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In efforts to mitigate greenhouse gas emissions in the construction sector, policies promoting energy efficiency
improvements in existing buildings are being implemented. Accurately assessing the impact of energy retrofit
strategies requires precise determination of thermal envelope performance through energy audits. Aerial ther-
mography, employing unmanned aerial vehicles (UAVs) equipped with infrared thermal cameras (IRT), is an
underused method overcoming limitations in energy audits of large buildings or complexes. This approach offers
an elevated perspective, providing an overview of the building’s thermal patterns, aiding in the identification of
thermal envelope defects. By measuring temperature distribution, even in inaccessible envelope areas, the
severity of identified defects can be estimated. Beyond detecting thermal bridges, air leaks, and moisture, aerial
thermography is valid for estimating thermal transmittance (U-value) of enclosures. The aim of this research is to
evaluate this method to calculate the U-value of the facade of an university building located in a Subtropical
Mediterranean climate, during a typical full day in different seasons of the year. Concurrently with aerial
thermography, the thermometric method (THM) was applied to compare results and refine the operational
conditions during U-value measurement using different statistical indices and uncertainty analysis. The results
demonstrated the validation of airborne thermography as a method for U-value calculation under specific
meteorological and operational conditions, overcoming the common physical limitations of traditional building
audit methods.

1. Introduction

Currently, since buildings account for 40 % of the European Union’s
final energy consumption, it is essential to reduce the use of non-
renewable energy in the construction sector to mitigate greenhouse
gas emissions (GHG) [1]. The main actions to reduce GHG in the con-
struction sector are structured around two basic guidelines: regulatory
development aimed at greater efficiency and energy savings in build-
ings, and the implementation of active policies to promote energy
improvement in existing buildings and high-energy efficiency in newly
constructed buildings [2]. Although building regulations are becoming
more demanding in terms of sustainability for new buildings, there is a
large stock of buildings that were constructed under less stringent sus-
tainability regulations. Approximately 55 % of the building stock in
Spain predates the year 1980, and 21 % of it is over 50 years old [3].

* Corresponding author.

For this reason, energy retrofitting of existing buildings is key to
reducing pollution levels in the building sector, as it adapts the energy
efficiency level of these buildings to current requirements. Successful
energy retrofitting requires ensuring that the level of efficiency is
maintained throughout the life cycle of the building [4]. The energy
consumption of the existing building stock depends mainly on the
characteristics of the construction and the use of building installations.
Building retrofit strategies focus on these two areas: passive actions,
intervening on the building envelope to improve its thermal insulation
and air tightness, and active actions, replacing ventilation, heating, and
cooling (HVAC) and lighting systems with high-efficiency equipment,
combined with the investment of renewable energy technologies [5].
The most important factors for increasing the energy efficiency of a
building can be summarised as improving the thermal insulation per-
formance of the building envelope and building equipment in
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combination with changing the user’s consumption habits [6].

The strategies aimed at improving the building envelope are
approached from the perspective of heat transfer through the building
envelope. The building envelope, consisting of facade walls, windows,
and roof, separates the interior of the building from the exterior, pro-
tecting the habitable space from external weather conditions such as
wind, rain, or solar radiation. The heat transfer rate of the envelope
depends mainly on the thermal conductivity of its component materials
[7]. Thermal conductivity measures the ability to transfer heat through a
material when there is a temperature difference between two points
(indoor and outdoor). The type of materials used, the construction
process of the envelope and the deterioration it undergoes when exposed
to climatic conditions lead to the presence of thermal defects such as
thermal bridges, air leakage and dampness. The presence of thermal
bridges may contribute 23 % to the total heat loss through envelope
transmission [8]. These thermal defects play a crucial role in the energy
consumption of buildings contributing to 30 % of the energy efficiency
loss of residential buildings in Europe [9,10].

Through the building envelope, heat losses occur in winter and un-
desired heat gains happen in summer, negatively impacting the build-
ing’s energy consumption [11]. In cold climate zones, heat transfer from
the building envelope may account for 50 % of the annual energy con-
sumption for heating public buildings [12]. A survey of 135 dwellings in
Boston revealed that air leakage in the envelope accounts for almost 40
% of the energy lost in heating a residential building [13]. In warm
climate zones, the addition of 50 mm of thermal insulation in the ver-
tical envelope to reduce heat gains from the outside through the enve-
lope could reduce cooling consumption by 25 % [14]. Increasing
thermal insulation is an effective method of improving the thermal
performance of opaque building envelopes [15]. Thermal insulation
stands out as one of the most effective methods for decreasing energy
usage, whether it be for winter heating or summer cooling [16,17].
However, improper design of the thermal insulation can lead to reduced
heat losses during the heating season and incorrect overheating during
the cooling season [18].

To assess the impact of potential energy retrofit strategies for existing
building envelopes is essential to accurately determine the current state
of thermal envelope performance. Energy auditing serves as a funda-
mental tool with the primary objective of analyzing and diagnosing a
building’s energy flow to determine its consumption and propose op-
tions for reduction, leading to consequent economic and energy savings.
As part of the energy audit of a building, the assessment of envelope
performance is conducted on-site by analyzing its characteristics,
calculating the thermal transmittance (also called U-value) of the
building’s enclosures and detecting thermal bridges, air leaks, and
dampness through the blower door test [19]. On-site measured infor-
mation gathered during an energy audit can prove highly beneficial for
calibrating building energy models (BEM) using simulation software,
aiming to reasonably estimate energy savings following envelope ret-
rofitting [20].

Infrared thermography (IRT) is a widely employed tool in the con-
struction sector for assessing the thermal performance of the building
envelope, as it is useful for the visualization of thermal defects and the
estimation of the U-value of the envelope [21,22,23]. Qualitative
infrared thermography is a practical diagnostic tool used to detect de-
fects in the building envelope such as heat loss, missing or damaged
thermal insulation of walls and roofs, thermal bridges, air leakage and
sources of dampness [9]. Quantitative infrared thermography is used in
building energy audits to measure the U-value of the facade, the U-value
of the roof, the U-value of windows and glazing systems and the
assessment of the emissivity of building materials [24]. Generally, this
methodology is applied using infrared thermal cameras at ground level
from inside or outside the envelope. In outdoor inspections, the main
limitations of ground-based thermography are due to the inaccessibility
of capturing images of the facade of tall buildings and the expense of
operator time in capturing images of large sets of buildings. For this
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reason, aerial thermography, performed with infrared thermal cameras
mounted on UAVs (unmanned aerial vehicles), is proposed as a meth-
odology with significant advantages over ground-based thermography,
although its use is currently infrequent [25].

Recent research has assessed the thermal performance of building
envelopes calculating the U-value of the building’s envelopes through
aerial thermography. Aerial thermography carried out with infrared
thermal (IRT) cameras equipped on UAVs (unmanned aerial vehicles)
allows the collection of IRT images accurately, quickly and with minimal
security risks for building energy efficiency and urban sustainability
tasks [26,27,28]. In the field of quantitative aerial thermography, the
scientific community has proposed methodological frameworks for
calibrating building energy models. Bayomi et al. performed an on-site
measurement (in spring, early in the morning) with an infrared cam-
era equipped on a UAV to quantify the percentage of thermal bridges
and the U-value of the envelope of a whole building undergoing energy
retrofitting. The results were used to calibrate a building energy model
and the proposed method was validated by comparing the real energy
consumption of the building with the simulated energy consumption
based on the calculated U-value and the design U-value [29]. Recently,
Benz et al. proposed a methodological framework for estimating the U-
value of thermograms obtained using UAVs for the subsequent simula-
tion of the thermal energy of a building. In this research, a single pre-
dawn measurement was also performed although the time frame for
the flight was previously determined using surface temperature sensors
installed in the envelope. The time of highest thermal gradient between
indoors and outdoors was chosen [30]. Rakha et al. applied aerial
thermography to survey the thermal envelope of different buildings
during a winter day in two consecutive flight missions to perfect the
procedure [31].

Based on the literature review, aerial thermography is presented as a
method that overcomes limitations present in energy audits of large
buildings or clusters of buildings. Applied qualitatively, aerial ther-
mography allows the visualization of thermal patterns to identify areas
with defects more efficiently than conventional methods by providing
an overview of the whole building from a high perspective. When
applied quantitatively, it allows estimating the severity of identified
defects by measuring the temperature distribution even in areas of the
envelope inaccessible from the ground (such as facades of high-rise
buildings or roofs). However, gaps have been identified in the litera-
ture on the application of this methodology in a long-term test, at
different times of the day and in various seasons of the year for the
quantification of the U-value. The results obtained from a single mea-
surement may not be representative taking into account possible errors
derived from the measurement process (such as the acquisition of out-of-
focus images) and weather conditions during operation.

To validate this methodology, it is necessary to deepen the test
duration by performing longer experiments with a higher frequency of
data collection. This research applied aerial thermography continuously
during all hours of a full day in different seasons of the year to validate
this U-value calculation methodology and provide a baseline to facilitate
its applicability to other buildings. This research aims to overcome the
physical limitations of traditional building audit methods, such as the
inspection of tall building facades and access to inaccessible areas on
foot, as well as the review of large groups of buildings. By ensuring
operator safety and reducing inspection time between different areas or
buildings, the frequency of measurements in different areas or buildings
may be increased.

The experiment was conducted using a UAV equipped with an IRT
camera that acquired thermal images of a building envelope for calcu-
lating its U-value during a typical winter day and a typical summer day.
To validate the method, the thermometric method (THM) was simulta-
neously applied to compare the results and to limit the test duration by
evaluating the operating conditions during the U-value measurement.
While the thermometric method lasted 60 h (three nights and two days)
taking measurements every ten minutes, the aerial thermography was
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performed during a diurnal cycle (24 h) recording measurements every
ten minutes. The building envelope of the analyzed building corre-
sponds to the typical constructive characteristics of existing buildings in
Southern Europe composed of brick walls without thermal insulation.
The data presented in this document are derived from the analysis of a
single wall that has the same characteristics in terms of thickness and
material composition as the rest of the building’s facades.

The article is structured as follows: the study site, the data acquisi-
tion and post-processing method and the thermometric and thermo-
graphic methodologies used are presented in detail in section 2; the
results obtained in the experimentation using both methods in winter
and summer are shown in section 3; these results are analyzed,
compared and discussed in section 4; ending the research with the
conclusions obtained during the experimentation which are presented in
section 5.

2. Materials and methods

2.1. Available methodologies for thermal transmittance measurement (U-
value)

The thermal transmittance or U-value (W/m?K) defines the amount
of heat that flows through the envelope due to the temperature differ-
ence between the two spaces it separates [32]. The scientific community
has analyzed the different existing methodologies to calculate the U-
value [33,34]: the theoretical method, the heat flow meter method
(HFM), the simple hot box-heat flow meter (SHB-HFM), the temperature
based or thermometric method (TBM or THM) and the quantitative
infrared thermography (IRT).

The theoretical calculation defined in ISO 6946 [32] is a fast and
cost-effective approach that requires accurate information on the en-
velope typology and the thickness and thermal conductivity of each
envelope material to obtain reliable results [35]. It is a calculation
method that does not require a measurement campaign and is usually
calculated during the development of the construction project. Some
investigations compared this approach with other conventional in-situ
measurement methods such as the HFM. In historic brick masonry
buildings, the theoretically calculated values overestimated the in situ
measured values; while in contemporary and sustainable buildings, the
theoretical method calculated lower U-values than the measured values
[36,37]. The discrepancies between the theoretically calculated values
and the measured in situ values indicated that continuous in situ mea-
surements are necessary to assess the U-value in order to obtain accurate
information on the degradation of envelope thermal performance [38].

The heat flow meter (HFM) is a non-destructive method (NDT) and
standardized according to ISO 9869-1 [39], whose U-value quantifica-
tion procedure is based on the direct measurement of the heat flow rate
and temperatures on both sides of the enclosure under stationary con-
ditions. It requires a heat flow meter which is placed on the surface of
the element with the most stable temperature (indoor) and two indoor
and outdoor ambient temperature sensors. According to the standard,
the temperature difference must be greater than 10 °C and remain
constant for as long as possible [39]. Generally, a weather station is also
used to monitor environmental conditions and an infrared camera is
used to ensure that the heat flow meter is installed on a surface without
thermal defects [33]. This method is often applied in conjunction with
qualitative thermography to support the measurements [40,41].

Since stationary conditions do not occur in practice, the standard
suggests three methods: the average statistical method which uses the
average of the observed U-values over a sufficiently long time (days or
weeks), the dynamic statistical method which requires less analysis time
but more complex calculations, and the hot-box and cold-box method
which is performed under laboratory conditions and allows controlling
temperatures during experimentation [34]. Research comparing the
average statistical method with the dynamic method has shown varia-
tions of less than 10 % between the two methods considering the
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possibility of reducing the in situ measurement period [38]. Compared
to the theoretical method, the differences in the U-values calculated with
the dynamic method were lower than the values obtained with the
average statistical method [42]. The regulation suggests that measure-
ments should be carried out for at least three days as long as the tem-
perature around the HFM is stable and the consecutive measurements do
not differ more than 5 %. Otherwise, the experimentation should be
extended for more than seven days [39].

Despite the widespread use of the HFM method, the literature has
shown that this method is sensitive to the operating conditions under
which the measurement is performed such as the correct installation of
the heat flux meter and the climatic conditions during the experimen-
tation. Authors have shown uncertainties related to the estimation of the
U-value associated with climatic conditions: 8 % under optimal oper-
ating conditions and 50 % under non-optimal conditions (performed in
the summer season) [43]. The season of the year and the orientation of
the enclosure is crucial in the estimation of the U-value, showing a
variation with respect to the theoretical U-value of 20 % for a north-
facing wall in summer and a variation of 60 % for a south-facing wall
in winter applying the HFM method, concluding the unfeasibility of
carrying out this experiment on enclosures exposed to direct solar ra-
diation [44]. It is recommended to place the sensors on north-facing
facades to exclude the impact of solar radiation on the external sur-
face and away from internal heat sources [45].

The simple hot box-heat flow meter method (SHB-HFM) is a method
based on ISO 8990 [46], which estimates the U-value using the HFM
method and provides a stable thermal environment by maintaining a
constant temperature difference over time between indoors and out-
doors. It consists of a temperature control box that is installed on the
surface with the highest temperature (inside in winter and outside in
summer) to establish and maintain the temperature difference between
the two environments separating the enclosure [47].

The thermometric method (THM) also called temperature-based
method (TBM) or air-surface temperature ratio (ASTR), is a non-
standardized method widely used by the scientific community for in
situ U-value measurements. It is a method that requires minimal
instrumentation: two sensors to measure the indoor and outdoor air
temperature, three probes to measure the surface temperature of the
interior wall and a data logger [48]. Like other non-destructive methods,
it requires temperatures to remain constant over time, avoiding fluctu-
ations and ensuring a thermal difference between the interior and
exterior of 15 °C. The same conditions as with the HFM method must be
considered: avoiding direct solar radiation on the envelope and con-
ducting the experimentation in a section in good conservation condi-
tions without thermal bridges. The measurement should last for a
minimum of three days of experimentation, which can be extended if it
is a heavy wall or reduced if it is a light wall [39]. This method is a
promising technique with advantages in terms of speed, simplicity and
price compared to the HFM method. The validity of the results of this
method is not affected when there is a large temperature difference
between indoors and outdoors and the thermal conditions remain stable
[49].

This methodology is included in commercial equipment sold for the
purpose of calculating U-value and in low-cost equipment developed by
the scientific community [50,51]. This research team developed a THM-
based meter that demonstrated differences of less than 2 % in the
measurement of U-value using simultaneously the HFM method [52].
Both methods were evaluated over long periods of time (seven days) and
short periods of time (four hours, between 02:00 am and 06:00 am)
demonstrating an error rate of 2.6 % concluding the feasibility of
applying the THM method in short periods of time [53]. Other experi-
ments carried out in a Mediterranean climate demonstrated the validity
of the THM method in winter, with associated uncertainties between
6-13 % with respect to theoretically calculated values, while in summer
the results were not valid due to the uncertainty associated with the test
[48].



M. Videras Rodriguez et al.

The quantitative infrared thermography (IRT) is a non-destructive
method standardized according to ISO 9869-2 [54], used for the
calculation of the U-value. The basic principle of this methodology
consists of measuring the amount of irradiance of an envelope that is in
contact with the outside air by using an IR camera to measure the indoor
surface temperature of the wall, the emissivity of the material and the
reflected temperature of the surroundings. The methodology requires
very specific environmental conditions to achieve close-to-steady-state
conditions. It is necessary to avoid the direct influence of fans and
heating or cooling devices on the surface to be measured, to free up the
measurement area to avoid visual interference that would obstruct the
field of view of the infrared camera. It is also necessary to ensure that the
difference between indoor and outdoor temperature is greater than
10 °C [54]. The standard specifies that the timing of the experimentation
depends on factors such as climatic conditions or type of construction. In
general, it is recommended that the measurement should be carried out
at night and should last long enough to capture significant variations in
the thermal conditions of the envelope, from one to three days or more
(when consecutive measurements do not differ by more than 10 %) with
measurements at thirty-minute intervals, which implies the observation
of changes in surface temperature over time [34].

Thermography is a widespread method for the calculation of the U-
value and the scientific community has performed several experiments
based on indoor [55,56] and outdoor measurements [57,58]. For out-
door experiments it is necessary to avoid direct exposure of the envelope
to rain, snow and solar radiation before and during the experimentation.
The wind speed near the facade should be less than 0.5 m/s, while the
free wind speed around the building should be less than 5 m/s [59]. The
influence of wind on the measurement of the U-value using this method
is taken into account by using a convective heat transfer coefficient in
the formulation [60]. An additional very important condition that out-
door thermography has demonstrated is the execution of the experi-
mentation on winter nights (when there is a greater temperature
difference between indoors and outdoors) [61].

Compared to other conventional U-value measurement methods,
such as the point measurement sensors of the HFM method, the IRT
method has advantages in the complete visualization of the envelope,
facilitating the identification of thermal bridges to avoid measuring the
U-value in non-homogeneous areas [62]. While the HFM method re-
quires measurements over three days, the IRT method is presented as a
faster method. According to Tejedor. B et al. the length of both methods
could be reduced in southern European climatic conditions and
extended in northern European countries where climatic conditions are
less regular [63]. In the literature, the duration of the thermographic test
and the time intervals in thermal imaging is very variable (from a fre-
quency of minutes [64] to hours [65]). Experiments conducted for two
to three hours with infrared captures of the envelope every minute,
showed deviations of 1-2 % for single leaf walls and 3-4 % for multi-leaf
composite walls compared to the HFM method conducted over three
days [64]. Fokaides et al. calculated the U-value of several buildings
based on three-hour thermographic inspections with measurements
taken every twenty minutes and obtained results which were validated
using the HFM method by measuring heat flux and surface temperatures.
The results showed a deviation between the values provided by both
methods of less than 5 % and were very close to the values obtained by
also applying the theoretical methodology and a thermohygrometer,
confirming the suitability of IR thermography for U-value measurement
[66]. In comparison to the theoretical calculation of the U-value, an
outdoor thermographic inspection of a newly constructed, very energy
efficient building in a single measurement showed deviations between
1-12 % [67]. However, in the inspection of a traditional masonry wall
the results derived from the theoretical approach and infrared ther-
mography were similar [68].

In summary, the theoretical method is a fast and inexpensive
method, but it requires essential information about the thickness of the
material and its thermal properties. Although this information can be
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obtained from standards, the thermal properties can be altered by ma-
terial degradation. HFM requires long measurement campaigns and
laboratory testing requires expensive facilities and equipment. The IRT
method is fast and reliable, but requires precise climatic conditions and
the technique is still under development [24]. According to the litera-
ture reviewed, thermography is a method that has advantages over other
methods. Furthermore, aerial thermography makes it possible to view
parts of the building that are inaccessible on foot, reducing the risk of the
operation [69]. It is also possible to carry out quick and easy inspections
of multiple areas of the same envelope or different buildings in a short
period of time, allowing more measurements to be taken compared to
using a thermal camera on foot.

The main limitations of airborne thermography identified in the
literature, which may negatively affect the accuracy of the results and
conclusions of an energy audit, are attributed to the performance of the
IR camera used in flight conditions and the experience of the thermog-
rapher [70]. On the one hand, attention must be paid to deviations in
surface temperature readings. These deviations decrease with flight
time, so as the sensors stabilise with ambient conditions, the accuracy of
the results improves. For this reason, it is recommended that the IR
camera be kept on prior to testing to allow the microbolometer to sta-
bilise with ambient air temperature. Microbolometer infrared cameras
include non-uniformity correction (NUC) which adjusts the deviation of
the infrared detector when the scene and environment changes. On the
other hand, qualification of the thermographer is essential to correctly
interpret the thermal imaging results and to identify sources of error that
may affect the accuracy of surface temperature measurements.

2.2. Study area

This study was carried out in a university building, the Faculty of
Law (Fig. 1), at E1 Carmen Campus of the University of Huelva, located
in south-western Spain (6°56'24”W, 37°15'58"N). Huelva falls within
the CSA climate zone as per the Koppen-Geiger climate classification
[71]. The region experiences a typical Subtropical-Mediterranean
climate with influences from the Atlantic. Winters are characterized
by mild and sunny weather, with minimum temperatures rarely drop-
ping below 5 °C. On the other hand, summers are hot and dry, reaching
maximum temperatures of approximately 40 °C in July and August.

This is a building constructed in 2001, following lenient regulations
regarding energy efficiency, which embodies the typical construction
characteristics of buildings in southern Spain where facades are made of
brick walls and a finishing layer without thermal insulation. The Faculty

Fig. 1. Building surveyed, located in the city of Huelva (Spain) (The area
studied on the building is marked with a red arrow).
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of Law building is comprised of several blocks, each with two floors
arranged radially. Its envelope was constructed using traditional
building methods: brick masonry finished with ceramic tiles.

The experiment was conducted on the facade of an office located on
the top floor, facing north to avoid direct sunlight exposure at any time
of the day, both in winter and summer (Fig. 2). Due to the radial
arrangement of the building, the outdoor thermographic inspection was
conducted in a small triangular courtyard with one side opened to the
university campus, reducing the impact of climatic variables such as
wind.

The office (Fig. 3), with a surface area of 15 m? and two windows in
its envelope, is equipped with two air conditioning units for heating and
cooling. Both remained active during the whole experimental period and
the preceding hours to create the maximum thermal difference with the
outside. For quantitative inspections it is necessary to apply active
thermography in which an external energy source is used to increase the
thermal difference between inside and outside. If the purpose of the
inspection is qualitative — to identify and locate thermal bridges —
passive thermography is applied in which the thermal behaviour of the
envelope is evaluated under normal climatic conditions [72].

2.3. Data acquisition and post-processing of UAV IR imagery

The thermometric and the thermographic methods were carried out
simultaneously. The test was conducted over 60 h (two days and three
nights) during two seasons of the year: winter (from January 16th to
18th) and summer (from June 15th to 17th) in 2023. The equipment
used is summarized in Table 1.

In order to monitor the indoor and outdoor climatic conditions
during the experiment, the weather station Froggit HP1000SE Pro model
(Froggit™, Koeln, Germany) was installed. It is a wireless Wi-Fi weather
station that allows the measurement of several climate parameters every
ten minutes: indoor and outdoor air temperatures, humidity level, wind
speed and direction, precipitation, and solar radiation. The outdoor
sensors of the weather station were installed on the roof of the building
(within 20 m of the office and at a height of 2.5 m above the roof)
(Fig. 4a), while the indoor sensors were placed inside the office. The
indoor air sensor was placed on a table at a height of 1.30 m and a triple
surface thermal probe (TestoTM, Titisee-Neustadt, Germany) was inte-
grated to measure the indoor surface temperature of the envelope. The
facade surface temperature sensors were placed on the inside wall, in an
area centred between the two windows and at a height of 1.70 m. These
sensors were fixed with heat conductive adhesive at a distance of 10-15
cm from each other (Fig. 4b).

Fig. 2. Building envelope surveyed (The office facade area studied is marked
with a red line).
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A commercial equipment was used to calculate the U-value (W/m?K)
based on the thermometric method: the Testo 635-2 model (TestoTM,
Titisee-Neustadt, Germany). It is a multifunctional tool that calculates
the U-value using sensors for measuring indoor wall surface tempera-
ture, indoor air temperature and outdoor air temperature. The outdoor
air temperature sensor was placed outside an office window and the
indoor air temperature and indoor wall surface temperature sensors
were placed inside the office next to the above-mentioned triple surface
thermal probe and next to a heat flux plate (which was not considered in
this experimentation) (Fig. 4b). Using temperature measurements and
manually adjusting surface thermal resistances to airflow based on the
building envelope’s position and heat flow direction [32], this device
calculated U-values every ten minutes over the 60-hour experiment in
both winter and summer.

In summary, the indoor sensors of both the weather station and the
thermometric equipment were located on the facade wall to be analysed
and next to it, at a reasonable distance and height and away from the
direct influence of the HVAC systems (which are located at ground
level). The area of the internal wall where the surface temperature
sensors were placed was the area of the wall where the external surface
temperatures were measured using airborne thermography.

An UAV equipped with a thermal camera was used to measure the
external surface temperatures of the envelope and the reflected tem-
perature of the surroundings recording thermal images of the envelope
every hour over a 24-hour period, from the first day to the second night
of the test. The equipment used was a DJI Mavic 2 Enterprise Advanced
(DJI™, Nanshan, Shenzhen, China), incorporating a RGB camera for
capturing HD images and 4 K video, as well as a radiometric thermal
camera capable of extracting temperature data from thermal image
pixels. It is a lightweight, foldable multi-rotor UAV with articulated
arms, easily transportable and compact, with a take-off weight of 909 g,
dimensions of 322x242x84 mm (unfolded), and a maximum flight time
of 31 min for battery (three batteries were used in this experimentation
and recharged as needed). The RGB camera has a thermal resolution of
48 MP, and the thermal camera has a resolution of 640x512 px. Both
cameras operate simultaneously, capturing visual, thermal, or split-view
images.

The flight mission was manually planned, paying special attention to
the image angle: exact perpendicular between the camera and the object
was avoided to minimize potential UAV reflections (especially on ma-
terials with low emissivity), and an angle greater than 50° was not
exceeded as it could alter the surface temperature readings. Special
attention was also paid to the weather conditions to ensure adequate
operating conditions for the U-value measurement: rain, snow, severe
wind and exposure of the envelope to sunlight were avoided. The
weather conditions were optimal, with no rain and a wind speed
measured on the roof of the building below 5 m/s: 3.47 m/s in winter
and 2.27 m/s in summer.

To ensure accurate measurement of the outdoor surface temperature
of the wall, PVC electrical insulating tape was used to calculate the
emissivity of the envelope material and a diffuse reflector was used to
calculate the reflected temperature during each hourly measurement.

Emissivity describes the ability of an object to emit thermal radiation
[73]. Each material has a characteristic emissivity that depends on its
composition, colour, texture, and other factors. Emissivity is expressed
as a value between 0 and 1, where 0 indicates low emissivity (reflective
object) and 1 indicates high emissivity (object that emits all the radia-
tion it should according to its temperature). If the emissivity is low, the
apparent temperature will be close to the actual temperature of the
objects in the surroundings, while if the emissivity is high, the apparent
temperature will be close to the actual temperature of the object. Before
conducting the aerial inspection, the emissivity of the building envelope
was calculated using the method of PVC electrical tape. In this method,
the electrical tape (which has a known emissivity of 0.95) is adhered to
the surface of the sample and heated so that the tape and the surface
have the same temperature. Then, the surface temperature of the tape is
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Fig. 3. Plan and interior view of the office.

measured, compared with the surface temperature of the material, and
both values are adjusted to obtain the actual emissivity value of the
material.

Reflected temperature is the apparent temperature of the surround-
ings that is reflected by the target in the IR camera [73]. Reflected
temperature can significantly influence temperature measurements,
especially on objects with low emissivity. During the aerial inspection,
while thermal images of the envelope were taken every hour, the re-
flected temperature of the surroundings was also measured using the
reflector method defined in the international standard ISO 18434-1
[74]. In this method, a material with high reflectivity, a diffuse reflector
(such as aluminium foil), is used, which is attached to the surface of the
facade. Assuming an emissivity of 1 and a distance of 0 in the thermal
camera, the temperature measured on the reflective surface is the re-
flected temperature of the surroundings (Fig. 5).

In thermography, emissivity, reflected temperature from the sur-
roundings, and distance to the object are crucial factors that directly
affect the accuracy of infrared temperature measurements and must be
measured on-site during experimentation. Distance between the camera
and the object is also relevant to compensate for the effect of the at-
mosphere that absorbs part of the radiation emitted by the objects. The
higher the flight altitude or distance to the object, the greater the error in
the measurement. In this study, the distance was minimal as the images
were taken within 3 m of the facade.

Once the aerial inspection was completed, the thermal infrared im-
ages collected were post-processed to extract outdoor surface tempera-
tures and reflected temperatures per hour using DJI Thermal Analysis
Tool v.3 software. A set of 48 thermal images were post-processed, 24
images in winter and 24 images in summer (Fig. 6). The average thermal
range - indicating the apparent temperature range that can be measured
in the IR image — was between 7.0-16.8 °C in the winter images and
25.5-45.7 °C in the summer images. In the post-processing procedure,
measured values of emissivity, reflected temperature, and distance were
inputted for each thermal image. The outdoor surface temperature was
measured in the same area of the envelope where the surface tempera-
ture sensors were installed indoors (in a square area of 30x30 cm at a
height of 1.70 m between windows, with a homogeneous distribution of
surface temperatures and away from the impact of air-conditioning
equipment, thermal bridges in the structure and windows). In the DJI
Thermal Analysis Tool software, the area measurement tool (Fig. 7) was
chosen which provides an average numerical value of the outside sur-
face temperature and was used together with the point average value of
the inside surface temperature sensors to calculate the U-value.

2.4. Calculation of thermal transmittance (U-Value)

In the building industry, U-value is the heat transfer per unit area
through the building envelope when there is a temperature difference
between the indoor and outdoor air. Assuming stationary heat flow and

conditions, the U-value is the heat flux per unit area, q, divided by the
temperature difference between the two environments that the envelope
separates: Tin and Tout as the indoor and outdoor air temperature,
respectively.

q

Uvalue = ————
vatue Tin — Tout

(€Y
q is always flowing from the hottest temperature to the coldest. in winter
(when Tin > Tout) the direction of heat flow is outwards. To avoid
negative U-values in summer (when Tout > Tin, and the heat flux is
inwards), the absolute value of the temperature difference |Tin-Tout| is
considered to allow bidirectional measurements of the heat flux in both
seasons.

Depending on the thermal transmittance measurement methodology
used, the U-value of a building envelope can be formulated in different
ways. According to the thermometric method (Fig. 8), the U-value can
be calculated from the temperatures of the envelope and its surround-
ings. Anddjar et al. [52] proposed a framework for quantifying the U-
value based on measurements of the surface temperature of the envelope
(a facade wall) and the spaces it separates, applying the following
equation derived from Newton’s law of cooling:

hc(Tin — Ts,in) W

Tin — Tout [ﬁ] @

Uvalue =
where Tin (K) is the indoor air temperature, Ts,in (K) is the indoor wall
temperature, Tout (K) is the outdoor air temperature and hc is the con-
vection coefficient. Commercial systems that calculate the U-value ac-
cording to the thermometric method, as the equipment used in this
research, apply the equation (2) and the convection coefficient provided
in ISO 6946 [32]. The convection coefficient is calculated as the inverse
of the surface thermal resistance (Rsi) set at 0.13 m?K/W for vertical
enclosures with horizontal heat flow:

o1
Rsi = e 3
For the application of thermography in U-value quantification, several
methods have been proposed by the scientific community. In indoor
thermography, Madding et al. [75] proposed a numerical approach to
assess the heat balance in the building envelope using the following
equation:

4e6Tm®(Ts,in — Tref) + he(Ts, in — Tin) T = T in+ Tref

Uvalue =
vaiue Tin — Tout ’ 2

4

where ¢ is the emissivity of the facade, ¢ is the Stefan-Boltzmann con-
stant, Ts,in is the surface temperature of the indoor envelope, Tref is the
reflected temperature, hc is the convection coefficient, Tin is the indoor
air temperature and Tout is the outside air temperature.
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Table 1
Material specifications.
Material Model Specifications
Weather station Froggit Transmission
HP1000SE frequency: 868 Mhz
Pro model Transmission range:

100 mOutdoor
temperature (°C)
1 —40 °Cto +
60 °CRelative
@@ humidity
measurement (%)
:10 to 99 %.
Rainfall
measurement: 0 to
9999 mm
Wind speed
measurement range:
0-50 m/sIndoor
temperature (°C)
:—=10°Cto + 60 °C
Testo 635-2 Weight: 428 g
model Dimensions: 220 x
74 x 46 mm
Operating
temperature: —20 up
to + 50 °C
Autonomy: 200 h
Accuracy: +/- 0.2 °C
(between —25 °C to
+ 74.6 °C)
Range: —40 to +
150 °C
Takeoff Weight
(without
accessories): 909 g
Dimensions: 322 x
242 x 84 mm
(unfolded)
Max speed: 72 km/h
Max flight time: 31
min
Spectral band: 8-14
pm
Thermal sensor
resolution: 640 x 512

Multifunctional tool

UAV DJI Mavic 2
Enterprise
Advanced

pixels
Measuring range:
—40 °C ~ 550 °C

Digital zoom: 32x
digital zoom, 16x
thermal zoom
V3.3.0

DJI Software DJI Thermal

Analysis Tool

In outdoor thermography, Dall’O’ et al. [60] applied infrared ther-
mography to estimate the thermal transmittance of the envelope using a
different heat balance approach. It was assumed that the convective heat
exchange with the outside air is equivalent to the heat transfer through
the wall:

he (Ts, out — Tout)

Uvalue =
Tin — Tout

; hc = 5.8+ 3.8054v 5)

where Ts,out represents the surface temperature of the outer wall,
Tout is the outdoor air temperature, Tin is the indoor air temperature and
hc is the convection coefficient, which is calculated as a function of the
wind speed, v, according to the Jiirges’ equation [76].

Albatici et al. [59] extended the work in the field of thermography
for the evaluation of thermal transmittance using the heat balance ratio
for the exterior of a wall by means of the following equation:
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eo(Ts, out* — Tout*) + 3.8054v(Ts, out — Tout)

Uvalue = -
Tin — Tout

(6)

where ¢ is the emissivity of the facade, o is the Stefan-Boltzmann con-
stant, Ts,out is the outside surface temperature of the envelope, Tout is
the outside air temperature, Tin is the indoor air temperature and v is the
wind speed.

Based on the outdoor thermography (Fig. 9), this study used the
equation proposed by Bayomi et al. [29], which incorporates aerial
infrared data to calculate the U-value:

Uvalue =

eo(Tref — Ts,in) + hc(Tin — Ts, in) {l} e
(Ts,in — Ts, out) m2K

where ¢ is the emissivity of the facade, o is the Stefan-Boltzmann con-
stant (5.67x108 W/m2K4), Tref (K) is the reflected temperature, Ts,in (K)
is the indoor wall temperature, Tin (K) is the indoor air temperature, Ts,
out (K) is the outdoor wall temperature and hc is the convection coef-
ficient set at 8.7 W/(m?K) by the authors of the above-mentioned
research. In this study, the emissivity value was calculated at 0.95
using the PVC electrical tape method.

Based on different studies, the convective heat transfer coefficient
has a significant influence on the results [60]. The large variability of
convection coefficient calculation approaches proposed by the scientific
community (mainly formulations correlated with wind speed and
dimensionless numbers) were identified in the literature and compared,
but no single valid coefficient could be standardised [77].

2.5. Validation of U-value

To validate the accuracy of aerial thermography as an U-value
calculation method, the U-value measured with the thermometric
method were compared with the U-value calculated using the thermal
information recorded with the UAV. For this purpose, two statistical
metrics were used: coefficient of determination (R?) and root mean
square error (RMSE).

The statistical index R?, also known as the coefficient of determi-
nation, is a measure used in linear regression and other regression
models to assess the goodness of fitting the model to the observed data.
In other words, it is a measure of the goodness-of-fit or reliability of the
estimated model to the reference data. The statistical index RMSE (Root
Mean Squared Error) is a commonly used measure to assess the accuracy
of a regression or prediction model. It is calculated as the square root of
the average of the squared errors between the observed values and the
values predicted by the model. RMSE measures the average difference
between the actual values and the values predicted by the model [78].

RMSE =

N (Predictedi — Actuali)®
( ) (€))]
=1

N

3. Results

According to the previously described methodology, the research
results are presented below. The first section analyses U-values
measured with the thermometric method for 60 h in both winter and
summer. The second section shows the calculated U-value data
following the thermographic methodology for a typical winter day and a
typical summer day. Finally, in the third section, the U-value results are
compared using statistical metrics.

3.1. U-values according to the thermometric method

The results of the U-values obtained from thermometric measure-
ments during 60 h in winter and summer are presented below. The
experiment was carried out over three nights and two days.
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Fig. 4. Equipment: a) Weather station located in the roof of the building, b) Indoor air and wall surface temperature sensors placed on the surveyed facade.

1.6°C

Fig. 5. Example of reflected temperature measurement.

Fig. 10 illustrates temperature values (outside, inside, and indoor
wall surface) along with the corresponding U-values measured for three
winter days (16-18 January 2023). In terms of the length of the day
during winter, the sun rises at 08:40 a.m. and sets at 18:33p.m.,
providing 9 h and 52 min of daylight and 14 h and 7 min of nighttime.

Throughout the experiment, the indoor temperature of the building
remained consistently stable, averaging 28.3 °C. No significant differ-
ences were observed between day and night temperatures. However, the
indoor wall surface temperature was slightly lower than the indoor air
temperature, averaging 25.9 °C. Outdoor temperatures exhibited
notable variations between days, with the first day being warmer at
15.6 °C, compared to 12.6 °C on the second day. Nighttime outside
temperatures ranged between 12.5 °C on the first night, 11.4 °C on the
second night, and 8.2 °C on the last night.

Concerning the thermal transmittance of the building envelope,
stable U-values were measured during the nights, when the greatest
temperature difference between the indoor and outdoor environments
was recorded. Consistent values of around 1.0 W/m?K were observed

throughout the experimental nights. U-values exhibited variability
during the daytime hours of the experiment, with a mean ranging be-
tween 1.5 and 1.7 W/m?K. At 15:00 h, when the minimum thermal
difference between indoors and outdoors was recorded, maximum
values of 3.0 W/m?K were reached on the first day, and 2.2 W/m?K on
the second day.

Fig. 11 shows the temperatures and U-values recorded for three
summer days (15-17 June 2023). In the summer period, the duration of
daylight and nighttime hours is as follows: sunrise at 07:06 a.m. and
sunset at 21:49p.m., resulting in 14 h and 43 min of daylight and 9 h and
17 min of nighttime.

In terms of temperature, the indoor temperature within the building
remained consistently stable throughout both days and nights during the
experiment, averaging 20.5 °C. The inner wall surface temperature
showed a similar thermal pattern to the indoor temperature but slightly
higher, with an average of 22.5 °C. Outdoor temperatures barely varied
between days, averaging 28.7 °C on the first day and 29.4 °C on the
second day. The average outdoor temperature remained relatively
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Fig. 6. IR Images of the building envelope over 24 h in: a) winter, b) summer.

consistent over the three nights of the experiment, averaging 23.7 °C.
Regarding the thermal transmittance of the building envelope, it was
observed that the measurements exhibited significant irregularity be-
tween days and nights. During the night, the U-values reached maximum
peaks ranging between 7.7 and 12.1 W/m?K when the minimum ther-
mal difference between indoors and outdoors was recorded. The outdoor
temperatures reached their lowest value and matched indoor tempera-
tures in the pre-dawn hours. During the daytime, mean U-values be-
tween 1.8 and 2.2 W/m?K were measured. Minimum values ranging
from 1.2 to 1.4 W/m?K were recorded when the greatest temperature
difference between indoors and outdoors occurred at midday.

3.2. U-values according to the thermographic method

The results of the U-values calculated using the thermographic
methodology during a typical winter day and a typical summer day are

presented below. The experiment was carried out on the first day and the
second night of the three full days of the experiment.

Fig. 12 displays the measured temperature values and the calculated
U-values during a typical winter day (17 January 2023). The U-values
measured with the thermometric method in the previous section are also
plotted graphically and are referred to as reference data. On a typical
winter day, the average measured temperatures were 27.9 °C inside,
25.8 °C on the indoor wall surface, 15.6 °C outside during the daytime,
and 11.4 °C outside at night.

The outdoor wall surface temperature was higher than the outside air
temperature, averaging 16.4 °C during the day and 13.4 °C at night. The
difference between both temperatures was greatest during the night.
During the main hours of the day, the outdoor wall surface temperature
matched the outside air temperature.

The calculated U-values exhibited the same trend as the reference U-
values. During the typical winter night (from 18:33p.m. to 08:40 a.m.),
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22.2°C

14.3°C

Fig. 7. Example of outdoor surface temperature measurement.

THM data
logger
Tout @ I |
Tine
Ts,in
Outside Inside

Fig. 8. Schematic diagram of thermometric method.

the mean of the calculated U-values was 1.0 W/m?K, matching the
reference values. There was also agreement between the values obtained
in the early morning hours until 12:00 h. However, in the midday hours,
U-values were slightly overestimated by an average of + 0.5 W/m2K
compared to the reference values, reaching the maximum peak at 15:00
h (3.5 W/m’K).

Fig. 13 displays the measured temperature values, the calculated U-
values, and the reference U-values (the thermometric values) during a
typical summer day (16 June 2023). The average measured inside
temperature was 20.3 °C, the indoor wall surface temperature was

10

Weather station
data logger
—J
® Tref Tin ®
IR camera Ts,out Ts,in
&
Outside Inside

Fig. 9. Schematic diagram of outdoor aerial thermography.

22.4 °C, the outside daytime temperature was 28.7 °C, and the outside
nighttime temperature was 23.7 °C.

As in winter, the outdoor wall surface temperature was higher during
the night hours, while during the daytime, it was closer to the outdoor
air temperature. The outdoor wall surface temperature recorded an
average of 29.5 °C during the day and 25.6 °C at night.

Regarding the calculation of the U-values, it exhibited a trend similar
to the reference data due to significant differences observed between
night and day measurements. During the night, in the pre-dawn hours
when indoor and outdoor temperatures matched, the calculated U-
values showed both overestimations and underestimations with respect
to the reference data in a short period of time. Unstable values were
obtained, reaching maximum peaks of 7.0 W/m?K. Throughout the day
and early evening, it was observed that the calculated U-values were
over scaled compared to the reference data by an average of + 1.0 W/
m?K. The minimum U-values (1.9 W/m?K) were obtained during the
daytime hours, as in the reference data, but were higher with a differ-
ence of + 0.7 W/m2K.
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Fig. 11. U-Values measured according to the thermometric method on summer days.

3.3. Comparison and validation of U-values

Fig. 14 illustrates the linear relationship between the U-values
measured with the thermometric method and the thermographic
method on a typical winter day (Fig. 11a) and a typical summer day
(Fig. 11b). The results demonstrate a strong coefficient of determination
(R?) across all analysed points, totalling 184 samples in each scenario.
The R? is 0.978 for a typical winter day and 0.902 for a typical summer
day. A high R?, close to 1, indicates that the estimated model fits well
with the baseline data. However, it is important to note that while R?
analyses the trend of the data, it does not solely determine the quality of
the model.

For this reason, another index was considered: the root mean square
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error (RMSE), which quantifies the error between the two databases.
The lower the RMSE value, the better the predictive capability of the
model. The RMSE revealed differences between the thermometric and
the thermographic values during the typical summer day. In this sce-
nario, the RMSE was 0.96 W/m?K during the day and 0.85 W/m?K at
night, representing a considerable error of 29.1 % and 25.8 %, respec-
tively, compared to the mean of all data analyzed in summer (3.28 W/
m?K). However, the RMSE was better during the typical winter day,
especially at night. The RMSE was 0.35 W/m?K during the day and 0.06
W/m?K at night, representing an error of 25.0 % and 4.3 %, respectively,
in relation to the mean of the data analyzed in winter (1.36 W/m?K).
Since more accurate results were obtained on the typical winter
night, an uncertainty analysis of the U-value was performed using the
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Fig. 12. U-Values calculated according to the thermographic method on a typical winter day.

average of the temperatures measured with both methods. For this
purpose, a Monte Carlo simulation was carried out using Matlab R2020a
software (The MathWorks Inc., Natick, Massachusetts, USA). The
objective of a Monte Carlo simulation is to approximate the probability
distribution of the output (U-values) from the uncertainty of the input
variables associated with the equipment used.

Monte Carlo simulation generates random numbers in the uncer-
tainty ranges of the input data assuming a uniform or Gaussian distri-
bution. By randomly sampling each of the inputs and perturbing them
simultaneously, it is possible to estimate a potential output result and its
standard deviation using a probability distribution function. To achieve
this, it is necessary to run enough simulations (in this case N = 106) to
obtain a correct estimate of the mean, standard deviation and confi-
dence interval. In addition to the probability distribution of the U-
values, sensitivity coefficients were calculated that measure how the
uncertainty of an input variable affects the uncertainty in the model
output (Table 2). Fig. 15 shows the probability distribution of the U-
values obtained by performing the Monte Carlo simulation with both
methods.

The results of both simulations showed an average U-value of 1.039
W/m?K for the thermometric method and 1.011 W/m?K for the ther-
mographic method. Regarding the standard deviation and confidence
intervals, on the one hand, the thermometric method provided an un-
certainty of 4 0.037 W/m?K which gives a confidence interval of 68.3 %
between 1.002 and 1.076 W/m?K and a confidence interval of 95.5 %
between 0.966 and 1.112 W/m?K and, on the other hand, the thermo-
graphic method provided an uncertainty of + 0.121 W/m?K giving a
confidence interval of 68.3 % between 0.890 and 1.132 W/m?K and a
confidence interval of 95.5 % between 0.779 and 1.257 W/m?K.

4. Discussion

Analysing the results obtained from the experimentation conducted
over three typical winter days and three typical summer days using the
thermometric method, it was found that U-values are highly variable
and are greatly influenced by the thermal difference between the two
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spaces separated by the envelope and by changes in outdoor
temperatures.

After the six full days of experimentation in both seasons, there was
only a lengthy period during which a stable U-value was measured:
winter nights. During this time frame, constant U-values of 1.0 W/m?K
were measured over the three nights of winter experimentation. The
thermal difference between indoors and outdoors was crucial, as stable
U-values were measured when the maximum thermal difference in
winter was recorded: a difference of 15.8 °C on the first night, 16.9 °C on
the second night, and 20.1 °C on the third night.

The significance of thermal amplitude was also evident during
summer nights when outdoor and indoor temperatures matched — the
thermal difference was 0 °C — and unstable and distorted U-values were
measured, reaching peaks of up to 12.1 W/m?K. In both winter and
summer, maximum U-values were measured when the lowest thermal
difference between indoors and outdoors was observed, while minimum
U-values were measured when the highest thermal difference between
indoors and outdoors was recorded. Regardless of the method, to
calculate the U-value it is essential to ensure large thermal differences on
both sides of the wall. As in this case, external energy sources are nor-
mally used to heat or cool the interior space. Research in Mediterranean
climates has shown that U-values are overestimated when temperature
differences between inside and outside are minimal (deviations of 150 %
with thermal differences between 3-4 °C, 100 % with differences be-
tween 4-5 °C and 60 % with differences of 6 °C) [56].

However, in addition to thermal difference, it is also crucial that U-
value measurements are stable and constant over long periods of time
for an accurate assessment. In both summer and winter days, despite
measuring thermal amplitudes around 10 °C (8.6 °C in summer and
14.2 °C in winter), stable and constant values were not recorded over an
extended period. During summer days, the average U-value was 2.0 W/
m?K, reaching minimums of up to 1.2 W/m?K, while in winter days, the
average U-value was 1.6 W/m?K, reaching maximums of up to 3.0 W/
m?K. During the daytime experimentation in both periods, instability
was observed between outdoor temperature measurements over short
periods of time which may be caused by cloud movement, shading and
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Fig. 13. U-Values calculated according to the thermographic method on a typical summer day.

light effects on the environment and air masses.

Furthermore, in summer, the indoor surface temperature was slightly
higher during the day than at night. In winter, however, it was slightly
lower during the day. This indicates that the indoor surface temperature
increases as the thermal difference between indoors and outdoors be-
comes greater, in both seasons.

On the comparison between U-values calculated using thermometric
and thermographic methods in a 24-hour cycle in winter and summer,
the models demonstrated a high coefficient of determination (R? of
0.978 in winter and 0.902 in summer), indicating that the thermo-
graphic method provided results that follow the same trend as the data
measured with the thermometric method. However, the RMSE index
quantified a considerable error in some periods of the day and the year.
On one hand, stable results (U-value = 1.0 W/m?K) were obtained
during the night and early morning hours of winter. Between methods, it
was measured a minimal difference of 0.06 W/m?K which represents an
error of 4.3 %. On the other hand, overestimated U-values were ob-
tained, 0.35 — 0.96 W/m?K higher during the winter day and the summer
day respectively, although the facade was not directly exposed to the
sun. This represents a considerable error (between 25.0—29.1 %) given
the low magnitude of the reference data. The main challenge of con-
ducting this experimentation during daylight hours, regardless of the
method used, lies in the rapid fluctuations in temperature.

In other research, it has been shown that direct solar exposure of the
wall has a great influence on the accuracy of the measurement, espe-
cially in the late afternoon, due to the heat stored in the wall [59]. It is
important to avoid measurement if the surveyed wall is exposed to direct
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solar irradiation for a long time, as transient thermal phenomena can
lead to measurement errors. On a winter day, considerable differences
between 1-48 % were obtained by comparing the U-values obtained
with thermography and HFM of a non-north facing facade subjected to
solar exposure [79]. Like in this case, even if the test is carried out under
winter conditions and direct solar incidence is avoided during the day,
the U-values calculated with thermography during daylight hours have
also shown some uncertainty (between 2 and 37 %) when compared to
other methods such as HFM [67].

Additionally, during summer nights, U-values were calculated with a
high associated error (25.8 %). It is essential to mention that during that
time frame, the reference U-values measured were also highly variable
and reached disproportionate values due to the non-existent thermal
difference between the interior and exterior of the building — an un-
certainty that was reflected in the results measured with both methods.
As in other research where the THM method was applied in summer in a
Mediterranean climate and U-values with differences of around 20 %
were obtained, the uncertainty associated with testing at this time of
year is unacceptable [48]. The main limitation of this study is the sig-
nificant difference between U-values measured in winter and summer. It
is not advisable to calculate summer U-values using aerial thermog-
raphy, as has been shown by other authors using conventional methods
[43].

The fact that both methods yield similar results, especially during
winter nights, suggests that both models are more reliable under these
temperature conditions (more stable over time and with greater thermal
amplitude). However, due to discrepancies in the U-value results



M. Videras Rodriguez et al. Energy & Buildings 324 (2024) 114874

3,5
R2=0,978
30  y=0,7385x +0,2766 *
o5 | RMSE=035 (day)
"> RMSE = 0.06 (night)
Z 20
3
S 15
1,0
0,5
0,0
00 05 1,0 15 20 25 30 35 40
Target
a)
9,0
80 R2=09028 .
70 y =1,2463x - 1,4847 %

RMSE = 0.96 (day)
60  RMSE =0.85 (night)
5,0
4,0
3,0
2,0
1,0
0,0
00 1,0 20 30 40 50 60 70 80
Target

Output

b)

Fig. 14. Comparison of U-values measured with the thermometric and the thermographic methods (R and RMSE): a) on a typical winter day, b) on a typical
summer day.

Table 2
Input variables with standard deviation u (x;) and sensitivity coefficients u (c;).
Thermometric method Thermographic method
Input variable u(xi) Distribution c(xi) Input variable u(xi) Distribution c(xi)
Tin +0.2K Gaussian 0.5536 Tin +0.5K Gaussian 0.7629
Ts,in +0.2 K Gaussian 0.5568 Ts,in +0.2K Gaussian 1.8229
Tout +0.3 K Gaussian 0.3746 Tref +2.0K Gaussian 0.1831
Ts,out +2.0K Gaussian 0.1831
throughout the whole experiment, an uncertainty analysis was con- sensitivity coefficients, which demonstrate how uncertainty is amplified
ducted to interpret the differences between the two mathematical in the input variables of the mathematical model used in the thermo-
models. While the thermometric model showed a standard deviation of graphic method, highlight the importance of using high-precision tem-
+ 0.037 W/m?K, the thermographic model exhibited a standard devia- perature measurement equipment to minimize uncertainty in the U-

tion of & 0.121 W/m?K. The results of the uncertainty analysis and value output.
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Fig. 15. Comparison of the probability distribution of the simulated U-values: a) with the thermometric method, b) with the thermographic method.

Based on the results obtained and the limitations identified, it is
recommended for future work to use aerial thermography exclusively
during winter nights when there is maximum thermal amplitude (more
than 15 °C) and temperatures are more stable. Additionally, it is sug-
gested to increase the frequency of measurements (every 10-15 min), to
repeat the aerial experimentation over several nights during the same
time period (which can be reduced to the post-midnight and pre-dawn
hours) and to use highly accurate temperature sensors with the lowest
associated error to prevent it from propagating through the model and
affecting the output value.

If mechanical equipment is used to amplify the thermal difference
between indoors and outdoors, it is recommended to consider that
HVAC systems can disturb the measurements, so it is recommended not
to place sensors close to their airflow and not to take measurements of
the outside surface temperature in the surroundings of the equipment if
it is installed on the wall to be inspected. It is also not recommended to
take surface temperature measurements in areas where the temperature
distribution is not homogeneous, such as thermal bridges. If the purpose
is to calculate the U-value of the complete building envelope, it is
advisable to perform the calculation on each of the building facades and
obtain an average U-value, as this value may differ slightly depending on
the facade orientation even if the composition and thicknesses of the
materials are similar. Kim et al. applied the HFM and THM methods to
estimate the U-value of several buildings and showed an average dif-
ference of 0.13 W/m?K between the U-values of north, south, east and
west facing facades of the same building [53]. Evangelisti et al. calcu-
lated a difference of 0.14 W/m?K between the U-values of two north-
and south-facing facades of the same building in winter [44].

5. Conclusion

The measurement of the U-value is essential in the field of building
energy renovation. The purpose of this research is to evaluate aerial
thermography, applying unmanned aerial vehicles (UAVs) equipped
with infrared (IR) thermal cameras, to overcome common physical
limitations in traditional building auditing methods. This approach is
particularly beneficial when assessing large buildings or building
complexes.

In this research, the calculation of thermal transmittance (U-value)
has been addressed by two methodologies based on temperature mea-
surements, the thermometric and the aerial thermographic methods.
Based on the results obtained in this research and supported by findings
from the scientific community, the use of aerial thermography is
considered valid as a method to estimate the U-value in subtropical
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mediterranean climates, provided it is conducted under winter
nocturnal conditions ensuring a minimum thermal amplitude above
15 °C. It is suggested that the application of airborne thermography be
carried out continuously over several nights (in post-midnight and pre-
dawn hours), taking measurements every 10 to 15 min and using high
accuracy temperature sensors to minimise errors in the model, in order
to establish a preliminary U-value that can be used in the initial stages of
a building energy audit.

After analysing the calculation of the U-value during the winter and
summer days and nights, it is determined that the winter night was the
only period in which stable and constant U-values (1 W/m?K) were
obtained using both methods. In addition, this was the period of the year
when the highest indoor/outdoor temperature difference (about
16.9 °C) was measured. However, a large thermal difference is not the
only condition necessary for a correct U-value measurement, as summer
climatic conditions and rapid temperature fluctuations during the day
have been shown to generate greater variations in the U-value. The
viability of experimentation during summer days and nights, as well as
winter days, is disregarded even if it is carried out on a north-facing
facade without direct solar incidence. It is necessary that U-value mea-
surements are stable and constant over long periods of time for an ac-
curate assessment. For this reason, this methodology cannot be
simplified to a single measurement.

The proposed framework addresses various challenges present in
current energy auditing processes for buildings, such as the difficulty of
physical access to components like high roofs or facades, which are often
challenging to inspect using conventional methods. The results obtained
are expected to provide a baseline to facilitate the applicability of the
method to other buildings. Furthermore, this framework presents
significative advantages at the neighbourhood level to analyse and
determine the most efficient adaptation strategies, as well as to identify
time savings and cost reductions achievable by evaluating multiple
buildings compared to traditional inspection processes.
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