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Abstract

Buildings account for a substantial share of global energy consumption and greenhouse
gas emissions, while a large proportion of the existing building stock remains energy
inefficient. Thermal transmittance is a fundamental indicator for assessing the thermal
performance of historic building envelopes. This study investigates the application of UAV-
based quantitative infrared thermography (UAV-QIRT) for in situ U-value measurement as
an alternative to conventional methods. This study proposes a structured workflow for
UAV-QIRT-based U-value measurement, developed in accordance with BS EN ISO 6781-
1:2023. The study evaluates four U-value calculation formulas using thermographic data
acquired during an in situ case study and compares the resulting estimates with a reference
U-value obtained using the heat flow meter (HFM) method. The results demonstrate that
the reliability of UAV-QIRT-based U-value estimation strongly depends on outdoor thermal
boundary conditions and the physical assumptions embedded within the heat balance
model. In this case, the measured exterior wall surface temperature was lower than the
outdoor air temperature, causing simplified formulas to produce physically unrealistic
negative U-values. In contrast, the complete heat balance model, which accounts for
radiative exchanges with the sky, surroundings, and ground, as well as convective heat
transfer, generated more plausible estimates. Nevertheless, significant discrepancies were
observed between the UAV-QIRT and HFM estimates. Sensitivity analysis revealed a
high dependence of UAV-QIRT-derived U-values on environmental boundary conditions,
including wind speed, outdoor air temperature, and exterior surface temperature.

Keywords: energy efficiency; historic building; U-value; thermal transmittance; QIRT;
quantitative infrared thermography; UAV; non-destructive testing

1. Introduction

Buildings account for approximately 36% of global greenhouse gas emissions and
consume more than 40% of total energy [1]. A substantial share of the existing build-
ing stock is aging, with approximately 35% of buildings over 50 years old and nearly
75% remaining energy inefficient [2]. Such buildings often exhibit poor thermal perfor-
mance due to inadequate insulation and outdated technical systems [3,4]. However, these
structures also offer significant potential for energy improvement through carefully de-
signed and targeted retrofitting strategies [5]. The thermophysical properties of building
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components are key parameters for evaluating building performance, as they directly affect
thermal behavior and energy efficiency. Among these properties, thermal transmittance
(U-value, W/m?K) is a fundamental indicator for assessing the thermal performance of
historic building envelopes [6]. Standardized approaches are commonly used to determine
U-values. The design U-value can be calculated in accordance with ISO 6946 [7], while in
situ measurements can be conducted using a heat flux meter (HFM) following ISO 9869 [8].
However, the HFM method is often costly and time-consuming, particularly in historic
buildings where thermal bridges, surface shielding, and spatial variations in boundary
conditions introduce additional complexity [9,10]. Furthermore, the HFM method provides
measurements over a limited surface area, which restricts its ability to capture the thermal
heterogeneity of large or architecturally complex building envelopes [11,12].

Non-destructive testing (NDT) techniques play a critical role in historic building diag-
nosis because they enable rapid, comprehensive, and non-invasive assessments of building
performance [13]. Among these techniques, infrared thermography (IRT) is widely applied
in building energy audits [14]. Conventional IRT is primarily used as a qualitative method
(qIRT) to visually identify building defects, such as thermal bridges, insufficient insula-
tion, and air leakage. In contrast, quantitative IRT (QIRT) employs calibrated temperature
measurements to assess thermal anomalies and estimate U-value [15,16]. Over the past
two decades, QIRT has received increasing attention as an alternative to the HFM method
for U-value assessment [17]. Recent advancements in QIRT have been driven by the inte-
gration of unmanned aerial vehicles (UAVs) [18,19]. UAV-assisted infrared thermography
(UAV-IRT) has become an effective tool for the inspection and analysis of existing building
stock [20]. Unlike conventional ground-based thermography, UAV-IRT can access hard-
to-reach areas and high-rise structures without physical constraints [21]. This capability
improves inspection coverage, enhances data quality, and reduces operational costs and
safety risks [22]. UAV-IRT can be categorized into qualitative (UAV-qIRT) and quantitative
(UAV-QIRT) approaches [23]. While UAV-qIRT supports the rapid detection of thermal
anomalies [24,25], UAV-QIRT enables U-value estimation, overcoming the accessibility and
spatial limitations [26].

In recent years, UAV-QIRT has gained increasing attention for the in-situ measurement
of U-values in building envelopes. Bayomi et al. used aerial thermography to estimate en-
velope U-values and to calibrate building energy models (BEM) [27]. Their results showed
deviations of 21-97% from design U-values depending on facade orientation; however, the
estimated U-values were not validated against HFM measurements. Benz et al. reported
UAV-QIRT-derived U-values ranging from 1.0 to 1.6 W/ (m?K), whereas the reference HFM
measurement yielded a U-value of 2.0 W/(m?K), corresponding to an underestimation of
approximately 20-50% [21]. However, the authors did not provide a detailed explanation
for these discrepancies. Zhang et al. performed in situ measurements of external walls
using UAV-QIRT and compared the results with HEM calculations, reporting errors ranging
from 5.8% to 23.3% [28]. The results revealed substantial variations in deviation between
the two buildings despite the application of an identical measurement protocol, highlight-
ing the influence of building-specific conditions. The authors attributed these discrepancies
to environmental interference from surrounding surfaces, temporal mismatches between
thermographic and HFM measurements, and systematic errors associated with UAV op-
eration and temperature measurements. Similarly, Videras-Rodriguez et al. assessed the
accuracy of UAV-QIRT under summer and winter conditions and found that measurements
conducted during winter nights were more reliable [29]. QIRT-derived U-values showed
close agreement with those obtained using the thermometric method during winter nights
and early mornings, with deviations as low as 4.3%. However, daytime measurements
exhibited substantially larger errors (25.0-29.1%), primarily due to rapid temperature fluc-
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tuations. Collectively, these studies highlight the considerable uncertainty associated with
UAV-QIRT-derived U-values, which are strongly influenced by environmental conditions,
measurement timing, and building-specific characteristics. Substantial deviations from
reference measurements may occur even under apparently favorable conditions. Although
previous studies have proposed several U-value calculation formulas, their applicability
under real outdoor boundary conditions has not been systematically validated. This limita-
tion is particularly evident in situations where the exterior wall surface temperature (Ts out)
is lower than the outdoor air temperature (T,,:). Under these conditions, the physical
validity of simplified heat-balance formulations remains uncertain.

To address these research gaps, this study proposes a UAV-QIRT workflow for the
external in situ measurement of the U-value of existing building envelopes based on the
BS EN ISO 6781-1:2023 standard. The study evaluates four different U-value calculations
using thermographic data acquired from in situ measurements. The analysis specifically
investigates the influence of outdoor radiative—convective boundary conditions on U-value
estimation, particularly when T oyt is lower than Ty, where simplified heat-balance formu-
lations may become unreliable. The most physically consistent formulation is subsequently
compared with HFM reference value to assess the deviation between UAV-QIRT-based
estimation and standardized in situ measurement The study further performs a sensitivity
analysis to investigate the influence of wind speed (v), Tout, and T out on the calculated
U-values.

2. Materials and Methods
2.1. U-Value Calculation

The U-value represents the heat transfer coefficient through a building envelope
per unit area due to the indoor-outdoor (AT). Under one-dimensional (1D) steady-state
conditions, assuming negligible heat storage within the wall and constant thermo-physical
properties, the U-value is calculated as the ratio between the heat flux () and the difference
between the indoor air temperature (Ti,) and Tou:

— q

U — value = T—— (1)

Equation (1) implicitly assumes stationary thermal conditions, negligible lateral heat
transfer, and equivalence between the conductive heat flux through the wall and the heat
exchanged at the surface. Under this formulation, the system is treated as 1D steady-state
heat transfer problem, where the external boundary condition is fully determined by in-
stantaneous energy balance. According to that, the formulations developed in the literature
aimed at quantifying the U-value of building facades using QIRT, generally, are based on
a simplified representation of the external heat transfer process, assuming steady-state
conditions, 1D heat conduction through the envelope, and a direct equivalence between
conductive heat flux and surface heat exchange. However, in real buildings, especially
historic constructions, these assumptions are rarely fully satisfied. Thermal inertia, material
heterogeneity, moisture content, thermal bridges, and transient environmental forcing in-
troduce significant deviations from ideal steady-state behavior. The first formulation aimed
at quantifying the U-value of building fagades using QIRT was proposed by Madding
through a surface heat balance formulation for indoor measurement [17]. This method
estimates conductive heat transfer through the wall by balancing radiative and convective
heat exchange occurring at the internal surface under steady-state conditions. The underly-
ing assumption is that, in the absence of heat storage within the wall, the conductive heat
flux crossing the envelope is equal to the sum of the radiative and convective heat fluxes
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exchanged between the internal wall surface and the surrounding indoor environment. On
this basis, the U-value is expressed as:

_ 460 Ty (Toin — Tren) + he (Toin — Tin)

u
Tin — Tout

(2)

Equation (2) considers Ti, and Toyt, the internal wall surface temperature (T ;,,), the
apparent reflected temperature (Tyef1), the mean radiative temperature (Tj), the wall
surface emissivity (¢), the convection coefficient (h.), and the Stefan—Boltzmann constant
(0 =5.67 x 1078 W/m?K*). Ty, is defined as:

o Ts,in + Treﬂ

Tm >

3)

Equation (2) derives from the surface heat balance at the internal side of the wall. More
specifically, the conductive heat flux through the wall is assumed to be equal to the sum of
the radiative heat flux (g,) and the convective heat flux (§conv) exchanged at the internal
surface. The numerator represents the total surface heat exchange, composed of radiative
and convective contributions:

q = qr + Geonv (4)

The radiative term derives from the linearized Stefan—Boltzmann law:

qr = 4€0Tr?;z (Ts,in - Trefl) 6)

while the convective term follows Newton’s law of cooling:
Geonv = he (Ts,in =T ) (6)

The denominator corresponds to the temperature difference between Ti, and Toyu:. The
model assumes steady-state heat transfer and 1D conduction through the wall, negligible
heat storage, and a constant k.. Also, it assumes an indoor view factor equal to unity,
meaning that surrounding indoor surfaces have similar temperatures. These assump-
tions are valid for indoor measurements but become inappropriate for transient outdoor
measurements, where convection strongly depends on air velocity, and the effective ra-
diative temperature of the sky (T,) can be substantially lower than surrounding objects,
producing strong radiative cooling effects that cannot be neglected:

Toky = €0 (Tdin — Ty ) ?)

Under clear-sky conditions, the effective Tsky may be substantially lower than the Tp¢,
making radiative losses toward the sky non-negligible.

To address the limitations associated with external measurements, Dall’'O’ et al. es-
timated the U-value of a wall in outdoor measurement using QIRT with a different heat
balance approach [30]. Based on Newton's law of cooling, they expressed gcono as a function
of the h; and the temperature difference between the outdoor wall surface (Tsoy¢) and Ty

Jconv = h¢ (Ts,out — Tout ) (8)
By combining this relationship with Equation (1), they derived:

hout(Ts,out - Tout)

Tin — lout

u:
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U=

hc (Ts,out - Tout) + hr,sky (Ts,out - Tsky) + hr,air(Ts,out - Tout) + hr,ground (Ts,out - Tground )

The outdoor convective coefficient (1,,t) is calculated as a function of v. Jurges’
equation for the expression of the convective coefficient is used demonstrating its best
manageability with a v:

hout = 5.8 +3.8054 v (10)

The model assumes that h,,; is entirely balanced by convection. Consequently, ra-
diative exchanges with the sky and the surrounding environment are neglected. This
assumption may introduce errors during clear-sky conditions, nighttime measurements, or
low-wind scenarios, where long-wave radiative cooling becomes dominant. Moreover, the
use of empirical correlations is valid within specific v ranges.

Albatici et al. further improved the equation by incorporating long-wave radiative
exchange into the external heat balance [31]:

U &C (Tdout — Tour ) + 3.8054v (Tsour — Tout ) an

Tin — lout

where the wall spectral emissivity (ey) refers to the spectral range of the IR camera. In the
numerator, the first term accounts for radiative heat exchange with the outdoor environ-
ment, while the second term represents convective heat transfer based on the simplified
Jiirges correlation. The formulation is established under the following assumptions. The
outdoor environment is represented by a single equivalent T,,;, the wall surface is as-
sumed to behave as a diffuse-gray body with uniform emissivity, and the thermal exchange
process is considered under steady-state conditions. In addition, the model assumes 1D
heat transfer through the wall, as well as negligible atmospheric attenuation, reflected
short-wave solar radiation, and transient heat storage within the envelope.

Bayomi et al. proposed Equation (12), which incorporates UAV-QIRT for calculating
outdoor U-values [27]:

& (Trefl - Ts, in ) + hC (Tin - Ts, in )

U =
Ts, in — Ts, out

(12)

which also considers the T ;,, Ts out, and a hc set at 8.7 W/ m?2K. This formulation differs from
previous approaches because it relates the internal surface heat balance to the temperature
difference between the internal and external wall surfaces, rather than to the indoor-
outdoor air temperature difference. The model is based on the assumptions of 1D steady-
state conductive heat transfer through the wall, negligible thermal resistance between air
and surface layers, constant thermo-physical properties, and a uniform convective heat
transfer coefficient.

Zhang et al. also incorporated UAV-QIRT for assessing the U-value [28]. They decom-
posed the radiative heat transfer (g,) from the wall surface to the outdoor environment into
three parts: outdoor air (q,;,), ground (qgound), and sky (gsxy) [32]. They then integrated
the radiative heat transfer coefficient of each medium together with the convective heat
transfer (gconv) as follows:

13
Tin - Tout ( )

qr = qsky + Gair + qground (14)

qr = hr,sky (Ts,out - Tsky) + hr,m’r(Ts,out - Tout) + hr,ground (Ts,out - Tground ) (15)
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where hy iy, By ir, and Ry ¢r0un4 Tepresent the radiative heat transfer coefficients for the sky,
outdoor air, and ground, respectively [33]. Ty, is calculated as a function of the Ty, and
the sky emissivity (ésky). Tiewp is the dew point temperature (K).

" (Ts,out - Ti)
Tsky = Tout - S(s)i(zySK (17)
esky = 0.787 + 0.0028 Tgenp (18)

Foky, Fground, Fair, and Fy;, are the radiative angle factors for the building exterior surface
with respect to the ground, sky, and outdoor air, respectively. 8 is the angle between the
building envelope and the horizontal plane, expressed in degrees (°).

Fgoy = 05(1+ COSG)COSg (19)
Fair = 0.5(1 + cosf) (1 - cosi) (20)
Foround = 0.5(1 — cosf) (21)

h, is calculated using the Jiirges” equation. This formulation separates the different
radiative sinks affecting the facade and incorporates geometric view factors. The model
considers the assumptions of steady-state thermal conditions, accurate estimation of ¢
and T,f, negligible atmospheric attenuation effects, and reliable surface temperature
acquisition independent of UAV viewing geometry. Furthermore, the radiative angle factors
are assumed to adequately represent facade geometry and surrounding environmental
obstructions, while the /. is assumed to be correctly described through empirical wind-
based correlations.

2.2. Workflow of UAV-QIRT
The proposed UAV-QIRT workflow is structured into five phases:

Preparation (Section 2.2.1).

Instrument installation and calibration (Section 2.2.2).
Data acquisition (Section 2.2.3).

Data processing (Section 2.2.4).

U-value calculation.

The schematic workflow is reported below (Figure 1).

2.2.1. Preparation

During the preparation phase, a series of preliminary steps is conducted to ensure
the validity and reliability of UAV-based thermal measurements. First, a detailed docu-
mentation process is conducted for the investigated buildings. This process includes the
identification of building typologies, construction materials, and geographical locations.
The orientation of wall surfaces (north, south, east, and west) is systematically recorded,
as it directly influences thermal behavior and solar exposure. Second, controlled envi-
ronmental conditions are established to ensure the reliability and accuracy of UAV-based
thermal measurements. The indoor-outdoor temperature difference (AT) must exceed
10 °C and preferably 15 °C, with winter conditions generally providing more stable thermal
gradients. Tj, fluctuations must remain below 2 °C to maintain steady boundary conditions.
Measurements are conducted under cloudy weather conditions, while direct solar radiation
and precipitation are avoided. v at both ground level and fagade height must remain below
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5 m/s, with near-zero wind conditions preferred to reduce convective heat transfer effects.
In addition, wall surfaces must be dry, with no rainfall occurring within 72 h prior to
measurement. The surroundings must be free of obstruction, and sufficient space must be
ensured to allow safe UAV operation. Potential signal interference near the target building
is also evaluated to guarantee stable data transmission. Third, the key parameters of the
measurement design are defined prior to data acquisition. These parameters include Ty,
relative humidity (RH), ¢, sensor-to-target distance (d), Ty, and reference contact surface
temperature (T cont). Fourth, appropriate instrumentation is selected to support the mea-
surement process. A UAV equipped with an infrared thermal camera is employed, together
with instruments including a temperature and humidity data logger, a laser rangefinder,
and thermocouples. A preliminary survey using ground-based IRT is conducted to identify
thermally homogeneous areas on the wall surface for reliable measurement. Fifth, the
UAV flight path is designed according to the distribution of measurement targets within or
across buildings. A structured acquisition strategy, such as a strip-based pattern, is adopted
to ensure systematic coverage and sufficient image overlap. The UAV flight speed remains
below 2 m/s, and image acquisition is performed under stable hovering conditions. The
distance between the UAV and the target is maintained within 15 m to ensure adequate
spatial resolution and measurement accuracy. Overall, standardized environmental con-
trol, parameter definition, and acquisition planning collectively ensure the accuracy and
reliability of the surface temperature data obtained through UAV-based IRT.

\

Stage 1: Preparation

Building documentation (typology, materials, orientation);
Environmental condition assessment (AT, wind, weather);
Parameter definition (T,u, RH, €, d, T, T con)s

Instrument selection;

UAV flight planning.
4 N\

Stage 2: Instrument Installation and Calibration

« Sensor installation (thermocouples, data loggers);

« Sensor stabilization (environmental sensors, UAV thermal camera);
« Calibration and validation of measurement conditions.

(...

2 ’
~
Stage 3: Data Acquisition
» UAV-based thermogram acquisition;
* Multi-angle capture in accordance with BS EN ISO 6781-1:2023;
* Recording of acquisition time and distance. )

Figure 1. UAV-QIRT Workflow (source: Authors’ elaboration).

2.2.2. Instrument Installation and Calibration

After the completion of the preparation phase, instrument setup and calibration are
carried out to ensure measurement accuracy and compatibility with the environmental
conditions. First, the target measurement area is defined on the external vertical surface
of the masonry wall. Thermocouples are installed on the building envelope to record
the T cont, which serves as a reference for validating UAV-based thermal measurements.

https:/ /doi.org/10.3390/buildings16132567
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Environmental sensors are mounted on a photographic tripod to reduce the influence
of ground surfaces, vegetation, and nearby structures on the measurements of T, and
RH. Subsequently, dataloggers are allowed to stabilize for at least 15 min to adapt to the
ambient environment. Data acquisition proceeds only after Ty, RH, and T con reach stable
conditions. The UAV is then positioned within the measurement area, and the onboard
thermal camera is activated and allowed to stabilize for an additional 15 min prior to data
collection. Finally, the stability and consistency of all sensors are verified. The measurement
process proceeds only if the readings from both environmental and contact sensors remain
stable over a continuous period of at least 5 min. Otherwise, the measurement procedure
is suspended to avoid unreliable data acquisition. This calibration process ensures the
consistency and reliability of the thermal data collected in subsequent stages.

2.2.3. Data Acquisition

The proposed acquisition process is based on the BS EN ISO 6781-1:2023 standard [34],
which outlines procedures for recording thermal data using terrestrial and traditional
infrared instruments and is adapted for UAV infrared sensors. This standard specifies the
environmental parameters to monitor and provides two methodologies for calculating T,
of the analyzed surfaces, which is useful for processing individual thermograms.

During the data acquisition, the UAV thermal sensor is configured by selecting an
appropriate temperature range (—40 to 150 °C) to ensure that all relevant thermal variations
are captured. The UAV is positioned as close as possible to the building surface, typically
within 1 m, to minimize atmospheric interference. A set of thermal images is then acquired
to support the estimation of T, in accordance with BS EN ISO 6781-1:2023. Three thermal
images are captured from different viewing angles: one from the selected direction, one at
15° to the left, and one at 15° to the right (Figure 2). The acquisition time and the sensor-to-
surface distance are recorded to ensure accurate and consistent data processing. Similarly,
for the calculation of T oy, three thermal images are acquired following the same angular
configuration, namely, the selected direction and +15°. The thermal images must not be
captured perpendicularly to the analyzed surface, as such a configuration may introduce
distortions in the recorded temperature values.

\\2

Figure 2. T, acquisition scheme according to BS EN ISO 6781-1:2023 standard (1 IRT camera,
2 reflected heat source, 3 target, « angle of reflection, 3 angle of incidence).
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2.2.4. Data Processing

The processing of the acquired data consists of three main processes, including the
processing of thermograms for the estimation of T, the processing of thermograms for
the derivation of T, and the export of point-based T+ data from each thermogram.

In accordance with BS EN ISO 6781-1:2023 and established practices in the literature
on building thermal measurements, the thermograms used for the estimation of T, are
processed by assigning specific parameters. The analysis uses a sensor-to-target distance
of 15 m, RH values recorded by outdoor environmental sensors at the time of acquisition,
an ¢ value of 1, and an initial T}, 1l equal to the T, measured simultaneously. The T, 1l is
then calculated as the average temperature over the entire thermogram, after excluding
transient heat sources such as people or moving vehicles that may introduce measurement
errors. The final value of T, is obtained as the arithmetic mean of the values derived from
the three thermograms acquired from different viewing directions (center, left, and right).

2.3. Case Study
2.3.1. Study Area

The case study was conducted on a residential building located in Chiaravalle, Milan
(45°24'59.78" N, 9°14/29.22" E) (Figure 3). The building was constructed in the 1960s
and represents the wall construction characteristics and thermal performance typical of
buildings from that period. According to the Képpen—Geiger climate classification, the
area belongs to the Cfa climate zone, which is classified as a humid subtropical climate [35].
During winter, the regional climate is generally cold and humid and is frequently associated
with fog formation due to the influence of the Po Valley basin and continental air masses.

Figure 3. Building surveyed, located in Chiaravalle, Milan (Italy). The red arrow indicates the
detected section (source: Authors’ elaboration).

Starting in 2020, the building underwent an energy retrofit intervention. The retrofit
included the installation of additional thermal insulation on the building envelope, the
correction of thermal bridges, the implementation of a heat pump system for space heating
and domestic hot water production, and the installation of photovoltaic panels on the roof.

https://doi.org/10.3390/buildings16132567
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These interventions contributed to improved energy performance and reduced overall
energy consumption.

The experiment was conducted on the northwest-facing external wall located on the
top floor of the building in order to minimize the influence of direct solar radiation on the
thermal measurements. Figure 4a illustrates the location of the investigated area, where the
red-highlighted region represents the area selected for thermal analysis. Figure 4b presents
the UAV-based measurement campaign conducted during the data acquisition process.

(b)

Figure 4. Case study building. (a) Measurement area (red); (b) UAV-based measurement of the study
area (source: Authors’ elaboration).

2.3.2. Measuring Instrument

The experiment employed a DJI Matrice 300 RTK (Manufacturer: DJI, China) equipped
with a DJI Zenmuse H20T thermal infrared camera to acquire T, and the Trefl of the
surrounding environment. Two HOBO MX1101 data logger devices (Manufacturer: LI-
COR HOBO Data Loggers, USA, MA) were used to measure Tj, and Ty, and relative
humidity, respectively. The data loggers were positioned away from heat sources and
mounted on photographic tripods to minimize the influence of surrounding vegetation
and external disturbances on the measurements.

A thermocouple was directly attached to the external wall surface to record the T cont,
which served as reference data for surface temperature validation. Both the data loggers and
the thermocouple were configured to record measurements at 5 min intervals throughout
the experiment. Figure 5 and Table 1 present the specifications and performance parameters
of the measurement instruments in detail.

) W\ B

(b)

(d)

Figure 5. Instruments: (a) DJI Matrice 300 RTK; (b) DJI Zenmuse H20T; (c) HOBO UX100-014M
(Thermocouple); (d) HOBO MX1101 (source: Authors’ elaboration).
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Table 1. Parameters and Technical Specifications of the Instruments (source: Authors’ elaboration).

Instrument Range Resolution Accuracy
HOBO Onset MX1101
(Manufacturer: LI-COR HOBO Data —20° to 70 °C 0.024 °C +0.21 °C
Loggers, MA, USA)
HOBO Onset UX100-014M
(Thermocouple) heno o o o
(Manufacturer: LI-COR HOBO Data 260° t0 1370 °C 0.04°C +0.7°C
Loggers, MA, USA)
DJI Zenmuse H20T o o : o o
(Manufacturer: DJI, China) —40° to 550 °C 640 x 512 pixels +2° or £2%
Laser Rangefinder of DJI Zenmuse H20T 3101200 m 905 nm +02m + (d x 0.15%)

(Manufacturer: DJI, China)

2.3.3. Data Acquisition and Processing

The UAV-based thermal measurement campaign was conducted on 15 February 2024
during the winter season, with data acquisition performed at approximately 12:00 p.m. The
selected conditions were considered compatible with the quasi-steady thermal assump-
tions. The thermal camera was required to capture vertical wall surfaces using a horizontal
viewing angle, and delaying the survey reduced the risk of direct sunlight entering the
sensor path due to the low solar angle near the horizon during the early morning period.
The investigated northwest-facing facade remained completely shaded throughout the
acquisition process and was not directly exposed to solar radiation, avoiding the rapid
surface temperature fluctuations typically associated with solar exposure. The prolonged
operation of the heating system before the measurement increased the indoor-outdoor
temperature gradient (10-15 °C) while promoting a more stable heat-flow regime through
the building envelope. Compared with early-morning conditions, which are often charac-
terized by rapidly changing ambient temperatures and moisture-related effects such as fog
formation, the selected acquisition window provided more stable boundary conditions for
evaluating conductive heat transfer across the wall. Therefore, the selected environmental
and measurement conditions were considered representative of a quasi-steady thermal
state and suitable for the application of the proposed analysis framework.

During data acquisition, the UAV maintained an approximate distance of 17 m from
the investigated facade. This distance was selected to minimize operational constraints
caused by surrounding trees near the building while ensuring stable image acquisition
conditions. According to the proposed workflow, three thermal images were acquired from
different viewing angles to measure the T,.¢ and Ts out (Figures 6 and 7). One image was
captured from the selected viewing direction, while the other two images were acquired
at viewing angles of 15° to the left and 15° to the right, respectively. Before each image
acquisition, the UAV was positioned and stabilized in a hovering state to minimize motion
blur and reduce measurement errors associated with UAV movement and flight speed. In
practice, a total of 12 thermograms were captured from different viewing angles, ranging
from —15° to +15°, during the UAV survey. These repeated measurements provided a more
robust thermal dataset than a single-image acquisition. All 12 thermograms were acquired
from the same distance of 17 m within a short time window under stable environmental
conditions. The temperature differences among the thermograms were minimal, with a
maximum variation of 0.6 °C. This value was interpreted as a within-acquisition image-
to-image variability indicator under the same boundary conditions. However, because all
thermograms were acquired during the same short acquisition window, this variability does
not represent temporal repeatability or confidence intervals across different environmental
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regimes. Therefore, the extracted infrared temperature values can be considered reasonably
consistent within the specific acquisition window investigated in this study.

Figure 6. The three thermograms were recorded for the calculation of T, f;: (a) one at 15° to the left;
(b) one in the chosen direction; (c) one at 15° to the right (source: Authors’ elaboration).

(b)

Figure 7. The three thermograms were recorded for the calculation of T; out: (a) one at 15° to the left;

(b) one in the chosen direction; (c) one at 15° to the right (source: Authors’ elaboration).

3. Results
3.1. U-Value Calculation

This study quantitatively evaluated four different approaches for estimating envelope
U-values using Formulas (9) and (11)—(13) to identify physically reliable in situ methods
for UAV-QIRT applications under real outdoor boundary conditions. Formula (2) was
intentionally excluded because it was originally developed for indoor IRT and does not
account for the external boundary conditions encountered in outdoor surveys. The selection
of Formulas (9) and (11)—(13) was based on a comprehensive review of the existing literature
on both ground-based and UAV-assisted quantitative IRT for building-envelope thermal
characterization. These formulations encompass the major approaches currently adopted
in practice for in situ U-value estimation from external thermographic measurements.
More specifically, they represent successive levels of physical complexity in the treatment
of the external surface energy balance, ranging from simplified conductive models to
more comprehensive heat-balance formulations that progressively incorporate convective
and radiative heat-transfer processes. Although alternative formulations and empirical
adaptations have occasionally been proposed, they generally represent modifications or
simplifications of these same underlying physical frameworks. Consequently, the selected
equations provide a representative coverage of the current methodological design space for
external thermography-based U-value assessment and enable a systematic comparison of
the principal modeling assumptions reported in the literature.
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Formulas (9) and (11) were derived from ground-based QIRT approaches, whereas
Formulas (12) and (13) were implemented within a UAV-based measurement framework.
Together, these formulations provide a representative framework for evaluating the trans-
ferability of ground-based approaches to UAV-QIRT and assessing the reliability of existing
UAV-based methods under real operating conditions.

Table 2 summarizes the environmental and thermal parameters recorded during the
UAV survey and used as inputs for the U-value calculations (Table 2).

Table 2. Input parameters for the UAV-QIRT U-value calculation (source: Authors’ elaboration).

Parameter Symbol Measured Value Unit Accuracy
Indoor air temperature T 21.77 °C +0.21°C
Outdoor air temperature Tout 12.07 °C +0.21 °C
Exterior wall surface temperature T out 10.97 °C +2° or 2%
Reflected apparent temperature Tren 10.67 °C £2° or £2%
Reference contact surface temperature Ts cont 10.20 °C +0.7 °C
Outdoor dew point Thewp 6.53 °C 40.21 °C
Outdoor relative humidity RH 68.78 Y £2%
Wind speed v 1.6 m/s not specified
Table 3 presents the U-values calculated using the formulations for U-value estima-
tion derived from ground-based QIRT approaches or implemented within a UAV-based
measurement framework (Table 3).
Table 3. U-values calculated per formula (source: Authors’ elaboration).
Authors Formula Physical Assumption Radiation Treatment Observed Thermal Regime U-Value (W/m2K) Interpretation

'y Convection- - . Physically inconsistent
Dall'O ) dominated heat Radiation neglected Radlatlv.ely dominated fagade -1.35 under radiative cooling
etal. cooling (Ts out < Tout) i
transfer conditions
S - . Incomplete
Albatici . Slmp11f1ed . Radiation approximated Radlatn{ely 1n‘ﬂuenced surface representation of outdoor
(11) radiative—convective . cooling with sky effect —1.25 T
etal. balance using Tyt (T, < Tou) radiative field under
sout = “out clear-sky conditions
Radiatively biased surface Sensitive to surface
Bayomi (12) Indoor surface heat Simplified indoor radiative tem eraturz field with weak _138 temperature uncertainty
etal. balance exchange P . ’ and non-steady-state
air—surface coupling
effects
Thermodynamically
Zhan Complete Sky, air, and ground Mixed radiative—convective consistent under
otal & (13) radiative—convective radiation explicitly regime with dominant sky 0.57 non-uniform outdoor
) balance included radiation effects radiative boundary
conditions

Formula (9) assumes that the external surface heat balance is governed predominantly
by convection (Section 2.1). Accordingly, the conductive heat flux through the wall is
estimated from the temperature difference between T oy and Tyy. Thus, the sign of the
U-value depends directly on the sign of the external surface-to-air temperature difference
(Ts,0ut — Tout)- Under ideal steady-state conditions, the model implicitly assumes that the
external wall surface remains slightly warmer than the outdoor air due to conductive heat
transfer through the envelope. Under these conditions, geono is directed from the wall
surface toward the ambient air:

Jconv = hout(Ts,out - Tout) >0 (22)

In UAV-IRT outdoor surveys, especially under clear-sky or winter nighttime conditions,
the measured thermal regime was dominated by long-wave radiative exchange with the
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sky rather than by convection alone. The sky has a radiant temperature (T ky) lower than

S
Tout- Consequently, the facade surface experiences net radiative heat loss toward the sky:

qr = s(7'(T;4,out - Ts4ky) (23)

Because Ty, can be substantially lower than Tyt (~—40 to -50 °C), the radiative heat
loss can become greater than the conductive heat supplied from the interior of the wall.
When this occurs, the external surface cools down until Ts o+ < Tpy¢. Under this condition,
the direction of convective heat transfer reverses:

dc = hout(Ts,out - Tout) <0 (24)

The observed regime indicates that long-wave radiative cooling can become the gov-
erning mechanism of the facade thermal state, thereby violating the underlying assumptions
of convection-dominated QIRT models. Therefore, convection-based U-value estimations
may become thermodynamically inconsistent when radiative cooling exerts a dominant
influence on the external wall thermal balance.

Formula (11) incorporates both convective and radiative heat transfer mechanisms
at the external fagade surface. The radiative component is simplified by adopting Tout as
the radiative boundary condition. The radiative term is therefore linearized around this
reference temperature, while convective exchange is parameterized through an empirical
wind-dependent correlation (Section 2.1). Although this approach improves the convection-
based models, it does not explicitly account for the effective T, or differentiate among
radiative exchanges with the sky, ambient air, and ground surfaces. Consequently, the
model remains unable to accurately characterize the actual outdoor thermal environment
when long-wave radiative cooling dominates the external wall heat balance. The persistence
of a negative U-value therefore demonstrates that the inclusion of a simplified radiative
term alone is insufficient to capture the complexity of real outdoor radiative interactions.

Formula (12) applies an indoor surface heat-balance approach based on quasi-steady-
state assumptions. This formulation primarily relies on indoor radiative and convective
exchange combined with the temperature difference between internal and external surfaces
(Section 2.1). However, in real building conditions, surface temperatures depend on con-
ductive, convective, and radiative exchanges. In UAV-IRT applications, the T, o, is affected
by long-wave radiative exchange with the sky and surrounding environment, which can de-
viate from an air-coupled condition. As a result, the U-value remained negative, indicating
that the method is highly sensitive to uncertainties in surface temperature measurements
and to transient thermal conditions. Minor inaccuracies in the measurement of T ;, or
Ts, out imperfect correspondence between indoor and outdoor measurement locations, or
non-steady-state thermal behavior may substantially affect the calculated result.

Formula (13) incorporates a more comprehensive outdoor radiative—convective heat-
balance formulation. It explicitly distinguishes radiative exchange with the sky, ambient
air, and ground surfaces while simultaneously accounting for convective heat transfer
(Section 2.1). Consequently, the formulation remains physically consistent even when
Ts out is lower than Ty,;. The positive result, therefore, indicates that long-wave radiative
exchange with the sky exerted a substantial influence on the external wall thermal balance
during the UAV-based measurement campaign. Overall, the comparison demonstrates
that simplified QIRT formulations may become unreliable under complex outdoor environ-
mental conditions, whereas complete radiative—convective formulations provide a more
realistic representation of external wall heat transfer.
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3.2. U-Value Sensitivity Analysis

The in-situ U-value measured through the HFM method was adopted as the reference
value throughout this study, as derived from direct measurements performed in accordance
with the requirements of ISO 9869-1 [8]. The monitoring campaign was carried out over a
continuous five-day period (28 January-1 February 2024), during which heat flux density
through the wall, T;;,, and T,,; were recorded at regular intervals. The U value was
calculated using the average method prescribed by the standard, yielding a U-value of
0.20 W/m?K. The measurement campaign satisfied the convergence criteria specified in
ISO 9869-1, including the 24 h stability criterion and the consistency criterion between
the first and last two-thirds of the monitoring period. The deviations obtained from both
tests were below the 5% threshold required by the standard, confirming the stability and
reliability of the measured U-value.

The application of Equation (13) yielded a U-value of 0.57 W/m?K, whereas the HFM
averaging method provided an average value of 0.20 W/m?K. The absolute discrepancy
between the two approaches was 0.37 W/m?K, corresponding to a relative deviation of
approximately 185%. This result indicates that, under the investigated boundary conditions,
the formulation considerably overestimated the U-value in comparison with the HFM
measurement [29]. The observed deviation indicates that physical consistency alone should
not be interpreted as quantitative validation. Several potential sources of discrepancy
were examined. Measurement instability can be reasonably excluded, as the HFM-derived
U-value satisfied all ISO 9869-1 convergence and stability requirements over the standard
monitoring period. Likewise, uncertainties associated with thermal-camera calibration, ¢
assignment, and image acquisition geometry are unlikely to account for deviations of this
magnitude, as such factors typically produce substantially smaller variations in surface
temperature measurements. Spatial and temporal mismatches between the UAV survey
and the HFM monitoring period may have contributed to the observed difference. However,
these effects alone are not expected to explain the full discrepancy. A plausible explanation
lies in the structure of the external heat-balance model itself. The U-value estimation in
UAV-QIRT approaches depends on the accurate representation of convective and radiative
exchanges occurring at the external surface. Small uncertainties in boundary conditions
can propagate nonlinearly through the model and become significantly amplified in the
resulting U-value estimate.

To further investigate the influence of different parameters and the robustness of the
formulation, a sensitivity analysis was conducted by introducing controlled perturbations
in the principal environmental variables governing the external surface energy balance
under controlled variations in v, Ts ¢, and Tyt (Figure 8).

The analysis demonstrates that the calculated U-values are extremely sensitive to
thermal variations. A variation of only +0.5 °C in T; o+ produced substantial changes in
the calculated U-values, which ranged from —0.29 W/ m2K to 1.43 W/m?K, correspond-
ing to relative deviations of approximately —151% and +151%, respectively. Increasing
the perturbation to £1 °C further amplified the divergence, reaching —1.15 W/m?K and
2.30 W/m2K. A comparable behavior was observed for T,,¢, where variation of +0.5 °C re-
sulted in U-values ranging from —0.29 W/m?K to 1.35 W/m?K, while £1 °C perturbations
produced values between —1.26 W/m?K and 2.05 W/m?K. These findings demonstrate
that the UAV-QIRT method is highly sensitive to minor variations in thermal boundary
conditions, particularly when the temperature difference between the external wall surface
and the outdoor air remains limited. This pronounced sensitivity can be attributed to
the structure of the radiative—convective heat balance equation. Both the convective and
radiative heat transfer components are directly dependent on the temperature difference
between the external surface and the outdoor air (T o, — Tyut), while the denominator of
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the U-value equation is governed by the indoor—outdoor temperature gradient. Conse-
quently, even small uncertainties in the measured T oyt or Toy: can substantially modify the
net heat flux balance. In this case study, the measured T ,,; was lower than T,,;, making
the calculated U-value particularly sensitive to perturbations affecting either the magnitude
or the sign of (Tsout — Tout). This characteristic also explains why the simplified QIRT
formulations generated physically unrealistic negative U-values.

Variation  New U-value
T out

302.5% +1.0 C U=2.30

+0.5 C U=1.43

-0.5C U=-0.29

-301.6% -1.0C U=-1.15
Tout

-320.1% +1.0C U=-1.26

+0.5 C U=-0.29

-0.5C U=135

-1.0C U=2.05

v

+1.0m/s U=0.14

+0.5m/s U=0.35

-0.5m/s uU=0.79
75.8% -1.0m/s U=1.00

-400.0% -300.0% -200.0% -100.0% 0.0% 100.0% 200.0% 300.0% 400.0%

Percentage deviation in calculated U-value, AU (%)
Figure 8. Sensitivity analysis of the U-value calculated using Formula (13) under controlled variations
in v, Ts out, and Ty (source: Authors’ elaboration).

The influence of v on the calculated U-value was comparatively less pronounced,
although still significant. Reducing v by 0.5 m/s and 1.0 m/s increased the calculated
U-values to 0.79 W/m?K and 1.00 W/m?K, respectively, whereas increasing v by the same
magnitudes reduced the calculated U-values to 0.35 W/m?K and 0.14 W/m?K. These
variations correspond to changes of approximately +38% and £76% relative to the baseline
value. This behavior is associated with the Jiirges equation used to estimate the convective
heat transfer coefficient, according to which higher v enhance convective heat exchange and
consequently alter the external thermal balance conditions. However, v did not produce
abrupt sign inversions or divergence in the calculated U-values. This indicates that the
dominant source of instability is the radiative-thermal coupling between the facade surface
and the outdoor environment.

The sensitivity analysis demonstrates that UAV-based U-value estimation becomes
physically reliable only when the external boundary condition is described through a
complete surface energy balance. T; o, retrieved from UAV-IRT results from the simulta-
neous interaction between conductive heat transfer through the building envelope and
convective-radiative exchanges with the surrounding environment. Consequently, sim-
plified approaches that neglect one or more of these mechanisms may lead to substantial
errors in the inferred U-value. Assuming steady-state conditions and adopting the conven-
tion that positive heat fluxes are directed toward the external surface, the external surface
energy balance can be expressed as:

fconv + qc + qrad,sky + Grad,env = 0 (25)

where g.onp represents the conductive heat flux through the building envelope, g, is the
convective heat flux exchanged with outdoor air, §,44,s, is the net long-wave radiative
exchange with the sky, and g,,4 .., is the net long-wave radiative exchange with the
surrounding surfaces (e.g., ground, vegetation, and adjacent surfaces). Depending on
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the prevailing environmental conditions, the convective and radiative terms may assume
either positive or negative values, representing heat gains or losses at the external surface.
By explicitly describing each contribution, Equation (24) becomes:

U (Tin — Ts,ut) + he (Tout — Tsout) + SU'(T;ka - Ts4,out> + £U<T§nv - Tf,out) =0 (26)

where T, is measured by UAV thermography, Teny is the effective radiative temperature
of the surrounding environment, /. is the external convective heat transfer coefficient,
o is the Stefan—-Boltzmann constant, Fory and Feny are the radiative view factors. This
formulation highlights that surface temperature alone is insufficient for accurate U-value
determination. Equation (25) identifies the complete set of variables governing UAV-based
IRT U-value estimation and provides a physically consistent framework for interpreting
thermal measurements acquired under real outdoor conditions.

The present analysis further shows that the main source of instability in simplified
formulations is the incomplete closure of the external surface energy balance. Neglecting
radiative boundary conditions, inaccuracies in surface € characterization, or inadequate rep-
resentation of convective exchanges may introduce significant uncertainty in the calculated

U-value.

The key variables for UAV-based U-value estimation and measurement requirements

are reported below (Table 4).

Table 4. Key variables for UAV-based U-value estimation and measurement requirements (source:

Authors’ elaboration).

Parameter Physical Role in External

Measurement Strategy in Criticality

Energy Balance UAV-U-Value Workflow
T Driving potential for conductive heat transfer through In situ indoor air temperature sensors (shielded, Hich
n the envelope steady-state logging during UAV acquisition window) &
Outdoor air temperature defining the air-side UAV IRT imaging with cahbra_ted radlomet.rlc correction
. s . . (s , T fls atmospherlc compensation, .
Tout convective boundary condition and contributing to 16 le filteri High
the estimation of sky and atmospheric radiative terms multi-angle 1Ater1ng) .
Data must be synchronized with meteorological data
Radiometrically derived external surface temperature; UAVinfrared thermog'r aphy WIFh f'ull radlom.etrlc correction
T . . . (e, Tre 1, atmospheric transmission). Requires careful .
sout primary state variable controlling external boundary 1 of viewi le. flich d sk d Very high
energy balance control of viewing angle, tlight geon_letry, and sky / groun
background contamination
Effective radiative temperature of the sky
vault controlling long — Estimated from pyrgeometer measurements, empirical sky
Ty wave radiative cooling. Governs long — models (clear-sky emissivity models), or radiative transfer Very high

wave radiative cooling toward the
atmosphere; cannot be represented by T,

approximations based on humidity and cloud cover

Effective radiative temperature of surrounding

Radiative environment estimation via hemispherical

Teon environment (ground, vegetation, urban fabric) temperature we'lghtmg?7 or 51mp11f1§d ambl.er.lt radiative High
assumption calibrated on site conditions
. - On-site anemometer measurements collocated with UAV
Controls convective heat transfer coefficient and . . . . s .
v P . - flight campaign; temporal averaging consistent with image Medium
modifies surface-air coupling strength iy A
acquisition window

Convective heat transfer coefficient; non-directly Derived from empirical correlations hc - f(©) .

he . . . (e.g., flat-plate or urban fagade correlations); Very high
measurable parameter closing air—surface coupling e . -
sensitivity-tested within uncertainty bounds
s . - In situ material characterization or literature-based

Surface emissivity controlling long-wave radiative - . . e .

€ assignment with uncertainty range; sensitivity Very high
exchange accuracy B .
propagation required
T Apparent reflected temperature affecting radiometric Crumpled foil method or sky-dome approximation; Verv high
refl surface retrieval included in UAV radiometric calibration workflow yhig

Atmpspherlc parameters (RH, Control radiative transfer between surface and Meteorological measurements + radiative transfer model .

air temperature profile, Very high

path length) UAV sensor

(e.g.,, MODTRAN-based or simplified attenuation model)

Geometric control of radiative exchange with sky vs.

Sky View Factor (SVF)/ Fy surrounding environment

Derived from UAV imagery-based hemispherical analysis
or urban morphology models (3D High
reconstruction/DSM-based estimation)

Geometric partition of surrounding

Fopy=1—F iati
eno sky radiative exchange

Derived parameter from SVF estimation High
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4. Discussion and Limitations

Based on the in situ thermal dataset, this study systematically evaluated four different
U-value calculation formulas. The results showed that simplified U-value formulations
are not suitable under real outdoor measurement conditions in which T ., is lower than
Tout- In contrast, the complete heat-balance formulation, which simultaneously considers
radiative exchange with the sky, ambient air, and ground together with convective heat
transfer, provides a more realistic representation of the heat-transfer process occurring at
the external wall surface. However, even when this physically more consistent formulation
was applied, the calculated U-value still showed a considerable discrepancy compared
with the reference HFM measurements. The discrepancy between the UAV-QIRT and HFM
results should be interpreted in light of the different physical and temporal characteristics
of the two methods. The HFM approach provides a time-averaged estimate based on direct
heat flux measurements, whereas UAV-QIRT relies on an instantaneous or short-duration
surface temperature acquisition combined with an external radiative-convective heat-
balance model. Therefore, differences may arise from non-coincident temporal averaging
windows, local spatial mismatch between the HEM sensor area and the thermographic
region of interest, thermal inertia of the wall, uncertainty in environmental boundary
conditions, and the simplified representation of radiative exchange. This comparison
suggests that Formula (13), rather than the simplified formulations, provides a physically
more consistent representation of the external surface energy balance under the investigated
boundary conditions. However, physical consistency should not be interpreted as evidence
of quantitative accuracy. The observed 185% deviation between the UAV-QIRT estimate and
the HFM reference value is too large for direct design, certification, or compliance-oriented
use. Within the evidence provided by this single case study, UAV-QIRT should therefore
be regarded as a physically informed screening and comparative diagnostic approach,
rather than as a quantitatively validated replacement for standardized HFM measurements.
Further calibration and repeated validation are therefore required before the method can
be considered quantitatively reliable.

To assess whether surface-temperature retrieval contributed to this discrepancy, this
study additionally employed thermocouple-based contact measurements of T;,,s as a
reference dataset. The thermocouple-measured external Ts ¢,y was 10.20 °C, whereas the
UAV-IRT-measured T o, was 10.97 °C. The absolute difference between the two measure-
ments was 0.77 °C. Although this difference is relatively limited in absolute thermographic
terms, it is not negligible for U-value calculation, as the sensitivity analysis showed that
variations of only £0.5 °C in surface temperature can substantially alter the estimated
U-value. This sensitivity is particularly pronounced for highly insulated envelopes char-
acterized by low conductive heat fluxes. Under such conditions, the conductive heat-
transfer component represents only a relatively small fraction of the overall surface energy
balance [36,37]. These findings confirm that the accuracy of surface temperature extraction
is a critical factor in UAV-QIRT applications, particularly when T; o+ and T, are close, and
the sign of their difference strongly affects the external heat-balance calculation. Neverthe-
less, in the present case study, this small temperature difference did not change the thermal
boundary condition characterized by Ts oyt — Tour < 0. Even when the thermocouple-based
contact measurements were used, the condition Tscont — Tour < O remained valid. The
simplified QIRT formulations remained physically unsuitable under these environmental
conditions. The findings therefore demonstrate that U-value calculations by UAV-QIRT
are highly sensitive to outdoor environmental boundary conditions and that even minor
variations in environmental parameters can significantly affect the final calculated results.

This study also has several limitations. First, flight authorization constraints limited
the UAV thermal survey to a single measurement day, reducing the possibility of assessing
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the repeatability of the proposed workflow under different environmental conditions. In
this campaign, the acquisition time was adjusted after an on-site evaluation of radiative and
meteorological boundary conditions. Early-morning fog was present, and, because vertical
wall surfaces had to be acquired with an approximately horizontal sensor orientation, the
low solar position could have placed the sun close to the camera line of sight. The survey
was therefore postponed until visibility and solar geometry were more suitable, while
verifying that the investigated northwest-facing fagade remained shaded and that T,y
conditions were sufficiently stable. This site-specific decision also allowed a larger indoor—
outdoor (AT) to develop, as the heating system had operated for a longer period, improving
the detectability of heat losses. Nevertheless, early-morning or nighttime acquisitions
generally remain preferable for UAV-QIRT, provided that solar exposure, surface moisture,
fog, wind conditions, and thermal boundary stability are carefully verified.

Although 12 thermograms were acquired during the UAV survey, these images were
collected within the same short acquisition window and under the same environmental
boundary conditions. Therefore, they provide information on short-term image-to-image
variability, but they do not allow the computation of confidence intervals across different
times of day, environmental regimes, or facade locations. The present study is consequently
limited to a single-regime assessment, and the repeatability of UAV-QIRT-derived U-values
under varying radiative-convective boundary conditions remains to be quantified. Future
experimental campaigns should include repeated UAV-QIRT acquisitions and simultaneous
reference measurements over multiple temporal windows, fagade orientations, and climatic
conditions, in order to assess temporal repeatability, spatial variability, and uncertainty
propagation more rigorously.

Future studies should focus on validating the proposed workflow across multiple
measurement days, climatic conditions, temporal windows, and fagade locations to further
evaluate the stability and applicability of UAV-QIRT-derived U-values. Particular attention
should be given to early-morning and nighttime measurements, as radiative—convective
boundary conditions vary throughout the day and may significantly influence the external
surface energy balance. Comparative tests should also investigate the influence of different
UAV-mounted thermal infrared sensors, UAV-to-target distances, wind conditions, and
temperature ranges, in order to better quantify the contributions of sensor performance,
flight configuration, atmospheric path length, and environmental boundary conditions
to U-value uncertainty. Such investigations will be essential for improving model calibra-
tion, reducing uncertainty, and enhancing the robustness and applicability of UAV-QIRT
workflows under real outdoor conditions.

5. Conclusions

This study developed and applied a structured UAV-QIRT workflow for in situ U-value
estimation of building envelopes in accordance with BS EN ISO 6781-1:2023. By employing a
UAV-mounted thermal infrared sensor, the workflow extends thermographic investigations
to fagade areas that are difficult to access using conventional ground-based surveys. The
methodology integrates environmental preparation, sensor installation and calibration, T,
correction, and standardized data acquisition procedures, thereby providing a systematic
framework for U-value measurement.

The study evaluated four QIRT-based U-value calculation formulas using thermal
data acquired from an existing residential building. The results demonstrated that the
applicability of QIRT-based U-value estimation strongly depends on outdoor thermal
boundary conditions and on the physical assumptions embedded in the heat-balance
formulations. In this case study, the UAV-QIRT-measured T, is lower than the T,;.
Under this condition, the simplified formulas produced physically unrealistic negative
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U-values. In contrast, the complete heat-balance formulation, which incorporates radiative
exchange with the sky, ambient air, and ground together with convective heat transfer,
produced a physically plausible U-value. These findings demonstrate that a realistic
representation of the external surface energy balance is essential for obtaining physically
meaningful U-value estimates under outdoor conditions.

The comparison with the reference HFM measurement revealed a clear distinction be-
tween physical consistency and quantitative accuracy. Although the complete heat-balance
formulation produced physically plausible U-value estimates, the calculated value re-
mained substantially different from the HFM reference measurement. This result indicates
that a physically consistent representation of external heat-transfer processes is a prerequi-
site for meaningful UAV-QIRT-based U-value estimation; however, physical consistency
alone does not guarantee quantitative agreement with standardized in situ measurements.
From a practical perspective, the results suggest that the proposed UAV-QIRT methodology
is currently more suitable as a screening and comparative diagnostic tool than as a direct
substitute for standardized in situ U-value measurements. The method helped identify the
dominant physical mechanisms affecting U-value estimation and enabled rapid building-
scale assessments. However, further refinement of the external heat-balance model and
improved characterization of boundary conditions are required before quantitative agree-
ment with HFM measurements can be consistently achieved. The findings are limited to a
single facade, one acquisition window, and the specific environmental conditions inves-
tigated in this study. Future research should therefore include repeated UAV-QIRT and
simultaneous HFM measurements across different facade orientations, envelope typologies,
seasons, sky conditions, and acquisition times. Such validation is necessary to quantify
uncertainty propagation, define application-specific reliability thresholds, and determine
whether UAV-QIRT can move from screening-level diagnosis toward quantitatively robust
in situ U-value assessment.
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Abbreviations

1D One-Dimensional

BEM Building Energy Model

HFM Heat Flux Meter

IRT Infrared Thermography

NDT Non-Destructive Testing

qIRT Qualitative Infrared Thermography

QIRT Quantitative Infrared Thermography

RH Relative Humidity

UAV Unmanned Aerial Vehicle

UAV-IRT Unmanned Aerial Vehicle Based Infrared Thermography
UAV-qIRT  Unmanned Aerial Vehicle Based Qualitative Infrared Thermography
UAV-QIRT  Unmanned Aerial Vehicle Based Quantitative Infrared Thermography
U-value Thermal Transmittance

Symbols

d sensor-to-target distance

Fuir outdoor air radiative angle factor

Fono environment radiative angle factor

Foround ground radiative angle factor

Fiy sky radiative angle factor

he convective heat transfer coefficient

hout outdoor convective coefficient

By air outdoor air radiative heat transfer coefficients

hy ground ground radiative heat transfer coefficients

hy sy sky radiative heat transfer coefficients

q heat flux

Gair air radiative heat transfer

qe convective heat flux

conv conductive heat flux through the building envelope
Jground ground radiative heat transfer

Jout outdoor radiative heat transfer

qgr radiative heat transfer

Trad,sky net long-wave radiative exchange with the sky

Grad env net long-wave radiative exchange with the surrounding surfaces
Tsky sky radiative heat transfer

Tierp dew point temperature

Tevn environmental temperature

T; indoor air temperature

T the mean radiative temperature

Ts in indoor wall surface temperature

Tout outdoor air temperature

Ts out outdoor wall surface temperature

Tref1 reflected apparent temperature

Tsky sky temperature

Ts,cont contact surface temperature

u U-value

v wind speed

AT temperature difference

€ emissivity

Esky sky emissivity

€ wall spectral emissivity

o Stefan-Boltzmann constant

0 the angle between the building envelope and horizontal plane
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