation equipment from SCHNEIDER.

In order to guarantee that the vegetal façade have always
developed vegetation and the data gathering is not affected,
replacementmodules with enough plants were provided so as to be
able to replace the modules in case of loss of vegetation.

3. Results and discussion

In order to determine the influence of the vegetal layer on the
thermal performance of an insulated building envelope, in this
section a comparison concerning the thermal data obtained from
the vegetal façade and from the bare one has been carried out. As
described in the Section 2.2, the two façades are formed bymodular
panels that include the following components: metal box
(0.6 m � 0.6 m � 0.08 m) containing the substrate wrapped in felt,
extruded polystyrene (e ¼ 0.07 m, l ¼ 0.035 W/(mK)), anchorage
framing and vertical support. The only difference existing between
them is that the exterior finishing of one of the façades corresponds
to a sedum vegetation layer. Air and surface temperatures mea-
surements and thermal flux measurements are analysed in
Subsections 3.1 and 3.2 respectively.

3.1. Air and surface temperature measurements

The most important results regarding the temperature values
measured in the different layers of the enclosure and the inside of
the modules are as follows:

� minimum and maximum temperatures recorded each day;
� temperature reduction due to the vegetal layer;
� maximum temperature time lag in each of the modules;
� temperature gradient of both enclosures;

The following sections detail each of the analyses carried out.

3.1.1. Minimum and maximum temperatures
Fig. 4 shows the minimum temperatures recorded throughout

each day for the bare wall: outdoor air temperature (To, min) and
indoor air temperatures, near the ceiling (BW Tc, min) and near the
floor (BW Tf, min), exterior surface temperature of the panel (BW
Tse, min) and interior surface temperature of the insulating mate-
rial (BW Tsi, min). Fig. 5 shows the temperatures corresponding to
the same sensors for the green wall. From the exterior surface
temperatures (BW Tse, min and GW Tse min) it can be observed
how in both cases theminimum exterior surface temperature of the
panel is lower than the minimum outdoor air temperature (To,
min). Even so, the differences in the module with vegetation are
higher than in the module without vegetation.



Fig. 3. Schematic section of the full-size experimental prototype and position of the thermoresistances and the heat flux sensors.
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In fact, in the module without vegetation (BW), the difference
between the outdoor air temperature (To, min) and the exterior
surface temperature of the panel (BW Tse, min) fluctuates between
2 �C and 5 �C in 95% of the cases (Fig. 6(a)). However, in the module
with vegetation (GW), this difference is on average higher than the
previous result, with more than 5 �C in 36% of the cases and
considerably more variable. Some days the difference recorded is
only 1 �C, whereas on other days the difference peaks at 8e9 �C
(Fig. 6(a)).

It seems clear that the exterior surface of the vegetal façade
(GW) is affected both by the substrate’s humidity and its variability.
Consequently, the differences between the minimum temperatures
that were recorded in the outdoor air and the exterior surface (To,
min e GW Tse, min) are quite variable. In most cases, the differ-
ences recorded between the exterior surface of the reference façade
and the outdoor air are higher (To, min e BW Tse, min). The fact
that the reference façade has a much more stable performance is
probably due to the lesser number of variables at play.

Regarding the interior temperatures, it can be noted that in the
module without vegetation the temperatures (BW Tsi, min; BW Tc,
Fig. 4. Minimum temperatures recorded
min; BW Tf, min) are significantly higher than the outdoor air
temperature (To, min) (Fig. 4). In Fig. 6(b) it can be observed that
the difference between the outdoor air temperature (To, min) and
the interior surface temperature of the module without vegetation
(BW Tsi, min) varies between and �10 �C and �4 �C. In the module
with vegetation the difference is significantly lower, including cases
where the minimum interior temperatures (GW Tsi, min; GW Tc,
min; GW Tf, min) are similar to the minimum outdoor air tem-
perature (To, min) (Fig. 5).

In the case of the module without vegetation (Fig. 4), the three
interior temperatures (BW Tsi, min; BW Tc, min; BW Tf, min) are
very similar and vary between 19 �C and 30 �C, being in most cases
over 25 �C. In the case of the module with vegetation (Fig. 5), the
three interior temperatures (GW Tsi, min; GW Tc, min; GW Tf, min)
follow the same pattern but without coinciding. The interior sur-
face temperature (GW Tsi, min) is on average 1 �C lower than the air
temperature measured close to the floor (GW Tf, min) and 2 �C
lower than the air temperature measured close to the ceiling (GW
Tc, min). The interior temperatures (GW Tsi, min; GW Tc, min; GW
Tf, min) fluctuate between 15 �C and 26 �C, being below 25 �C in
in the module without vegetation.



Fig. 5. Minimum temperatures recorded in the module with vegetation.
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90% of the cases. The interior surface temperature (GW Tsi, min)
never goes over 25 �C. It can be observed how the use of plants
reduces the temperature range between the exterior and interior
surfaces of the façades, on top of reducing the temperature values.
It can be therefore inferred that the addition of vegetation produces
an improvement in the environmental conditions for the occupants
during the summer season.

The graph corresponding to the highest temperatures (Fig. 7)
shows how, in the case of the module without vegetation, the
maximum exterior surface temperature (BW Tse, max) is very high,
varying between 38 �C and 63 �C, and considerably superior to the
maximum outdoor air temperature (To, max). In fact, observing the
differences between the maximum outdoor air temperature and
the maximum exterior surface temperature (To, max e BW Tse,
max) it can be noted that the variation is between�34 �C and�8 �C
and, being below �20 �C in 50% of the cases (Fig. 8(a)). However, in
the case of the vegetal module (Fig. 8(a)) the opposite situation is
found: the maximum exterior surface temperature (GW Tse, max)
is in most cases lower than the maximum outdoor air temperature
(To, max). This condition takes place in almost all circumstances,
except for some days at the end of August and beginning of
September when the exterior surface temperature (GW Tse, max) is
higher than the outdoor air temperature (To, max). These results
show that vegetal surfaces are capable of preventing the façade’s
overheating providing a refrigeration effect due to the plants’
shading and the evaporative cooling.

As a consequence of the low maximum temperatures recorded
in the façade’s exterior surface, the maximum temperatures
recorded in the façade’s interior surface (GW Tsi, max) are also
quite low. The average of the difference between the highest out-
door air temperature and the highest interior surface temperature
(To, max e GW Tsi, max) is 6.8 �C, peaking at 12 �C (Fig. 8(b)).
Regarding themodulewithout vegetation the difference (To, maxe

BW Tsi, max) is negative in many cases and, when positive, it is
approximately 6 �C or 7 �C lower than the case of the module with
vegetation (Fig. 8(b)).

Fig. 9 shows how during the whole measurement period, the
interior surface temperature in the module with vegetation (GW
Tsi, max) is below 30 �C and, in 50% of the cases, below 25 �C. The
highest air temperatures in the interior of the modules (GW Tc,
max; GWTf, max) follow the same trend as the highest surface
temperature (GW Tsi, max), fluctuating between 20 �C and 30 �C
during the whole measurement period. Only the air temperature
measured close to the ceiling (GW Tc, max) goes over 30 �C in four
instances.

In contrast, observing the graph of the highest temperatures of
the module without vegetation (Fig. 7), it can be noted that the
highest interior temperatures (BW Tsi, max; GW Tc, max; GW Tf,
max) never drop below 25 �C. In addition, in approximately 50% of
the cases these temperatures (BW Tsi, max; GW Tc, max; GW Tf,
max) are over 30 �C, peaking at 35 �C corresponding to the interior
surface temperature (GW Tsi, max) and the air temperature
measured close to the ceiling (BW Tc, max).

These results show that vegetal façades can be used as passive
cooling strategies. Therefore, after observing that the highest
interior surface temperature recorded in the vegetal enclosure (GW
Tsi, max) is on average 5 �C lower than the highest surface tem-
perature recorded in the enclosure without vegetation (BW Tsi,
max), we can conclude that the use of vegetal façades in buildings
would involve a reduction of their operating temperature, favour-
ing the users’ comfort thanks to the implementation of a passive
strategy.

3.1.2. Reduction of temperatures
Figs. 10 and 11 show, respectively, the reduction of the tem-

perature peaks in the exterior and the interior surfaces of the fa-
çades due to the vegetal layer.

Such reductions of the maximum values indicate the cooling
effect due to the vegetation. During the measurement period, the
temperature reduction of the maximum values in the exterior
surface (Fig. 10) varies between 15.1 �C and 31.9 �C, with an average
value of 25,1 �C.

These results show the positive impact of vegetal façades on the
reduction of the surface temperature in buildings. On the other
hand, due to the particular conditions of the study case (local cli-
matic conditions, measurement period, façade orientation, type of



Fig. 6. (a) Differences between the minimum outdoor air temperature (To, min) and the minimum exterior surface temperatures recorded both modules (To, min e BW Tse, min;
To, min e GW Tse, min). (b) Differences between the minimum outdoor air temperature (To, min) and the minimum interior surface temperatures recorded both modules (To, min
e BW Tsi, min; To, min e GW Tsi, min).
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systems used and characteristics of plants and substrate), it doesn’t
seem appropriate to extrapolate those results to cases character-
ized by different conditions without previously making the
necessary adjustments.

In the interior surface (Fig. 11) the difference between peak
temperatures recorded in the module without vegetation and the
module with vegetation decreases in relation to the exterior sur-
face. There are fluctuations between 4.5 �C and 8.2 �C, with an
average temperature of 6.4 �C. Comparing this result with a pre-
vious study conducted by Eumorfopoulou and Kontoleon [22]
concerning the reduction of the maximum temperature in the
interior surface of the wall due to the vegetal layer it can be
concluded that in this case the improvement of the indoor envi-
ronmental conditions seems to be more pronounced. However the
results may be considered compatible, since varying the mea-
surement boundary conditions such as the climate, the orientation
and the composition of the façade and the characteristics of the
vegetal layer produce different thermal exchanges through the
enclosure.

It should be noted that the mean air temperature in the module
with vegetation is 4.1 �C lower than that of the module without
vegetation. In addition, this temperature remains 1.5 �C below the
outdoor air mean temperature, whereas in the module without
vegetation the mean indoor temperature remains 2.6 �C above the
outdoor air mean temperature.

Analysing the daytime and night-time mean temperatures
(Table 3), it can be observed that the indoor average temperature is
lower than the exterior average temperature during the day in both



Fig. 7. Highest temperatures recorded in the module without vegetation.
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modules. In the module with vegetation this difference is of 4.7 �C
whereas in the without vegetation the difference is only 0.5 �C.
Regarding the night-time hours, the indoor mean temperature of
the modules is in both cases higher than the outdoor air mean
temperature. In the module with vegetation, the difference is of
1.8 �C whereas in the module without vegetation it reaches 8 �C.

The error analysis in calculating the average temperatures
is �0.3 K.

3.1.3. Maximum temperature time lag
In this section the effect of the vegetation in the peak temper-

ature time lag recorded in the façade’s interior surface in relation
with the maximum peak temperature recorded in the exterior
surface, which in turn responds to the highest irradiance peak on
vertical surface, is analysed.

To this effect, within every measurement period we pick four
days in mid-July and another four days at the end of August,
characterized by maximum irradiance values included, in the first
case, between 497 W/m2 and 515 W/m2 and, in the second case,
between 664 W/m2 and 773 W/m2 (Fig. 12).

On the other hand, we pick two periods with maximum irra-
diance values within different ranges in order to be able to assess
the influence of the irradiance value in the thermal wave offset.

As shown in Table 4, during the days of July the maximum
irradiance peak is recorded between 3:30 p.m. and 3:45 p.m..
Approximately an hour later themaximumpeak temperature in the
exterior surface of the façade without vegetation is recorded,
whereas the highest temperatures in the exterior surface of the
vegetal façade are recorded approximately three hours after the
irradiance peak. This means that the shading effect due to the
vegetation delays the temperature peak two hours. In addition,
while the highest surface temperatures in the bare façade are about
50 �C, the highest temperatures in the vegetal façade reach at most
27 �C.
This effect can be observed also in the interior surface temper-
atures measured. Whereas the values in the module without
vegetation are around 29 �C, in the module with vegetation they
oscillate between 22 �C and 23.5 �C. Additionally, the delay of the
thermal wave due to the vegetation causes the peaks in the vegetal
module to be recorded between 8:30p.m. and 9p.m., approximately
two hours later than in the other module. It should also be noted
that the temperature in the interior surface of the vegetal façade is
significantly more stable than the temperature in the interior sur-
face of the façade without vegetation.

Observing the exterior temperature in the moment when the
highest interior surface temperature peaks take place, we notice
how between 6:30 p.m. and 7 p.m. (peak moment in the façade
without vegetation) the exterior temperature is about 30 �C and
around the next two hours we record an important drop that en-
tails values close to 25 �C between 8:30p.m. and 9p.m..

These differences are especially important regarding the
implementation of vegetal façades in buildings. The real conditions
of use of a building imply both internal loads as well as radiation
and transmission loads through the surfaces, making the temper-
atures recorded in the interior significantly higher than those
recorded in the experimental modules (no internal load
considered).

Under real conditions, in the case of the building with a vegetal
façade we could take advantage of the natural ventilation to cool
during the hours of maximum interior temperature. In the case of
the façade without vegetation this would not be possible, as in the
moment of interior peak temperature, the exterior temperature in
most of the cases is higher than 25 �C. This temperature is
considered to be the upper limit of thermal comfort during the
summer months, at the latitude of which the research study refers.

As shown in Table 5, due to the high irradiance values, the
exterior and interior surface temperatures during the four days of
August are higher than those recorded during July.



Fig. 8. (a) Differences between the maximum outdoor air temperature (To, max) and the maximum exterior surface temperatures recorded both modules (To, max e BW Tse, max;
To, max e GW Tse, max). (b) Differences between the maximum outdoor air temperature (To, max) and the maximum interior surface temperatures recorded both modules (To,
max e BW Tsi, max; To, max e GW Tsi, max).
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In addition, we observe how the time lag between the peak
vertical irradiance and the peak exterior surface temperature is
reduced in relation to the previous case both in the bare façade as
well as in the vegetal one. On the other hand, the data are far more
variable, making it impossible to assign a fixed offset value.

However, the performance of the vegetal façade is still very
good, with noticeable differences regarding the peak surface tem-
peratures recorded in the façade without vegetation that oscillate
between 23 �C and 32 �C in the exterior surface and between 1 �C
and 10 �C in the interior surface of the modules.

On August 29, the day when an anomalous maximum vertical
irradiance value is recorded, we observe how the peak exterior
surface temperatures in both façades happen at the same time and
only a quarter of hour later than the peak irradiance.

In spite of such extreme conditions, the performance of the
vegetal façade offers still positive effects. On one hand, there’s a
3 h offset between the peak temperature recorded in the exterior
surface and the peak temperature recorded in the interior surface.
On the other hand, the interior surface temperature in the module
with vegetation ends up being 5 �C lower than the corresponding
temperature in the module without vegetation.

It should be noted how the vegetal layer still acts as a buffer
under irradiance conditions. In the case of the south façade these
conditions are typical of warmer climates than the one analysed.



Fig. 9. Maximum temperatures recorded in the module with vegetation.
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3.1.4. Temperature gradient of both enclosures
Throughout this section we analyse in detail the temperatures

recorded in the different layers of both enclosures under the same
exterior conditions, comparing what happens at the same time in
the vegetal façade and in the reference façade. The objective is to
study the evolution of the vegetal layer performance when the
exterior conditions vary.
Fig. 10. Reduction of the daily peak temperatures in the enclo
In order to carry out this analysis 24 consecutive hours between
August 30/31 were selected and recordings were analysed at in-
tervals of 4 h.

Fig. 13 shows how during the night (24:00; 4:00) and the
morning (8:00) the exterior surface temperatures of both façades
have very similar values as the difference is less than 2 �C, with
some cases showing that the surface temperature of the façade
sure’s exterior surface due to the effect of the vegetation.



Fig. 11. Reduction of the daily peak temperatures in the enclosure’s interior surface due to the effect of the vegetation.

Table 3
Average temperatures of the outdoor and indoor air.

Outdoor
air [�C]

Indoor air
(green wall) [�C]

Indoor air
(bare wall) [�C]

Mean temperature 25.1 23.6 27.7
Daytime mean temperature 27.9 23.2 27.4
Night-time mean

temperature
21.9 23.7 27.9
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with vegetation is higher than the surface temperature of the
façade without vegetation. This is probably due to the fact that the
vegetation layer protects during the night the surface right behind
it, hindering the re-irradiation from the surface to the arch of
heaven. Even so, and probably due to the fact that the substrate of
the vegetal façade’s panel is damp as opposed to the dry substrate
of the panel of the façade without vegetation, the thermoresistance
located between the panel and the insulating material records
lower values in the module with vegetation than in the module
without vegetation. This causes that during the night the temper-
atures recorded in the interior of the module with vegetation are
lower than the temperatures recorded in the other module.

In any case, it is during the day when themost significant effects
of the vegetal façade take place.

At 12p.m., with an outdoor air temperature of 26 �C the exterior
surface temperature of the vegetal façade is lower than 20 �C,
whereas the temperature in the other façade reaches 46 �C. At
4p.m., under a global irradiance on vertical surface facing south of
680 W/m2 the exterior surface temperature of the vegetal façade is
only 3 �C higher than the air temperature, whereas the surface of
the other façade reaches 60 �C, being 33 �C higher than the air
temperature.

The low relative humidity (less than 25%) recorded during these
hours of the day makes possible for the plants’ evapotranspiration
to work perfectly and to be quite effective. This effect, with the
shading supplied by the plants, enables the temperature recorded
in the interior of the module with vegetation during the warmest
hours of the day to be approximately 5 �C lower than the temper-
ature recorded in the module without vegetation.

This allows us to conclude that in spite of the high thermal
resistance of the enclosure, the effect of the vegetation is still very
positive, particularly in the warmest hours of the day.

The effect is still noticeable in the late hours of the evening,
when the exterior surface temperature of the façade matches again
the air temperature.

3.2. Thermal flux

During the period between August 21 and September 5 two heat
flux sensors in the interior surface of both façades with the goal of
measuring the thermal flux that occurs through both enclosures
were installed.

According to the configuration of both equipments, the positive
heat flux values represent the incoming flux and the negative ones,
the flow that goes toward the exterior of the module.

First of all, it should be noted that there is a time offset between
the external weather conditions and the heat fluxes that enter the
building (Fig. 14). The maximum peak vertical irradiance is recor-
ded in most cases between 3p.m. and 4p.m. However, the
maximum peak incoming flux is recorded between 2 and 3 h later
approximately in the reference façade, and between 5 and 6 h later
in the façade with vegetation. In addition, there is a noticeable
constant alternation of positive and negative fluxes in the enclosure
without vegetation, which is the typical performance of the con-
ventional enclosures. If we compare the experimental results, and
the theoretical results calculated by applying the method based in
steady state conditions (Fig. 15), it can be noted that there is a good
correlation in the values of the thermal flux and that the difference
registered in the graphs is due to the thermal inertia of the façade,
that isn’t taken into account in the stationary method.

If we consider the case of the enclosure with vegetal finishing
(Fig. 14) the negative fluxes appear quite more frequently than the
positive ones. This phenomenon can be explained by analysing the
effects of the vegetation on the surface temperature of the module.
Due to the vegetation’s shading and evapotranspiration effects, the
exterior surface of the module with vegetation keeps very low
temperatures compared to the other module, especially during the
day. This effect causes that the surface temperature of the enclosure
in the vegetal module between the insulating material and the
panel (GW Tsb) is very lowand inmost cases lower than the surface



Fig. 12. Irradiance and temperature values recorded from July 12 to July 15 (a) and from August 28 to August 31 (b) in both modules.
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temperature of the enclosure in the interior of the module (GW Tsi)
(Fig. 16). For this reason the heat flux sensor placed in the interior
face of the green façade records a flux that goes outwards. As was
expected in this case, due to the extreme difficulty in estimating the
thermal performance of the vertical vegetal covering by using
conventional methodologies (theoretical calculation or computer
simulations), there was no coincidence between the results ob-
tained by using the stationary method and the experimental
method.

The results obtained in this research study seem to be in
agreement with a previous study conducted byMazzali et al. [24] in
which a similar performance of the green façade was found. In fact,
during the monitored period carried out under real conditions of
the use of the green wall showed an overall outgoing heat flux
against the incoming heat flux of the corresponding bare wall.
Table 4
Irradiance peaks on vertical surface facing south and maximum surface temperatures in t
day. The first digit indicates the hour and the second (in brackets) the value.

Day Irradiance
peak [W/m2]

BW Tse, max [�C] B

12.07 3:30 p.m. (497.1) 4:30 p.m. (46.3) 7
13.07 3:30 p.m. (500.9) 4:15 p.m. (50.5) 6
14.07 3:30 p.m. (515.2) 3:15 p.m. (49.4) 6
15.07 3:45 p.m. (503.8) 2:45 p.m. (48.7) 7
In order to estimate the energy corresponding to the incoming
and outgoing fluxes of the experimental modules through both
façades in the analysed time period, the energy exchanged was
calculated by applying the trapezoidal rule. For each time slot
(15 min) the individual energy values, approximated by the area of
the trapezium was calculated, taking 900 s as the height and the
flux values corresponding to two consecutive measurements as the
bases. The total energy value was obtained by summation of the
individual values during the sampling period. The positive area
shows the energy per square meter that enters the modules
through the façades, whereas the negative area shows the energy
per square meter that penetrates the enclosures going outwards
(Table 6).

The results show that in the module with vegetation (green
wall) the incoming energy represents approximately 7% of the
he exterior (Tse, max) and interior (Tsi, max) surfaces of both modules recorded each

W Tsi, max [�C] GW Tse, max [�C] GW Tsi, max [�C]

:00 p.m. (29) 7:00 p.m. (23.3) 9:00 p.m. (23.3)
:30 p.m. (29.9) 6:30 p.m. (27.1) 9:00 p.m. (23.5)
:15 p.m. (29) 6:30 p.m. (26.7) 9:00 p.m. (23.5)
:15 p.m. (29.4) 6:30 p.m. (27.3) 9:00 p.m. (22.0)



Table 5
Irradiance peaks on vertical surface facing south and maximum surface temperatures in the exterior (Tse, max) and interior (Tsi, max) surfaces of both modules recorded each
day. The first digit indicates the hour and the second (in brackets) the value.

Day Irradiance peak [W/m2] BW Tse, max [�C] BW Tsi, max [�C] GW Tse, max [�C] GW Tsi, max [�C]

28.08 3:15 p.m. (664.1) 2:45 p.m. (53.1) 5:45 p.m. (31.3) 4:45 p.m. (25.1) 7:00 p.m. (24.1)
29.08 2:45 p.m. (773.0) 3:00 p.m. (50.7) 4:00 p.m. (30.3) 3:00 p.m. (27.5) 6:00 p.m. (25.1)
30.08 4:00 p.m. (684.2) 3:45 p.m. (63.1) 5:30 p.m. (31.8) 4:45 p.m. (31.2) 8:00 p.m. (24.1)
31.08 3:15 p.m. (682.8) 3:30 p.m. (58.2) 6:00 p.m. (29.9) 6:15 p.m. (33.0) 8:00 p.m. (22.8)
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incoming energy corresponding to the module without vegetation
(bare wall).

In addition, by comparing the incoming and outgoing energy in
both modules, it can be noticed that in the module with vegetation
the incoming energy is only 6.5% of the outgoing energy, whereas in
the module without vegetation the incoming energy is higher than
the outgoing energy, representing 144% of the latter. This result
seems to be in accordance with the performance of a building with
a vegetal façade under real conditions of use in a hot-humid climate
by Chen et al. [7]. In that research study it was demonstrated that
the energy use of a space with a vegetal façade could be up to 12%
less than a space with a bare wall. The results carried out in this
research study will possibly bring a higher energy saving potential
if applied to a real building, mainly due to the drier climate con-
ditions which lead to a better performance of the evapotranspira-
tion phenomena that take place in the vegetal layer.
Fig. 13. Global irradiance on vertical surface facing south, outdoor air temperature and o
temperatures recorded in different points of the module without vegetation (blue line) and
this figure legend, the reader is referred to the web version of this article.)
4. Conclusions

This research analyses the effects of a vegetal finishing, formed
by plants and substrate, on the thermal-energy performance of an
insulated façade in a continental Mediterranean climate in summer
conditions.

To this effect, the thermal recordings obtained in two full-
scale experimental modules were analysed and compared. Both
modules were equal in size and composition, with the only dif-
ference being in correspondence to the south façade, where one
of the cases adds a vegetation layer sedum and keeps the sub-
strate damp. The monitoring takes place during the summer of
2012.

The results obtained indicate that, in spite of the high thermal
resistance of the enclosure, the effect of the vegetation is very
positive, particularly in the warmest hours of the day. According to
utdoor relative humidity recorded in different moments of August 30 and 31 2012;
the module with vegetation (red line).(For interpretation of the references to colour in



Fig. 14. Global irradiance on vertical surface facing south and heat fluxes recorded in the interior face of both modules.
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these results, vegetal façades can be used as a passive cooling
strategy, even in insulated enclosures.

Such results were partially expected, but the study provides a
precise quantification of the benefits produced by the vegetal fin-
ishing on thermal-energy performance of an insulated façade.

The study in fact shows that the installation of vegetal façades in
buildings generates a reduction of their operating temperature,
favouring the users’ comfort. The highest interior surface temper-
ature recorded in the vegetal enclosure is on average 5 �C lower
than the maximum interior surface temperature recorded in the
enclosure without vegetation. This finding suggests that the mean
radiant temperature in a space that incorporates vegetal finishing
should be considerably lower than in an ambient finished using
conventional material, improving the occupant’s thermal comfort
and reducing the cooling loads. The minimum interior surface
temperature is significantly lower than the one recorded in the
module without vegetation and in most cases is lower than 25 �C.
As a result of the lower surface temperatures recorded in the
module with vegetation, the air temperature in the interior is on
average 4 �C lower than the air temperature in the module without
vegetation.
Fig. 15. Comparison of calculated and experimental va
In addition, the maximum temperature time lag caused by
the vegetation makes it possible to record the maximum peak
temperature in the module with vegetation, when the outdoor
air temperature is lower than 25 �C, the upper limit of the
thermal comfort zone during the summer months, at the lati-
tude to which this research study refers. This condition enables
the usage of the natural ventilation to cool down the interior
temperature peaks. In the case of the façade without vegetation,
this fact would be impossible, as in the moment of interior
temperature peak, the outdoor air temperature is higher than
25 �C.

Additionally, the analysis of the heat flux that goes through both
façades shows that the low temperatures recorded in the exterior
surface of the vegetal façade enable the outgoing heat flow to be
higher than the incoming heat flow. Therefore, the module with
vegetation cools progressively, whereas the module without
vegetation warms up progressively.

In general, incorporating vegetal finishings formed by plants
and substrate into the façades of buildings located in continental
Mediterranean climates seems to be beneficial for both the
reduction of cooling energy consumption and the improvement of
lues of the flux that occurs through the bare wall.



Fig. 16. Surface temperature of the enclosure in the interior of the module (Tsi), surface temperature of the enclosure between the insulation material and the panel (Tsb) and heat
flux recorded in both modules during three standard days.

Table 6
Energy corresponding to the fluxes entering and leaving the modules through the
bare wall and the green wall.

Period Bare wall Green wall

Energy entering
[Wh/m2]

Energy stored
[Wh/m2]

Energy entering
[Wh/m2]

Energy stored
[Wh/m2]

21.08/05.09 837.5 �582.2 61.8 �952.1
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the users’ comfort conditions. Further studies should be performed
to obtain adequate dimensions and composition of the substrate
while also obtaining the most appropriate vegetable species and
vegetation cover dimension for the analysed climate.
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