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Abstract

A mobile indoor mapping system combined with infrared thermography was used for the acquisition of
data needed for the quantification of heat loss through a building envelope by conduction; that is,
temperature values and building geometry. The methodology presented orthothermograms to pro-
vide measurement of heat loss and thermographic images with geometric information. This way, not
only the energy loss through the building envelope is provided, but also thermographic information
regarding the existence of thermal pathologies, their location and their impact on the building can also

be evaluated.
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Introduction

The use of infrared thermography as a widely tested
technique for building inspection and location of
pathologies such as air leakage and moisture' > allows
the performance of quality, quick, effective and non-
destructive ‘in-situ’ inspections without direct contact
with the object under study. This qualitative measure-
ment technique has been used for detecting and localiz-
ing thermal and physical pathologies by some authors
to perform in-situ studies, mainly in historical buildings
or cultural heritage elements.*> On the other hand,
quantitative approaches have been performed mainly
in laboratories with limited sample size.®” In those
cases where these quantitative thermography studies
were performed in-situ,*® temperature values were
accurately measured in order to be used for the com-
putation of the real thermophysical properties (thermal
conductivity) of the building envelope, but their spatial
distribution has not been considered. If the constituent
materials are taken into account, infrared thermog-
raphy should also be used for the determination
of thermophysical properties such as diffusivity and
thermal transmittance.'®"!

Regarding geometry, the complex geometry of build-
ing indoors and the common presence of furniture and
other elements, the use of static terrestrial laser scan-
ning systems would entail a time-consuming data
acquisition, since a high number of measuring positions
would be needed to provide a full coverage of the scene.
In this sense, the use of a mobile ‘indoor mapping’ laser
scanning system is considered as the ideal technique for
data recording, ensuring enough quality and speed.

In order to fill these gaps and obtain a thermo-
graphic-metric result, an approach combining both
qualitative and quantitative measurement techniques
was applied in our present study. Qualitative thermog-
raphy was used for the automatic classification of the
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facade elements, while quantitative techniques were
used for the measurement of temperatures of the wall
and the pathologies, and the subsequent computation
of heat loss. In addition, the spatial distribution of the
pathologies was accurately assessed through the com-
bination of thermographic images with the point cloud
acquired with an indoor mapping system. The registra-
tion of the thermographic images with the point clouds
was performed through the identification of homolo-
gous points between the thermograms and the point
clouds allowing the computation of the spatial resection
parameters.> What is more, the computation of the
heat loss by conduction through the building envelope
was automated, based on the temperatures measured
with a thermographic camera and the geometry mea-
sured by an indoor mapping system through the auto-
mated generation of orthothermograms. In this way,
thermography was used to represent the state of the
wall, and to quantify the energy loss through it."*'3
In addition, the generated orthothermograms can be
used for the determination of energy losses in buildings.

Materials and methods
Equipment

Data acquisition was performed with two different sys-
tems. The geometric information was acquired with an
indoor mapping system to generate point clouds of
building interiors simultancously to the displacement
of the platform. Temperatures were measured with a
thermographic ~ camera, acquiring thermographic
images of every wall. Both systems were used separately
in this study.

Indoor mapping unit. The indoor mapping unit
(Figure 1) was equipped with positioning systems and
geomatics sensors for the generation of 3D point clouds
of the buildings inspected.

In particular, the positioning systems used, were an
inertial measurement unit (IMU) ‘spatial’ from
‘advanced navigation’ (Table 1) and two dual channel
‘Kiibler’ odometers able to register a total of 128 counts
per channel. These sensors were used to perform the
computation of the trajectory followed by the mapping
unit from the measurements of the rotation in the three
axes and the longitudinal displacement in the plane.'®

Regarding the geomatics sensors, the indoor map-
ping unit was equipped with a time of flight laser scan-
ner, ‘Hokuyo UTM-30LX’, with a measuring range of
30m and an angular resolution of 0.25°, with 30 mm
precision.'”

The laser sensor has a measurement frequency of
25 ms~". During this time the laser emits rays sweeping
an arc of 270°. Given this fact, the sensor was
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Figure 1. Diagram of the indoor mapping unit, the pos-
ition of the different sensors and the axes assigned to the
different components of movement.

positioned in the indoor mapping system in a horizon-
tal position, measuring profiles perpendicular to the
trajectory, and the coordinates measured for each
point were (y, z). The 90° angle where no measurements
were performed was oriented towards the floor, in such
a way that no information would be missed from the
walls and the ceiling of the building inspected, as shown
in Figure 1.

Measurements of the laser and the positioning sen-
sors were simultaneously acquired. Each 2D profile
(y, z) from the laser has a time stamp for its association
with the position data of the mobile unit during acqui-
sition. Because of this time stamp, the position of each
laser profile in the trajectory was used for the gener-
ation of a complete 3D point cloud of the building
inspected'® but without GPS data. The position was
assumed as the x coordinate, therefore each point
would be assigned its (x, y, z) coordinates.

Thermographic camera. Thermographic data
acquisition was performed with a camera NEC
TH9260 (Figure 2, left), measuring temperatures in a
range from —20°C to 60°C, with a thermal resolution of
0.006°C at 30°C (30 Hz). The sensor was an Uncooled
Focal Plane Array (UFPA), 640 x 480 size, capturing
radiation between 7 and 14 pm wavelength. The instant
field of view (IFOV) of the camera was 0.6 mrad, and
its field of view with the current lens of 20 mm focal length
was 21.7° (Horizontal — H) and 16.4° (Vertical — V).
The IFOV (typically described in milliradians)
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Table 1. ‘Spatial’ IMU specifications.

773

Sensor Accelerometers  Gyroscopes Magnetometers  Pressure
Range (dynamic) 2g 250°/s 2G 10 to 120 KPa
4g 500°¢/s 4G
16¢g 200°/s 8G
Bias Instability 20 pg 3°/h - 10 Pa
Initial bias < 5mg < 0.2°/s - < 100 Pa
Initial scaling error < 0.06% < 0.04% < 0.07% -
Scale factor stability < 0.06% < 0.05% < 0.09% -
Non-linearity < 0.06% < 0.05% < 0.08% -
Cross-axis Alignment Error < 0.05 © < 0.05° < 0.05° -
Noise density 150 pg/VHz 0.005°/s/V/Hz 210 uG/VHz 0.56 Pa/\/Hz
Bandwidth 400 Hz 400 Hz 110 Hz 50 Hz

Figure 2. Thermographic camera used in this study (left). FOV and IFOV diagram of the thermographic camera (right).

corresponds to the two dimensional (H and V) angular
area which was viewed by a single pixel of the detector
through the optics of the camera. This defines the spa-
tial resolution, or the size of the smallest object that can
be viewed or resolved at a specific distance from the
camera. The FOV (typically described in horizontal
degrees by vertical degrees) can be defined as the largest
area that an imaging sensor can capture at a set dis-
tance (Figure 2, right).

The main advantage of this camera for its use in the
presented methodology is the availability of its geometric
calibration, so that its inner orientation parameters are
known, such as the principal point, sensor size and lens
distortion coeflicients. This calibration was previously
performed using a specially designed calibration field."”

In addition to the thermographic camera, the acquisi-
tion of thermal data was complemented with a contact
thermometer TESTO 720 (Table 2), which was used for
the measurement of the inner and outer ambient tempera-
ture to perform the energy consumption analysis, and the
temperature of the walls in certain points was measured
to perform an emissivity correction of each thermog-
raphy. This way, all data needed for the energy analysis,
and for the emissivity correction of the values which were
measured in the thermographic images, were recorded.

Table 2. Testo 720 specifications.

Parameter Value

Range —50°C to 150°C

Accuracy +0.2°C (=25°C to +40°C)
+0.3°C (+40.1°C to +80°C)
+0.4°C (+80.1°C to +125°C)
+0.5°C (<25°C and >125°C)

Resolution 0.1°C

There are three different sources of infrared (IR)
radiation that can be captured by the thermographic
camera if we assume that the object under study is
opaque, implying that the transmission of IR radiation
is null. These are the emission from the object under
study; the reflected radiation from the surroundings
(both attenuated by the atmospheric transmission)
and the emission from the atmosphere® (Figure 3).

The emissivity correction was based on Stefan-
Boltzmann’s law (1), assuming that a real body with a
surface temperature measured by a thermometer can be
considered as a real body, whereas they can be considered
as black bodies when temperature values are measured
with a thermographic camera (with no emissivity
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Figure 3. Components of incident IR radiation acquired by the thermographic camera.
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Figure 4. Workflow representing the methodology developed for the automatic quantification of energy losses and
pathologies assessment in buildings using data acquired with a mobile indoor mapping unit and a thermographic camera.

correction introduced in the camera parameters). This
way, emissivity can be defined by equation (1) as

e = Ty 0

Ty

where T}, is the temperature measured with the
thermographic camera, and ‘T,,” is the temperature
measured by the contact thermometer.

The correction of the atmospheric effect was directly
performed by the thermographic camera through the
configuration of the ambient parameters (temperature
and humidity) and the camera—object distance.

Methodology

The proposed methodology (Figure 4) consists of three
steps, and these are defined as follows:

e Data acquisition and pre-processing.
e Data processing and registration.
e Result interpretation

Data acquisition. This procedure involves the
acquisition of both thermographic images and 3D
point clouds.
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Figure 5. Overlapping between images and angle of incidence between the camera optical axis and the evaluated surface.

Thermographic images: Given the influence of the
external parameters in the measurements performed
with thermographic cameras, the establishment of a
protocol for data acquisition was required for the mini-
mization of these effects and the acquisition of valid
products for their processing and analysis.

The first rule in the protocol is the existence of an
approximate 10°C difference between the indoor-to-
outdoor average temperature difference of the building
(standard temperature difference considered for these
studies) for maximizing the detection of the existing
pathologies, like insulation deficiencies or moisture.?!
For example, the type of construction and location
of the insulation layer within the building envelope
could influence the temperature conditions under which
pathologies may be detected. A minimum indoor-to-
outdoor average temperature difference could mean inac-
curacies in the pathologies detection, and this process
could even become unapproachable. Although precipita-
tion would be a significant issue for external surveys and
less relevant to the type of internal survey reported in this
study, prior building inspection is recommended to
ensure no precipitation occurs for at least 24 h.

The second rule is the acquisition of thermographic
images with an angle of incidence of 20° or 25° between
the normal of the wall under study and the optical axis
of the camera (Figure 5), therefore, avoiding the influ-
ence of the infrared radiation that would be emitted by
the operator and reflected from other surfaces on the
recorded thermal pattern.

The third rule is the adjustment of the ambient param-
eters in the camera; that is, distance camera—object, ambi-
ent temperature and humidity, prior data acquisition.

The fourth rule is the preparation of the survey in
order to achieve an approximate steady-state heat
transfer through the building envelope conditions. In
particular, this would require a historical study of the
temperatures of the building location in order to per-
form the survey in a time slot where the variation of the

exterior temperature could be minimized. The survey
should be conducted in winter as recommended, with
overcast skies and at night, some hours after sunset if
possible, in order to minimize the solar gain effect over
the fagades.

Given the limited field of view of the thermographic
camera used, several acquisitions were required for the
inspection of the total surface under study. This would
require the maintenance of a minimum 10% overlap
between consecutive images for the posterior gener-
ation of one product to represent completely the sur-
face under study.

Point clouds: Planning data acquisition with the
indoor mapping unit was required for the optimization
of the quality of the data acquired.

The main error source of these devices comes from
the Inertial Measurement Unit. In order to minimize
the drift, the trajectory should avoid sharp turns that
imply unnecessary drift accumulations, as well as
avoiding every obstacle that could block or modify
the trajectory of the indoor mapping unit. The displace-
ment over sliding surfaces should be avoided, in order
to minimize the risk of having inconsistent readings in
the odometers that imply great deviations in the pos-
terior computation of the trajectory, as well as incoher-
ent data between these sensors and the inertial unit.

The IMU could be affected by external electromag-
netic sources, such as metallic material, wiring, magnets
and electrical transformers, to produce unacceptable
variations in the measurement. For this reason, the pres-
ence of these objects should be considered and avoided if
possible.

Finally, the measurement range of the laser scanner in
the indoor mapping unit was taken into account for the
definition of the trajectory with the aim of guaranteeing a
continuous data acquisition for these scenes under study.

Image-point cloud registration. The trans-
mission of the thermographic texture to the point
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Figure 6. Convolution mask for solving the resampling of those pixels without thermographic texture. The different
examples show that the mask ignores no-texture pixels for the computation.

cloud obtained with the indoor mapping unit was
developed through the computation of the spatial resec-
tion'? of the thermographic images using the laser scan-
ning point cloud as reference and the identification of
homologous entities (interest points) between each
image and the point cloud by a human operator. The
spatial resection would make use of image coordinates
and their homologous object coordinates to determine
the position and orientation of the camera.”

Once the exterior orientation of each thermography
was calculated, the thermographic texture was trans-
mitted to the point cloud. The result obtained was a
thermographic point cloud where each point would
have a temperature value associated and represented
by the RGB conversion to the defined colour map.

The next step involved the orthogonal projection of
each wall of the scene to their corresponding parallel
planes, in a procedure where an image called orthother-
mogram was generated. Orthothermograms are images
with geometric scale and no distortion, in such way that
the measurement of a distance on the image, multiplied
by the scale, would result in the measurement in the
reality. Given that the procedure of projecting the
thermographic point clouds into a plane would result
in an image with occlusions or areas with missing infor-
mation, an adaptive resampling algorithm was applied
in order to cover the existing gaps between pixels. This
algorithm would require the implementation of a con-
volution mask size 3 x 3 to work on the pixels that was
lacking in thermographic texture by evaluating the sur-
rounding pixels and using only those pixels with
thermographic texture for the computation of the
mean temperature (Figure 6).

Orthothermogram segmentation. The ther-
mographic-metric results generated permit the perform-
ance of accurate analysis of the energy consumption of
the building under study. The point cloud with thermo-
graphic texture allows analysis of the 3D model of the
building directly and to extract accurate information of

the elements of interest. However, the energy study was
focused on the analysis of the orthothermograms.

According to the Spanish Technical Code for
Buildings (Codigo Técnico de Edificacion, CTE),*?
the computation of heat losses through a building enve-
lope requires the location of the areas corresponding to
the walls, openings (windows) and thermal bridges
reflected in the orthothermograms. The different
values of thermal emissivity of the principal construc-
tion elements (walls, windows and thermal bridges)
allow the segmentation process through the study of
the reflected temperatures and the thermal gradients.

The segmentation of the zones of interest was per-
formed in two steps. (i) First, identify the critical points
on the envelope (pathologies, differentiating between
moisture and thermal bridges) and (ii) Second, recognize
the openings. For this purpose, each orthothermogram
was divided into two different orthothermograms in grey
scale: one for the high-temperature areas, and another
for the low-temperature areas, using as cutting point
the mean value of the temperatures appearing in the
image. The result to this segmentation was an orthother-
mogram with the openings (high-temperature), and an
orthothermogram with the existing pathologies (low-tem-
perature): from thermal bridges to damp areas.

The next step consisted the binarization of each
image, for the identification of the areas of interest
and the elimination of wrongly classified surfaces.
This process required the user interaction for the
choice of a binarization coefficient that guarantees the
expected results. The resultant Boolean image was sub-
jected to a supervised selection of areas of interest
allowing the elimination of the noise introduced in
the resampling step (pixels without neighbours), as
well as the elimination of false positive clusters that
did not correspond to eclements of interest (these
being pathologies and openings).

Once the Boolean image was generated with the
zones of interest, the area of each zone was computed
thanks to the knowledge of the GSD (Ground Sample
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Distance)>* of the orthothermogram. In particular, the
areas corresponding to openings and critical points of
the fagade were obtained through the multiplication of
the number of pixels overpassing the process of feature
extraction by the GSD of the orthothermogram. Areas
corresponding to walls were obtained through the dif-
ference between the total area of the fagade and the
openings’ area.

At this point, the characteristic elements were accur-
ately measured with minimum user interaction.

Heat loss computation. The computation of the
energy loss of a building fagade entails the study of the
thickness, area and thermal properties of the materials
used in the building construction. The thermal proper-
ties of the materials were determined by their thermal
transmittance, U (W/m’K), which represents the rate of
heat transfer through 1 m? of a structure divided by the
temperature difference across the structure. The study
was based on an approximate steady-state heat trans-
fer, as an acceptable approximation for conditioned
buildings in climates with small solar gains and small
outdoor temperature oscillation amplitude as com-
pared with the indoor-to-outdoor average temperature
difference. For the sake of simplification, U-values were
considered as constant with temperature® omitting the
effect of solar gain on heat transmission through the
fabric, minimized by the implementation of the survey
under guidelines described above. This parameter is
defined by equation (2)

U=1/g, ®

where ‘U’ represents the thermal transmittance and ‘R,
is the total thermal resistance of the construction elem-
ent (m’K/W).

Given that the wall of the building under study was
composed of several layers of different materials, the
total thermal resistance was calculated as the sum of
the thermal resistance of each layer and the superficial
thermal resistances of the inner and outer air.

The effect of the thermal bridges was considered
through the computation of the heat transfer by trans-
mission coefficient of the surface ‘H, calculated by
equation (3).

Hr =3 AU+ 3l 3

where ‘U’ is the thermal transmittance of the wall analysed
(W/m?K), ‘A’ is the area of the wall under study (m?), ‘v’
is the lineal thermal transmittance of the thermal bridge
(W/mK) and 7 is the length of the thermal bridge (m).
After the computation of the heat transfer by trans-
mission coefficient of the wall, the computation of the

777

energy loss can be determined. The heat loss by con-
duction through the envelope of a building due to the
thermophysical properties of the constructive materials
can be determined by equation (4).

Q =Hr- (T[n/ = Texr) (4)
where ‘Q’ is the heat loss through the wall analysed
(W), ‘H7 is the heat transfer by transmission coefficient
(W/K) and ‘T},,” and ‘T,,, are the interior and exterior
temperatures, respectively (K).

The thermal transmittance of the openings was
computed using the knowledge of the materials com-
posing these elements and their corresponding thermal
transmittances, as well as the percentage of opening
occupied per material.

From these data and following the standard estab-
lished by the CTE, the total thermal transmittance of
the openings, Uy, was computed with equation (5).

Upg=(1—-FM)-Uyy+FM - Uy, (5)

where ‘Uy’ is the total thermal transmittance of the
opening, ‘Uy,’ is the thermal transmittance of the semi-
transparent surface, and ‘U, is the thermal transmit-
tance of the window frame; all of them in W/m’K.
Finally, ‘FM’ is the opening percentage occupied by
the frame (%).

In this case, the evaluation of the effect of any ther-
mal bridge is not necessary, as it is possible to calculate
directly the heat loss through the openings using the
equation (6)

QH = UH - A ‘(Tint - Texl) (6)

where ‘Qf is the heat loss through the opening ana-
lysed (W).

The heat losses were computed following the proto-
col described in the CTE which would reflect the energy
loss assuming an ‘ideal’ condition of the envelope.
However, reality shows the presence of thermal pathol-
ogies in the building envelopes, directly affecting the
energy consumption.

As a result, the additional heat loss through the build-
ing envelope on the critical surfaces was computed using
equations (3) and (4), but considering only the area of
those surfaces with pathologies without the thermal
bridging effect, and the temperature difference between
the surface with pathologies and the undamaged wall.
For the sake of simplification, the increase of heat loss
through the critical surfaces can be calculated using
equation (7):

Q‘. = U AL‘ ' (Tm - TL) (7)
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Figure 7. Point cloud with thermographic texture (south fagade).

where Q. is the additional energy loss through the crit-
ical surfaces (W) in addition to the heat loss as a func-
tion of the building composition; U is the total thermal
transmittance of the wall (W/m?K) and A, is the total
critical area (mz). T,, is the mean temperature of the
wall in good conditions (K), and 7, is the mean tem-
perature of the critical surface in the wall (K).

Experimental results
Case study

The proposed methodology was validated in a building
chosen by its architectural importance, in the town of
Baiona (Northwest Spain). Currently, the building has
been dedicated to music education so, the study must
be performed during the day in order to measure the
energy demand in the time slot when the infrastructure
was being used and the HVAC (Heating, Ventilation
and Air Conditioning) instruments should be working
to maintain the adequate thermal comfort. The survey
was performed on March 2013 under partly cloudy sky
conditions in order to minimize the outside temperature
variations during the survey process and the effect of
direct solar irradiation incidence. After the historical
temperature analysis, the optimum time slot to perform
the survey was defined between 11:00 and 13:00 hours.
The study was undertaken prior to the refurbishment of
the building. The conservation condition of the inner
face of the fagcades was evaluated and the existence of
any thermal pathology was determined and detected to
minimize any would be increase in energy consumption
for heating the building.

Thus, the proposed methodology was applied to
each facade of the building under study. Both the struc-
ture of each fagade and the thermophysical properties
of the thermal bridges was obtained from the technical
documentation included in the building construction
project. Walls of the building were composed of homo-
geneous layers of granite and bricks, also with a non-
ventilated cavity wall and a thermal insulation of

mineral wool. The openings are windows with alumi-
num frames with single-pane glazing.

Atmospheric conditions during data acquisition
were 6°C exterior air temperature, while the interior
air temperature was 13°C measured with the contact
thermometer.

Data combination

The first step for the combination of the dataset was the
computation of the orientation of each thermographic
image regarding the point cloud of the building. For
this purpose, the maximum number of significant fea-
tures in each thermographic image was identified by a
human operator, consequently minimizing the error in
the computation of the external orientation parameters.
Once the orientation parameters were computed per
thermographic image, and the thermographic texture
was transferred to the point cloud, the product was a
point cloud with thermographic texture (Figure 7).

Metric thermographic images

The thermographic point cloud was subjected to the gen-
eration of an orthothermogram per wall (Figure 8), and
a re-sampling process for the minimization of areas with
no information.

Orthothermogram segmentation

The orthothermogram of each wall was subjected to an
operation of automatic segmentation of the zones of
interest so that they can be used for the quantification
of the heat loss through the wall. This process requires
a classification of the pixels into two groups: one for
highest temperatures, where openings are; another for
lowest temperatures, where the critical surfaces of the
fagade can be identified (Figure 9). Consequently, two
orthothermograms were obtained: one for the open-
ings, one for the pathologies. In this case study, con-
sisting of a room with closed shutters at the moment of
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Figure 8. South facade: Orthothermogram after resampling with a GSD of 1 cm.

Figure 9. South fagade: (top) Low-temperature group. (bottom) High-temperature group.

the inspection, the Sun was radiating on the windows,
leading to their overheating. This is the reason for the
presence of windows in the high-temperature group.
What is more, the main pathology of the building was
moisture, presenting low temperature due to the cool-
ing of the surface caused by evaporation. Moisture was
casily differentiated in the thermal images by its geom-
etry, location and temperature difference with the
undamaged wall. In addition, some zones with pathol-
ogies related with air leakage were characterized by
larger temperature variations than those produced by
moisture and being located in junctions between differ-
ent elements of the fagade.

Group images were segmented in the different zones
of interest corresponding to the windows and critical
surfaces, resulting in a binary image for each element.

Finally, a visual inspection by a human operator
was required with the aim of eliminating the noise

introduced in the orthothermograms during the re-sam-
pling step, as well as to overcome the binarization pro-
cess within the zones that do not represent any element
of interest (Figure 10).

Energy analysis

Walls. The segmented orthothermograms provide
information of the area of the different elements of inter-
est. Consequently, only the thermophysical parameters
of the materials obtained directly from the syllabus of
construction solution of the CTE®® and their thickness in
the wall (Table 3), were needed for the determination of
the energy requirements of each fagade, following the
indications of the CTE and the methodology presented
in section ‘Heat loss computation’.

Each wall of the scene under study was composed by
one layer of granite with 0.2m of thickness, 0.05m of
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Figure 10. South fagade: (top) Final binary image with critical surfaces (pathologies). (bottom) Final binary image with

windows.

Table 3. Thermal resistance, thermal conductivity and thickness of the elements involved in the
calculation of the thermal transmittance of the wall.

Thickness Thermal conductivity Thermal resistance
Material (m) (W/m-K) (m’K /W)
Granite 0.2 2.8 0.071
Bricks 0.045 0.214 0.210
Non-ventilated cavity wall 0.05 0.180
Thermal insulation (Mineral wool) 0.02 0.031 0.645
Plastering 0.015 0.57 0.026
Inner air ‘Rg/ nja n/a 0.130
Outer air ‘Rg; nja n/a 0.040
Total thermal resistance of the wall 1.302

Source: CTE.?® Openings. n/a: not applicable

non-ventilated cavity wall with 0.02m of thermal insu-
lation made of mineral wool and 0.045m of bricks fin-
ished with 0.015m of plastering (Figure 11). The
thermal resistance for this composition was 1.302
m’K/W giving a total thermal transmittance value ‘U’
of 0.768 W/m’K.

All window openings (Table 4) were composed with
a simple insulated glass (4-6—4 mm) within an alumi-
num frame covering 20% of the opening.

Thermal bridges. The thermal bridging effect
produced by junctions between walls with the floor,

windows and other walls, as well as in the pillars
where the uniformity of the fagade is broken was eval-
uated by the study. The linear thermal transmittances
of the thermal bridges were obtained from the catalog
included in the building construction project. The
length of the thermal bridges was obtained directly
from the geometric information in the orthothermo-
grams (Table 5).

The effect of the thermal bridges was applied to the
calculation of the thermal transmittance based on the
area of the walls to provide a heat transfer with a trans-
mission coefficient ‘H7 of 135.052 W/K.
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Figure 11. Composition diagram of the wall.

Table 4. Thermal transmittance and percentage per
material in the openings.

Table 5. Linear thermal transmittance and length of the
thermal bridges.

Thermal

transmittance % in the
Material (W/m?K) opening
Glass (4 + 6 + 4) mm 3.6 80
Aluminium frame 72 20

Source: CTE.*®

Final results

The application of the proposed methodology had gen-
erated two different output results:

e Thermographic point cloud and orthothermograms:
3D point cloud with thermographic texture, allowing
the visual inspection of the scene under study, and
the preliminary geometric analysis directly measur-
ing the point cloud (Figure 12). The complementary
result is the orthothermogram of each fagade, used
for the automatic determination of the energy
requirements of the building. Orthothermograms
can also be imported in CAD software for further
analysis.

e Heat loss computation per fagade as a function of
the temperature of the construction element and the
area of the wall. Software has been developed for the
generation of a file with data of the area occupied
per element of interest. This was determined after

Total length

Linear thermal of the
transmittance thermal
Thermal bridge (W/mK) bridge (m)
Junction between walls 0.09 13
Junction between 0.96 44.4
wall and floor
Junction between 0.25 50
wall and window
Junction between 0.27 41.6

wall and pillar

a semi-automatic segmentation process and the com-
putation of the total thermal transmittance. The
knowledge of the specific heat loss through each con-
struction element would allow the identification of
the most critical elements towards the refurbishment
of the building, and the effect of refurbishment in the
total energy consumption of the building under
study (Table 6).

Discussion

The first decision to be taken for the development of the
present procedure is the configuration of the data
acquisition system. In this case, the integration of the
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Figure 12. External view of the point cloud with thermographic texture. Holes created by obstacles as well as the side of
columns that have not been caught due to the path followed by the indoor mapping unit, were also captured. However, these

areas should also be taken into account for the energy analysis.

Table 6. Results obtained after the application of the algorithm developed in this study to the building under study.

Fagade

North South East West Total
Total area (mz) 24.959 23.018 35.149 34.435 117.561
Wall area (m?) 19.958 17.331 29.024 34.435 100.748
Window area (mz) 5.001 5.687 6.125 0 16.813
Pathologies area (m?) 4.183 0.940 1.599 0 6.722
Total thermal transmittance, wall (W/(m” K)) 1.302
Heat transfer by transmission coefficient of the wall (W/K) 135.052
Total thermal transmittance, opening (W/m?* K) 4.320
Heat loss through the wall in good condition (W) 945.364
Heat loss through the critical surfaces (W) 35.503 9.035 15.378 0 59.916
Total heat loss in the wall (W) 1005.280
Total heat loss in the openings (W) 151.233 171.972 185.217 0 508.422
Total heat loss through the fagade (walls + openings) (W) 1513.702

camera in the indoor mapping system would remove
the flexibility in data acquisition, both spatial and tem-
porally.?” Regarding spatial flexibility, the angle for
image acquisition would be limited by the position of
the camera in the indoor mapping system and the dis-
placement direction, preventing the acquisition of
images from other angles of interest. This fact is espe-
cially critical for the upper and lower parts of the walls,
not visible from the height of the indoor mapping
system (Figure 13).

Furthermore, the performance of an optimal
thermographic inspection would imply the modification
of the trajectory of the indoor mapping system, distort-
ing the geometric data acquisition.

Regarding temporal flexibility, the possibility of com-
pleting the thermographic inspection at night separately

from the laser scanning to reduce the influence of solar
gains would be lost.

With respect to the error caused in temperature
measurement and, consequently, in the computation
of the energy loss, the accuracy of the thermographic
camera and the contact thermometer were 2°C and
0.5°C, respectively. The uncertainty associated to each
emissivity correction value can be calculated through
the simplified uncertainty propagation method for a
non-linear combination of independent variables.
Through this uncertainty evaluation method for the
least favourable case within the range of measured tem-
perature values, the uncertainty associated to each
emissivity correction value was lower than 0.6°C.

Considering that, for this study, only the relative
values along the surfaces were evaluated in order to
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Figure 13. Limitations of using a thermographic camera
mounted onboard the indoor mapping system. Due to the
limited field of view of the thermographic camera, walls are
not fully covered if images are acquired [rom the indoor
mapping system.

segment the fagades in their different components, the
correction of the reflected temperatures was not neces-
sary, assuming that their effect would be uniform over
the whole surface and would not affect the relative
difference between temperatures.

The use of infrared thermography would allow the
estimation of these energy losses due to the accurate
identification of the critical points and the thermal dif-
ferences existing between these and non-critical sur-
faces. A similar analysis was performed by Asdrubali
et al.?® for the characterization of thermal bridges, and
by Gonzalez-Aguilera® through the classification of
the building envelope using isotherms.

Conclusions

This article presents a methodology for the generation of
thermographic point clouds and orthothermograms, as
well as the computation of heat losses through walls
based on the semi-automatic integration of thermo-
graphic images and indoor point clouds which were
applied to indoor building scenes. The results obtained
have provided complete thermographic and metric infor-
mation of the different elements, to enable a better detec-
tion, spatial location and interpretation of thermal
pathologies than a single thermal image. The geometric
information embedded on the orthothermograms
enables the measurement of areas and distances for the
quantification of energy losses and thus allows the deter-
mination of any increase in the energy consumption that
could be caused by the existence of pathologies.

The methodology could provide a suitable routine
method to accurately evaluate the state of buildings
prior to refurbishment in order to assess the need to
invest in the partial or total refurbishment of the facade
and calculate an approximation of the refurbishment
effect on the heat loss transmission resulting in energy
savings.
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The main problem of the presented methodology is
the complexity of the automation of the detection of
thermal pathologies mainly due to the high number of
factors to consider in the thermal imaging interpret-
ation, such as environmental conditions, solar impact,
surface state of the element under study and emissivity.
This problem can be solved by specifying an appropri-
ate temperature interval for the representation of tem-
perature differences for the object analysed, so that the
detection of areas affected by pathologies is maximized,
allowing the performance of appropriate binarization
of the orthothermograms.
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