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� Energy savings provided by GF are wall orientation dependent.
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To ‘‘green” building envelopes is currently one of the most promising ways to provide energy savings in
buildings and to contribute to the urban heat island effect mitigation. The shadow effect supplied by
plants is the most significant parameter for this purpose. One way to characterize the potential shadow
effect of greenery is to calculate the facade foliar density by means of the leaf area index (LAI). As LAI is
commonly used in horizontal crops, their use in vertical greenery systems (VGS) has generated dispersion
and uncertainty in previous studies both in terms of methodologies and results obtained. In addition, a
lack of data relating to the influence of the facade orientation in the final contribution of vertical greenery
to the energy savings has been observed in previous studies.
This study aims at establishing a common and easy way to measure LAI and to lick it to the energy sav-

ings provided by VGS. Moreover, the energy savings achieved as well as the influence of facade orienta-
tion on the final thermal behaviour of two different VGS, a double-skin green facade and a green wall, was
studied.
From the results, it can be stated that the most simple and quick procedure to measure LAI in order to

characterize the foliar density of VGS is the indirect method based on the amount of light transmitted
through the green screen. From the experimental tests interesting energy savings were obtained (up to
34% for Boston Ivy pant specie with a LAI of 3.5–4, during summer period under Mediterranean continen-
tal climate). Moreover, the dependence on facade orientation was confirmed with representative contri-
bution over the whole energy savings from East and West orientation.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, buildings represent the largest energy-consuming
sector in the economy, with over one-third of all energy and half
of global electricity consumed there. As a result, they are also
responsible for approximately one-third of global carbon emis-
sions. With improvements in economic development and living
standards expected to increase as the planet’s population grows
by 2.5 billion by 2050, energy use in the building sector is also
set to rise sharply by 50%, placing additional pressure on the
energy system [1].

In most regions of the world, heating and cooling loads repre-
sent the largest building-sector energy end-use. The building
envelope - the boundary between the conditioned interior of the
building and the outdoors - can be significantly improved to reduce
the energy needed to heat and cool buildings. Therefore, there is an
urgent need to make building envelopes more energy-efficient, as
20–60% of all energy used in buildings is affected by the design
and construction of the building envelope [1].
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mailto:gperez@diei.udl.cat
http://dx.doi.org/10.1016/j.apenergy.2016.11.055
http://www.sciencedirect.com/science/journal/03062619
http://www.elsevier.com/locate/apenergy


G. Pérez et al. / Applied Energy 187 (2017) 424–437 425
Among other innovative technologies to improve the thermal
performance of building envelopes urban green infrastructure, that
is green roofs and all vertical greenery systems (VGS), is standing
out as one of the most promising [2]. These innovative and envi-
ronmental friendly envelope systems not only contribute with
thermal improvements to the building [3], but they provide also
multiple ecosystem services at city scale, such as urban heat island
mitigation [4,5].

This research relates specifically to the thermal performance of
vertical greenery systems in buildings. In this regard, it must be
taken into account the several strategies to vertically ‘‘green” a
building because clear differences have been previously described,
not only related to the design but also to their thermal perfor-
mance [6]. A first great differentiation takes place between green
walls (living walls) and green facades, requiring the former higher
levels of maintenance (intensive) than the second (extensive) [6].
Among green facades, in which climber species are mainly used,
the so-called traditional green facades, when the building facade
material is used by plants as support, can be distinguished from
double-skin green facades, when a real double skin is created by
means of lightweight support structures that allows the vertical
development of a plant to happen at some distance from the build-
ing facade (Fig. 1). This contemporary adaptation of traditional
green facades, based on easy designs, is very promising as far as
it is basically extensive, and it implies low investments and inter-
acts only superficially with architecture [7,8]. In the present
research, a double-skin green facade has been studied as passive
tool for energy savings in buildings.

Referring to the contribution of these VGS to energy savings in
buildings, this ecosystem service takes place essentially due to the
shadow provided by the plants. Other effects that can contribute,
although with minor magnitude, are cooling (evapotranspiration
from plants and substrates), insulation (insulation capacity of the
different construction system layers: plants, air, substrates, felts,
panels, etc.), and the wind barrier effect (modification of the wind
influence on the building surfaces due to the presence of plants and
support structures) [3,6].

From the previous research about the potential of double-skin
facades as passive tool for energy savings in buildings it can be
observed that the most interesting parameters to consider in their
analysis are the period of study (cooling, heating or both), the spe-
cies used, the facade orientation, the foliage thickness (or the cov-
erage percentage), and the air gap thickness between the plant
layer and the building facade wall. Referring to the contribution
to energy savings, generally the reduction on the exterior surface
temperature of the building facade wall ranged from 1 �C to
15.18 �C [3].
Fig. 1. Traditional green facade (left)
In particular, in Hoyano [9] the effectiveness of a vine sunscreen
for sun shading was found, reaching reductions up to 60% on solar
radiation and 1–3 �C air temperature reductions in the studied ver-
anda. Stec [10] conducted a lab experiment in order to evaluate
theoretically (simulation) the shading effect by an Ivy layer (Hereda
helix) instead of the common blinds layer used in a double-skin
green facade. The temperature of the cavity air behind the plants
layer was significantly lower (20–35%) than behind the blinds
layer. Wong et al. [11] concluded from a large experiment under
tropical climate that the average wall surface temperature reduc-
tion under the double-skin green facade was 4.36 �C, finding max-
imum reductions during the afternoon. In Ip et al. [12] indoor air
temperature reductions of 5.6 �C during the day and 3.5 �C during
the Summer nights were obtained by comparing two identical
rooms in an office building due to a sun screen placed in a window
of an office building. Pérez et al. [13] measured reductions of 5.5 �C
under a building wall shadowed areas of a double-skin facade in
reference to sunny areas in August, reaching maximum values of
15.2 �C on the South-West facade in September under Mediter-
ranean continental climate. In similar studies, Perini at al. [14]
obtained average reductions of 2.7 �C, and Koyama et al. [15]
reductions of 3.7–11.3 �C, with coverage between 15% and 54%.
Recently Jim [16] obtained reductions of 5 �C on sunny days and
1–2 �C on cloudy days, standing out the importance of facade ori-
entation on the thermal behaviour.

It can be observed that these previous studies highlight, on one
hand, the big potential of these systems to intercept solar radiation
and to reduce the building wall surface temperatures, and on the
other hand, the relation between this shadow effect and the foliage
thickness. However, available data are too sparse and no conclu-
sion referring to the influence of foliage thickness on the thermal
behaviour can be withdrawn from these studies. In addition, a lack
of experimental data referring to total final energy savings pro-
vided by these systems can be noted [3].

A simple way to characterize the thermal benefit that a green
facade provides at any time during its development can be to mea-
sure the relation between the leaf density of the green layer and
the shadow effect and, consequently, the energy savings provided.

In this regard, the most used methodology to characterize the
leaf mass of a plant or set of plants is the leaf area index (LAI). Tra-
ditionally, the concept of LAI has been used in agriculture and ecol-
ogy to measure the development and yield of crops, to compare
among them and to schedule irrigation and amendments during
the crop development [17].

Although some previous authors have used the concept of LAI in
order characterize the potential of green facades as a passive tool
for energy savings, after a literature review, a lack of knowledge
versus double-skin green facade.
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about LAI concept applied to this purpose has been found. Thus,
key issues such as the way to measure LAI in VGS, the relation
between LAI and the energy savings provided by the facade are
not yet resolved, fact that justifies deeper research in this direction.
The following paragraphs summarize the main findings from the
scarce previous authors who have applied the concept of LAI to
vertical greenery systems.

Wolter et al. (2009) designed an experimental double-skin
green facade, made with a steel trellis support and Ivy plants
(Hereda helix) in order to study the LAI in green facades. According
to these authors, in the case of vertical greenery, LAI describes a
relation between the leaf area and the square meters of facade
instead of the relation between the leaf area and the square meters
of floor as usual (e.g. for green roofs application). Moreover, it is
necessary to take into account the fact that in a green facade the
LAI value changes with the height. Although Wolter’s study do
not consider the thermal benefits of green facades, as the LAI index
has a direct influence on the foliage density, this value can be
linked to the thermal behaviour of green systems. The LAI average
measured at each exposition at the end of the testing period was
between 7 (East) and 8.51 (South). These leaf area indexes lay in
between or are even higher than those of conventional facade
greenery with Hereda helix (2.6–7.7) [18].

Wong et al. (2009) conducted an interesting simulation about
the effects of vertical greenery systems on the temperature and
energy consumption of buildings. For this purpose, the authors
tried to establish a correlation between LAI and the shading ratio
(the ratio of the solar radiation beneath the plant and the bare
wall) based on measurements carried out in an experimental set-
up in which eight different VGS were compared. Although a corre-
lation between these two parameters was found, it cannot be gen-
eralized neither considered concluding, because the measurements
were few and were done in very different construction systems
(some of them were green facades and the other ones were green
walls). The general trend was the expected one, i.e. low solar radi-
ation beneath the plant means that the plant shades the wall effec-
tively. To conduct the simulations authors used specific data from
plants, both at building level (Urechites lutea, Ophiopogon japonicas
‘‘Kyoto Dwarf” and Tradescantia spathacea ‘‘compacta”), with corre-
sponding shading coefficients of 0.986 (high), 0.500 (medium) and
0.041 (low), and at city scale (Nephrolepis exaltata, Boston fern,
with a LAI of 6.76, even though this plant is a fern, not a climbing
plant). In this study, the equipment used to measure LAI and the
shading coefficient (solar radiation) is described, but not the
methodology neither the goodness of the supplied data [19].

In Ip et al. (2010), a coefficient which tries to characterize the
shading performance of a climbing plant canopy over its annual
growing and wilting cycle was proposed. The study was based on
data from an experiment conducted during 2003 and 2004. In that
experiment a double-skin green facade, made with modular trellis
and Virginia creeper (Parthenocissus quinquefolia), was placed in a
window of an office building located in Brighton (UK). A very inter-
esting contribution of this study is the effort to characterize the
shadow effect of double-skin green facades. With this aim, the leaf
solar transmissivity evolution depending on the number of leaf
layers was established from up to 2000 measurements under the
green facade, in reference to the received radiation in front of the
facade. In this experiment, measures for the solar radiation were
carried out with the solarimeter in vertical position, fact which,
according to the authors, implies the need to make corrections in
the calculations in order to consider only the horizontal compo-
nent of the radiation that is perpendicular to the facade [12].

Susurova et al. (2013) defined a mathematical model to charac-
terize the thermal effects of plants on heat transfer through build-
ing facades. Leaf density, characterized by LAI, appears among the
various parameters used for the simulation, being one of the most
influential in reducing the building facade wall surface tempera-
ture. However, in this study LAI was estimated by measuring the
area of a single typical leaf and counting the area of ivy in a picture
of a traditional green facade under study [20].

Scarpa et al. (2014) proposed a mathematical model for the
energy performance of living walls. Again, LAI was an important
parameter to consider in the theoretical model. In this study the
two values used for LAI were 3 for a living wall with a ‘‘vertical gar-
den” made with different species of shrubs and 5 for a living wall
that uses grass as vegetation, surprisingly higher than the first
one. These values for LAI come from a previous study conducted
by the authors, which were obtained by measuring LAI under the
shrubs placed in horizontal position, in the nursery [21].

From this literature it can be concluded that LAI is a key param-
eter to characterize the foliar density and consequently the ther-
mal behaviour of VGS and especially for green facades, due to the
great influence on the shadow effect. Nevertheless, there is a lack
not only of suitable data of this parameter but also related to the
suitable methodology to measure LAI for these purposes. Thus,
along these years of studies a common methodology to measure
and use LAI for VGS has not been established. In addition, the LAI
of the different species used for VGS, the influence of climate in
the development of these species and consequently on LAI values,
the variations of LAI according to the height, are questions still to
be answered. Having real values of LAI for different plants in differ-
ent climates, and to link these values to energy savings, can be suit-
able information to face the design necessities during the building
project phase.

The present long-term research aims to study the potential of
VGS as passive systems for energy savings in buildings, being one
of the main focuses to measure the influence of leaf density, by
means of the LAI value, on the thermal behaviour of the whole sys-
tem. Since this leaf density is dependent on the typology of VGS,
the type of plant species, as well as its stage of development and
the climatic conditions, it is necessary to establish simple and gen-
eralizable working methodologies, in order to easily share and
compare data from studies conducted around the world.

In a first phase of this research, an existing double-skin green
facade located near to Lleida (Spain), under Mediterranean conti-
nental climate was yearlong monitored (Fig. 2). The facade consists
in a steel modular trellis support and Glycine climber plants (Wis-
teria sinensis). Understanding the light transmission factor of the
double green facade as the ratio between the intermediate space
illuminance and the exterior illuminance, this value ranged
between 0.04 in July to 0.37 in April, during the season with the
foliage fully developed. The exterior building wall surface temper-
ature behind a covered area was 5.5 �C lower than in an exposed
area. This difference was higher in August and September, reaching
maximum values of 15.2 �C on the South-West facade in Septem-
ber [6].

In addition, the transmission capacity of four different plant
species well adapted to this climate was determined by means of
a simple experimentation [13]. The species chosen were Ivy
(Hereda helix) and Honeysuckle (Lonicera japonica), as perennial
plants, and Virginia creeper (Parthenocissus quinquefolia) and
Clematis (Clematis sp.), as deciduous plants. The results of this
experiment showed light transmission factor values of 0.15 for Vir-
ginia creeper, 0.18 for Honeysuckle, 0.14 for Clematis and 0.20 for
Ivy plants. These values are comparable to the best values of the
shadow factor that can be obtained by using artificial barriers for
the South orientation (Fig. 3).

In order to measure the energy savings associated with this sha-
dow effect, the green facade was moved to an experimental cubicle
in which the big capacity of the green facade to intercept solar
radiation was confirmed with reductions in outside wall surface
temperature up to 14 �C in July in Mediterranean climate [22].



Fig. 2. Shadow factor in a double-skin green facade made with a steel modular trellis support and Glycine climber plants (Wisteria sinensis) [6].

Fig. 3. Shadow capacity of four plant species in reference to the shadow factor of different artificial barriers [13].
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Despite this achieved surface temperature reduction, for an indoor
set-point of 24 �C, the obtained daily energy consumption reduc-
tion in the cubicle was only 1%. This was because at the time of this
experimentation the green facade only covered 50% of the South
orientation (Fig. 4).

In Pérez [7] the importance of using deciduous species in the
regulation of solar gains along the different seasons of the year
was considered. The conclusions highlighted the importance of
knowing the biological cycle of different species under different
climates, because this influences the moment when leaves fall
(or grow) and therefore what amount of solar gains could be con-
sidered for the thermal balance of the building. This is particularly
important in the transition seasons, that are Spring (when the
leaves grow) and Autumn (when the leaves fall).
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After these positive previous experiences and in view of the
potential of the double-skin facade to provide shadow to the build-
ing, a new double-skin green facade covering the east, south and
west orientations of the experimental cubicle, was built in 2012.

This paper summarizes the main results of the different exper-
iments carried out in this new double-skin green facade addressed
to measure the leaf area index (LAI) and to relate it to the shadow
effect as well as to the energy savings provided. In addition, the
paper attempts to establish a simple and generalizable working
methodology for this purpose, so that it can be applied in further
research and architectural projects. Finally, it also is an objective
the study of how the green facade works depending on the orien-
tation (East, South and West), with the aim to improve the design
of these systems in the future.
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428 G. Pérez et al. / Applied Energy 187 (2017) 424–437
2. Materials and methods

2.1. Experimental setup

2.1.1. Green facade description
The double-skin facade typology allows complying satisfacto-

rily the requirements listed in the above mentioned VGS classifica-
tion, and to obtain a good thickness of vegetation with the
minimum possible cost of materials and minimum subsequent
maintenance (extensive) [7,8].

Therefore, in the experimentation here presented, a simple
lightweight steel mesh was anchored, with a set of screws, at
20 cm separated from the building wall creating an intermediate
space between the green screen and the building facade wall
(Fig. 5).

The double-skin green facade covers East, South and West ori-
entations of the cubicle, being the selected specie Boston Ivy
(Parthenocissus Tricuspidata), which is a deciduous specie well-
adapted to the Mediterranean Continental climate. The selection
of the specie was based on the previous experiments [13].

Planting took place in March 2012. A total of 6 plants were
planted on each orientation (East, South and West), placed each
0.5 m. In June 2012 a hailstorm hit South and West facades, which
had to be replanted again and consequently the plant growth on
these orientations was slightly delayed in comparison to East ori-
entation. Plant growth took place during Winter and Spring 2013
and first data were collected during Summer 2013. In order to sup-
ply water during the hottest period (Summer), in terms of rain
water scarcity, a simple drip irrigation system was installed. The
maintenance of this facade is limited to the operations of redirect-
ing the new shoots, to achieve the maximum possible height in the
shortest time, an annual pruning, the pesticide treatments in case
of diseases, and irrigation during Summer months. Fig. 6 shows the
green facade appearance during summer 2015.
2.1.2. Thermal performance and energy savings measurements
This experimentation took place at the experimental pilot plant

that GREA Innovació Concurrent research group at the University of
Lleida has in the village of Puigverd de Lleida (Spain) in which sev-
eral studies referring to energy efficiency in buildings have been
carried out since 2002 (Fig. 7).

The experimental set-up used in this paper consists of two iden-
tical house-like cubicles, with internal dimensions of
2.4 � 2.4 � 2.4 m (Fig. 8). Their bases consist of a mortar base of
3 � 3 m with crushed stones and reinforcing bars and the walls
were composed by the following layers from inside to outside:
gypsum as internal coating, alveolar brick (30 � 19 � 29 cm), and
cement mortar as external protection coating. Due to the insula-
tion properties of the alveolar brick, an additional insulation layer
Fig. 5. Current double-skin facade. Constru
is not required in this wall system [23,24]. The overall thermal
transmittance of the walls is 0.784W/m2 K.

The roof composition is the same in both cubicles and shows
the following layers from inside to outside: coating with plaster,
precast concrete beams and ceramic floor arch of 25 cm of thick-
ness, 3 cm of polyurethane insulation, concrete relieved pending
formation of 2%, double waterproofing membrane, and finished
with a single layer of gravel of 7 cm thickness.

The only difference between the two cubicles used in the pre-
sent research is the use of the double-skin green facade system
on the East, South and West facades in one of them.

In order to evaluate the thermal performance of the different
studied cubicles, the following data were registered for each cubi-
cle at 5 min intervals:

� Internal and external surface temperatures of East, South and
West walls.

� External air temperature at 15 cm (air gap between facade and
wall), 30 cm and 50 cm separated from the East, West and South
walls.

� Internal ambient temperature and humidity (at a height of
1.5 m).

� Internal ceiling and floor temperatures.
� Electrical consumption of the HVAC system (heat pump Fujitsu
Inverter ASHA07LCC; heating capacity 3.00 kW; cooling capac-
ity 2.10 kW).

� Global horizontal solar irradiance.
� External ambient temperature and humidity.

All temperatures were measured using Pt-100 DIN B probes,
calibrated with a maximum error of ±0.3 �C. The air temperature
and humidity sensors were ELEKTRONIK EE21FT6AA21 with an
accuracy of ±2%. The electrical consumption of the HVAC systems
was measured using an electrical network analyser (MK-30-LCD).
A Middleton solar pyranometer SK08 was used to capture the hor-
izontal global solar radiation. A mobile digital solar power meter
HT204T was used to measure the solar radiation.
2.1.3. Climate characterization
Puigverd de Lleida (Spain) has a Mediterranean Continental cli-

mate (Csa, warm temperate - summer dry - hot summer, according to
Köppen classification) [25] which is characterized by cold and
foggy winters while summers are hot and dry. Frosts are common
during Winter although snow can occasionally fall, averaging 1 or
2 days per year. Precipitations are low, with an annual average
320 mmwith a peak in April and May and another peak in Septem-
ber and October. The mean annual temperatures oscillate between
12 and 14 �C, with thermal amplitudes of 17–20 �C.
ctive system details and general view.



Fig. 6. Double-skin green facade under study. Summer 2015.

Fig. 7. Experimental set-up in Puigverd de Lleida, Spain.

Fig. 8. Constructive section of the cubicles used in the real scale experimental set-up.
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2.2. Leaf area index (LAI)

2.2.1. Theoretical approach to LAI measurement
The ability to intercept solar radiation by plants depends on

their spatial structure, that is, on the plant canopy three-
dimensional geometry. This concept has been extensively studied
before and has been applied in the fields of agriculture, with the
aim of estimating the growth and yield of crops and therefore
the needs of water and nutrients, as well as in the field of forest
ecology, in order to estimate the amount of biomass, energy bal-
ances and water in ecosystems, etc. [17]. The leaf area index
(LAI) is defined as a dimensionless quantity that characterizes
canopies structures, becoming a key measure used to understand
and compare these plant canopies.

In a parametric approach LAI is established as the one-sided
green leaf area per unit ground surface area (LAI = leaf area/ground
area, m2/m2) in broadleaf canopies [26]. The LAI value depends on
the type and the growth phase of the plant (crop), usually ranging
from 0 to 10.

The LAI of crops or in a forest ecosystem can be measured
according to direct or indirect methodologies. The direct method,
which is the most reliable to measure LAI, involves harvesting all
the leaves of a plot and measuring the area of each leaf. On the
other hand, indirect methods are based on the measurement of
parameters directly related to LAI, such as the amount of light
transmitted or reflected by the plant canopy [27].

One of the most widely used indirect methods is the photosyn-
thetically active radiation (PAR) inversion technique, based on the
estimation of LAI using the amount of light energy transmitted by a
plant canopy, so that the more leaf density the more light absorp-
tion. This method is based on Beer’s law, which is an empirical
relation that links absorption of light with the properties of the tra-
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Fig. 9. Location of measurement points for the solar radiation interception
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versed material. The adaptation of this law, in the case of the
canopy capability to intercept solar radiation, is formulated by
the following expression [28]:

PARt ¼ PARð�kzÞ
i ð1Þ

where PARt is transmitted photosynthetically active radiation (PAR)
measured near the ground surface, PARi is the incident PAR at the
top of the canopy, z is the path length of photons through some
attenuation medium, which in the case of vegetation canopies
accounts for LAI, since leaves are the medium through which pho-
tons are attenuated. Finally, k is the canopy extinction coefficient,
which describes how much radiation is absorbed by the canopy at
a given solar zenith angle and canopy leaf angle distribution.

Taking into account the estimation of LAI, the extinction coeffi-
cient could be formulated as:

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2 þ tan h2

q

vþ 1:744ðvþ 1:182Þ�0:733 ð2Þ

where h is the solar zenith angle and v is the leaf angle distribution,
which describes the projection of leaf area onto a horizontal surface,
being v < 1 for canopies with predominately vertical orientations,
v > 1 for canopies with predominately horizontal orientations,
and v = 1 in the case of a mixture of orientations (spherical leaf
distribution).

Known the value of k, LAI is calculated as:

LAI ¼ ð1� 1
2kÞf b � 1

� �
lns

Að1� 0:47f bÞ
ð3Þ

where A is leaf absorptivity, with a value of 0.9 for most of healthy
green foliage (only in extreme cases such as young leaves or highly
pubescent or waxy leaves A may deviate from 0.9), fb is the beam
fraction and which is calculated as the ratio between diffuse (scat-
tered in the atmosphere) and beam radiation (direct from the sun),
and s is the ratio of transmitted PAR and incident PAR above the
canopy.

The equipment that enables measuring PAR, and LAI following
the PAR inversion technique, is the ceptometer. Since the PAR
inversion technique is non-destructive, it allows a canopy to be
sampled extensively and repeatedly throughout time, and could
be applied to a wide variety of canopy samples, it is currently a
standard and well-accepted procedure to calculate LAI [28].

The main limitations of the PAR inversion technique are three.
First, that it requires measurements of both transmitted PAR
(below canopy) and incident PAR (above canopy), under identical
light conditions. The second limitation is that in extremely dense
canopies PAR absorption may be nearly complete, leaving little
transmitted light to be measured at the bottom of a canopy. In this
case it is very difficult to observe any variation between extremely
high LAI. And finally, it is necessary to collect numerous spatially
distributed samples in order to avoid the errors relating to the foli-
age clumping.

Measurements on overcast days are the simplest for LAI deter-
mination because the canopy structure information (fb = 0) or solar
elevation angle are not needed in such climatic conditions. More-
over, errors associated with incorrectly specifying the leaf angle
distribution are most pronounced when sampling under clear sky
conditions. In this case Eq. (3) changes to the simplified one:

LAI ¼ � ln s
A

ð4Þ

On which the values of s and A = 0.9 can be replaced, switching
to:

LAI ¼
� ln PARbelow

PARabove

� �

0:9
ð5Þ
This simple and quick procedure can also be used to character-
ize the leaf density of a green facade, so that the resulting value can
be related to its ability to intercept solar radiation, and therefore
provides a description of its potential as passive tool for energy
savings.
2.2.2. LAI measurements description
In order to characterize the leaf density of the double-skin green

facade under study and to find a relation between this leaf density
and the achieved energy savings due to the shadow effect, different
actions were carried out.

First actions took place during Summer 2013. On one hand, the
interception of solar radiation provided by plants was measured in
different parts of the green facade with the aim to characterize it
by orientations as well as by heights. On the other hand, a direct
measure of LAI, i.e. destructive, was conducted in the East facade,
the most representative plant development at this time of the
research. In a second period, during Summer 2015, an indirect
measurement of LAI by means of a ceptometer was conducted on
the East, South andWest facades. In the following sections an accu-
rate description of these actions is provided.
2.2.2.1. Solar radiation 2013. To characterize the interception of
solar radiation by the vegetated facade, 15 points were measured
in each orientation (East, South and West) under the green screen,
close to the building facade wall surface. The acquisition point dis-
tribution is divided in three heights (upper, middle and lower) and
five measurements in each (Fig. 9) three times a day (10:00 h,
14:00 h and 18:00 h).

These measurements were repeated during two consecutive
days under sunshine and clear sky conditions. In order to calculate
the shadow factor, the value of the solar radiation outside the
green facade was also measured three times (10 h, 14 h and
18 h). Moreover, to confirm similarities between the experimental
measurements conducted throughout these days, a statistical anal-
ysis using the analysis of variance ANOVA and the Tukey method
was carried out.
2.2.2.2. Direct LAI measurement 2013. In order to directly measure
the LAI of this green facade using a destructive method, during
Summer 2013, once the measurements with the solar meter were
finished, all the plant leaves of three square meters on the east
facade were removed, a square meter each level (upper level, mid-
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dle level and lower level, which correspond to the same levels used
for the solar meter measurements), according to Fig. 10.

All removed leaves from each square meter were measured
individually using a delta-T image analysis system (DIAS) provided
with a conveyer belt unit, which allows a quick single measure-
ment of each leave area (Fig. 11). Then, the total leaf area for square
meter (upper, middle and lower levels) can be easily calculated.
Fig. 11. Delta-T Image Analysis System (DIAS).
2.2.2.3. LAI indirect measurement 2015. During Summer 2015, with
the green facade in perfect state of development, an indirect mea-
surement of LAI, by using a PAR Sunfleck Ceptometer, was con-
ducted. With the aim of characterizing the LAI by orientation
(East, South and West) and for different levels in the facade (upper,
middle and lower), a total of 10 PARmeasurement repetitions were
recorded behind the green screen facade (PARbelow), in six differ-
ent points for orientation according to the scheme in Fig. 12. More-
over, the reading of PAR in the outside of the green facade was
made in order to obtain the PARabove value.

Once, the PARbelow and the PARabove had been measured the
LAI could be calculated applying Eq. (5).
3. Results and discussion

3.1. Solar radiation 2013

According to the Spanish Technical Building Code [29], the sha-
dow factor is defined as the fraction of incident radiation on a
facade opening which is not blocked by the presence of artificial
barriers such as facade setbacks, cantilevers, awnings, slats and
others. The shade factor is the ratio between the measured solar
radiation behind and in front of a solar barrier. It accounts for
the amount of solar radiation that goes through this barrier, and
therefore that can reach the building facade wall. Thus, the smaller
the solar factor, the greater ability to intercept solar radiation by
the solar barrier.

Tables 1–3 show the normalized values for the artificial barriers
that are usually used in construction, according to the Spanish
Technical Building Code [29]. As it may be seen, the shadow factor
is dependent not only on the barrier typology used but also on the
building facade orientation.

Table 4 summarizes the results for the calculated shade factor
in the different facade orientations (East, South and West) and at
different heights (upper, middle and lower levels) on the tested
double-skin green facade.

The statistical study conducted to verify whether there were
significant differences between the measurements taken during
the two repetitions concluded that there were no significant
differences between the measurements for all orientations at
all hours and for all heights with a confidence level of 95%,
allowing using a bigger number of data for shadow factor
calculations.
Fig. 10. Direct LAI measurement p
The shadow factor obtained for the green facade during daily
peaks of solar radiation by orientation (at 10:00 h on the East, at
14:00 h on the South, and at 18:00 h on the West orientation)
was equal or lower to the artificial barriers defined in the Spanish
Technical Building Code [29] for the same orientations. This fact
was also verified on the upper area of the East orientation, where
the plants were completely developed.

On the other hand, the upper parts of South and West facades
showed higher shadow factor because the plant growth was
slightly delayed in comparison to the East orientation, as it was
explained in precedent sections. In addition, in the case of the
South orientation, the noon high Sun path position through Sum-
mer periods and the lower level of vegetation coverage in upper
levels of this orientation allowed the sunlight reaching the building
facade. The latter statement must be considered in the future
design of green facades for South orientations, in order to avoid
the influence of solar radiation in Summer periods on the top of
the building facade.

These results confirm and complete those obtained in previous
studies [6,13,22] concerning the ability of double-skin facades to
provide a dense shadow on the building walls, obtaining compara-
ble shadow factors to those provided by the artificial barriers
defined in building regulations. These results enrich the number
of possibilities for architects and designers during the building
envelope design phase, since green barriers can be added to the
traditional artificial solar ones as a suitable way to block solar radi-
ation and to save energy.

The direct consequence of this shadow factor is reflected in the
reduction of the external surface building wall temperature, as
shown in Fig. 13, with reductions from the first hours of the day
that can reach up to 10.1 �C towards 16:00 h, and reductions in
the cubicle interior temperatures of around 2.5 �C.
rocess during Summer 2013.



Table 1
Shadow factor for artificial solar barriers. Cantilevers and facade setbacks [29].

Cantilevers Facade orientation 0.2<L/H 6 0.5 0.5 < L/H 6 1 1 < L/H 6 2 L/H > 2

S 0 < D/H 6 0.2 0.82 0.50 0.28 0.16
0.2 < D/H 6 0.5 0.87 0.64 0.39 0.22
D/H > 0.5 0.93 0.82 0.60 0.39

SE/SW 0 < D/H 6 0.2 0.90 0.71 0.43 0.16
0.2 < D/H 6 0.5 0.94 0.82 0.60 0.27
D/H > 0.5 0.98 0.93 0.84 0.65

E/W 0 < D/H 6 0.2 0.92 0.77 0.55 0.22
0.2 < D/H 6 0.5 0.96 0.86 0.70 0.43
D/H > 0.5 0.99 0.96 0.89 0.75

Setbacks Facade orientation 0.05 < R/W 6 0.1 0.1 < R/W 6 0.2 0.2 < R/W 6 0.5 R/W > 0.5

S 0.05 < R/H 6 0.1 0.82 0.74 0.62 0.39
0.1 < R/H 6 0.2 0.76 0.67 0.56 0.35
0.2 < R/H 6 0.5 0.56 0.51 0.39 0.27
R/H > 0.5 0.35 0.32 0.27 0.17

SE/SW 0.05 < R/H 6 0.1 0.86 0.81 0.72 0.51
0.1 < R/H 6 0.2 0.79 0.74 0.66 0.47
0.2 < R/H 6 0.5 0.59 0.56 0.47 0.36
R/H > 0.5 0.38 0.36 0.32 0.23

E/W 0.05 < R/H 6 0.1 0.91 0.87 0.81 0.65
0.1 < R/H 6 0.2 0.86 0.82 0.76 0.61
0.2 < R/H 6 0.5 0.71 0.68 0.61 0.51
R/H > 0.5 0.53 0.51 0.48 0.39

3

5

2

4

6

1

Fig. 12. PAR measurements with the Sunfleck PAR Ceptometer during a cloudy day in Summer 2015.

Table 2
Shadow factor for artificial solar barriers. Opaque and translucent awnings [29].

Case A Opaque textiles s = 0 Translucent textiles s = 0.2

a SE/S/SW E/W SE/S/SW E/W

30 0.02 0.04 0.22 0.24
45 0.05 0.08 0.25 0.28
60 0.22 0.28 0.42 0.48

Case B Opaque textiles s = 0 Translucent textiles s = 0.2

a S SE/SW E/W S SE/SW E/W

30 0.43 0.61 0.67 0.63 0.81 0.87
45 0.20 0.30 0.40 0.40 0.50 0.60
60 0.14 0.39 0.28 0.34 0.42 0.48
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Table 3
Shadow factor for artificial solar barriers. Slats [29].

Horizontal slats Inclination angle (b)

Orientation 0 30 60

S 0.49 0.42 0.26
SE/SW 0.54 0.44 0.26
E 0.57 0.45 0.27

Vertical slats Inclination angle (r)

Orientation �60 �45 �30 0 30 45 60

S 0.37 0.44 0.49 0.53 0.47 0.41 0.32
SE 0.46 0.53 0.56 0.56 0.47 0.40 0.30
E 0.39 0.47 0.54 0.63 0.55 0.45 0.32
W 0.44 0.52 0.58 0.63 0.50 0.41 0.29
SW 0.38 0.44 0.50 0.56 0.53 0.48 0.38
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Fig. 13. Daily internal and external South wall surface temperatures on the green facade cubicle under free floating conditions. July 25th 2013 (Summer).

Table 4
Daily shadow factor evolution by orientation in the studied double-skin facade.

Orientation/height East South West

Daily time 10:00 ha 14:00 h 18:00 h 10:00 h 14:00 ha 18:00 h 10:00 h 14:00 h 18:00 ha

Upper level 0.19 0.08 0.03 0.12 0.57 0.13 0.08 0.35 0.55
Middle level 0.12 0.05 0.02 0.11 0.26 0.08 0.03 0.28 0.20
Lower level 0.06 0.02 0.01 0.04 0.15 0.05 0.02 0.14 0.06

a Maximum solar radiation incidence.

G. Pérez et al. / Applied Energy 187 (2017) 424–437 433
3.2. LAI direct measurement 2013

In the lower level of the facade, as expected, leaves were more
developed resulting in a higher LAI for each m2. Since leaves were
much larger the LAI value was close to 4, almost two times higher
in comparison to the upper level of the green facade as shown in
Table 5.
Table 5
LAI measurements according to the direct method for the three levels on East orientation

Number of leaves Leaf average su

Upper level 1387 15.08
Middle level 1224 26.29
Lower level 992 39.60
Thus, for this typology of climber plant, which has a big vertical
development, although the number of leaves increased since these
are smaller in the upper levels, the value of LAI decreases with
height.

These results are in agreement to those obtained by Wolter
et al. [18], where the influence of climbing plants height develop-
ment on the variation of LAI was highlighted. This increment of LAI
of the double-skin green facade.

rface (cm2) Measured leaf area (cm2) LAI

20914.64 2.1
32185.04 3.2
39283.75 3.9
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in lower levels has a direct effect on the interception of solar radi-
ation and consequently on the energy savings contribution
(Table 4). The knowledge about the growth pattern for the differ-
ent species that can be used for green facades is a key point in
order to face the design of this green infrastructure for energy sav-
ings purposes. In this regard, further studies for specific plants in
specific locations must be conducted in the future.

The shadow effect of the double-skin facade can be observed in
the thermographic pictures (Fig. 14). First, by comparison to the
reference cubicle (Fig. 14A) where the overheating due to the
direct incidence of solar radiation can be observed, and second,
on the double-skin green facade (Fig. 14B) the differences between
the East orientation, completely covered by vegetation, and the
South orientation, on which some lacks of vegetation on the upper
level, can be observed. The direct consequence of this lower cover-
age on the top of the South orientation was the major incidence of
solar radiation and the overheating of that building surface.
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Fig. 15. Evolution of external surface building wall temperatures during the 4th
week of August 2015 and related LAI values (measured values in red, average value
in black). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
3.3. LAI indirect measurement 2015

Fig. 15 shows the results for the calculated LAI according to Eq.
(5), from the in situ measurements of PAR using a ceptometer. The
figure shows the LAI values for each measurement point and the
average value in each level for each orientation.

The LAI of the double-skin facade ranged between 1.1 and 3.5
on Summer 2015, and, as expected, a higher and homogeneous
LAI was obtained in the East orientation. Recall that South and
West orientations were replanted, thus their growth was slightly
delayed with respect to the East orientation.

By comparing these values with those obtained in 2013 (Table 5)
for the East orientation, it can be observed that the whole foliage
density increased with height. Thus, although in the lower level
the LAI value slightly decreases during the testing period, going
from 3.9 to 3.4, in the middle and upper levels the LAI value
increases, rising from 3.2 to 3.5 and 2.1 to 3.3, respectively.

Generally it can be concluded that, once completely developed,
Boston Ivy (Parthenocissus tricuspidata) under Mediterranean conti-
nental climate achieves LAI values that range between 3.5 and 4.
These values are quite lower than those obtained by Wolter et al.
(2009) [18], where the LAI values were 7 for Ivy (Heredia helix)
on East orientation and 8.51 on South orientation. Although these
higher values, those authors state that the normal values range
between 2.6 and 7.7. Relating to this, it is worth highlighting the
different physiologic characteristics of these two species, because
Ivy belongs to the perennial type and Boston Ivy belongs to decid-
uous type, and their growth pattern can be different.

In order to calculate the influence of these LAI values on the
thermal behaviour, Fig. 15 also shows the evolution of the building
Fig. 14. Thermographic pictures. (A) The Double-skin green facade (centred) and the ref
East (right) and South (left) orientations.
facade wall surface temperatures by orientation for the two stud-
ied cubicles, the reference one and the double-skin green facade
cubicle, for a representative Summer period week of 2015.

In this graphics the significant contribution of all orientations to
the solar interception can be observed, with high reductions on the
building surface temperatures compared to those of the cubicle
without the green facade. To better understand these graphs, it
should be taken into account that temperature sensors were
located in the centre of the facade and therefore the obtained val-
ues corresponds to middle level LAI value for each orientation. The
different contribution by orientation can also be seen, obtaining
the highest solar radiation interception on the East facade, fol-
lowed by South and West orientations.
erence cubicle (on the left side). (B) Temperature and coverage differences between
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Fig. 16 shows a daily evolution of the external wall surface tem-
peratures by orientation for the reference and the double-skin
green facadecubicles. Fig. 17 shows a daily internal and external
wall temperature evolution for each orientation, adding the solar
irradiance.
Both Figs. 16 and 17 give an idea of how the green facade works
in each orientation and what is the contribution by orientation to
the reduction of temperature and consequent passive energy sav-
ings. On the East orientation the green facade is able to intercept
the large impact of solar radiation in the early hours of the day
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with a reduction up to 15 �C on the wall surface temperature, going
from a peak temperature of 36.4 �C to 21.4 �C (12:15 h), and main-
taining temperatures below 23 �C throughout the day. On the other
hand, the South orientation showed a reduction up to 16 �C during
temperature peaks at 15:45 h. Finally, for the West orientation,
reductions up to 16.4 �C were recorded, decreasing from the
43.9 �C to 27.5 �C at 19:00 h.

In view of these figures, it is also interesting to observe how the
temperatures reduction occurs for each orientation. Thus, on the
East orientation the green screen is not only able to eliminate
the peak in the surface temperatures that takes place early on
the morning, but also, to keep the building surface temperature
under the 23 �C all day long. A large temperatures reduction takes
place in the South orientation though following the same pattern
as the reference cubicle. Finally, in the West orientation the green
facade achieves significant reductions of the slope of the initial
increase of superficial temperatures, reaching a considerably lower
peak than in the reference cubicle. In addition, after the maximum
value, the temperature drop is also faster than in the reference, i.e.
at 22:00 h the building surface has still 23 �C while under the green
facade the temperature is already 20 �C.

These results revealed that the shadow effect of green facade in
the East and West orientations is quite significant and should be
considered in an architectural design strategy with the same
importance than for the South orientation. Therefore, the vertical
greenery system provides dampened temperatures between inter-
nal and external air temperatures while maintain the same delay
between inner and outer wall temperature peaks observed by ori-
entation facades (thermal lag) of the building. These results com-
plement and increase those provided by Jim [16], in which the
contribution of VGS on the thermal performance of the buildings
was highlight for a humid-tropical climate. In that study the big
influence of the East orientation in reference to the South one
was also found. Due to the experimental constraints no results
were obtained for the West orientation.

Finally, in order to evaluate differences in the energy consump-
tion of both cubicles (Double-skin green facade and Reference) an
experiment under controlled temperature was carried out. The
comfort range considered for the cooling period in Mediterranean
continental climate is 23 �C and 26 �C based on the ASHRAE stan-
dards [30]. Therefore a set point of 24 �C was used to evaluate
the thermal behaviour along this period. Fig. 18 shows the daily
electrical energy consumption during the 4th week of August
2015. In this case, the cumulative energy savings obtained by the
double-skin green facade cubicle was 34% lower at the end of the
studied period in comparison to the reference cubicle.

This is a new and significant contribution to the energy savings
in buildings that must be considered by architects and building
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Fig. 18. Measured energy savings during the end of August 2015.
designers in order to complement the traditional passive strategies
with nature based solutions which allow achieving more sustain-
able urban environments.
4. Conclusions

As continuation of a long term research in order to study the
potential of vertical greenery systems as a passive tool for energy
savings in buildings, a double-skin green facade made with a wire
mesh light support structure and Boston Ivy (Parthenocissus tricus-
pidata) as deciduous plant species, was studied in an experimental
cubicle under Mediterranean continental climate (Csa, warm tem-
perate - summer dry - hot summer, according to Köppen classifica-
tion) and compared to an identical reference cubicle without
green screen. The influence of the leaf area index (LAI) and the
building facade orientation on the shadow effect provided by the
green facade as well as the relating energy savings on the cubicle
were the main goals in this study.

From the literature review carried out it could be concluded
that LAI is really a key parameter to characterize the foliar density
and consequently the thermal behaviour of vertical greenery sys-
tems (VGS), especially for green facades, due to the big influence
on the shadow effect. Despite this, a lack of data relating to LAI
for the species used in VGS was found as well as of a suitable
methodology to measure LAI for these purposes. After a theoretical
approach to the LAI concept it could be stated that the most simple
and quick procedure to measure LAI in order to characterize the
foliar density of VGS is the indirect method, so that the resulting
value can be related to its ability to intercept solar radiation.

From the results obtained in the experimental setup, it can be
concluded that the double-skin facade can provide comparable
shadow factor values for all orientations, to those provided by
the artificial barriers proposed in building regulations such as
facade setbacks, cantilevers, awnings, slats, and others (Table 4).

As a consequence of this capacity to intercept direct solar radi-
ation the experiments with no HVAC systems conducted during
Summer 2013, when the green facade was only partially devel-
oped, showed the high capacity to intercept the direct solar radia-
tion, which implies representative reductions on the external
surface wall temperatures up to 10.1 �C on the South orientation,
and indoor temperature reductions around 2.5 �C.

On Summer 2015, with a higher foliage development, this ther-
mal behaviour was confirmed by representative reductions on the
external surface wall temperature in all orientations (East, South
and West). In addition, tests under controlled temperatures
showed the high potential of the double-skin green facade as a pas-
sive system in comparison to the reference one, obtaining accumu-
lated electrical energy savings up to 34% for cooling periods with a
LAI of 3.5–4 during the Summer period, under Mediterranean con-
tinental climate.

In addition, it was confirmed that the energy savings provided
by green facade systems are dependent on the orientation. Thus,
on the East orientation the green facade was able to intercept the
large impact of the solar radiation in the early hours of the day
with a reduction of 15 �C on the building surface temperature,
going from 36.4 �C to 21.4 �C at 12:15 h, and keeping it below
23 �C throughout the day. In the South orientation, at the time of
peak temperatures in this orientation (15:45 h), the reduction
was up to 16 �C, going from 46.7 �C to 30.7 �C. Finally, on the West
orientation the double-skin green facade was able to reduce
16.4 �C, going from 43.9 �C to 27.5 �C at 19:00 h.

Results revealed that the shadow effect of green facades on the
East and West orientations is representative and should be consid-
ered in architectural design strategy with the same importance
than South orientation.
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Generally it can be concluded that, once completely developed,
Boston Ivy (Parthenocissus tricuspidata) under Mediterranean conti-
nental climate achieves LAI values that range between 3.5 and 4.

The findings of this research contribute to the consolidation of
VGS as one of the most promising nature based solutions for
energy savings in the built environment, as an alternative to tradi-
tional grey solutions.

Acknowledgements

The work partially funded by the Spanish government
(ENE2015-64117-C5-1-R (MINECO/FEDER) and ULLE10-4E-1305).
The authors would like to thank the Catalan Government for the
quality accreditation given to their research group (2014 SGR
123) and to the city hall of Puigverd de Lleida. This projects has
received funding from the European Commission Seventh Frame-
work Programme (FP/2007-2013) under grant agreement No.
PIRSES-GA-2013-610692 (INNOSTORAGE) and from European
Union’s Horizon 2020 research and innovation programme under
grant agreement No. 657466 (INPATH-TES). Julià Coma would like
to thank the Departament d’Universitats, Recerca i Societat de la
Informació de la Generalitat de Catalunya for his research
fellowship.

References

[1] Technology Roadmap. Energy efficient building envelopes. International
Energy Agency, IEA; 2013.

[2] Green Infrastructure. Incorporating plants and enhancing biodiversity in
buildings and urban environments. John W. Dover. Earthscan from
Routledge. Taylor and Francis Group; 2015. ISBN: 978-0-415-52123-9 (hbk).

[3] Pérez G, Coma J, Martorell I, Cabeza LF. Vertical Greenery Systems (VGS) for
energy saving in buildings: a review. Renew Sustain Energy Rev
2014;39:139–65.

[4] Green Infrastructure for Landscape Planning. Integrating human and natural
systems. Gary Austin. Routledge. Taylor and Francis Group; 2014. ISBN: 978-0-
415-84353-9 (hbk).

[5] Urban ecosystems. Understanding the human environment. Robert A. Francis
and Michael A. Chadwick. Earthscan from Routledge. Taylor and Francis Group;
2013. ISBNI3: 978-0-415-69795-8 (hbk).

[6] Pérez G, Rincón L, Vila A, González JM, Cabeza LF. Green vertical systems for
buildings as passive systems for energy savings. Appl Energy 2011;88:4854–9.

[7] Pérez G. Façanes vegetades. Estudi del seu potencial com a sistema passiu
d’estalvi d’energia, en clima mediterrani continental PhD thesis. Universitat
Politècnica de Catalunya; 2010.

[8] Manso M, Castro-Gomes J. Green wall systems: a review of their
characteristics. Renew Sustain Energy Rev 2015;41:863–71.

[9] Hoyano A. Climatological uses of plants for solar control and the effects on the
thermal environment of a building. Energy Build 1988;11:181–99.
[10] Stec WJ. Modelling the double skin façade with plants. Energy Build
2005;37:419–27.

[11] Wong NH, Kwang Tan AY, Chen Y, Sekar K, Yok Tan P, Chan D, et al. Thermal
evaluation of vertical greenery systems for building walls. Build Environ
2010;45:663–72.

[12] Ip K, Lam M, Miller A. Shading performance of a vertical deciduous climbing
plant canopy. Build Environ 2010;45:81–8.

[13] Pérez G, Rincón L, Vila A, González JM, Cabeza LF. Behaviour of green façades in
Mediterranean Continental climate. Energy Convers Manage 2011;52:1861–7.

[14] Perini K, Ottelé M, Fraaij ALA, Haas EM, Raiteri R. Vertical greening systems
and the effect on air flow and temperature on the building envelope. Build
Environ 2011;46:2287–94.

[15] Koyama T, Yoshinaga M, Hayashi H, Maeda KI, Yamauchi A. Identification of
key traits contributing to the cooling effects of green façades using
freestanding walls. Build Environ 2013;66:96–103.

[16] Jim CY. Thermal performance of climber greenwalls: effects of solar irradiance
and orientation. Appl Energy 2015;15:4631–43.

[17] Lang ARG, Yueqin X, Norman JM. Crop structure and the penetration of direct
sunlight. Agric For Meteorol 1985;35:83–101.

[18] Wolter S, Diebel J, Schroeder FG. Development of hydroponic systems for
urban façade greenery. In: Proceedings of international symposium on soilless
culture and hydroponics. Acta horticulturae. p. 843.

[19] Wong NH, Tan AYK, Tan PY, Wong NC. Energy simulation of greenery systems.
Energy Build 2009;41:1401–8.

[20] Susorova I, Angulo M, Bahrami P, Stephens B. A model of vegetated exterior
façades for evaluation of wall thermal performance. Build Environ
2013;67:1–13.

[21] Scarpa M, Mazzali U, Peron F. Modelling the energy performance of living
walls: validation against field measurements in temperate climate. Energy
Build 2014;79:155–63.

[22] Coma J, Pérez G, Solé C, Castell A, Cabeza LF. New green facades as passive
systems for energy savings on buildings. Energy Proc 2014;57:1851–9.

[23] Cabeza LF, Castell A, Medrano M, Martorell I, Pérez G, Fernández AI.
Experimental study on the performance of insulation materials in
Mediterranean construction. Energy Build 2010;42:630–6.

[24] de Gracia A, Castell A, Medrano M, Cabeza LF. Dynamic thermal performance of
alveolar brick construction system. Energy Build 2011;52:2495–500.

[25] Kottek M, Grieser J, Beck C, Rudolf B, Rubel F. World map of the Köppen-Geiger
climate classification updated. Meteorol Z 2006;15:259–63.

[26] Watson DJ. Comparative physiological studies on the growth of field crops: I.
Variation in net assimilation rate and leaf area between species and varieties
and within and between years. Ann Bot 1947;11:41–76.

[27] Jonckheere I, Fleck S, Nackaerts K, Muys B, Coppin P, Weiss M, et al. Review of
methods for in situ leaf area index determination Part I. Theories, sensors and
hemispherical photography. Agric For Meteorol 2004;121:19–35.

[28] LAI Theory and Practice. Decagon Devices 2014. <www.decagon.com>.
[29] Spanish government. Código técnico de la Edificación: Documento básico HE

ahorro de energía. Resource document. http://www.codigotecnico.org/images/
stories/pdf/ahorroEnergia/DBHE.pdf and http://www.codigotecnico.org/
images/stories/pdf/ahorroEnergia/DA-DB-HE-1-Calculo_de_parametros_
caracteristicos.pdf; 2013. Both accessed on April 22nd 2016.

[30] Non-residential cooling and heating load calculations. In: Parsons RA, editor.
Ashrae handbook fundamentals, Atlanta: American Society of Heating,
Refrigerating and Air-Conditioning Engineers, Inc.; 1997. p. 28.7–28.16.

http://refhub.elsevier.com/S0306-2619(16)31639-7/h0005
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0005
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0015
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0015
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0015
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0030
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0030
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0035
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0035
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0035
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0040
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0040
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0045
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0045
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0050
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0050
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0055
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0055
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0055
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0060
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0060
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0065
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0065
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0070
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0070
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0070
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0075
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0075
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0075
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0080
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0080
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0085
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0085
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0090
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0090
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0090
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0095
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0095
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0100
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0100
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0100
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0105
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0105
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0105
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0110
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0110
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0115
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0115
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0115
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0120
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0120
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0125
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0125
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0130
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0130
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0130
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0135
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0135
http://refhub.elsevier.com/S0306-2619(16)31639-7/h0135
http://www.decagon.com
http://www.codigotecnico.org/images/stories/pdf/ahorroEnergia/DBHE.pdf
http://www.codigotecnico.org/images/stories/pdf/ahorroEnergia/DBHE.pdf
http://www.codigotecnico.org/images/stories/pdf/ahorroEnergia/DA-DB-HE-1-Calculo_de_parametros_caracteristicos.pdf
http://www.codigotecnico.org/images/stories/pdf/ahorroEnergia/DA-DB-HE-1-Calculo_de_parametros_caracteristicos.pdf
http://www.codigotecnico.org/images/stories/pdf/ahorroEnergia/DA-DB-HE-1-Calculo_de_parametros_caracteristicos.pdf

	Green facade for energy savings in buildings: The influence of leaf area index and facade orientation on the shadow effect
	1 Introduction
	2 Materials and methods
	2.1 Experimental setup
	2.1.1 Green facade description
	2.1.2 Thermal performance and energy savings measurements
	2.1.3 Climate characterization

	2.2 Leaf area index (LAI)
	2.2.1 Theoretical approach to LAI measurement
	2.2.2 LAI measurements description
	2.2.2.1 Solar radiation 2013
	2.2.2.2 Direct LAI measurement 2013
	2.2.2.3 LAI indirect measurement 2015



	3 Results and discussion
	3.1 Solar radiation 2013
	3.2 LAI direct measurement 2013
	3.3 LAI indirect measurement 2015

	4 Conclusions
	Acknowledgements
	References


