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Thesis Abstract  

 

In Wallonia, there are many buildings and houses built in the 1960s, after World War 
II, that have envelopes and facades with many heat losses. Due to the poverty of the 
envelopes of these buildings, they are very energetically inefficient buildings (Attia et 
al., 2021) that need to be overheated in cold seasons to be comfortable inside. 

For this matter, it has been developed a methodology through infrared thermography 
in order to detect the poorest elements of the envelopes of these buildings for a 
possible renovation. This study takes as a reference a building of the University of 
Liege residence built in 1968. The first stage of the work consists of making a 3D 
model of the building. This model has been made from images obtained by drone and 
printing it with a 3D printer to evaluate the accuracy of the method. The second part 
of the work consists of estimating the thermal transmittance (U-value) of the facade of 
the residence through infrared thermography. This method will be compared with real 
monitoring of the U-value using measurement sensors and the calculation of the U-
value following the ISO 9869 standard. The study aims to compare the three methods 
in terms of accuracy, speed, usability, and cost. 

The main results of this study have been to obtain the U-value by the three developed 
methods and the detailed comparison of these. A 3D modelling method has also been 
developed through images captured with the drone where good accuracy is achieved. 

This study provides an interesting basis for future research using drones equipped 
with thermal cameras to develop 3D thermal models of buildings. 

 

Keywords  

Thermal transmittance (U-value), 3D modelling, 3D printing, Infrared thermography 
(IRT), Unmanned Aerial Vehicles (UAV).  
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Thesis Summary  

Characterization of envelopes thermal transmittance based on a 
mixed approach 

 

In the region of Wallonia, there are a large number of buildings constructed in the 
1960s, after World War II. These buildings have significant heat losses in their 
envelopes and facades. This problem causes a significant increase in the energy 
consumption of these buildings, which is becoming an unsustainable situation for the 
environment. 

This study proposes a method of identifying the thermal losses of building envelopes 
by focusing on the estimation or calculation of the thermal transmittance (U-value) of 
building facades. The three methods used are thermal image estimation with a hand-
held camera, real-time monitoring using heat flux sensors and U-value calculations 
according to the ISO 9869 standard.  

In addition, this work elaborates a methodology to estimate heat losses in a fast and 
efficient way employing aerial thermography using Unmanned Aerial Vehicles (UAV). 
As a UAV equipped with a thermal camera is not available, a methodology is 
developed using a drone with a normal camera that uses images of the building of the 
residence of the University of Liège to elaborate a 3D model in order to print it on a 3D 
printer and evaluate the accuracy of the method and to serve as a basis for future 
research into 3D thermal modelling of buildings. 

In the methodology section, the three methods of calculation or estimation of the 
thermal transmittance of the building walls are described in detail. Also, a 19-step 
methodology is developed on how to obtain a 3D printing of the building from images 
captured with the drone. 

The results obtained for thermal transmittance show that the most accurate method is 
real-time monitoring. A fairly good estimation is achieved by thermal imaging, which is 
close to the value of the monitoring estimation. As far as the calculations according to 
ISO 9869 standards are concerned, they are far from reality and confirm the 
degradation of the insulation of the building walls. With the results obtained, a 
comparison of the three methods is made in terms of accuracy, speed, cost and 
usability. 

Following the elaborate methodology of 3D modelling from images of the Dorne, a 3D 
printing with good accuracy is achieved, which serves to validate the elaborate 
method. 

Finally, the results obtained are discussed and the research questions raised are 
answered. The strengths and limitations of the work carried out are also presented, 
and finally, future research work is defined. 
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1 Introduction 

A very important part of a building is its façade and envelope. The envelope of a 
building is not only an outer layer, it is the first impact on energy performance. The 
thermal energy consumption of a building goes hand in hand with its external 
insulation. For this reason, correct identification of heat losses in building envelopes 
can allow us to locate serious anomalies in building and identify the elements that 
need future renovation. 

Nowadays several tools can be very useful to analyse building envelopes, such as 
Unmanned Aerial Vehicle (UAV) in combination with infrared thermography. In this 
study, we will see how these tools can allow us to quickly assess the envelope of a 
building and detect anomalies (Rakha et al., 2021). 

1.1 Background information and problem statement 

In Wallonia, there are many houses built in the 1960s post-World War II that are very 
energy inefficient as they have a lot of heat loss in their envelopes and facades.  
Suburbanisation after World War II allowed many dwellers to live in single-family 
houses. As a result, the volume of property owners increased and houses were built 
without meeting any energy efficiency requirements and were built inefficiently. Today, 
a large number of these dwellings are occupied by elderly retired people. In Belgium, 
post-World War II households account for 48% of the existing building stock. (Attia et 
al., 2021). 

This study aims to investigate a method of detecting façade anomalies or heat loss 
that can be used to detect the thermal inefficiencies of this large volume of outdated 
buildings. 

A building built at that time has been selected for analysis and to test the methods to 
be developed. The study area of this work is a building of the University of Liege, 
specifically the Building 13 - Résidence Universitaire de l'ULiège located in Chem. du 
Trèfle, 4000 Liège. This building, built-in 1968, has many energy deficiencies that 
result in significant thermal losses due to the low thermal tightness of its enclosures 
and envelopes. The building consists of three identical towers as can be seen in Figure 
1-1, however, the study will focus on the tower located to the southeast, which is the 
closest in the picture. 

The construction materials of the facades of this building are reinforced concrete and 
a thin layer of rock wool insulation. The hypothesis developed is that the building 
envelope is in very bad condition and the degradation of the insulation suffered over 
the years makes its function almost null and void. In this study, we will try to validate 
this hypothesis. 
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Figure 1-1: Building 13 - Résidence universitaire de l'ULiège. 

1.2 Relevance of the research topic 

This study aims to investigate a fast and efficient method of calculating the thermal 
transmittance (U-value) of a building. Therefore, the main objective of the work is to 
estimate the U-value employing infrared thermography. This estimation process is 
intended to be relevant in order to detect important thermal gaps due to degradation 
of building façade components and to identify needs for future renovation. This 
estimate will be compared with more popular methods such as real-time monitoring 
using heat flux sensors and with the calculation according to the appropriate 
standards. 

On the other hand, another objective of the work is to elaborate a methodology to 
create a 3D model of the building from thermal images obtained by a drone. This 
methodology is intended to be the first basis for future research projects to be 
developed at the Sustainable Building Design Laboratory of the University of Liege. 
Unfortunately, as a drone equipped with a thermal camera was not available, we will 
try to elaborate a 3D model of the building using a drone with a normal camera and 
evaluate the accuracy of the method by printing this model on a 3D printer. In any 
case, thermal images will be taken with a hand-held camera to estimate the U-value 
of the building walls and look for possible anomalies. 

The stakeholders for whom this work is intended, i.e. the main audience that can 
benefit from our findings, are listed below: 

• Skywin (aerospace cluster of Wallonia). 

• Belgian Building Research Institute (BBRI). 

• Belgian Civil Drone Council. 
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• Energy efficiency building auditors.  

• Construction engineers, architectural engineers, architects, and researchers in 
these fields. 

To make the relevance of this study more concrete, the main innovation and impact of 
this research study are summarised below: 

• The innovation of this project is to elaborate the methodology to obtain a 3D 
model and a maquette of the building through the images obtained from a 
drone. 

• Achieve a methodology for fast detection of the most important deficiencies in 
the facade of a building through thermal imaging. This methodology can be 
more effective in terms of cost, speed, and it could be an interesting fact of 
being able to measure it without having to enter the building (Rakha et al., 
2021). 

• A comparison of the three methods used to obtain the thermal transmittance of 
the building envelopes, which are real monitoring of the U-value, calculation 
method following the standard ISO 9869, and U-value estimations based on 
thermal imaging, in terms of accuracy, speed, cost, and usability. 

1.3 Research Objectives 

In this section, the objectives of this study are set out, followed by the definition of the 
research questions. 

The objectives of this work are: 

• Make a virtual 3D model of the building using pictures obtained with the drone 
and the Agisoft Metashape software. 

• Convert the 3D model of the building to a vector printable version and print the 
model with a 3D printer. 

• Using thermal images, estimate the values of thermal transmittance (U-value) 
of the building envelope. 

• Evaluate data by real monitoring of the U-value with the heat flux sensor and 
the calculation method following the standard ISO 9869. 

In order to achieve these objectives, we have set out three research questions: 

• How to get a 3D model and a 3D printed maquette of a building through pictures 
obtained from a drone? 

• How to estimate the values of thermal transmittance (U-value) of a building 
envelope using thermal images? 

• How do the U-values obtained from (i) real monitoring using heat flow sensors, 
(ii) calculation method according to the standard ISO 9869, and (iii) estimations 
based on thermal imaging differ in terms of accuracy, speed, cost, and 
usability? 
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1.4 Quad Chard 

To synthesise and group all the information presented in the introduction, we have 
created a Quad Chard shown in Figure 1-2. 

 

Figure 1-2: Quad Chard. 

 
Finally, we present the expected outcomes we want to achieve: 

• Virtual 3D model of the building. 

• 3D printing of the building. 

• Thermal images captured by a hand-held thermal camera. 

• Estimation of thermal transmittance(U-value) of the building envelope. 

• Comparison of (i) real monitoring using heat flow sensors, (ii) calculation 

method according to the standard ISO 9869, and (iii) estimations based on 

thermal imaging differ in terms of accuracy, speed, cost, and usability. 
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2 Literature review 

This is the chapter where the theoretical basis of the main topics discussed throughout 
the thesis is presented. This chapter is composed of the sections: state of the art of 
the theories & concepts of the study, concepts and variables of your research, similar 
studies and Knowledge gap. 

2.1  State of the art of the theories & concepts of the study 

In this section, we will deal with the main topics one by one in a theoretical way. We 
will start with the background of the study, then we will deal with infrared 
thermography, aerial thermography and the operation of the 3D image modelling 
software that we will use (Agisoft Metashape). 

2.1.1 Background information 

Climate change and energy consumption are two of the most critical matters that 
humanity will confront over the next two decades. Energy efficiency is regarded as 
one of the major impediments to proceeding toward the global goal of reducing Green 
House Gas emissions (GHG) (Attia et al., 2021). Built environments make a significant 
contribution to climate change mitigation. However, existing buildings, which comprise 
the majority of urban infrastructures, do not usually meet today's rigorous energy 
efficiency standards (IPCC, 2014). As they naturally deteriorate over time, they 
adversely contribute to their surrounding environments. Accordingly, frameworks and 
approaches for accurate Building Energy Model (BEM) simulations are required to 
enhance retrofitting design solutions that could deliver existing buildings fairly close to 
current efficiency standards. 

Optimizing the thermal efficiency of the existing building stock is vital for reducing the 
overall energy consumption in the building sector. The evaluation of the building 
envelope's actual thermal performance is a prerequisite in the optimization process. 
Commercial energy consumption can be reduced by 57% and residential energy 
consumption can be reduced by 42% with improvements in building envelopes 
(Bayomi et al., 2021). Thermal transmittance (U- value) represents the amount of heat 
transfer of the building envelope, which is one of the key factors that is necessarily 
tied to the thermal performance of the envelope (International Energy Agency (IEA), 
2014). The envelope U-value, on the other hand, is not constant because it is strongly 
impacted over time by surrounding climatic conditions, the level of post-occupancy 
maintenance, and the material condition of the façade (IPCC, 2014). 

Among the readily accessible non-destructive testing (NDT) techniques, infrared 
thermography (IRT) is now widely used for building diagnostics. IRT is based on 
measuring the radiant thermal energy distribution emitted by a target (O’Grady, M. et 
al., 2017). IRT approaches for qualitative and quantitative assessments of building 
diagnostics range from passive to active. Nevertheless, several factors affect the 
accuracy of the assessment, even though IRT is a useful tool for evaluating envelope 
performance (Kylili, A. et al., 2014). Its effectiveness stems from the ability to capture 
high-resolution data with significant time efficiency and minimal reliance on human 
labour (Rakha et al., 2018). 
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For building and site audits, there are typically three levels of audit (Thumann, P.E., et 
al., 2017): 

• Walkthrough: Building energy system data are analyzed and quantified through 
a visual inspection to determine average energy consumption and set 
benchmarks. 

• Energy Audit: This presents a systematic analysis of building energy losses and 
the characteristics of energy systems based on on-site measurements. 
Moreover, the effectiveness of building systems and energy conservation 
measures are also investigated at this level. 

• Investment Grade: In order to predict annual energy consumption, energy 
simulation models are developed and used. considering weather conditions, 
building systems, and occupancy schedules. 

2.1.2 Infrared thermography 

To investigate thermal anomalies, two approaches are used: qualitative and 
quantitative IRT (Schwoegler, M., 2006). Between the two methodologies, there is a 
variation in how measurements are conducted. Quantitative IRT relies on numerical 
analysis to identify and quantify thermal anomalies (Pearson, C., 2011). Whereas 
qualitative IRT is used to determine the presence of thermal anomalies through visual 
assessment of temperature variations in the observed radiation spectrum. It should be 
emphasized that qualitative measurements only differentiate probable thermal 
anomalies, and they are not to determine the degree of deficiencies. Accordingly, this 
method is utilized primarily when thermal anomalies may be easily detected (Fox, M. 
et al., 2014). Qualitative thermography is widely used to detect thermal anomalies 
induced by high thermal transmittance. Thermal bridges, on the other hand, are 
typically found using quantitative thermography (Francesco, A. et al., 2011). 

2.1.3 Aerial thermography 

Advances in inspection using UAVs have enabled professionals to have a very 
interesting tool to examine building envelopes accurately and quickly with minimal cost 
and safe risk (Bayomi et al., 2021; Rakha et al., 2021). The use of aerial thermography 
opens a new window for auditors as it provides them with interesting information for 
their reports (Mauriello, M.L. et al., 2015). 

All these advantages have to take into account that specific conditions must be met in 
order to obtain valid results. First, some environmental conditions have to be avoided 
during UAV flights, such as rain, snow and strong wind. Secondly, other weather 
phenomena can detract from the results obtained by thermography. It is advisable to 
avoid recording data on surfaces exposed to sunlight, solar loading and self-shading, 
as these can significantly affect thermal imaging outcomes. It is advisable to capture 
RGB images at the same time as the thermal images to clarify the conditions at the 
time of inspection. Third, external surface temperatures can be affected by high 
ambient humidity, wind speed and precipitation. It is therefore recommended not to 
collect data in these critical situations (Bayomi et al., 2021). 
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Another limitation of airborne thermography is that in order to estimate the thermal 
transmittance, additional data is needed to those obtained using UAVs. Detailed 
information is required on the building construction materials and their thermal 
properties, as well as the thermal conditions inside the building. 

Finally, when capturing reflected light on shiny surfaces such as glass and metal, we 
cannot rely on the thermal readings, as they will not be true. To avoid reflection 
problems, it is recommended to capture thermal images perpendicular to the surface 
being analysed at an appropriate distance (Bayomi et al., 2021). 

When using UAVs in conjunction with IR imaging, there are three major procedures 
that must be meticulously planned (Rakha, T. & Gorodetsky, A., 2018): 

1) Site Acquisition, which includes individual building audits, surveying of building 
clusters, and planning for data obscuring through obstacles such as trees, 
street furniture, etc. 

2) Flight Path Planning, which includes identifying survey locations (interiors and 
exteriors), the audit focus, and envelope components such as windows and 
doors, as well as flight path design considerations such as distances from 
targets, bearing angles, and drone altitudes. 

3) Post-flight data analysis techniques, such as data formatting, quantitative and 
quantitative methods, and image processing techniques, with potential 3D 
photogrammetry integration. 

2.1.4 Agisoft Metashape algorithm 

The software used to convert images of the building into a 3D model of the building is 
Agisoft Metashape. This interesting process can be done thanks to a procedure used 
by the software described below (). 

• Feature matching across the photos. Detection of stable points that later serve 
to detect correspondences between the photos. 

• Solving for camera intrinsic and extrinsic orientation parameters. A greedy 
algorithm is used to find approximate camera locations and refine them later 
using a bundle-adjustment algorithm. 

• Dense surface reconstruction. Several processing algorithms are available. 
Smooth and Height-field methods are based on pair-wise depth map 
computation, while fast method utilizes a multi-view approach. 

• Texture mapping. Parametrizes of surface possibly cutting it into smaller pieces 
and then blends source photos to form a texture atlas. 

2.2 Similar studies 

In this study, we have mainly used two similar studies as a reference. 

The first study is from (Bayomi et al., 2021), an article in the scientific journal Energy 
& Buildings 2021 entitled “Building envelope modelling calibration using aerial 
thermography”. This paper describes research that focuses explicitly on calibrating 
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envelopes of existing BEMs with thermography sensors using drones. The research 
focuses on the automation of on-the-fly envelope U-value estimations as well as the 
verification of calibrated envelope BEMs. The paper uses thermal imagine 
representing material degradation, thermal bridging, and insulation failures in a 
renovated campus building in Boston, MA. Following that, a BEM is calibrated, and 
post-renovation metered and modeled wintertime heating energy are compared. The 
goodness of fit measures shows an improvement in BEM performance from 21.8% to 
0.9%, demonstrating the utility of the proposed framework. 

The second study is by (Rakha et al., 2021), and its title is “3D Drone-based Time-
lapse Thermography: A Case Study of Roof Vulnerability Characterization using 
Photogrammetry and Performance Simulation Implications”. This paper presents a 
novel workflow for 3D envelope modeling based on aerial timelapse IR data collected 
using Unmanned Aerial Systems (UAS). Using photogrammetry software Agisoft 
Photoscan, which generates temporal IR inspections of building skins using multiple 
3D thermography CAD models, a comprehensive envelope thermal profile is created 
for the roof of a case study building. The ultimate goal is to create a framework for 
building inspections that use UAS equipped with IR cameras to collect data time 
series, which then informs envelope modeling for accurate performance simulation. 
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3 Methodology 

This chapter describes the methodology applied in order to answer the research 
questions. The research questions presented in the first chapter are: 

• How to get a 3D model and a 3D printed maquette of a building through pictures 
obtained from a drone? 

• How to estimate the values of thermal transmittance (U-value) of a building 
envelope using thermal images? 

• How do the U-values obtained from (i) real monitoring using heat flow sensors, 
(ii) calculation method according to the standard ISO 9869, and (iii) estimations 
based on thermal imaging differ in terms of accuracy, speed, cost, and 
usability? 

To answer these questions, we first explain in detail the process to get a 3D print 
starting as a basis with the images obtained by a drone. Next, the methodology is 
followed by the three methods of calculating the thermal transmittance of the building 
and obtaining the U-value. Research design is defined by the four established steps 
which are data collection, data processing, instrument or methodology creation, and 
application validation. 

3.1  Description of the research design and methods 

To answer the first research question that is "How to get a 3D model and a 3D printed 

maquette of a building through pictures obtained from a drone?”, the research design 

used is to create a method based on experimentation and exploration of different 

pathways and possibilities. This stage of the work corresponds to a validation of the 

creation of the 3D model through the recognition of images, which ends with the 

printing of a 3D model in order to validate the accuracy of the method. 

 

The second research question posed is “How to estimate the values of thermal 
transmittance (U-value) of a building envelope using thermal images?”. To answer this 
research question, we followed the procedure used in (Bayomi et al., 2021), which 
proposes a numerical approximation of the value of thermal transmittance from the 
surface and ambient temperatures of the research object. In this way, we have 
obtained an estimation of the U-value through the captured thermal images. 

 

Finally, to answer the third research question about “How do the U-values obtained 
from (i) real monitoring using heat flow sensors, (ii) calculation method according to 
the standard ISO 9869, and (iii) estimations based on thermal imaging differ in terms 
of accuracy, speed, cost, and usability?”, we describe the methodology used to obtain 
the other thermal transmittance results. The equipment used for the actual monitoring 
of the U-value is defined, as well as the conditions that must be met to achieve a 
correct result. The calculation method according to the ISO 9869 standard is also 
explained. Finally, we will compare the three methods in the following chapters. 
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3.2 Conceptual study framework 

A conceptual framework of the study has been elaborated which summarizes in a 
graphical way the approach of the research and the methodology used. It is 
represented in Figure 3-1. 

 

Figure 3-1: Conceptual study framework 

The initial phase of this work consists of a literature review. We have researched 
publications and studies on the topic of the thesis in order to know that it has already 
been published and to acquire basic knowledge. In this way, drone models, drone 
legislation and policies, thermal drones, 3D modeling, 3D printing, and u-value 
assessment are all being researched. 

The following steps are the selection of equipment, the establishment of standards to 
be followed, and the definition of the case study. In this section, we looked into how to 
capture thermal images correctly while adhering to industry standards. We’ve also 
decided on the type and model of drone we’ll use to create our 3D model, taking into 
account the laws of unmanned aerial vehicles. We have chosen the heat flow 
measurement equipment that will be used to calculate thermal transmittance in real-
time monitoring, such as the infrared camera used. Finally, we have decided on the 
building that will be the subject of our investigation. 

After deciding on the equipment to use, the next step has been to become acquainted 
with it and begin collecting data. During this phase, we worked with drone flights, 
capturing images of the building for 3D modeling, thermal imaging of the building, heat 
flow sensor installation, and 3D modeling software testing. 

During the processing phase, we worked with the obtained data to determine the value 
of thermal transmittance using the three previously defined pathways: real-time 
monitoring, calculation following the standards, and estimation using thermal images. 
Another aspect of this phase has been the work on the 3D model of the building based 
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on the recognition of images obtained by the drone, where we worked on the model 
to get a 3D printable version and validate the method's accuracy. 

Finally, in the final stage of the study, we examined the three results obtained from the 
thermal transmittance of the studied building's walls. We assessed and compared the 
outcomes in terms of accuracy, cost, usability, and speed. We also got 3D printing of 
the building, allowing us to test the effectiveness of the image recognition method. 

3.3  Operationalization: variables, indicators  

This section explains the operationalization of the study variables, the indicators, and 
the source of the data used. 

We will explain our central variable of the thesis, the value of the thermal transmittance 
(U-value) of the envelopes of the building B13 of the university residence to be 
analyzed. This variable is shown in Table 3-1 below. 

Table 3-1: Thermal transmittance (U-value) 

Variable Definition Indicators Source of data 

Thermal 
transmittance 
(U-value) 

Heat transfers through 
a solid object, which is 
located between two 
fluids (gas or liquid) 
with different 
temperatures. The 
variable is defined in 
units of W / m2 · K. 

- Accuracy: valuation 
of how it approaches 
real value. 
- Speed: time to 
calculate it. 
- Cost: cost of 
material needed. 
- Usability: overall 
relationship of the 
quality of the 
measure. 

- Real-time monitoring. 
- Estimation from thermal 
images. 
- Calculation according to 
the standards. 

 

Using the indicators shown, the variable on which this work focuses will be evaluated 
and compared. As previously stated, the U-value will be obtained through three 
different methodologies. 
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3.4 Data collection 

In terms of data collection, this chapter is divided into four sections: U-value real-time 
monitoring, U-value calculation according to regulations, U-value estimation using 
thermal images, and the 3D model of the building. In each section, we explain how the 
data was collected, what equipment was used, and whether it came from our own 
source or from the literature. 

3.4.1 U-value real-time monitoring 

In order to carry out real-time monitoring of the thermal transmittance of the walls of 
the building to be analyzed, we used the gSKIN® U-Value Kit heat flow sensors from 
the greenTEG brand. Figure 3-2 shows the equipment mentioned. Data-sheet in 
Annex 1. 

 

 

Figure 3-2: gSKIN® U-Value KIT (source: https://www.greenteg.com/U-Value/) 

This kit delivers reliable quantitative in-situ information about a building envelope. The 
measurement approach uses a heat flux sensor and two temperature sensors and it 
is standardized in ISO 9869. 

The method of placing the sensors is very simple. The heat flow sensor and a 
temperature sensor must be installed on the wall to measure the U value and the other 
temperature sensor on the outside of the building, on the other side of the wall. 
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Figure 3-3 shows the installation of the sensors inside a room of building B13 of the 
university residence. 

 

Figure 3-3: Heat flux sensor and temperature sensor installed inside the building. 

Figure 3-4 and Figure 3-5 show the installation of the temperature sensor outside the 
building, on the other side of the wall where the inside sensors are installed. 
 

 

Figure 3-4: External temperature sensor cable passage. 
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Figure 3-5: Temperature sensor installed outside the building. 

 

To obtain a U-value approved according to the ISO 9869 standard, the following basic 
requirements must be met: 

• A temperature difference of about 5ºC between inside and outside. 

• Functional sensors. 

• Measurement duration exceeding 72h. 

• The last measured U-value differs less than 5% from U-value 24h before. 

• No crossing of temperature curves (inside vs. outside). 

In compliance with the requirements set out, the sensors were installed in a room on 
the ground floor of the B13 building in the south-east tower on November 23, 2021, at 
7:00 pm. 

Through the software provided by greenTEG, data were obtained every minute from 
the parameters listed in Table 3-2. 

Table 3-2: Real monitoring variables. 

Variable Units 

Heat Flux W/m2 

T1 (internal temperature) ºC 

T2 (external temperature) ºC 

U-value W/m2 K 
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3.4.2 U-value calculation following the standards 

The ISO 9869-1:2014 standard was used to calculate the second approximation of the 
analyzed building's thermal transmittance value. 

Regarding the collection of data in this process, it is necessary to know the dimensions 
and materials of the wall. For this reason, this information has been sought in relevant 
documentation in the report and plans of the building. 

In Figure 3-6 and Figure 3-7 we can see a narrow cut of the plans of the building that 
shows the dimensions of the wall and its composition. The complete plan can be found 
in Annex 2. 

 

Figure 3-6: Capture of the building plan, wall composition. 

 

Figure 3-7: Capture of the building plan, wall dimensions. 
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As we can see in the plans the composition and dimensions of the wall from the inside 
to the outside are as follows: 

• 16 cm of concrete. 

• 7 cm of insulation rock wool (Heraclik). 

• 12 cm of concrete. 

 

The thermal conductivity values of the materials forming the walls of the building 
according to ISO 10456 are summarised in Table 3-3: 

Table 3-3: Wall materials thermal conductivity. 

Material 
Thermal conductivity, λ 
[W/(m·K)] 

Concrete (reinforced with 1% of steel) 2,3 

Rock wool 0,035 

 

3.4.3 U-value estimation from thermal imaging 

The equipment used to estimate the U-value using infrared thermography (IRT) is a 
FLIR i7 hand-held thermal camera. This camera will allow us to obtain infrared images 
of the building envelope, to know the temperature of the building surfaces and to 
evaluate where the greatest thermal leakage occurs. Figure 3-8 shows a photograph 
of this camera. The technical data-sheet can be found in Annex 3. 

 

 

Figure 3-8: FLIR i7 thermal camera (source: https://www.tequipment.net/fliri7.html) 
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The temperatures obtained with the thermal camera are: 

• External wall surface temperature (Ts). 

• Inner wall surface temperature (Ts,in). 

• Reflection temperature (Trefl). 

 

Figure 3-9 shows the actual and thermal images of how the temperature of the outer 
surface of the wall has been obtained. 

 

   

Figure 3-9: Thermal image and real image of the measuring point of the outer surface of the wall. 

The reflection temperature was obtained following the procedure of (ASTM E1862-97, 
1997), opting for the procedure using aluminium foil and setting the emissivity of the 
thermal camera to 1 (ε = 1).  

As far as ambient temperatures are concerned, the values collected with the 
temperature sensors during the real-time monitoring are described in section 3.4.1. 

Thermal images of different areas of the building envelope have also been captured 
to identify and locate possible irregular heat losses. 

3.4.4 3D model of the building 

As a drone with a thermal camera was not available, a normal drone was used. After 
analysing the market, the DJI Mini 2 model was chosen. This drone allows us to obtain 
the images of the building necessary to make the 3D model, and at the same time, it 
does not require a flight licence or a pilot's licence. This is thanks to its strategic weight 
of 249g, below the 250g limit set by the regulations.  

Figure 3-10 shows the DJI mini 2 drone. Specifications can be found in Annex 4. 
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Figure 3-10: DJI Mini 2 (source:https://www.dji.com/be/mini-2) 

Several drone flights were performed around the building in automatic flight modes, 
such as circular and spiral, centred on the target building. In each flight, the drone 
filmed the building from different angles and perspectives. Flights were also made in 
manual mode to film all the facades and the roof at close range. With these videos, 
we collected 270 images of the building from all points of view.  

Figure 3-11 shows a sample of the photos collected. We have chosen to use a number 
of 270 images, as the number of images should not be excessive. The number of 
photos is optimal so that each photo must match those that overlap each other 
(Maharani et al., 2020). The number of photos that can be processed by Metashape 
depends on the available RAM and reconstruction parameters used (Agisoft 
Metashape User Manual: Professional Edition, Version 1.8, 2022). Another 
recommendation from the Agisoft Metashape manual on the number of photos is that 
it is better to have more photos than necessary than not enough. 

   

   

   

   

Figure 3-11: Sample of photos taken with the drone. 
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3.5 Data analysis 

In this chapter, we will describe the data analysis and the process that has been 
carried out in each part of the work to achieve the results. In this way, the same 
sections as seen in the previous chapter 3.4 will be followed. 

3.5.1 U-value real-time monitoring 

After collecting monitoring data in accordance with all requirements imposed by the 
ISO 9869 standard, as explained in section 3.4.1, the data was downloaded in an excel 
spreadsheet to obtain the average values of the thermal transmittance of the building 
wall. In this way, we can represent a graph with the evolution of the curves of indoor 
temperature, outdoor temperature, heat flow, and U-value. In addition to the average 
U-value, the percentage of the variance of the U-value for the previous 24 hours has 
been calculated, as specified in the standard. 

3.5.2 U-value calculation according to the standards 

In this section, we explain the equations used to calculate the U-value following the 
ISO 9869-1:2014, Thermal insulation - Building elements – In-Situ measurement of 
thermal resistance and thermal transmittance (ISO 9869-1, 2014) and ISO 6946:2017,  
Building components and building elements – Thermal resistance and thermal 
transmittance – Calculation methods (ISO 6946, 2017). 

The thermal transmittance of the element, represented by U [W/(m2·K)]. U is given by 
(1). 

 
𝑈 =

𝑞

(𝑇𝑖 − 𝑇𝑒)
=

1

𝑅𝑇
 (1) 

 

where 𝑞 [W/m2] is the density of heat flow rate, 𝑇𝑖 is the interior environmental 
temperature and, 𝑇𝑒 is the exterior environmental temperature. We will use the second 

part of the equation where 𝑅𝑇 is the total thermal resistance given by (2). 

 
𝑅𝑇 = 𝑅𝑠𝑖 + 𝑅 + 𝑅𝑠𝑒 (2) 

Where 𝑅𝑠𝑖 and 𝑅𝑠𝑒 are the internal and external surface thermal resistance, 
respectively.  

We use Table 3-4 to find the values of 𝑅𝑠𝑖 and 𝑅𝑠𝑒 for a direction of the horizontal heat 
flow, extracted from ISO 6946. 
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Table 3-4: Conventional surface resistances. 

Surface resistance 
[m2·K/W] 

Direction of heat flow 

Upwards Horizontal Downwards 

𝑅𝑠𝑖 0,10 0,13 0,17 

𝑅𝑠𝑒 0,04 0,04 0,04 

 

𝑅 is the thermal resistance of an element [m2·K/W]. We will have to add the thermal 
resistances of all the layers that form the wall of the building. The thermal resistance 
of each layer, 𝑅𝑖, is computed using (3). 

 
𝑅𝑖 =

𝑑𝑖

𝜆𝑖
 (3) 

Where: 

 𝑑𝑖 is the thickness of the layer [m]; 

𝜆𝑖 is a thermal conductivity for the material of the layer [W/(m·K)], given in 
ISO 10456 shown in section 3.4.2 (Table 3-3). 

Using the equations (1), (2) and, (3) we can obtain the calculated value of the thermal 
transmittance (U-value) of the walls of the analyzed building. 

3.5.3 U-value estimation from thermal imaging 

To estimate the U-value using infrared thermography, we relied primarily on the 
methodology by (Bayomi et al., 2021). 

In the cited article, an equation (4) is developed that allows to estimate the thermal 
transmittance from surface temperatures obtained through the thermal images. This 
equation is a slight modification of the initial equation developed by (Madding, 2008). 

The overall heat transfer coefficient is calculated using the following equation (4): 

 
𝑈 =

𝜀𝜎(𝑇𝑟𝑒𝑓𝑙 − 𝑇𝑠,𝑖𝑛) + ℎ𝑐(𝑇𝑖𝑛 − 𝑇𝑠,𝑖𝑛)

𝑇𝑠,𝑖𝑛 − 𝑇𝑠,𝑜𝑢𝑡
 (4) 

Where: 

𝜀 Emissivity  

𝜎 Stefan-Boltzmann constant W·m-2·K-4 

𝑇𝑟𝑒𝑓𝑙 The apparent measured temperature K 

𝑇𝑠,𝑖𝑛 Interior wall surface temperature K 

𝑇𝑠,𝑜𝑢𝑡 External wall surface temperature K 
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ℎ𝑐 Convection Coefficient W/(m2·K) 

𝑇𝑖𝑛 The indoor air temperature K 

 

To estimate the emissivity of the exterior wall, we followed (Bayomi et al., 2021) taking 
a value of 0,95. 

A standardized convection coefficient (ℎ𝑐) of 8,7 W/(m2·K) derived from (Tanner et al., 
2011) was used to estimate U-value from IR data. 

Regarding the temperatures required in the equation, we used a handheld camera as 
explained in section 3.4.3 of data collection. 

To verify the dimensional consistency of the equation from (Bayomi et al., 2021): 

𝑈 =
𝑊 · 𝑚−2 · 𝐾−4 · 𝐾3 · (𝐾 − 𝐾) + 𝑊 · 𝑚−2 · 𝐾−1 · 𝐾

𝐾 − 𝐾
 

=
𝑊 · 𝑚−2 · 𝐾−4 · 𝐾4 + 𝑊 · 𝑚−2

𝐾
 

=
𝑊 · 𝑚−2 + 𝑊 · 𝑚−2

𝐾
 

=
𝑊

𝑚2 · 𝐾
 

 
Apart from this quantitative estimation, we have also carried out a qualitative 
estimation by deeply analysing thermal images of the building envelopes as performed 
in (Bayomi et al., 2021). This analysis aims to identify irregular heat losses, based on 
the shape and the location of the anomaly, such as those described below: 

• Thermal bridge: identification of vertical or horizontal anomalies of cladding 
located mainly around a corner of the building and between floors. 

• Material degradation: degradation of cladding materials or cracks. 

• Insulation failure: thermal leakage around doors and windows, and degradation 
of insulation in the building envelope. 

We have used FLIR Thermal Studio software for the analysis of the thermal images 
(FLIR Thermal Studio, 2021). 

These irregularities allow us to analyse qualitatively the thermal losses of the building. 

3.5.4 3D model of the building 

In this subsection we will explain the steps of the methodology to achieve a printable 
version of the building to be printed on a 3D printer, starting from the images collected 
with the UAV. 

First of all, we present the software used in this study, including: 

• Agisoft PhotoScan Professional 1.4.3: This software developed by Agisoft LLC 
performs the photogrammetric processing of digital images and generates 3D 
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spatial data (Agisoft PhotoScan Professional 1.4.3, 2022). It will allow us to 
generate a 3D model from images of the building. 

• Meshmixer 3.5: It’s a tool from Autodesk, Inc. is a prototype design tool based 
on high-resolution dynamic triangles meshes (Meshmixer 3.5, 2021). With this 
software, we will get a closed and solid model, suitable to be printed in 3D. 

• PrusaSlicer 2.3.3: PrusaSlicer is an open-source, feature-rich, frequently 
updated tool that allows you to export the print files for Prusa 3D printer 
(PrusaSlicer 2.3.3, 2021). PrusaSlicer will allow us to slice our model and define 
the passes of the 3D printer. 

• Pronterface: It is a 3D printing host software suite that talks to your printer and 
handles the printing process (Pronterface, 2021). 

Secondly, we define the equipment used in this section, which consists of a high-
performance workstation for image recognition simulation and the 3D printer used: 

• The state of the art workstation at the SBD Lab, ULiège, uses a processor with 
64 cores, 128 threads, and a 256MB cache for computing power and 
performance. This is in combination with 128GB (4 x 32GB) of memory (RAM) 
and a graphics card of 24GB.  

The main components are:  

o CPU: AMD Ryzen Threadripper 3990X, 64 x 2.9GHz, 256MB Cache, 
280W TDP, TRX40. 

o RAM: 64GB – 2 x 32GB Kit DDR4-3200 CL16, Corsair Vengeance LPX 
(2 x 32 GB Kit x 2 St. = 128GB). 

o Graphics card: NVIDIA GeForce RTX 3090, 24GB. 

Figure 3-12 shows a photo of the used SBD lab workstation. 

 

 

Figure 3-12: SBD Lab workstation. 
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• 3D printer: Original Prusa i3 MK3S (Figure 3-13). Data-sheet in Annex 5. 

 

 

Figure 3-13: Original Prusa i3 MK3S. 
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Next, we will explain step by step the process followed, starting from the images of the 
building obtained with the drone to get a 3D printing: 

1. The first programme we use is Agisoft Photoscan. To start our process we add 
the 270 photographs to the software. We can do this using the workflow menu. 
Then, the photos are aligned using the same menu and we select the low 
accuracy in the align settings. The software places all the pictures in the space 
with their correct position and tilt (Figure 3-14). 

 

Figure 3-14: Agrisoft screenshot. Alignment of photographs in space. 

At the same time, it creates a first point cloud of the 3D representation of the 
environment, where we can already start to recognise the building as we can 
see in Figure 3-15. 
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Figure 3-15: Agisoft screenshot. Point cloud. 

2. In order not to lose details when the software comes to building the mesh and 
the texture of our building, we create some masks. We select two or three 
photographs from each flight and crop the building as shown in Figure 3-16. In 
this way, we eliminate information from around the building and the software 
will focus on defining the building's junction points. At the same time, it will not 
waste time and resources on modelling spaces outside the building that we are 
not interested in. 

 

 

Figure 3-16: Agisoft screenshot. Creating the mask of the building. 
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3. The next step is to re-align the photos to apply the created masks. This time we 
set the accuracy to the highest and select to apply the masks in the tie points 
of the advanced image alignment parameters menu. In this way, as can be seen 
in Figure 3-17, a point cloud with less background has been obtained. This 
means that we can now focus the detail on the object we want. 

 

Figure 3-17: Agisoft screenshot. Point cloud with the masks applied. 

4. Next, we build a dense cloud. To do this, go to the same workflow menu, select 
built dense cloud with the quality set to ultra-high and the deep filter set to 
aggressive. The result is the dense cloud in Figure 3-18. 

 

Figure 3-18: Agisoft screenshot. Dense cloud. 
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5. The next step is to build the mesh. Again we go to the workflow menu, build 
mesh and set the face count option to the highest. In Figure 3-19, we can see 
the result after the simulation, the shaded model. 

 

 

Figure 3-19: Agisoft screenshot. Shaded model. 

6. Once the mesh is built, go to the workflow menu and build the texture. This time 
we leave the default parameters. The texture of the building can be seen in the 
screenshot in Figure 3-20. 

 

 

Figure 3-20: Agisoft screenshot. Textured model. 
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7. The last step with Agisoft will be to build the tiled model. As before, we will 
select this option in the workflow menu and we will get the more detailed model 
in Figure 3-21, the tiled model. 

 

 

Figure 3-21: Agisoft screenshot. Tiled model. 

8. It is time to export our model in .stl format, save it. 

Table 3-5 summarizes the parameters selected in Agisoft based on software 
developer recommendations and test and trial. 

 

Table 3-5: Parameters used in Agisoft Software. 

Photo Alignment Parameters  

Accuracy Highest 

Generic reselection Enabled 

Point Limit 126.498 

Building dense point cloud  

Quality Ultra-high 

Depth Filtering Aggressive 

Calculate point colours Enabled 

Building mesh  

Source data Dense Cloud 

Surface type Arbitrary (3D) 
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Face count High 

Calculate vertex colours Enabled 

Building Texture  

Mapping Mode Generic 

Blending Mode Mosaic 

Texture size/ count 4096 x 1 

Enable hole filling Enabled 

Enable ghosting filter Enabled 

Building Tiled Model  

Source data Dense cloud 

Pixel size (m) 0.00596779 

Tile size 4096 

Enable ghosting filter Enabled 

 

 

9. Now, we will import the saved model in .stl format into the 3D modelling 
software Meshmixer. In Figure 3-22 we can see the 3D model after orienting it 
well. 

 

 

Figure 3-22: Meshmixer screenshot. 3D model imported and oriented. 
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10. As we only want the building, we will cut out all the objects around it using the 
Meshmixer editing tools. In Figure 3-23, we can see the cropping process.  

 

Figure 3-23: Meshmixer screenshot. Cutting process. 

 
We want to get a result like in Figure 3-24 for the next steps. 

 

 

Figure 3-24: Meshmixer screenshot. Model cutted. 
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11. In the edit menu, we will use the option Make solid with the parameters defined 
in Table 3-6. In Figure 3-25 we can see a screenshot of the result. 

Table 3-6: Parameters used in Meshmixer - Make Solid. 

Make Solid  

Solid Type Accurate 

Color Transfer Mode Automatic 

Solid Accuracy 512 

Cell Size 0.02 mm 

Mesh Density 512 

Cell Size 0.016 mm 

Closed Open Bondaries Enabled 

Auto-Repair Result Enabled 

 

 

Figure 3-25: Meshmixer screenshot. Solid model. 
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12. In the last steps, we will edit the solid model to cut and polish irregular shapes 
that protrude from the facade of the building (Figure 3-26). 

 

 

Figure 3-26: Meshmixer screenshot. Cutting and polishing irregular shapes. 

13. We will repeat step 11, to make the solid model again and we will also cut the 
tree attached to the facade with the Plan Cut option. In Figure 3-27, we can see 
the result once the tree has been cut. 

 

 

Figure 3-27: Meshmixer screenshot. Solid model with the tree cutted. 
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14. Finally, using the Plan cut option, we will make the base of the building flat by 
cutting it with a horizontal plane taking as a reference the lowest point of the 
facade which allows us to obtain a flat base. In Figure 3-28, we can see the 
final solid model in Meshmixer software. 

 

Figure 3-28: Meshmixer screenshot. Final solid model with a flat base. 

15. Once we have the solid model ready, we will export it and save it in .stl format. 
Then we import it into our PrusaSlicer printer software. 

16. The first action we will do once we have the imported model is to size it 
correctly. We will define the longitudinal dimension Y and at 100 mm, in this 
way, we will get a 10x10cm model with a scale of 1:400. In Figure 3-29, we can 
see the resized model. 
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Figure 3-29: PrusaSlicer screenshot. Model imported and resized. 

17. The next step will be to slice the model to define the printer passes. We will 
also define the parameters for printing, such as the size of the filament used, 
the shape of the internal structure, the lightness or the % of the material used, 
among others. In Table 3-7, we can see the most relevant defined parameters. 

Table 3-7: Relevant 3D printing parameters. 

PRINT SETTINGS 0.15 mm QUALITY @MK3 

Layer height 0,15 mm 

First layer height 0.2 mm 

Vertical shells:  

Perimeters 2 

Horizontal shells:  

Solid layers - Top 7 

Solid layers - Bottom 5 

Minimum shell thickness - Top 0.7 mm 

Minimum shell thickness - Bottom 0.5 mm 

Infill:  

Fill density 15% 

Fill pattern Gyroid 

FILAMENT SETTINGS Prusament PLA 

Diameter 1.75 mm 
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Density 124 g/cm3 

Cost 30.24 money/kg 

Spool weight 201 g 

PRINTER SETTINGS Original Prusa i3 MK3S 

Nozzle diameter 0.4 mm 

 

In Figure 3-30, we can see the sliced model. It should be noted that the printing 
time will be 1 h 18 mins and 12.89 m of filament will be used. 

 

Figure 3-30: PrusaSlicer screenshot. Sliced model. 
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In Figure 3-31, a middle stage of the impression shows the internal structure of 
the 3d printing. It corresponds to a Gyroid structure that allows reducing the 
density of the model to 15% of the material. 

 

Figure 3-31: PrusaSlicer screenshot. Middle stage of the 3D printing (Gyroid structure). 

18. The last step with the PrusaSlicer software is to export the model in G-code. 
This code will allow us to transfer the print file to the printer via the Pronterface 
software. 

19. Finally, we will import the .g-code file into Pronterface. We will establish a 
connection with the Original Prusa i3 MK3S 3D printer loaded with enough 0.17 
mm PLA filament and start 3D printing. An interesting tip is to put a thin layer of 
glue on the surface of the printer to facilitate the fixation of 3D printing during 
printing. 
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In Figure 3-32, we can see an instant of the printing process where the internal 
structure with gyroid structure can be clearly appreciated. 
 

 

Figure 3-32: 3D printing process with Original Prusa i3 MK3S. 

Figure 3-33 shows the 3D printer printing connected to the computer with the 
Pronterface software on the computer monitor during the printing process. 

 

Figure 3-33: 3D printer and computer with Pronterface software during the printing process. 
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These are the 19 detailed steps we have followed in order to achieve a 3D print from 
the images obtained by the drone. 

3.6  Boundary conditions 

In this section, we will explain what the study does and does not cover, the limitations 
that have been encountered throughout the study and the strategies that have been 
followed to overcome these limitations. 

In this study, we measured the thermal transmittance (U-value) of the wall of room 
D106, on the ground floor of the southeast tower of building B13A of the university 
residence of the University of Liège. Therefore, all measurements of the parameters 
necessary to obtain the U-value have been carried out in this room. Specifically, these 
measurements correspond to the installation of the heat flux sensor kit for the real-
time monitoring of the U-value, as well as the measurements of different ambient and 
surface temperatures for the estimation of the U-value from thermal images. Also, in 
the calculations of the thermal transmittance of the wall according to the standards, 
we have looked for the composition of the wall of the same room, which is the same 
for all the walls of the rooms of the building. 

It should be taken into account that we had limited time to carry out the study and to 
obtain data, which means that it was not possible to take more measurements to 
contrast the data obtained, which could have been interesting. It should also be noted 
that it was not easy for us to access the rooms in the building, as it is fully occupied 
by students living there, and we were only able to obtain measurements from the room 
mentioned above. However, we overcame these limitations and managed to obtain 
the necessary data to obtain good results for this study. 

Another relevant aspect is the fact that we have not been able to have a drone with a 
thermal camera, as a UAP of these characteristics has a high cost and requires driving 
licences. To overcome this shortcoming, we have chosen to use a small drone capable 
of obtaining good images of the building. In this way, we were able to make a 3D model 
of the building and print it on a 3D printer to validate the accuracy of the method and 
implement a 3D modelling methodology. This method can serve as a basis for future 
researchers interested in the field and with the availability of a UAP with a thermal 
camera. Concerning the acquisition of thermal images, we have used a hand-held 
thermal camera. It does not have a very high resolution but it has allowed us to obtain 
infrared images of the building to estimate the U-value and to identify the stains of the 
building envelopes. 

3.7 Quality criteria 

In this section, we will describe the quality criteria we have followed in our study and 
we will also discuss the reproducibility of the methodology used in this work. 

Concerning the methods of calculation and approximation of the thermal transmittance 
of the building walls, real-time monitoring has been used as a base value, as it is the 
most reliable method and the closest to reality. This method allows us to obtain a real 
reading of the U.value of the walls following the conditions imposed by the ISO 9869 
standard. For this reason, in the calculation of the u-value according to the standards 
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and the estimation of the u-value through thermal images, the value obtained with the 
real-time monitoring has been taken into account as a value to be approximated. 

Regarding 3D printing, in order to assess the quality of the method, we will focus on 
analysing the accuracy and degree of definition of the 3D print by comparing it with 
the real building. In this way, we will draw conclusions of the methodology developed 
and if it can serve as a basis for a 3D model with thermal drones for possible future 
work. 

This work has a high degree of reproducibility, as the software used, the equipment 
used and the standards followed are described in detail throughout the work. The 
method followed in all the calculations and tests carried out is also explained in detail. 

The software used are Agisoft PhotoScan Professional, Meshmixer, PrusaSlicer and, 
Pronterface, presented in more detail in section 3.5.4. As for the equipment used, they 
are the gSKIN® U-Value Kit, the FLIR i7 hand-held thermal camera, the DJI mini 2 
drone, the Workstation with 64 cores and the Original Prusa i3 MK3S 3D printer. These 
devices are described in their corresponding chapter throughout sections 3.4 and 3.5. 
Finally, the standard mainly followed is ISO 9869.  

You can follow the procedures used in this work throughout Chapter 0 of Methodology. 
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4 Results 

In this chapter, we present the results obtained following the methodology described 
in Chapter 3. These results will be used to answer the research questions raised, 
which are set out below: 

• How to get a 3D model and a 3D printed maquette of a building through pictures 
obtained from a drone? 

• How to estimate the values of thermal transmittance (U-value) of a building 
envelope using thermal images? 

• How do the U-values obtained from (i) real monitoring using heat flow sensors, 
(ii) calculation method according to the standard ISO 9869, and (iii) estimations 
based on thermal imaging differ in terms of accuracy, speed, cost, and 
usability? 

First of all, we show the results of the thermal transmittance value (U-value) of the wall 
of the residence building of the University of Liège, obtained by the methods described 
above: real-time monitoring, calculation according to the relevant standards and 
estimation based on infrared thermography. After that, we present a comparison of the 
three methods. With this, we will answer the second and third research questions. 

Then, we also show the result of the 3D printing of the building, which is the final result 
of the methodology asked by the first research question. 

4.1 U-value real-time monitoring 

Through the gSKIN® U-Value Kit, we have obtained values of the indoor temperature, 
outdoor temperature, heat flux and thermal transmittance of the building for every 
minute during 72 hours. These results are shown in Figure 4-1. Where each parameter 
is represented by a line. The report given by the software is shown in Annex 6. 

 

Figure 4-1: U-value real-time monitoring. 
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The logger data collected from our measurement are shown in Table 4-1: 

Table 4-1: Logger data. 

Type U-value measurement kit 

Sensitivity 11.9 uV/(W/m2) 

Inside temp. (T1) 18.9 ºC 

Outside temp. (T2) 3.5 ºC 

Measurement time (t) 118.73 h 
 

Table 4-2 contains the results of U-value analysis using the average method (ISO 
9869-1:2014): 

Table 4-2: U-value analysis using the average method. 

Analysis start time 2021-11-25 17:42:44 

Analysis end time 2021-11-28 17:42:44 

Analysis period 72 h 

  

U-value 1.86 W/(m2K) 

U-value w/o last 24h (U24) 1.88 W/(m²K) 

dU24 -1.1 % 

dR24 1.6 % 
 

Through real-time monitoring, a U-value of 1.86 W/m2·K has been obtained. 

Observing the results, we can indicate that the conditions of ISO 9869-1:2014, as 
described in section 3.5 Data analysis, are fulfilled and are as follows: 

• The temperature difference is more than 5 ºC between inside and outside, as 
the average indoor temperature is 18.9 ºC and the average outdoor 
temperature is 3.5 ºC. 

• The sensors have been functional throughout the monitoring period. 

• The measurement time was 118.73 h, exceeding 72 h. U-value data has been 
collected during the last 72 h. 

• The last measured U-value has differed less than 5% from U-value 24h before, 
specifically, it has differed -1.1 %. 

• The temperature curves have not crossed at any time as we can see in Figure 
4-1, where the yellow curve corresponds to the inside temperature and the red 
curve to the outside temperature. 

A U-value of 1.86 W/m2·K is a very high thermal transmittance value which indicates 
that the insulation of the walls is not working properly. This is a logical result as we are 
analysing a building constructed in the 1960s, i.e. more than 50 years old, and it may 
well be that the insulation has degraded over time or is wet due to possible rainwater 
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seepage. Therefore, we can say that this is a good result very close to reality and 
confirms once again that the real-time monitoring has been carried out correctly. 

4.2 U-value calculation according to the standards 

The results of the calculation of the U-value of the wall following the standards ISO 
9868-1:2014, using equations (1), (2) and (3) explained in section 3.4.2, were as 
follows. 

First, the values of the thermal resistances of the wall layers and the total resistance, 
calculated with Equation (3) and (2), and summarized in Table 4-3, ordered from the 
inside to the outside of the building, are shown. 

Table 4-3: Results of calculation accoding to ISO 9869. 

Rsi 0.13  (m2·K)/W 

R1 (Concrete - 12 cm) 0.07 (m2·K)/W 

     d1 0.16  m 

     λ1 0.035  W/(m·K) 

R2 (Insulation rock wool - 7 cm) 2.00 (m2·K)/W 

     d2 0.07 m 

     λ2 2.30 W/(m·K) 

R3 (Concrete - 16 cm) 0.05 (m2·K)/W 

     d3 0.12  m 

     λ3 0.035 W/(m·K) 

Rse 0.04 (m2·K)/W 

RT 2.29 (m2·K)/W 

   

U-value 0.46 W/(m2·K) 

 

Finally, we use equation (1) to calculate the U-value. We obtain a value of 0.46 
W/m2·K. This value is quite good, but if we compare it with the value obtained with the 
real-time monitoring of 1.86 W/m2·K given in section 4.1 above, it shows that it does 
not match the reality of the wall at this moment. This fact shows that the insulation of 
rock wool is not working at all correctly. We can be sure that the insulation has a major 
degradation or humidity problem caused mainly by the passing of the years since the 
building was constructed. 

We repeat the calculations to approximate the value of 1.86 W/m2·K obtained through 
real-time monitoring in section 4.1 above. To solve for this value, we change the 
thermal conductivity of the rock wool insulation, as we have shown that it is not in good 
condition and that the thermal conductivity value used is not the actual value. The data 
is summarised in Table 4-4. 
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Table 4-4: Results of calculation following ISO 9869 changing λ2. 

Rsi 0.13  (m2·K)/W 

R1 (Concrete - 12 cm) 0.07 (m2·K)/W 

R2 (Insulation rock wool - 7 cm) 2.00 (m2·K)/W 

     d2 0.07 m 

     λ2 0.285 W/(m·K) 

R3 (Concrete - 16 cm) 0.05 (m2·K)/W 

Rse 0.04 (m2·K)/W 

RT 0.54 (m2·K)/W 

   

U-value 1.86 W/(m2·K) 

 

As we can see, with a thermal conductivity value of 0.285 W/m·K for the thermal 
conductivity of the insulation in a degraded state, we reach the target U-value. 

4.3 U-value estimation from thermal imaging 

To estimate the value of the thermal transmittance of the walls of the analysed building, 
we have used the estimation made by (Bayomi et al., 2021). Following the equation 
(4) presented in chapter 3.5.3, we present below the values used (Table 4-5). 

Table 4-5: Data used for U-value estimation IRT. 

𝜺 Emissivity 0,95  

𝝈 Stefan-Boltzmann constant 5.67x10-8 W·m-2·K-4 

𝑻𝒓𝒆𝒇𝒍 The apparent measured temperature 276.25 K 

𝑻𝒔,𝒊𝒏 Interior wall surface temperature 290.65 K 

𝑻𝒔,𝒐𝒖𝒕 External wall surface temperature 279.75 K 

𝒉𝒄 Convection Coefficient 8.7 W/(m2·K) 

𝑻𝒊𝒏 The indoor air temperature 292.71 K 

    

U-value Thermal transmittance (U-value) 1.64 W/(m2·K) 

 

We obtain an estimated U-value of 1.64 W/m2·K. We would like to emphasise that this 
equation is very sensitive to the inner surface temperature of the wall, as it appears in 
three terms of the equation. For this reason, this equation has to be used with caution. 

With this result close to the value obtained in section 4.1 by real-time monitoring of 
1.86 W/m2·K, we can conclude that we have found a method to estimate the thermal 
conductivity quantitatively with caution and, we can therefore answer the second 
research question. 
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We have also carried out a qualitative estimation of the thermal transmittance. This 
estimation is based on analysing the thermal images of the captured building 
envelopes. The objective is to find thermal anomalies on the facades of the residence 
in order to detect possible problems. These problems can be for example thermal 
bridges, material degradation along the walls or insulation degradation. The software 
FLIR Thermal Studio was used to analyze temperature readings from approximately 
90 images, as shown in Figure 4-2. 

 
 

   

   

Figure 4-2: Sample of thermal imaging analysis. 

The results of the thermal image analysis reveal 3 types of anomalies in the assessed 
building: thermal bridge, material degradation and insulation failures. The distinction 
of the three types of anomalies is based on the location and the shape of the anomaly. 
Thermal bridging was identified as vertical or horizontal anomalies located between 
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floors and around the corners of the building. Deterioration of the façade material 
involves the degradation of the cladding materials or the presence of cracks. Finally, 
insulation failure leads to thermal leakage around windows and cracks and 
degradation of insulation along the building envelope. This anomaly is identified when 
temperature differences of 2 degrees are detected along the same wall. 

4.4 Comparison of methods for obtaining the U-value 

In this chapter, we have made a comparison of the different methods used in this study 
to obtain the value of the thermal transmittance (U-value). Specifically, we compare 
the results obtained in section 4.1 U-value real-time monitoring, 4.2 U-value 
calculation according to the standards and, 4.3 U-value estimation from thermal 
imaging. In order to make this comparison, we have based ourselves on 4 terms which 
are set out below: 

• Accuracy: approximation to the real value of thermal transmittance. We have 
calculated the percentage deviation of the U-value of each method from the U-
value obtained from real-time monitoring, as this is the most accurate method. 

• Speed: time used to obtain the U-value. It includes the estimated time of 
measurement of parameters and calculations performed on a case-by-case 
basis. 

• Cost: estimation in Euros of the total cost of the equipment used. Does not 
include the cost per hour of the user performing measurements or calculations. 

• Usability: ease of carrying out the method undertaken for the calculation or 
estimation of the U-value. 

In Table 4-6, we compare each method (row) with each comparison term (column). 
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Table 4-6: Comparison of U-value methods. 

 
U-value 
[W/m2·K] 

Accuracy Speed Cost Usability 

Real-time monitoring 

1.86 
 

Very high accuracy. 
It measures the actual U-
value of the wall according 
to the requirements of ISO 
9869. 

73 h 
The minimum 72 hours 
required for real-time 
monitoring plus one hour 
to install the sensors 
correctly on the wall are 
considered. 

1,733.22 € 
Cost of gSKIN U-
Value Kit without 
taking border taxes 
into account. 

Complex usability. 
Complexity to install 
the sensor kit correctly 
on the wall, as certain 
conditions must be 
respected to meet the 
requirements. 

Calculations 
according to the 

standards 

0.46 Very low accuracy. 
The calculation was made 
on the assumption that the 
wall materials are in 
perfect condition. 
76.54% deviation from the 
U-value obtained by real-
time monitoring. 

1 h 
Estimated time to be 
spent to perform U-value 
calculations. 

0 € Easy usability. 
Simple calculations 
are required. 

Estimation from 
thermal imaging 

1.64 Good accuracy. 
The estimate of the U-
value gives a fairly close 
estimate of reality. 
11.60% deviation from the 
U-value obtained by real-
time monitoring. 

2 h 
One hour has been 
estimated to measure all 
temperatures required 
for the estimation and 
one hour to perform the 
calculations. 

881.40 € 
Approximate market 
price of the FLIR i7 
thermal camera used 
for the estimation. 
Other thermal cam-
eras can be used. 
 

Medium usability. 
Some complexity in 
the correct measure-
ment of wall surface 
temperatures and 
reflection temperature, 
as temperatures can 
easily vary. Ease of 
following the estima-
tion equations. 
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If we look at the accuracy of the methods, the most reliable and accurate method is 
real-time monitoring. This method provides us with a very accurate value of 1.86 
W/m2·K, as it measures the thermal transmittance of the real wall following the 
requirements of the ISO 9869 standard, as described in section 3.4.1. For this reason, 
we have considered this value as the reference value to compare the accuracy of the 
other methods. 

The calculation of the U-value according to ISO 9869 standards, the second method 
in Table 4-6, gives very poor accuracy with a value of 0.46 W/m2·K and with a deviation 
of 76.54% from the reference value. This is a very technical method that assumes that 
the wall materials are in perfect condition, which is far from the reality of the building. 

Regarding the estimation from thermal images, we obtained a value of 1.64 W/m2·K. 
We can say that this value has a good accuracy as the deviation from the reference 
value is 11.60%. However, this method is very sensitive to the temperature of the inner 
surface and must be used with caution as the results can be very different from reality. 

In terms of speed, the most time-consuming method is real-time monitoring, which 
requires a minimum measurement of 72h. On the contrary, the fastest method is the 
standard calculation method with an estimated 1h followed by the estimation from 
thermal images with 2h. 

Looking at the cost of each method, real-time monitoring is the most expensive, as the 
sensor equipment used costs more than 1,700 € without taking into account border 
fees. For the estimation from thermal images, we have used a thermal camera which 
costs approximately 881.40 €. The calculation of the U-value according to the 
standards has a zero cost as no equipment is needed. 

Finally, as far as usability is concerned, real-time monitoring is the most complex 
system as it is easy to make mistakes in the installation of the equipment because it 
requires several parameters to be taken into account, so we have defined this method 
with complex usability.  

The other two methods are simpler since they require little more than a correct 
procedure to perform the calculations. It should be noted that the estimation through 
thermal images requires a correct collection of surface temperatures with the thermal 
camera, which can differ due to the presence of humidity or rain for example. For this 
reason, this method has been classified as medium usability. 

To summarize, the most accurate method is real-time monitoring, but it requires more 
time, costs more, and is more complex than other methods. Quite the opposite of the 
calculation according to the standards, which has very poor accuracy but requires the 
least in the other terms. Finally, the estimation from IRT is between the other two 
methods, which with a very short time we can achieve accuracy close to reality. 
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4.5 3D printing 

Once all the methodology presented in point 3.5.4 of this work has been carried out, 
we have obtained a 3D impression of the building at a scale of 1:400. 

Photographs of the 3D printing maquette are shown in the following pictures below. 

Figure 4-3 shows the 3D impression of the building with the real building in the 
background.  

 

 

Figure 4-3: 3D printing whit the real building in the background. 

  



 

University of Liège | Faculty of Applied Science | Characterization of envelopes thermal transmittance based 
on a mixed approach | RIFÀ ÁLAMO Roger 

58 

Figure 4-4 shows the 3D print in front of the Prusa printer used. 

 

 

Figure 4-4: 3D print and Prusa 3D printer. 
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Finally, in Figure 4-5 and Figure 4-6 we can see the 3D printed model of the building 
up close where you can see the details. 

 

Figure 4-5: 3D printing details. 

 

Figure 4-6: Complete 3D maquette. 
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Analysing the final result of the 3D printing, we can see that in general, we have 
obtained a model very close to reality. 

If we analyse the model in-depth, we can see that there are specific elements that are 
not very well defined, such as the windows. One of the causes may be that the images 
of the building were captured at a certain distance from it, thus preventing a very 
precise definition of specific elements such as the windows. As far as the walls of the 
façade are concerned, a high degree of accuracy has been obtained, as they are well 
oriented and very flat. 

If we look at the roof of the building, the contour step of the roof has been very well 
defined, unlike the surface which has a slight relief in the form of water due to the 
roughness of the 3D virtual model. 

In one corner of the building, there was a tree, which we cut down precisely, but the 
shape of the façade has been lost very slightly. 

Finally, we have encountered the problem that the building is located on land with 
some unevenness. This has meant that the facades of the building are not the same 
height around the perimeter of the building. For this reason, our virtual 3D model had 
a non-flat irregular base. In order to get a flat base of the building, we had to cut the 
building to a certain height, which made us lose some floors of the building in the 3d 
printing. 
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5 Discussion  

This chapter mainly reflects on the results obtained in this study. First, the restatement 
of the study proposal is presented, where the main findings obtained in chapter 4 
Results will be dealt with and which will generate the answers to the research 
questions posed throughout this memory. The findings and recommendations based 
on the results obtained are then presented. The strength and limitations of the study 
are also discussed. Finally, the last subchapter discusses the implications for the 
practice of the study and future work. 

5.1 Restatement of Study Purpose 

The purpose of this work was to evaluate the thermal transmittance of a building 
envelope based on a mixed approach. This approach mainly involves making an 
estimate of the thermal transmittance (U-value) from infrared images and comparing 
and validating this estimate with other methods of obtaining the U-value, such as real-
time monitoring and calculation according to standards. This study allows the 
evaluation of envelopes of buildings built during the 1960s that show high heat losses 
due mainly to their deterioration (Attia et al., 2021).  

As explained in chapter 1, this study aims to develop a methodology to serve as a 
basis for future projects based on the exploration of building envelopes with drones 
equipped with thermal cameras. As it is not possible to have a drone with this 
equipment, it has been decided to use a drone with a normal camera to develop a 3D 
model and print it with a 3D printer to evaluate the efficiency and accuracy of the 
method. This part of the work is intended to be the first base for future research work 
with thermal drones in our laboratory. 

The aim of this study is to answer the research questions posed, which are as follows: 

• How to get a 3D model and a 3D printed maquette of a building through pictures 
obtained from a drone? 

• How to estimate the values of thermal transmittance (U-value) of a building 
envelope using thermal images? 

• How do the U-values obtained from (i) real monitoring using heat flow sensors, 
(ii) calculation method according to the standard ISO 9869, and (iii) estimations 
based on thermal imaging differ in terms of accuracy, speed, cost, and 
usability? 

To answer the first question on how to obtain a 3D printing of a building from images 
obtained from a drone, we have elaborated a detailed methodology in chapter 3 of the 
methodology. Specifically, in section 3.5.4 we have described the equipment used and 
a total of 19 steps starting with the photographs of the building and ending with the 3D 
print. 

The equipment used consists of a workstation with a high processing capacity, used 
to process the 3D model of the building thanks to the alignment of the images, and a 
3D printer model Original Prusa i3 MK3S. Not forgetting the DJI Mini 2 drone presented 
in section 3.4.4 with which we have captured the images of the building. 
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The main ideas of the method described in section 3.5.4 are as follows: 

• Image alignment and processing with Agisoft Metashape software. Creation of 
masks on the images to define the building in depth and obtain the point cloud. 

• Preprocessing compilations for the creation of the 3D model where the steps of 
dense cloud, built mesh, built texture and tiled model are performed using the 
same Agisoft Metashape software. 

• Editing the 3D model and obtaining a solid model of the building with the 
Meshmixer software. The trees around the building have been removed and 
the building has been cut to obtain a flat base. 

• Preparation of the model for 3D printing with PrusaSlicer software. The model 
has been sliced to define each pass of the printer, as well as the internal 
structure of the model to make it lighter. 

• 3D printing of the model with the Original Prusa i3 MK3S 3D printer controlled 
through the Pronterface software. 

This is a summary of the 19 steps of the elaborated method. We have managed to 
obtain a 3D printing of the building to evaluate the accuracy of the devised method. 

Concerning the second research question on how to estimate the thermal 
transmittance of building walls using thermal images, we have employed the method 
developed in (Bayomi et al., 2021). Using equation (4) given in section 3.5.3 we 
obtained an estimate of the U-value. The parameters needed to obtain the U-value 
were collected using a FLIR i7 hand-held thermal camera, which allowed us to collect 
the temperature of the inner surface of the wall, the temperature of the outer surface 
of the wall and the reflection temperature. We have obtained a U-value with a deviation 
of 11.60% over the reference value obtained from real-time monitoring. It should be 
noted that this method is very sensitive to the temperature of the inner surface of the 
wall, as it is a very relevant parameter in equation (4). 

Finally, to answer the third research question about how do the U-values obtained 
from real monitoring using heat flow sensors, calculation method according to the 
standard ISO 9869, and estimations based on thermal imaging differ in terms of 
accuracy, speed, cost, and usability, we have elaborated Table 4-6 in section 4.4. The 
general conclusions drawn from the comparison are that the most accurate method is 
real-time monitoring, but it requires more time, costs more, and is more complex than 
other methods. Quite the opposite of the calculation according to the standards, which 
has very poor accuracy but requires the least in the other terms. Finally, the estimation 
from IRT is between the other two methods, which with a very short time we can 
achieve accuracy close to reality. 

5.2 Findings and Recommendations 

In this section, we explain the findings of this study together with important 
recommendations based on the experience gained. We will start by discussing the 
findings and recommendations of the developed methods of obtaining the thermal 
transmittance (U-value) of the walls of the analysed building, followed by the proposed 
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method of 3D printing with its findings and recommendations. We will end with our 
general recommendations useful for possible future work. 

As the results of chapter 4 of the paper have shown, the most accurate method to 
obtain a thermal transmittance closer to reality is real-time monitoring using the gSKIN 
U-Value Kit. A value of 1.86 W/m2·K has been obtained, which confirms the poor 
thermal insulation of the building walls. On the other hand, this method is the one that 
requires the longest calculation time of a minimum of 73 hours. At the same time, it 
also has a high equipment cost and it is easy to make mistakes during the installation 
of the monitoring as certain requirements must be met. We recommend placing the 
indoor and outdoor sensors at the same place on the wall, i.e. in front of each other 
but on either side of the wall. It is also advisable to place them on a shaded wall where 
they will not be exposed to direct sunlight, and that they will be sheltered in case it 
rains during the monitoring period. 

Regarding the results obtained by the calculation according to the ISO 9869 standard, 
the calculated result of 0.46 W/m2·K is far from the real value. This fact confirms that 
the insulation components of the wall, specifically the rock wool, are in very bad 
condition due to the many years since the construction of the building. It is possibly 
deteriorated and wet since the U-value obtained corresponds to insulation in perfect 
condition and with a very low thermal conductivity of 0.035 W/m·K. We have estimated 
the value of the real thermal conductivity obtaining a value of 0.285 W/m·K, as we 
have seen in section 4.2. The speed, cost and usability parameters of this method are 
very favourable, although they do not compensate in any way for the very low 
accuracy.  

If we now look at the results of the U-value estimation using thermal imaging, we have 
obtained a value of 1.64 W/m2·K. We can consider that this value is close to the real 
reference value as it presents a deviation of 11.60%. However, the equation used has 
to be taken with caution, since as we have explained above, this equation is very 
sensitive to the inner surface temperature of the wall since this parameter appears 3 
times in equation (4). This method falls in between the other two in terms of accuracy, 
speed, cost and usability. However, it stands out above all in the speed of estimation, 
as it allows you to obtain the U-value in approximately 3 hours, much less than the 
real-time monitoring method. The main recommendation of this method is when 
obtaining surface temperatures through a thermal or infrared camera because if you 
take the thermal images with a high % of ambient humidity due to e.g. rain or fog, the 
temperature readings can vary a lot and highly alter the results. For this reason, we 
recommend paying special attention to the ambient conditions when capturing the 
thermal images. 

A large part of this study has been to elaborate the methodology for obtaining a 3d 
printing or model of the building under analysis from the images captured with the 
drone. We can conclude that we have built a 19-step process in section 3.5.4 that has 
helped us to obtain 3D printing with good accuracy. The final 3D printing has a good 
higher definition on the roof and its contour. On the other hand, other more specific 
and smaller parts of the building, such as windows or hidden corners of the building, 
are less well defined. We have faced some problems such as the presence of a very 
large tree in a corner of the building that completely covered a façade and the 
irregularity of the base of the building, due to the unevenness of the terrain where it is 
located. In both cases, it was necessary to carefully cut the model. We would like to 
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highlight two recommendations on image capture, which is of great importance as it is 
the basis of the 3D model with the Agisoft software. The first is to try to avoid capturing 
images with reflections or shadows from the sun, so it is preferable to choose a cloudy 
day with uniform light. The other recommendation is to capture images from all angles 
and positions of the building, preferably perpendicular to the building façade. 

To conclude, we have carried out an analysis of the thermal camera drone market and 
we would like to propose the two models that we think will be the most interesting for 
the year 2021: 

• DJI Matrice 300 RKT with the thermal camera Zenmuse H20T. 

• DJI MAVIC Enterprise Advanced (with built-in thermal camera). 

These two drones have considerable dimensions and for this reason, it is necessary 
to have a UAB driving licence and to apply for permission from the territorial 
administration before each mission. Using these drones allows you to get a very good 
resolution of thermal images while allowing you to thermally analyse the entire building 
envelope, which was not possible in this study. The technical descriptions and the 
market prices of these two drones can be found in Annex 7 and Annex 8. 

5.3 Strength and Limitations 

This chapter is dedicated to discussing the strengths and limitations developed 
throughout this study. 

The calculations and analyses carried out in this thesis follow strict standards, 
recognised and exposed in the literature. The use of a normative basis is a guarantee 
of seriousness and leads to results that can be easily reused for future research. The 
methods involved in the calculation or estimation of thermal transmittance are 
described transparently and in detail, thus ensuring that the work meets expectations. 
Furthermore, the results obtained throughout this thesis are provided in detail. These 
elements make this work a potential basis for future studies. 

We have elaborated a methodology of how to build a 3D model of a building from 
images obtained by a drone through 19 very detailed steps, which facilitates the 
reproduction of the method. The exhaustive following of this methodology can serve 
as a basis for future research or practice. This methodology has allowed us to learn 
about different fields that we were unfamiliar with, such as drone driving, 3D modelling 
from images and 3D printing. 

Calculations and estimations of the thermal transmittance of the building façade have 
been carried out which corroborate the hypothesis that the insulation material of the 
façades is in a high degree of degradation and causes very significant thermal losses. 
The types of anomalies of the facades have been detected using thermal images. 

The first important limitation we had to face was the fact that we did not have a drone 
equipped with a thermal camera. For this reason, we could only analyse the building 
thermally from the ground with a handheld thermal camera with limited resolution. 

Another limitation is that we have only been able to collect thermal transmittance data 
from one room in the building with contact to the outside, as the residence analysed 
is highly occupied and we had limited access. In addition, the limited time available for 
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data collection and analysis did not allow us to compare data from different parts of 
the building envelope. 

5.4 Implications on practice and future work 

In this work, we have carried out the estimation of thermal transmittance from thermal 
images. We have compared and evaluated this method with other ways of calculating 
the thermal transmittance of a wall supported by recognised standards. This 
estimation allows us to obtain a fairly good U-value close to reality in a short time 
interval and at a moderate cost. The importance of this method for the analysis of a 
building envelope should be emphasised, allowing the detection of anomalies in the 
façade and relevant heat losses in a short period of a few hours. 

We have elaborated a detailed and very complete methodology to obtain 3D printing 
from the simple images collected by a drone. This comprehensive and simple 
methodology is intended to serve as a foundation for future users to build 3D models 
using image recognition. 

This work is done as a basis for future research work in the SBD Lab. The next steps 
of this work would be to use a drone equipped with a thermal camera to capture 
information from the entire envelope of a building. These thermal images can be added 
to the 3D model of the building elaborated in this study to obtain a complete 3D thermal 
model. In this way, heat losses and anomalies can be easily detected in detail from 
the building envelope. 

Another method to obtain the thermal transmittance of a building is to create a building 
energy model (BEM). Therefore, future work will consist of modelling the building in 
software such as DesignBuilder and Energy plus. In this way, it will be possible to 
compare the 3D thermal model of the building created from the thermal images of the 
drone with the BEM. 
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6 Conclusions 

At the beginning of this study, the definition of the problem has been raised. In the 
region of Wallonia, there are many houses built in the 1960s after the Second World 
War. These houses have deteriorated envelopes and façades over the years and are 
energetically very deficient and have significant heat losses. This work aims to achieve 
a methodology for quick diagnosis of buildings envelopes in order to identify the 
elements that need future renovation. 

The main objective of this work is to find a tool for the detection of anomalies in the 
envelope of a building using infrared thermography. The variable used is the thermal 
transmittance (U-value) of the walls of the building to evaluate the state of its. We have 
calculated the U-value using three ways such as real-time monitoring, calculation 
according to ISO 9869 standards and estimation from thermal images. Subsequently, 
a comparison of the three methods has been carried out in terms of accuracy, speed, 
cost and usability. Furthermore, during this work, a methodology has been elaborated 
to obtain a 3D impression model of the residence building of the University of Liege 
from the images captured by a drone. This work aims to evaluate the accuracy of this 
methodology to be a basis for future research on 3D building modelling from thermal 
images obtained with thermal drones. 

The first research question posed is about how to achieve 3D printing from images 
obtained by a drone. To answer this question, we have elaborated a detailed 
methodology of 19 steps, where from 270 aerial images of the building, we have 
obtained a 3D printing of the building at a scale of 1:400 with a quite good accuracy 
as we have seen in chapter 4 Results. A brief summary of the main steps of this 
methodology is capturing the images with the UAB, image recognition and model 
creation with the Agisoft Metashape software, polishing and making the solid model 
with the Meshmixer software, preparing the model for 3D printing with the PrusaSlicer 
software and finally printing the 3D printing. 

The second question asks how to estimate the thermal transmittance value (U-value) 
of a building envelope using thermal images. The estimation has been made from 
equation (4) of the paper where we have obtained a value of 1.64 W/m2·K quite close 
to the real U-value with a deviation of 11.60%. The inputs used for the estimation and 
obtained from infrared images with a hand-held camera have been the interior and 
exterior surface temperatures of the building as well as the reflection temperature. 
Although the estimation obtained is quite good, we have found that this estimation has 
to be used with caution as it is very sensitive to the inner surface temperature of the 
wall. 

The third and the last research question ask about how do the U-values obtained from 
real monitoring using heat flow sensors, calculation method according to the standard 
ISO 9869, and estimations based on thermal imaging differ in terms of accuracy, 
speed, cost, and usability. To answer this question we have prepared a comparison 
table of the three methods of obtaining the U-value in the four terms of analysis. The 
most accurate method is real-time monitoring, but it requires more time, costs more, 
and is more complex than other methods. Quite the opposite of the calculation 
according to the standards, which has very poor accuracy but requires the least in the 
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other terms. Finally, the estimation from IRT is between the other two methods, which 
with a very short time we can achieve accuracy close to reality. 

The results obtained from the thermal transmittance have confirmed that the insulation 
materials of the walls of the building show a further degradation, as the U-value 
obtained from the real-time monitoring is very unfavourable with a value of 1.86 
W/m2·K. Moreover, through the thermal images obtained from the building envelope, 
the presence of three important anomalies such as thermal bridging, insulation failure 
and degradation of the façade material has been found. For this reason, we can 
conclude that it would be interesting to consider remodelling the building envelope to 
improve the severe heat losses. 

Finally, this work is intended to serve as a knowledge base for future research work, 
such as the 3D thermal modelling of a building from thermal images obtained with a 
thermal drone, which could be very interesting to evaluate the globality of the building 
envelope. It would also be interesting to work on and improve the estimation of the U-
value from thermal images, as this system allows to detection of important heat losses 
by obtaining a value of the thermal transmittance of parts of the building in a reduced 
time and effort. 
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Annex 1: gSKIN® KIT U-Value Kit data-sheet 
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Annex 2: Plan of the first floor of B13 building 
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Annex 3: FLIR i7 data-sheet 
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Annex 4: DJI Mini 2 data-sheet 
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Annex 5: Original Prusa i3 MK3S data-sheet 
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Annex 6: Real-time monitoring greenTEG report 
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Annex 7: DJI Matrice 300 RKT + Zenmuse H20T 
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Annex 8: DJI Mavic 2 Enterprise Advanced  

 

 

 

 

 


