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ARTICLE INFO ABSTRACT

Keywords: On the way to more sustainable and resilient urban environments, the incorporation of urban green infra-
Canopy 3D-modelling structure (UGI) systems, such as green roofs and vertical greening systems, must be encouraged. Unfortunately,
LiDAR

given their variable nature, these nature-based systems are difficult to geometrically characterize, and therefore
there is a lack of 3D objects that adequately reflect their geometry and analytical properties to be used in design
processes based on Building Information Modelling (BIM) technologies. This fact can be a disadvantage, during
the building’s design phase, of UGIs over traditional grey solutions. Areas of knowledge such as precision
agriculture, have developed technologies and methodologies that characterize the geometry of vegetation using
point cloud capture. The main aim of this research was to create the 3D characterization of an experimental
double-skin green facade, using LiDAR technologies.

From the results it could be confirmed that the methodology used was precise and robust, enabling the 3D
reconstruction of the green facade’s outer envelope. Detailed results were that foliage volume differences in
height were linked to plant growth, whereas differences in the horizontal distribution of greenery were related to
the influence of the local microclimate and specific plant diseases on the south orientation. From this research,
along with complementary previous research, it could be concluded that, generally speaking, with vegetation
volumes of 0.2 m3/m2, using Boston Ivy (Parthenocissus Tricuspidata) under Mediterranean climate, reductions in
external building surface temperatures of around 13 °C can be obtained and used as analytic parameter in a
future 3D-BIM-object.

Vertical greening systems (VGS)
Green facades
Buildings

1. Introduction

In just over a decade there are likely to be around 8.5 billion people
on earth, and 9.8 billion in 2050, compared to 7.8 billion today [1].
Given that by 2050, up to 6.7 billion people are expected to be living in
cities (against a rural population of 3.1 billion) [2], Sustainable Devel-
opment Goal 11 calls for making cities and human settlements inclusive,
safe, resilient and sustainable [3].

Urban green infrastructure (UGI) is a set of elements that contribute
to improving the environment in cities through the provision of multiple
ecosystem services to the urban space, by reducing the urban heat island
(UHID) effect, capturing pollutants and reducing CO; emissions,
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improving the control of urban rainwater runoff, decreasing traffic
noise, and supporting biodiversity, among other benefits [4-7].

In recent decades, the possibility of integrating greenery into
building skins, by means of green roofs and vertical greening systems
(green walls and green facades), has become an innovative way to
contribute to a more efficient use of urban space in cities. On a building
level, greenery also provides multiple advantages, such as thermal and
acoustic insulation, the protection of building skin materials, aesthetic
effects and an increase in the property’s value [4,8,9].

Among this set of new integrated building vegetation systems,
double-skin green facades stand out for being easy to implement and
maintain as well as for their high shading capacity, passively
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contributing to large energy savings in buildings [10-13]. From previ-
ous studies on the main parameters that influence the thermal perfor-
mance of this typology of green facades, it was concluded that plant
foliage density, characterized by means of the Leaf Area Index (LAI),
could be used as the main parameter describing the performance of these
systems [10,14].

On the other side, in recent years, in parallel with the development of
a more sustainable architecture and construction, 3D design has been
consolidated as one of the strategies to incorporate the concept of
“designing processes” rather than objects, considering already in the
design phase the entire life cycle of buildings and their environmental
impacts [15-17].

Thus, the processes of architectural design and urban planning are
increasingly based on the use of Building Information Modelling (BIM)
technologies which not only make it possible to design in three di-
mensions, but also to simulate the future behaviour, namely thermal,
acoustic, etc., of buildings or cities during the design phase. Regarding
this fact, some previous authors have highlighted the importance, and
the need, to model vegetation at different scales (urban, district, street
and building) in order to be able to make subsequent simulations based
on BIM models on the effect of greenery on both the urban heat island
effect reduction and the building energy-saving [18].

It has been widely acknowledged that BIM technologies are revolu-
tionizing the landscape of building design and information management
in the global architecture, engineering, and construction (AEC) industry
[19,20]. Nevertheless, there still a knowledge gap regarding how to
move from real objects to virtual objects in order to be able to properly
model the construction systems, and to consequently shift BIM tech-
nologies from being a simple utopia to a reality in the building sector
[21].

For this reason, some authors have stressed the importance of
properly designing and developing BIM objects, so that they can be used
efficiently in smart design processes, avoiding extremely heterogeneity
between objects, in terms of geometry and information provided, and
that can be easily included in the most used and open access BIM-object
libraries [19,20]. Wang et al. [20] pointed out how a BIM object should
be designed and developed in order to be useful and easily included in
BIM object libraries. They identified three BIM object parameters that
are critical to defining a BIM object, namely the identification, geometry
and representation, and the behaviour.

In this context, in which architectural and building design decisions
mainly depend on the available information in the early phases of the
project, not only about the geometry of the architectural elements (di-
mensions and shape), but also on their properties (thermal, acoustic,
etc.), these construction systems based in nature, such as green facades,
are at a clear disadvantage in any choice of the designer over the
traditional systems of grey infrastructure, e.g. shadow slats (Fig. 1) [22].
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Thus, the complexity underlying greenery growth and natural processes,
usually characterized by a lack of suitable information on technologies,
processes, benefits, negative impacts, costs, maintenance, etc. [23],
often leads to a bias in the designer’s decisions toward grey infrastruc-
ture solutions, which offer more reliable expectancies from the point of
view of their future performance.

In addition to this lack of trust towards nature-based solutions during
the building design phase, it is also remarkable the difference between
the current available quantity of grey infrastructure 3D BIM-objects in
reference to the few relating to green infrastructure (Fig. 1) [22].
Whereas thousands of companies have faced the development of 3D
objects during the last years, only few related to greenery construction
systems can be found. In addition, in the most common databases of BIM
objects, only a few referring to UGI elements can be found (bimobject
[24], NBS National BIM Library [25], among others).

Moreover, the quality of these BIM-objects, both in terms of geo-
metric design and the included information, is also higher for the grey
systems.

Therefore, designers have during the design phase an easy access to a
large palette of 3D-objects relating to grey infrastructure construction
systems, whereas they are currently unavailable in the case of green
infrastructure.

As a result, there is a real need for research on the development of
reliable 3D-objects relating to urban green infrastructure systems, both
on drawing designs and on information included. The opportunity to
incorporate parametric information about the ecosystem services pro-
vided by these systems will make it possible to include these systems
during the urban and building design phase, conducting simulations of
their performance. As an example, in Fig. 2 a green facade 3D-object is
showed. In this case and due to the difficulty to characterize geometri-
cally the volume of the vegetation, the green facade volume was
simplified in two parallel irregular volumes of different height and of
variable thickness, which can be manually adapted by the user (Fig. 2 -
right). Unfortunately, in this case there is no parameter that allows to
correlate this simplified volume with the benefits provided by the green
element (thermal, acoustic, etc.).

Thus, and looking for the design of a future BIM 3D-object, the
possibility of obtaining an actual 3D model (“modelling”) of the green
facade to later include analytic properties (“information™), such as the
LAI parameter, and to link this parameter to the energy savings provided
[10-13], and/or the acoustic insulation performance [26], among other
benefits, stands out as a realistic possibility that is worth being
researched.

This study addresses the first phase and one of the most important in
the development of a BIM object, which is the geometric characteriza-
tion of the building element, in this case an existing double-skin green
facade.

Fig. 1. Lack of 3D-objects for green infrastructure [22].
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Fig. 2. Example of green facade 3D-object.

Previous studies have highlighted the use of point cloud capture
methods to characterize complex architectural shapes that can be later
used to create BIM objects [27]. However, for this purpose and consid-
ering the possibility of precisely characterizing the complex
three-dimensional structure of vegetation, also in the field of precision
agriculture, useful methodologies are used to obtain accurate models of
the plants’ foliage [28]. The information obtained from these 3D models
is of great interest in making decisions regarding crop management [29,
30], being able to be used to apply smart agricultural techniques, such as
the precise application of plant protection products [31], to conduct
simulations of plant growth [32] and final yield assessments [33],
among other applications. In previous studies, different 3D sensors were
used to perform this three-dimensional characterization, such as Light
Detection and Ranging (LiDAR) systems, from which point clouds were
obtained, which, once processed, enable the three-dimensional repre-
sentation of the scanned vegetation to be analysed [34].

The operating principle of LiDAR systems is similar to Radio Detec-
tion and Ranging (RADAR), but they use laser light instead of radio
waves. From the speed of light or the phase shift of backscattered light,
LiDAR systems estimate the distance between the sensor and the
detected object by measuring the time it takes for the light emitted by
the sensor to reach the object and return to the sensor [30]. Therefore,
they have a source that emits a laser light beam and a photodetector to
detect returns and their intensity. In most LiDAR systems, the laser beam
is emitted sequentially in several directions within a plane, usually by
means of a rotating mirror, achieving the measurement of the distances
of objects located in the plane in which the scan is performed; this is why
they are frequently called laser scanners or LiDAR scanners.

3D characterization systems based on LiDAR scanners can be clas-
sified according to the type of platform on which they are boarded. Thus,
we speak about Airborne Laser Scanners (ALS) and Spaceborne Laser
Scanners (SLS) in the case that LiDAR scanners perform measurements
from an approximately zenithal position from a height of the order of a
few meters to several kilometers, boarded on an aircraft (drone, heli-
copter, plane) or on a satellite, respectively. Alternatively, Terrestrial
Laser Scanners (TLS) perform measurements from the ground, either
stationary or mobile, on board of a terrestrial vehicle (in this case, we
speak about Mobile Terrestrial Laser Scanners, MTLS) [35] or even
carried by humans (Portable Terrestrial Laser Scanners, PTLS). ALS have
the advantage that they allow 3D measurements of large areas in a short
time, although their spatial resolution, accuracy and precision is usually
limited for certain applications. ALS have been used for decades in ar-
chitecture [36,37], civil engineering [38], archaeological heritage [39],
geosciences [40] and forestry [41,42], among others. On the other hand,
TLS perform measurements in smaller areas (usually ranging from a few
square meters to a few hundred square meters) but with a much larger
spatial resolution than ALS. TLS has been used for decades in a multitude
of fields, being architecture [43-47], civil engineering [48,49], forestry
[50,51] and, more recently, agriculture [52-54] some of the most active

fields, along with metrology, robotics and autonomous vehicles.
Although both ALS and TLS systems obtain the external 3D character-
istics of the measured targets, in certain applications (such as in the case
of architecture and civil engineering), TLS even allow measurements to
be made to characterize the interior of buildings.

Many LiDAR sensors are 2D. This means that they scan objects in a
plane. To obtain 3D models of the objects it is necessary to move the
sensor constituting MTLS or PTLS, so that, by joining the measurements
of the different scanned planes, a 3D model of the object is obtained
[52-54]. There are also LiDAR sensors that perform the measurements
directly in 3D, from which an MTLS can also be constituted. Many 3D
TLS perform the measurements in a stationary position which is changed
around the measured object in order to complete its 3D model. These 3D
TLS allow obtaining 3D models with a higher accuracy than MTLS or
PTLS [35]. However, the acquisition time of stationary TLS is higher
than MTLS or PTLS. The results of the measurements obtained with an
MTLS consist of a set of points, called a “point cloud”, each corre-
sponding to a measurement of a specific point on the surface of the
object, thus providing the 3D model of the measured object. In MTLS,
LiDAR scanners usually work synchronously with an Inertial Measure-
ment Unit (IMU) and a Global Positioning System (GNSS). The former
allows tilting errors to be corrected and the latter allows spatial co-
ordinates to be assigned to each point in the cloud to facilitate further
analysis and use.

The measurement of plant characteristics with LiDAR scanners
makes it possible to obtain their three-dimensional models and extract
relevant parameters, both geometric (i.e. width, height, depth, volume)
and structural (i.e. structure and geometry of plants, leaf density,
penetration capacity of light) [35,55].

Since this methodology makes it possible to obtain 3D models of
vegetation (leaf density) using a cloud of points, it was thought oppor-
tune and innovative to apply it in the field of sustainable construction
and urban green infrastructures, to obtain the three-dimensional char-
acterization of a double-skin green facade.

Therefore, the main objective of this research was to geometrically
characterize a double-skin green facade using an MTLS typically applied
in precision agriculture, in order to obtain a reliable three-dimensional
representation of the foliage.

2. Materials and methods
2.1. Double-skin green facade description

There are different strategies for applying vegetation vertically on a
building. As a basic first division, two main groupings can be established
between green walls (living walls) and green facades, the former systems
requiring more intensive levels of maintenance than the latter, which
are more extensive [10]. Green walls are usually designed to support
shrubs, so they are usually made up of plastic prefabricated modules
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filled with substrate or covered in geotextile felts, in order to retain
water and provide physical support to this plant typology (Fig. 3). On
the other hand, climber species are mainly used for green facades. On
the so-called traditional green facade, the building facade material is
directly used as support, while on a double-skin green facade, a light-
weight support structure allows plants to develop at a certain distance
from the building wall.

Double-skin facades basically imply the contemporary adaptation of
traditional systems, being very promising due to their simple designs,
low investment, minimum extensive maintenance, and low interaction
with architectural elements [56,57].

For the experiment presented in this paper, a double-skin green
facade was used [58]. To provide support to the plants, a lightweight
steel mesh was anchored using screws at 25 cm from the building wall,
creating an intermediate space between the green screen and the
building facade wall (Fig. 4).

The double-skin green facade covered the east, south and west sides
of a fully monitored experimental cubicle, previously used to study the
thermal performance of this system [10], the selected species being
Boston ivy (Parthenocissus Tricuspidata), a deciduous species
well-adapted to the continental Mediterranean climate. Plants reached
their maximum development during summer 2015 (Fig. 5), and since
then every year the three cubicle orientations became completely
covered from April to November.

2.2. Sensoring system

The measurement system consisted of a self-developed MTLS
composed of a LiDAR scanner and a real-time kinematics global navi-
gation satellite system (RTK-GNSS), along with a personal computer,
mounted on a self-propelled hybrid vehicle whose speed could be
adjusted by the user over a wide range (Fig. 6).

The LiDAR scanner used is a UTM30-LX-EW (HOKUYO, Osaka,
Japan). This sensor has a range of 30 m and performs 40 scans per
second (40 Hz) in an almost vertical plane perpendicular to the direction
of movement. Its field of view is 270° with an angular resolution of
0.25°, which enables 1081 distance measurements per scan (giving an
acquisition rate of 43,240 points s7D), each expressed in polar co-
ordinates, i.e., the sensor determines the angle and distance of each
measured point with respect to the sensor. The RTK-GNSS system used is
a GNSS 1200+ (Leica Geosystems AG, Heerbrugg, Switzerland), which
provides absolute coordinates and UTC time (synchronized with LiDAR)
with a frequency of 20 Hz and an accuracy of approx. 20 mm.

The UTM30-LX-EW was mounted on a vertical mast firmly attached
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to the mobile platform, at a height of 170 cm above the ground and 31.5
cm below the receiving antenna of the RTK-GNSS rover. Table 1 sum-
marizes the main characteristics of the developed MTLS system.

Two field trials were conducted. The first one was carried out in
winter (December), with the facade without vegetation (Fig. 5b). In this
trial, the UTM coordinates of the upper corners of the facades and the
steel mesh were recorded. The second trial was conducted in the late
summer period (September), when the greenery was completely devel-
oped (Fig. 5a). Both trials were performed by moving the MTLS along a
rectilinear trajectory parallel to each of the facades, at an approximate
distance of 4.5 m. Each scan provided measurements on a vertical plane
perpendicular to the direction of advancement, that is, perpendicular to
the green facades. The speed of the MTLS was 0.15 m/s, resulting in a
distance between two consecutive scans of approximately 3.8 mm. The
measurements were replicated to assess the repeatability of the system.
Thus, two replicates of each facade were performed (rep 1 and rep 2).

2.3. Data processing

2.3.1. Generation of point clouds

The absolute coordinates determined by the receiver at the GNSS
antenna were transferred to the LiDAR sensor and, from there, to the
detected points of the point cloud. Both UTM30-LX-EW and GNSS1200+
were connected to a laptop with a software developed specifically to
control and acquire data from the sensors, written in LabVIEW (National
Instruments, Austin, USA), which combines and stores the coordinates of
the RTK-GNSS receiver and LiDAR data. Therefore, each of the measured
points was georeferenced in absolute rectangular coordinates with an
approximate accuracy of +50 mm (from Table 1: +£30 mm for the ac-
curacy of the sensor and +20 mm for the RTK-GNSS receiver). The scan
of each facade generated a single file of about six million points. By
fusing the points of the four facade orientations, as well as those
describing the ground layer, a 3D image of the whole green facade was
obtained.

2.3.2. Computing the vegetative volume

This section describes the steps followed to process the point clouds
with the aim of characterizing the vegetative volume of the double-skin
green facade:

1. The cubicle walls were 3D modelled by means of 3 m x 3 m planes.
The walls were initially positioned departing from the GNSS co-
ordinates of their upper vertices. Fine positioning of the walls was

Fig. 3. Examples of vertical greenery systems on a building: a) green wall, b) traditional skin-facade, and c) double-skin facade.
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Fig. 5. Double-skin green facade under study, completely developed from summer 2015. (a) East facade in summer. (b) East facade in winter. (c) North view and side
view of east facade in summer. (d) Middle space, free of leaves, between the building facade wall and the steel mesh, in summer.

achieved by using the georeferenced point clouds of the facade
without vegetation.

2. Then, the measurements of the facade with completely developed
vegetation were processed. The point clouds of the three vegetated

facades (east, south, west) were segmented using the orthogonal
projection of the corresponding cubicle wall. With this, the area to be
analysed was the same on all three facades (9 m2). To lessen the noise
of the resulting clouds, a Statistical Outlier Removal (SOR) filter was
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GNSS antenna

Fig. 6. a) General view of the MTLS performing a measurement of the double-skin green facade in winter, showing its main components. b) Detail of the UTM30-LX-

EW LiDAR and the GNSS1200 + RTK-GNSS system.

Table 1
Characteristics of the MTLS system.

LiDAR sensor Hokuyo UTM30-LX-EW

Light source Laser semiconductor (class 1)

Wavelength 905 nm

Measurement range 0.1 m-30.0 m

Measurement accuracy +30 mm (in the range 0.1-10 m)
Angular range 0°-270°

Angular resolution 0.25°

Scan rate 40 Hz

RTK-GNSS system Leica GPS1200+

RTK-GNSS accuracy 10 mm (horizontal)/20 mm (vertical)
RTK-GNSS update rate 20 Hz

applied, considering the six nearest neighbouring points and a
standard deviation equal to 1.

3. For the three green facades, the distance between each point of the
cloud and the cubicle wall was computed.

4. The point clouds were rasterized, projecting each one on a plane
parallel to its wall. Square cells were used in this process and the
following cell sizes (cm) were evaluated: 5, 6.25, 8.33, 10, 12.5,
16.67, 20, 25, and 50. The scalar value of each pixel of the raster
image was calculated as the average of the distances to the wall d,,, of
all the points included in the cell associated with that pixel.

5. The cell volume (i.e., the vegetative volume corresponding to each
cell) was estimated as the volume of a prism based on this cell:

(Eq. 1)

V.=5"dom

where s is the cell size (side length). dem is the average distance to the
steel mesh of all the points included in the cell, and is given by:

dem = deyy — Aoy (Eq. 2)
dew being the average distance to the wall (step 4) and dp,, = 25 cm the
separation between the wall and the mesh (Fig. 4). This method con-
siders the vegetative volume that grows from the mesh outwards,
neglecting the fraction of vegetation that grows inwards (towards the
cubicle wall) (Fig. 7). As can be seen in Fig. 5d, the intermediate space
between the steel mesh and the building facade wall remains free of
leaves even in the periods of maximum plant development, so that this
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Fig. 7. Cell volume estimate.

volume calculation estimate agrees with the fact that green facades grow
mainly outwards.

6. Finally, the spatial distribution of vegetation on a facade depends on
a number of factors, such as the hours of sunshine, how the different
plants take root and the vigour of those plants. Sunshine affects the
whole facade, while the other two factors may affect the width and/
or height of the facade to different extents. This will be analysed by
dividing the facades into three rows, each 1 m in height, and three
columns, each 1 m in width. The intersection of rows and columns
determine nine regions (Fig. 8). The vegetative volume of each
facade, row, column or region was computed as the sum of all the cell
volumes belonging to it. The processing of the results was carried out
by facade, row, column and region.

Steps 1 to 3 of this processing were conducted using the software
Cloud Compare (Cloud Compare [GPL software] v2.10.alpha), while
MATLAB® (R2018a, Math Works Inc., Natick, Massachusetts, USA) was
employed for point cloud generation and in processing steps 4 to 6.

2.3.3. Statistical analysis
A statistical analysis was applied with two purposes: (1) to study the
repeatability of the system by comparing the two replicates, and (2) to
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Fig. 8. Division of the green facade into regions (numbers within squares),
rows and columns.

assess the differences in the vegetation’s spatial distribution on the fa-
cades by comparing the average cell volume per facade, row, column
and region.

The repeatability analysis consisted of comparing all the cell volumes
on all three facades for each replicate and comparing the replicates of
each facade. For this purpose, a factorial linear model with interaction
was adjusted, considering the replicate and the facade as fixed factors
and the cell volume as the dependent variable. An ANOVA was per-
formed and the significance of the model was assessed. Then, the sig-
nificance of each factor and the factors’ interaction was observed. If the
model was not significant, there was no reason to reject the null hy-
pothesis and both replicates would be considered non-different as well
as the average volumes of each facade. If the model was significant, the
null hypothesis would be rejected and the significance of the factors as
well as their interaction would be analysed. A Tukey honestly significant
difference (HSD) test would be applied with a significance level of 0.05
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to compare the mean cell volumes.

To assess the differences in vegetation distribution, a factorial linear
model with interaction was adjusted for each facade, considering facade
row and column as fixed factors. The significance of the model and of
each factor was then assessed. If the effect of any of the factors were
significant, the Tukey HSD test would be applied with a significance
level of 0.05 to compare the mean cell volumes between rows, columns
and possible interaction between these two factors, referring to the
different regions on each facade. The statistical analyses were performed
with JMP Pro 14.2.0. (SAS Institute Inc., Cary, NC, USA).

3. Results and discussion
3.1. 3D model of the green facade

Fig. 9 presents plan views of the cubicle generated from LiDAR
measurements and corresponding to the no-vegetation case (Fig. 9a) and
to the completely developed greenery (Fig. 9b). The solid white line
indicates the position of the cubicle wall (GNSS points: FV1, FV2, FV3
and FV4), while the dashed white line marks the position of the steel
mesh (GNSS points: FV5, FV6, FV7 and FV8). The growth of the vege-
tation is evidenced by comparing both views. When there is no vege-
tation (Fig. 9a), the LiDAR sensor measures the cubicle wall. With the
presence of vegetation (Fig. 9b), the laser beam is not able to reach the
wall and the outer enveloping of the vegetation is scanned.

From these measurements it was possible to rebuild the point cloud
that characterizes the double-skin green facade vegetation volume at its
maximum development. Fig. 10 shows a 3D reconstruction of the cubicle
with completely developed vegetation.

In Wong and Zhou [15] the future lines of research towards “Green
BIM” adoption in the building sector were settled. In addition, the
importance of extending the application of cloud computing and man-
aging big data in green BIM was highlighted. By obtaining the volume of
the green facade under study, the authors have contributed to the
achievement of this innovative research trend within the building and
architecture sector.

However, clearly there is still a lack of research in this direction and
only a few similar cases can be found, for example those where the
concept of “scan-to-BIM” is defined to compare the as-built data of
construction projects with the planned works [59].

In the case of construction systems where vegetation can be inte-
grated into the building envelope, these technologies are even more

e
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(b)

Fig. 9. Plan view detail of the cubicle with the double-skin facade: (a) without vegetation in winter (December); (b) with completely developed vegetation in late

summer (September).
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Fig. 10. 3D view of the point cloud generated by the LiDAR sensor with completely developed vegetation: (a) south/west facades; (b) north/east facades. The colours
refer to the height of the points, the blue ones being those at ground level. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

interesting to study, as the level of variation and heterogeneity of
organic shapes and volumes is higher than typical inert construction
elements.

3.2. Comparison between facades and analysis of the precision of the
system

Current state-of-the-art technology presents several methods for
estimating vegetative volume from point clouds, either by adjusting
simple geometric bodies (cubes, cylinders, trapezoids, etc.) or through
computational geometry (convex-hull, alpha-shape, voxelization, etc.)
[60-62]. Although these methods make it possible to estimate the vol-
ume of porous vegetative structures (e.g. the crown volume of a tree),
they are not appropriate for determining the volume of a completely
developed green facade such as the one assessed in this work. Due to its
high foliar density, the laser beams emitted by the LiDAR system
collided with the outer layers of the vegetated facade. For this reason,
the resulting point cloud cannot be considered a 3D image of the entire
vegetative volume, but rather a reconstruction of its outer envelope. The
method proposed in this work is based on determining the volume be-
tween the envelope and the steel mesh. Fig. 11 shows the estimated
volume of vegetation for each facade orientation and for each replicate
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Fig. 11. Vegetation volume on each facade (replicates 1 and 2) for several
cell sizes.

considering different cell sizes. It can be observed that, with this
method, the volume of vegetation remains almost constant regardless of
the cell size.

A cell size of 10 cm has been considered in the analysis that follows.
This is the minimum size for which no empty cells (no LiDAR points) are
obtained on all facades and for all replicates. The vegetation volume was
computed by adding the volume of the considered individual cells (full
facade, by rows, by columns or by regions).

The factorial linear model adjusted to all the data (N = 5400) to
analyse the effect of the factors Replicates and Facade Orientation
resulted significant (p-value < 0.0001). However, the effect of the
Replicate factor was not significant (p-value = 0.2067). Thus, there is no
evidence to reject the null hypothesis, so we can consider there are no
significant differences between the two replicates. The total cell unit
volume average for rep 1 is 1.930 dm® while for rep 2 it is 1.952 dm®
(Nrep 1 = Nrep 2 = 2700). The effect of the Facade Orientation factor was
significant (p-value < 0.0001), but the interaction with the Replicates
was not (p-value = 0.6384). Hence, while differences were found be-
tween facades, no significant differences were found between replicates
within each facade. The results are presented in Table 2.

The per-facade average cell volume does not present statistically
significant differences between replicates. However, there are clear
differences between facade averages (Table 2). The facade orientation
with higher average cell volume and, hence, with higher total volume, is
the east facade, followed by the west and south ones. The variability in

Table 2

Comparison between facades and replicates (rep i) of the vegetation volume per
facade orientation (cell size = 10 cm), number of LiDAR points, number of cells,
average cell volume (averages not connected by the same letter are significantly
different according to the Tukey HSD test (a = 0.05)) and standard deviation.

Parameter East East South South West West
(rep 1) (rep 2) (rep 1) (rep 2) (rep 1) (rep 2)

Total 2.013 2.049 1.356 1.379 1.843 1.843
volume
[m?]

Number of 101456 123838 116097 119276 116339 117283
LiDAR
points

Number of 900 900 900 900 900 900
cells

Average 2.236a 2.277a 1.506¢ 1.532¢ 2.047b 2.048b
cell
volume
[dm?]

Standard 0.487 0.459 0.575 0.579 0.819 0.829
deviation
[dm?]
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cell volumes is lower in the east facade, followed by the south and west
ones. This is clearly seen in Fig. 12.

The vegetation distribution on each facade is described and analysed
in the following sections. As no significant differences are found be-
tween replicates, the following results refer to rep 1.

These results perfectly reflect the development of vegetation on each
facade. The variation in the results obtained on different facades illus-
trates the influence of microclimate on plant development. Thus, in this
specific location there is a constant south-westerly breeze, which slows
the growth of vegetation on these two facades. This fact has already been
observed in previous studies to characterize leaf density, using tradi-
tional techniques for measuring the LAI [10,14]. In the case of the
eastern facade, which is more protected from the local dominant breeze,
year after year the vegetation generally has a higher growth, which was
well characterized in the largest volume recorded.

As for the difference in volume between the south and west facades,
although in a normal year these orientations reach a similar volume, at
the time of the 3D data gathering, a couple of plants located on the left
zone of the south facade were suffering from a disease that decreased the
number and volume of the leaves and consequently the total volume of
this facade orientation. For this reason, a lower volume of 1.356 m® (rep
1) was measured on the south facade as compared to the 1.843 m> (rep
1) reached on the west facade.

3.3. Per-facade vegetation volume analysis

The distribution of the vegetation on each facade is commented and
analysed in the following sections. Visual representations of its spatial
distribution are shown in Figs. 13-15. A multifactorial linear model was
adjusted to the rep 1 data (N = 2700) to assess the effect of factors Row
and Column and their interaction on each facade. Results are presented
in Tables 3-5.

3.3.1. East facade

As shown in Fig. 13, the spatial distribution of vegetation on the east
facade is not uniform. The vegetation depth ranges from 30 cm to more
than 60 cm with a decreasing pattern in height. The results of the sta-
tistical analysis prove the significance of factors Row and Column and of
their interaction (all p-values < 0.0001). What and where are the dif-
ferences in Table 3. When analysing the rows or columns individually, it
is possible to obtain a rough approach to the real situation. For example,
columns 2 and 3 have significantly higher cell volume averages than
column 1. Moreover, the average cell volume in row 1 is significantly
higher than it is in row 2 and row 3. However, this is not entirely true for
the entire height of the column or length of the row. Thus, the least
vegetated region is region 7, closely followed by regions 8, 9, 4 and 1.
The most vegetated regions are regions 2 and 3, followed by regions 6
and 5. It is reasonable to have more vegetation close to the roots of the
plants with a decreasing pattern in height, and that is clearly seen in the
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Fig. 13. East facade. The colour scale indicates the vegetation depth (i.e. dis-
tance of the vegetation from the wall). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

row results.

Differences in columns can usually be explained when some plants
are less vigorous than others. That happens when plants are not properly
rooted or when soil properties are variable along the facade width.
However, in the case of this east facade, the lower volume in column 1
was the consequence of a disease that mainly affected the plants located
in the southeast corner that took place at the time of the measurements.
This fact not only implied a decrease in the volume of columns 2 and 3 of
the south facade but also affected column 1 of this east facade as can be
clearly observed in Fig. 13.

This event was specific to the year and time of the data collection and
after this disease the plants again recovered normally. This fact high-
lights, on the one hand, the influence that a disease can have on the
vegetation volume and consequently on the ability to produce shade and
provide energy savings during the cooling period, and on the other hand,
as previous authors have highlighted, the importance of maintenance
operations when vertical greening systems are used [4].

3.3.2. South facade

Fig. 14 shows the high variability of the south facade, with vegeta-
tion depth ranging from 15 cm to 55 cm. Visual observation shows low
vegetation development in regions 3 and 9, and in region 6 to a lesser
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Fig. 12. Vegetation volume distribution histograms. Count (vertical) vs. cell unit volume (horizontal) for the three facades: (a) east (N = 900); (b) south (N = 900);

(c) west (N = 900).
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Fig. 14. South facade. The colour scale indicates the vegetation depth (i.e.
distance of the vegetation from the wall). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

3.0
60
2.5
50
2.0 €
—_ 40 2
£ | g
[
E150 ©
.% 308
T B
(2]
1.0 20 >
0.5 10
0.0 ; . 0
00 05 1.0 1.5 2.0 25 3.0
Width (m)

Fig. 15. West facade. The colour scale indicates the vegetation depth (i.e.
distance of the vegetation from the wall). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

extent. It is confirmed through statistical analysis, where the effects of
factors Row and Column, and their interaction, proved to be significant
(all p-values < 0.0001). The average cell volume in column 3 is signif-
icantly lower than in columns 1 and 2 (Table 4). Row total average cell
volumes 1 and 3 are also significantly lower than row 2. However, the
most vegetated zone is region 1.

As previously mentioned, at the time of the measurement, a disease
was affecting the plants in columns 2 and 3 of the south facade, which
temporarily reduced their volume. This fact was perfectly captured
during the data collection process as shown in Fig. 14, highlighting the
effectiveness of the set methodology as well as the data collection
process.

As on the other facades, the volume is always higher in the lower
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Table 3
Vegetation volume [m®] on east facade according to the different regions, rows
(Nyow i = 300) and columns (N ; = 300) with their totals.

Column 1 Column 2 Column 3 Row Totals
Row 3 0.185 0.196 0.199 0.579
(1.849d) (1.957cd) (1.987cd) (1.931%)
Row 2 0.204 0.236 0.244 0.684
(2.042c) (2.364b) (2.438b) (2.282y)
Row 1 0.208 0.279 0.263 0.749
(2.076¢) (2.790a) (2.625a) (2.4978)
Column 0.597 0.711 0.705 2.013
Totals (1.989B) (2.371A) (2.350A) (2.237)

Average cell volumes [dm®] are included in brackets. Averages not connected by
the same lowercase letters are significantly different. Column total averages not
connected by the same uppercase letters are significantly different. Row total
averages not connected by the same Greek letters are significantly different. All
average comparisons applied the Tukey HSD test (a« = 0.05).

Table 4
Vegetation volume [m®] on south facade according to the different regions, rows
(Nyow i = 300) and columns (N ; = 300), with their totals.

Column 1 Column 2 Column 3 RowTotals
Row 3 0.130 0.141 0.112 0.383
(1.300def) (1.412de) (1.118fg) (1.2768)
Row 2 0.200 (2.002b) 0.182 (1.816¢c)  0.127 0.509
(1.267ef) (1.6958)
Row 1 0.222 (2.217a) 0.147 0.096 0.464
(1.468d) (0.958g) (1.548y)
Col 0.552 0.470 0.334 1.356 (1.506)
Totals (1.840A) (1.565B) (1.114C)

Average cell volumes [dm®] are included in brackets. Averages not connected by
the same lowercase letters are significantly different. Column total averages not
connected by the same uppercase letters are significantly different. Row total
averages not connected by the same Greek letters are significantly different. All
average comparisons applied the Tukey HSD test (o« = 0.05).

Table 5
Vegetation volume [m>] on west facade according to the different regions, rows
(Nyow i = 300) and columns (N ; = 300) with their totals.

Column 1 Column 2 Column 3 Row Totals
Row 3 0.121 (1.209¢)  0.114 (1.136e)  0.107 (1.072¢)  0.342
(1.1395)
Row 2 0.234 0.216 (2.157d)  0.241 0.691
(2.342cd) (2.410bc) (2.303y)
Row 1 0.275 (2.752a)  0.260 0.275 (2.746a)  0.810
(2.603ab) (2.7018)
Col 0.630 0.590 0.623 1.843 (2.048)
Totals (2.101A) (1.966B) (2.076A)

Average cell volumes [dm?] are included in brackets. Averages not connected by
the same lowercase letters are significantly different. Column total averages not
connected by the same uppercase letters are significantly different. Row total
averages not connected by the same Greek letters are significantly different. All
average comparisons applied the Tukey HSD test (« = 0.05).

rows than in the upper ones, coinciding with the logical growth of the
plants. This fact was already characterized in previous LAl measurement
studies using traditional methods [10,14]. Perhaps in future experi-
ments it would be necessary to study in detail how this volume decrease
with the plant height influences the ability to provide shade and energy
savings for cooling.

3.3.3. West facade
The west facade looks much more uniform than the other two
(Fig. 15). Although the adjusted factorial model was significant, the
significance of factors Row (p-value < 0.0001), Column (p-value
0.0011) and their interaction (p-value = 0.0199) was slightly lower.
As on the other facade, the rows on this west facade follow a
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significantly decreasing pattern in height, which clearly characterizes
the vertical growth of plants (Table 5). Differences between columns are
small, although significant.

In this case, the smaller volumes recorded in row 3, especially in
columns 2 and 3 (regions 8 and 9), are explained by the influence of the
breeze that constantly impacts in a southwest direction and clearly
hinders the growth of plants in height. This fact has been verified by
many years of experimentation [10,14], and it was also reflected in the
current study on the geometrical description and calculation of green
facade volume.

3.4. Relationship between vegetation volume and shadow effect

Although the main objective of this study was the geometrical
characterization of the green facade and not the evaluation of the
shadow effect and its connotations in energy savings, there is a close
relationship between these topics that it is worth discussing.

In complementary previous studies, the measurement of the leaf
density of the same double-skin green facade was characterized using
the Leaf Area Index (LAI), both by the direct method (destructive) and
by the indirect method (using appropriate equipment e.g. ceptometer)
[14]. Moreover, a per-facade orientation analysis of the double-skin
green facade’s contribution to passive energy savings was also con-
ducted [10]. On Summer 2015, with a higher foliage development, the
positive thermal behaviour of this green facade 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 passive system in comparison to the reference one, obtaining
accumulated electrical energy savings up to 34% for cooling periods
with a LAI of 3.5-4 during the Summer period, under Mediterranean
continental climate [10,14].

Although no measurements about the energy performance were
conducted during the research presented in this paper, the development
of the green facade was quite similar than during those previous energy
experiments, since once plants reach maturity, their development is
quite similar each new summer season. On the basis of this premise, in
this section the main goal is look for a correspondence between the
measured volume and the obtained results from the previous energy
experimentation.

To conduct this comparative, it should be remembered that in pre-
vious studies it was determined that the most interesting parameter for
quantifying the contribution of VGS to passive energy savings in
buildings is the reduction of the external surface temperature of the
building facade wall (AT parameter). Using this parameter as a refer-
ence, it is possible to compare research studies regardless of the facade
construction system used on the building [9].

Since the external surface temperature probe on the building facade
wall during energy experiments [10,14] was located at the central point
of the facade, it is considered that the vegetation volumes, achieved in
region 5 are decisive in the evolution of these surface temperatures
during the cooling period (summer).

Table 6 shows the vegetation volumes for region 5 by orientation, as
well as the average external wall surface temperature reduction ach-
ieved, expressed as AT (°C).

Regarding the reductions obtained in the external surface
Table 6
Relationship between measured volume in region 5 and external surface tem-
perature reductions in [10].

Orientation/ Measured vegetation volume Average reduction AT
Region (rounded value) (m®) (°C) [10]

East 5 0.24 —13.8

South 5 0.18 -10.7

West 5 0.22 —-13.9
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temperature as a consequence of the existence of the green facade, the
correspondence between the volume of vegetation measured in the
present study and the measured reductions for studies on energy savings
from the same green facade can be observed.

These results are very encouraging because they not only show that
the methodology used to measure the volume of vegetation was
appropriate but they also open a very interesting path for research in
terms of connecting the data on shadow effect and energy savings with
the shape geometry of the green facade. Generalizing the values ob-
tained from these research studies, it could be concluded that with
vegetation volumes of 0.2 m3/m?, reductions in external building sur-
face temperatures (AT parameter) of 13 °C can be obtained. Thus, this
data could be used in the future in the design of BIM objects for green
facades, specifically in the definition of the analytical properties of the
BIM object, allowing them to be used in energy simulations based on the
3D model of the building to which the green construction systems may
be applied.

4. Conclusions

The growing use of BIM objects in the processes of design and
simulation of building’s behaviour (thermal, acoustic, etc.), has gener-
ated the need to improve the geometric representation and the incor-
porated information in the objects related to the urban green
infrastructure, and especially those construction systems integrated into
the building envelope, such as roofs and green facades.

Given the difficulty of geometrically characterizing vegetation, the
few examples of 3D objects relating to building-integrated vegetation
systems tend to oversimplify shapes and not to incorporate any
parameter (information) regarding their behaviour as a passive tool for
energy saving. A first step towards the normalization of this situation is
the 3D characterization of the real cases volumes, in the same way that it
is being done in other disciplines, such as precision agriculture.

In this research, the characterization of a double-skin green facade
using an MTLS typically applied in precision agriculture, in order to
obtain a reliable three-dimensional representation of the foliage, was
conducted.

From the results, the following main conclusions can be drawn:

- The proposed capture methodology has proven to be precise and
robust. There were no significant differences between the two rep-
lications carried out during the point cloud capture process using the
LiDAR sensor, thus enabling the further 3D reconstruction of the
green facade’s outer envelope.

The suggested volume calculation methodology, based on deter-
mining the volume between the envelope and the steel mesh, was
also appropriate.

Significant volume differences were found between the different
facade orientations, reaching values of 2 m® on the east orientation
(more protected from local breezes), 1.4 m® on the south side
(influenced by a constant breeze and a disease in the left zone of the
facade), and 1.8 m° on the west side (influenced by a constant
breeze). This fact highlights the influence of cardinal direction and
local microclimate on the final development of the plants.
Differences in height were found, the facade being more voluminous
in all directions on the bottom regions closer to the base of the plants
and less voluminous in higher areas (growth zones), away from the
roots.

- The differences between rows within a side can be explained by the
local microclimate (the south-westerly breeze) and the impact of
specific diseases, in this case in the southeast corner. In addition to
the local microclimate, plant maintenance also stands out as a key
contributor to the ability of plants to provide ecosystem services
(shadow effect).

From this research, together with complementary previous research,
it could be concluded that, generally speaking, with vegetation
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volumes of 0.2 m3/m?, reductions in external building surface tem-
peratures of 13 °C can be reached.

The results and conclusions of this research pave the way for the
future definition of BIM objects for green facades and green walls, to
which it could be possible to incorporate analytical parameters that
would make it possible to simulate their contribution not only to energy
savings but also to other ecosystem services during the architectural
project phase. Future research could address this issue, so that the point
clouds of green systems obtained following the methodology defined in
this research can be arranged and inserted using the appropriate BIM
software to create the BIM objects.

This process will be crucial to ensure that all these nature-based
construction systems (green infrastructure), which make the integra-
tion of vegetation into building envelopes possible, can be considered
during the early stages of architectural design, which usually include
simulations of building performance, in the same conditions as con-
ventional (grey infrastructure) solutions are.

The present work has to be understood as an initial step towards the
geometric characterization of green facades which should be com-
plemented with further studies considering different species and alter-
native 3D sensors. In this regard, there is a clear parallelism with the
precision agriculture area, where the use of LiDAR sensors has allowed
the geometric and structural characterization of tree-row crops and es-
timate canopy parameters whose knowledge allows the farmer to opti-
mize the agricultural inputs. Similarly, future studies should analyse
potential relationships between the geometric parameters of the green
facade (derived from 3D sensor measurements) and its environmental
capacity (thermal and acoustic insulation, evaporative cooling, pollu-
tion capture and CO, sequestration, etc.).
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