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A B S T R A C T

Rapid and non-contact evaluation of building thermal efficiency remains a major challenge in urban energy 
management. The increasing use of Unmanned Aerial Vehicles (UAVs) equipped with thermal cameras has 
expanded the potential of aerial thermography as a diagnostic tool for assessing building energy performance. 
This study compares five Quantitative Infrared Thermography (QIRT) methodologies (Methods A-E) for esti
mating the U-value of building envelopes, benchmarking them against theoretical reference values derived from 
in-situ wall characterization. The research analyzes the sensitivity of these methods to boundary condition un
certainties through two winter experimental campaigns in southwestern Spain. Results reveal that no single 
experimental method is universally robust; accuracy is critically dependent on the algebraic formulation of each 
method and specific environmental variables. Methods A and B exhibited extreme sensitivity to wind speed, 
showing deviations of up to 52 % with minor perturbations (±1 m/s), rendering them unsuitable without precise 
anemometry. Method E showed deviations of ≈40 % linked to internal surface temperature variations, while 
Method C proved highly volatile regarding external surface temperatures. Conversely, Method D, which in
corporates both convective and radiative terms, emerged as the most balanced approach, showing intermediate 
stability (≈20– 27 % deviation) across all variables. Consequently, this study identifies the optimal application 
scenarios for each method based on field measurement capabilities, providing a decision-making framework to 
ensure the reliability of UAV-based thermographic assessments.

1. Introduction

Improving the energy performance of the building stock is an 
essential imperative for climate change mitigation, given that the sector 
accounts for approximately 40 % of energy consumption and 36 % of 
greenhouse gas emissions in the European Union [1]. Since 85 % of 
European buildings pre-date the year 2000 and 75 % exhibit poor 
thermal performance [2], current policies prioritize renovation over 
new construction. However, the effectiveness of these interventions re
lies on a reliable assessment of the thermal envelope, which is respon
sible for a significant portion of energy losses through transmission, 
infiltration, and thermal bridges [3–8].

The fundamental indicator for this assessment is thermal trans
mittance (U-value) [9]. Although the theoretical method standardized in 
ISO 6946 [10] allows for its calculation during the design phase, its 
application to existing buildings is problematic. Uncertainty regarding 

the actual composition of building assemblies, variability in material 
conductivity, and the effects of aging lead to significant discrepancies 
between theoretical values and actual performance [11–13].

To overcome this uncertainty, research has increasingly focused on 
refining in situ methods for estimating the U-value [14–19]. Among the 
most established techniques are the Heat Flow Meter (HFM) method, 
standardized in ISO 9869– 1 [20]; the Thermometric Method (THM), 
widely applied in research; and Quantitative Infrared Thermography 
(QIRT), regulated by ISO 9869– 2 [21]. Despite their instrumental dif
ferences, these approaches converge on two critical operational chal
lenges: first, the dependence on quasi-steady-state environmental 
conditions, which necessitates prioritizing winter and nighttime mea
surements with a high thermal gradient (ΔT > 10 ◦C) [22–25]; and 
second, the disparity in execution times, where QIRT reduces tests that 
require days or weeks with contact-based techniques to just a few hours 
[17,26].
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Melgar), andujar@diesia.uhu.es (J.M. Andújar-Márquez). 

Contents lists available at ScienceDirect

Building and Environment

journal homepage: www.elsevier.com/locate/buildenv

https://doi.org/10.1016/j.buildenv.2026.114359
Received 9 December 2025; Received in revised form 27 January 2026; Accepted 10 February 2026  

Building and Environment 294 (2026) 114359 

Available online 14 February 2026 
0360-1323/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

https://orcid.org/0000-0001-7077-7446
https://orcid.org/0000-0001-7077-7446
https://orcid.org/0000-0002-5257-1281
https://orcid.org/0000-0002-5257-1281
https://orcid.org/0000-0003-0865-3607
https://orcid.org/0000-0003-0865-3607
https://orcid.org/0000-0002-0631-0021
https://orcid.org/0000-0002-0631-0021
mailto:marta.videras@pi.uhu.es
mailto:victoria.lopez@pi.uhu.es
mailto:sergio.gomez@dimme.uhu.es
mailto:andujar@diesia.uhu.es
www.sciencedirect.com/science/journal/03601323
https://www.elsevier.com/locate/buildenv
https://doi.org/10.1016/j.buildenv.2026.114359
https://doi.org/10.1016/j.buildenv.2026.114359
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Despite the robustness of these methods under controlled conditions, 
their application in high-rise, large-scale, or hard-to-access existing 
buildings presents logistical limitations. It is within this context that the 
integration of thermographic cameras into Unmanned Aerial Vehicles 
(UAVs) has emerged as a disruptive solution to overcome barriers of 
accessibility and scale [27–33].

While its qualitative use for the detection of building pathologies is 
widely established [34–36], the quantitative estimation of U-value via 
UAVs (UAV-QIRT) remains an open field of research. Unlike indoor 
thermography, where environmental conditions can be considered 
controlled [37–42], outdoor measurement faces the complexity of 
modeling heat exchange under variable wind and radiation conditions. 
The lack of a unified physical model has led to a considerable diversity of 
methodological approaches, which can be categorized according to their 
physical formulation.

A first group of methodologies prioritizes the simplification of 
physical variables to maximize operational efficiency during rapid in
spections, assuming certain constants compared to integral models, as 
seen in the proposals by Dall’O et al. (2013) [43] and Bayomi et al. 
(2021) [44]. In particular, Dall’O et al [43] establish the equivalence 
between the heat flow through the building envelope and the convective 
flow at the exterior surface, neglecting the radiative contribution. 
Conversely, Bayomi et al [44] propose a linearized radiative-convective 
model that relies on fixed convection coefficients rather than dynamic 
wind measurements. Despite their differences in formulation, both 
methodologies share a clear screening orientation, allowing for 
non-invasive diagnoses within short operational windows.

In contrast, a second group of studies advocates for analytical rigor 
based on the thermal balance relationship between the interior and 
exterior of the envelope. This line of research, consolidated by the 
proposal of Albatici et al. (2010, 2015) [45,46] for terrestrial ther
mography, is distinguished by the explicit integration of radiative and 
convective components in the heat flow calculation. Its main method
ological contribution lies in minimizing systematic error by using the 
thermal camera for the in-situ determination of critical radiometric 
parameters (surface temperature, reflected temperature, and emissiv
ity), avoiding the use of theoretical values.

The translation of this integral approach to aerial platforms has 
driven recent adaptations aimed at overcoming accessibility barriers. 
Benz et al. (2021) [47] adopt this integral formulation for application 
via drones, adjusting the thermal variables of the original equation. 
Their proposal is notable for its capacity to populate BIM models with 
information on the complete building envelope in reduced times. As an 
evolution of this line, Zhang et al. (2024) [48] propose an optimized 
radiative model that refines accuracy by decomposing radiative transfer 
into three independent components (sky, air, and ground). However, 
while these aerial methods maintain physical rigor, the literature sug
gests that their implementation introduces new operational 
complexities.

To systematize the analysis, these approaches have been categorized 
as Methods A through E. Table 1 summarizes their technical charac
teristics, experimental validation, and identified operational limitations.

This disparity in formulations, ranging from rapid convective sim
plifications to complex radiative balances, creates significant uncer
tainty regarding the real-world applicability of each method under flight 
conditions, where critical variables such as wind and thermal stability 
fluctuate dynamically. To date, the literature lacks a systematic com
parison evaluating these five approaches under identical experimental 
conditions to quantify their sensitivity and robustness.

The present work addresses this scientific gap by comparing the 
described methodologies (A–E) against the standardized theoretical 
calculation (ISO 6946). The main novelty of the study lies in the 
simultaneous evaluation of the four cardinal orientations on the same 
building, thereby ensuring homogeneity in measurement conditions. 
The ultimate objective is to determine the validity and operational limits 
of each approach, providing clear criteria to select the most suitable 

method for reliable thermal characterization using aerial technology.
The research was conducted on a university building in southwestern 

Spain. Data collection combined fixed sensors and a UAV-mounted 
infrared camera to measure air and surface temperatures, alongside 
wind speed. Two 60-minute winter campaigns were executed pre-dawn 
to minimize solar radiation and maximize thermal contrast; indoor data 
were recorded at one-minute intervals, while exterior UAV acquisition 
occurred every ten minutes.

In-situ inspections characterized the envelope materials to determine 
theoretical U-values for comparison. To assess reliability, a univariate 
sensitivity analysis was performed by recalculating U-values under 
controlled perturbations, quantifying the relative influence of each input 
variable. The findings support specific recommendations for effective 
UAV deployment, highlighting the critical necessity of analyzing each 
facade orientation independently for accurate thermal characterization. 
The paper is organized as follows: Section 2 details materials and 
methodology; Section 3 presents results; Section 4 discusses findings; 
and Section 5 offers conclusions.

Table 1 
Structured review of existing methods: experimental validation, reported ac
curacy, and operational limitations.

ID Reference Experimental 
validation

Accuracy and 
findings

Limitations and 
testing conditions

A Dall’O 
et al. 
(2013) 
[43]

Terrestrial. 14 
buildings. 2–3 h 
campaigns in 
winter.

Reliable on 
massive walls with 
high thermal 
inertia.

Error > 50 % on 
facades with 
external thermal 
insulation.

​ ​ ​ Rapid non- 
invasive 
diagnosis.

Requires climatic 
stability. Sensitive 
to wind.

B Albatici 
et al. 
(2010, 
2015) [45,
46]

Terrestrial. 30- 
minute 
campaigns over 
3 winters.

Reliable on 
massive walls with 
high thermal 
inertia.

Limitations on 
lightweight or 
super-insulated 
envelopes.

​ ​ ​ In-situ 
measurement of 
radiative factors.

Strict climatic 
requirements: 
winter and ΔT > 15 
◦C. Critical 
influence of wall 
solar orientation.

C Benz et al. 
(2021) 
[47]

Aerial/UAV. 10- 
minute 
inspection at 
sunrise.

Record-time BIM 
integration 
(vertical and 
horizontal 
envelopes).

Aerial spatial 
resolution lower 
than manual 
inspection.

​ ​ ​ ​ Critical time 
window (sunrise) 
due to visibility and 
solar load.

D Zhang et al. 
(2024) 
[48]

Aerial/UAV. 10- 
minute 
campaigns at 
sunset (winter).

Error < 2 % 
compared to 
contact methods.

Method accuracy 
sensitive to flight 
parameters.

​ ​ ​ Definition of UAV 
operational 
protocol.

Requires: Capture 
distance < 15 m 
Flight speed < 0.5 
m/s Wind speed <
0.4 m/s

E Bayomi 
et al. 
(2021) 
[44]

Aerial/UAV. 2- 
hour inspection 
at sunrise 
(spring).

Useful for 
calibrating 
simulation models 
(deviations 
reduced from 21 
% to 0.9 %).

Method reliability 
conditioned by 
environmental 
stability (overcast 
skies and calm 
wind).

​ ​ ​ ​ Requires precise 
measurement of 
indoor thermal 
conditions.
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2. Materials and methods

2.1. Case study

The research was conducted at the building of the Centre for 
Research in Technology, Energy and Sustainability (CITES), located on 
the La Rábida Campus of the University of Huelva (SW Spain) (Fig. 1). 
The area is classified as Csa under the Köppen-Geiger system [49], 
characterized by a subtropical Mediterranean climate with significant 
Atlantic influence.

Built in 1962 and renovated in the 2000s, the building features a 
square layout around a central courtyard, flanked by two towers that 
characterize its two-story structure. The envelope consists of multilayer 
masonry walls retrofitted with thermal insulation. Experimental mea
surements were carried out on the upper floor across all four cardinal 
orientations.

2.2. Data acquisition and post-processing

The data acquisition strategy comprised two stages: geometric and 
material characterization to establish the theoretical baseline, and 
experimental campaigns using in-situ sensors and aerial thermography. 
Notably, the experimental phase preceded the physical inspection to 
preserve the envelope's thermal properties.

An in-situ inspection by means of sampling was conducted to identify 
the envelope stratigraphy and measure layer thicknesses (Fig. 2). The 
inspection revealed a relatively homogeneous configuration across all 
orientations, consisting of an external cement mortar render, a double 
hollow brick wall, expanded polystyrene (EPS) insulation combined 
with air cavities, and an internal mortar layer. The primary variations 
were observed in the insulation thickness and air cavity depths: the 
North façade incorporated 0.04 m of EPS compared to 0.02 m in the 
other orientations, with air cavity sizes also differing among façades. 
Consequently, the baseline for the theoretical U-value calculation was 
established by combining these in-situ geometric measurements with 
standard thermal conductivity values obtained from the Spanish Tech
nical Building Code (CTE), as detailed in Table 2.

Regarding the experimental campaign for the thermographic anal
ysis (Fig. 3), the measurements were carried out for 60 min before dawn 
on two winter days in February (Trial 1) and March (Trial 2), following 
literature recommendations to minimize the influence of direct solar 
radiation [43,45,46]. To ensure a sufficient thermal gradient, targeting a 
minimum indoor-outdoor temperature difference of 10 ◦C (ΔT > 10 ◦C), 
the heating systems were activated the day before the experiment.

During the experiment, data was acquired simultaneously inside and 
outside the north, east, south, and west façades. Inside, air and wall 
surface temperatures were recorded every minute using four Testo 176- 
H1 data loggers, each equipped with ambient and surface NTC 

temperature probes installed away from direct heating sources. On the 
exterior, data acquisition was performed using a KIMO LV 130S thermal 
anemometer to measure air temperature and wind speed, and a DJI 
Mavic 2 Enterprise Advanced UAV, equipped with a radiometric thermal 
camera, to capture surface and reflected temperatures. Table 3 specifies 
and details the equipment used during the experimental campaign.

Regarding the data capture protocol, flight missions were performed 
manually, ensuring strict control over the variables affecting thermal 
accuracy as highlighted in recent studies [50]. To eliminate motion blur 
and errors resulting from flight speed, the UAV was operated in a 'sto
p-and-go' mode: the aircraft was positioned and stabilized in a hovering 
state (speed ≈ 0 m/s) prior to each image capture. Spatially, the device 
maintained approximately 5 m to minimize atmospheric attenuation 
and a perpendicular viewing angle to avoid reflections. Given the 
manual nature of the flight, the protocol prioritized consistent framing 
to ensure that the façade areas under study were fully captured in every 
sequence, rather than adhering to a fixed photogrammetric overlap 
percentage. Finally, regarding temporal resolution and coverage, images 
were acquired at 10-minute intervals over the 60-minute duration of the 
experiment, which required the use of three batteries per mission.

In the post-processing phase, the analysis of the thermal images was 
carried out using the DJI Thermal Analysis Tool v.3 software, which 
enabled the processing of a total of 48 images (Fig. 4).

From these images, data on the exterior surface temperature were 
obtained, by defining specific Regions of Interest (ROIs) on the opaque 
areas of the façade, corresponding to the points where the surface 
temperature had previously been measured from the interior. Finally, to 
ensure measurement reliability, the analysis parameters were config
ured with a sensor-to-wall distance of 5 m, an emissivity of 0.94, and the 
reflected apparent temperature calculated via the diffuse reflector 
method according to ISO 18 , 434 – 1 [51].

2.3. U-Value calculation

Once the information was post-processed, the calculation of the U- 
values for the different façades of the building, following different 
methodologies, was carried out. The U-value is defined as the heat flux 
per unit area, q (W/m2), divided by the temperature difference between 
the two environments separated by the envelope: Ti and To (K), which 
are the interior and exterior air temperatures, respectively (Eq. 1). 

U − value =
q

(Ti − To)

W
m2K

(1) 

For theoretical calculation, ISO 6946 [10] calculates the U-value as 
the inverse of the total thermal resistance, R, of the material comprising 
the envelope (Eq. 2). 

Fig. 1. Research Centre for Technology, Energy and Sustainability (CITES).
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U − value =
1
R

=
1

Rsi +
∑ si

λi
+ Rso

W
m2K

(2) 

Where si and λi are the thickness and thermal conductivity, respec
tively, of each wall layer, and Rsi and Rso are the internal and external 
thermal resistances of the surface. The resistances are determined from 
values provided by ISO 6946 and are based on specific boundary con
ditions related to convective and radiative heat transfer. For vertical 
façades, the standard recommends using Rsi = 0.13 m²K/W and Rso =

0.04 m²K/W [10]. The theoretical U-value does not consider the ele
ments related to heat transfer caused by convection and radiation, which 
changes with external wind speed and environmental temperature.

Consistent with the structured review presented in Section 1
(Table 1), this study quantitatively evaluates five distinct methodolog
ical approaches for estimating U-value from the building exterior. The 
following subsections detail the specific mathematical formulation 
governing each method, organizing them sequentially from the terres
trial baselines (Methods A and B) to the UAV-adapted procedures 
(Methods C, D, and E).

2.3.1. Method based on convective heat flux balance (Method A)
This method proposed by Dall'O et al [43], expresses the convective 

heat flux (qconv), according to Newton’s law of cooling, as a function of 
the convective heat transfer coefficient (hc) and the temperature dif
ference between the external wall surface (Tso) and the outdoor air 
temperature (To), as shown in Eq. 3: 

qconv = hc⋅(Tso − To)
W
m2 (3) 

Dall’O et al. proposed a new formulation (Eq. 4) by combining Eq. 1 
and Eq. 3: 

U − value = hc⋅
(Tso − To)

(Ti − To)

W
m2K

(4) 

To calculate the convective heat transfer coefficient, hc, the wind 
speed parameter (v) was considered by applying a simplified form of the 
Jürges equation (Eq. 5) [52]. 

hc = 5.8 + 3.8054⋅v(v<5m / s)
W

m2K
(5) 

2.3.2. Method based on surface thermal balance (Method B)
Based on the surface thermal balance approach proposed by Albatici 

et al [45,46], this method assumes steady-state conditions where the 
heat flux dissipated at the exterior surface, q, is defined as the sum of the 
radiative (qrad) and convective (qconv) contributions. Consequently, the 
heat flux is formulated by combining the Stefan-Boltzmann law for ra
diation and Newton’s law of cooling for convection, as expressed in Eq. 
6: 

q = σ⋅ε⋅
(
Tso

4 − To
4)+ hc⋅(Tso − To)

W
m2 (6) 

Where ε is the emissivity of the body and σ is the Stefan-Boltzmann 
constant (5.67⋅10– 8 W/m2K4). For the convective heat transfer coeffi
cient, hc, Jürges' simplified formulation was adopted, assuming an air 
velocity approaching 0 m/s (< 1 m/s) near the wall surface. Integrating 
these parameters into the general transmittance equation, the U-value is 
finally determined by Eq. 7: 

U − value =

5.67⋅ε⋅
((

TSO
100

)4

−

(
TO
100

)4)

+ 3.8054⋅v⋅(Tso − To)

Ti − To

W
m2K

(7) 

2.3.3. UAV-based surface thermal balance method (Method C)
The mathematical formulation proposed by Benz et al [47] refor

mulates Eq. 7 by substituting air temperatures with surface tempera
tures (Tsi and Tso) in the denominator. The U-value calculation is defined 
in Eq. 8: 

U − value =
σ⋅ε⋅

(
Tso

4 − To
4)+ hc⋅(Tso − To)

(Tsi − Tso)

W
m2K

(8) 

Fig. 2. In-situ envelope inspection by means of sampling: a) North, b) South, c) East, d) West Façades.

Table 2 
Internal envelope characterization (from top to bottom, from outside to inside).

Façade Material Thickness 
(m)

Thermal Conductivity (W/ 
mK)

North Cement Mortar 0.02 0.7
​ Double hollow brick wall 0.26 0.432
​ Cement Mortar 0.02 0.7
​ Expanded Polystyrene 

(EPS)
0.04 0.0375

​ Air cavity 0.055 -
​ Gypsum Plaster 0.015 0.3
South Cement Mortar 0.02 0.7
​ Double hollow brick wall 0.26 0.432
​ Cement Mortar 0.02 0.7
​ Expanded Polystyrene 

(EPS)
0.02 0.0375

​ Air cavity 0.075 -
​ Gypsum Plaster 0.015 0.3
East Cement Mortar 0.02 0.7
​ Double hollow brick wall 0.26 0.432
​ Cement Mortar 0.02 0.7
​ Air cavity 0.015 -
​ Expanded Polystyrene 

(EPS)
0.02 0.0375

​ Air cavity 0.065 -
​ Gypsum Plaster 0.015 0.3
West Cement Mortar 0.02 0.7
​ Double hollow brick wall 0.26 0.432
​ Cement Mortar 0.02 0.7
​ Expanded Polystyrene 

(EPS)
0.02 0.0375

​ Air cavity 0.055 -
​ Gypsum Plaster 0.015 0.3
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Regarding the convective coefficient (hc), which was not specified in 
the original proposal, an estimation based on the ISO 6946 standard 
[10] was adopted. Although the standard defines a total surface heat 

transfer coefficient of he = 25 W/m2K (corresponding to Rso = 0.04 
m²K/W), this value aggregates both radiation and convection. Given 
that the present equation explicitly computes the radiative term, the 

Fig. 3. Data acquisition: a) Interior space of the building, b) Data acquisition from temperature indoor sensors, c) Exterior aerial inspection.

Table 3 
Equipment specifications.
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convective component was isolated, resulting in the adoption of a fixed 
value of hc ≈ 10 W/m2K, which is consistent with low air velocity 
conditions.

2.3.4. Method based on multi-component radiative heat transfer (Method 
D)

The model proposed by Zhang et al [48] expands the thermal balance 

by decomposing the radiative component into three independent in
teractions with the sky, the air, and the ground. The resulting U-value 
formulation integrates the radiative heat transfer coefficients (hr) for 
each medium alongside the convective component, as expressed in Eq. 
9:  

Fig. 4. Data post-processing. Infrared images taken at 10 min of the different façades before dawn in two different days: a) Trial 1, b) Trial 2.

U − value =
hrsky⋅

(
Tso − Tsky

)
+ hrair⋅(Tso − To) + hrground⋅

(
Tso − Tground

)
+ hc⋅(Tso − To)

(Ti − To)

W
m2K

(9) 
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Where hr,sky, hr,air and hr,ground represent the radiative heat transfer 
coefficients for the sky, outdoor air, and ground, respectively. These are 
calculated using the generalized formulation in Eq. 10, where the 
subscript i denotes the specific medium (sky, air, or ground): 

hri =
σ⋅ε⋅Fi⋅

(
Tso

4 − Ti
4)

(Tso − Ti)

W
m2K

(10) 

Tsky, To y Tground represent the temperatures of the sky, air, and 
ground. The ground temperature is assumed to be equal to the outdoor 
air temperature, and the sky temperature is calculated as a function of 
the air temperature and the sky emissivity (εsky) (Eq. 11). 

Tsky = To⋅ ε0.25
sky K (11) 

Fsky, Fair y Fground are the radiation angle factors for the exterior 
surface of the building with respect to the sky, the outdoor air, and the 
ground. These are determined based on α, which represents the angle 
between the building envelope and the horizontal plane (expressed in 
degrees), as defined in Eqs. 12– 14: 

Fsky = 0.5⋅(1+ cos∝)⋅ cos
∝
2

(12) 

Fair = 0.5⋅(1+ cos∝)⋅
(

1 − cos
∝
2

)
(13) 

Fground = 0.5⋅(1 − cos∝) (14) 

Finally, the convective coefficient hc is calculated using the simpli
fication of the Jürges equation (Eq. 5).

2.3.5. Method based on linearized radiative–convective heat transfer 
(Method E)

The linearized model proposed by Bayomi et al [44] modifies the 
approach by Madding et al. (2008) [37] for indoor applications by 
eliminating the fourth-power terms, rearranging the factors, and intro
ducing the exterior surface temperature of the building envelope as a 
variable. The resulting U-value formulation is expressed in Eq. 15: 

Fig. 5. Indoor and outdoor measurements: a) North façade, b) South façade, c) East façade, d) West façade.
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U − value =
σ⋅ε⋅

(
Tref − Tsi

)
+ hc⋅(Ti − Tsi)

(Tsi − Tso)

W
m2K

(15) 

Where Tref is the environmental reflected temperature, and a stan
dardized hc value of 8.7 W/m2K derived from Tanner et al [53] is used. 
Using this formulation, the authors found that emissivity and reflected 
temperature have no significant influence on the calculated U-value.

Finally, with the aim of evaluating the applicability and sensitivity of 
the proposed methods, the percentage deviation (ΔU %) was determined 
using Eq. 16. This parameter quantifies the relative difference between 
U-values and was applied to: 

(i) compare the U-values obtained using the different QIRT methods 
(UQIRT) with the theoretical U-values (UTHEOR)

(ii) assess the effect of façade orientation, taking the north façade as 
the reference; and

(iii) analyse the influence of boundary condition variations (ΔTi, ΔTsi, 
ΔTo, ΔTso and Δv) by conducting an uncertainty analysis on the 
north façade that recalculated U-values under controlled pertur
bations of ±1 ◦C for temperatures and ±1 m/s for wind speed. 

ΔU% =

(
Ux − Uref

Uref

)

⋅100% (16) 

Where Ux represents the U-value obtained under each condition 
(method, orientation, or boundary variation), and Uref corresponds to 
the baseline U-value used for comparison.

3. Results

3.1. Measurement campaign

Fig. 5 summarizes the environmental conditions recorded before 
dawn during two winter trials. Trial 1 was colder (To = 7.6 ◦C) and less 
windy (v = 0.5– 0.7 m/s) than Trial 2 (To = 9.9 ◦C; v < 1.2 m/s), leading 
to a general rise in indoor (Ti) and surface temperatures (Tsi, Tso) during 
the second campaign. Ti varied significantly by orientation: the south- 
facing room was consistently cooler (21.6– 23.7 ◦C), while the north, 
east, and west rooms reached markedly higher values (31.6– 35.3 ◦C). 
Surface temperatures followed a similar trend. Tsi increased by 1– 2 ◦C in 
Trial 2, ranging from a minimum in the south (≈20– 22 ◦C) to maxi
mums in the east and west (≈30– 33 ◦C). Outdoors, Tso rose by ≈1 ◦C on 
average, with the west and south façades consistently recording the 
highest temperatures (13.3– 14.7 ◦C) while the north remained the 
coldest (12.4– 13.3 ◦C).

3.2. U-value calculation

Table 4 summarizes the calculated U-values. The theoretical method 
consistently set the lower bound (0.47– 0.63 W/m²K) across all orien
tations. In contrast, QIRT approaches exhibited significant variability 
(Fig. 6).

On the north façade, Methods A, B, and E yielded lower ranges 

(1.39–1.60 W/m²K), whereas Method D and specifically Method C 
overestimated the value considerably, with the latter reaching up to 
4.14 W/m²K. The south façade exhibited the highest deviations. Method 
C recorded extreme values of 6.87– 11.67 W/m²K, and Method D 
reached 4.95 W/m²K. Only Method E remained within a lower range 
(1.41– 1.69 W/m²K), diverging from the high overestimation trend of 
the other models. On the east façade, the pattern was similar to the 
north, Methods A, B and E ranged between 1.18–1.70 W/m²K, while 
Method C reached 3.80 W/m²K. Finally, on the west façade, Method C 
yielded values up to 4.89 W/m²K, whereas Method E recorded 
0.60–0.70 W/m²K, remaining close to the theoretical calculation.

3.3. U-value uncertainty analysis

Table 5 summarizes the sensitivity analysis on the north façade. 
Regarding indoor air temperature (ΔTi), most methods showed low 
sensitivity (A, B, and D within ±3.5– 5.1 %), except for Method E, which 
exhibited deviations up to ±35.8 % (Figures A.1a and A.1b). Variations 
in indoor surface temperature (ΔTsi) only affected Methods C and E: 
while C showed mild changes (<6.3 %), Method E experienced extreme 
deviations ranging from -39.3 % to +44.2 % (Figures A.1c and A.1d). 
Conversely, outdoor air temperature (ΔTo) influenced all methods 
except E. Methods A, B, and D ranged from ±15.4 % to ±24.7 %, while 
Method C showed slightly higher sensitivity (up to ±27.6 %) 
(Figures A.1e and A.1f). For external surface temperature (ΔTso), Method 
C was the most sensitive (from +32.3 % to -28.7 %), followed by the 
intermediate range of A, B, and D (±20.6– 28.1 %), with Method E being 
the most stable (±5.8 %) (Figures A.1 g and A.1 h). Finally, wind speed 
(Δv) caused the largest deviations for the methods incorporating it (A, B, 
D). Methods A and B were highly sensitive (increasing up to +41.5 % 
and +46.3 %, respectively), while Method D showed a moderate impact 
(+25 %) and Methods C and E remained unaffected (Figures A.1i and 
A.1j).

4. Discussion

4.1. Influence of façade orientation on the U-Value

The results demonstrated the critical influence of orientation on 
thermal transmittance. Using the north façade as a baseline, the south, 
east, and west façades exhibited higher U-values (+32 %, +21 %, and 
+34 %, respectively); this difference is attributed to the presence of an 
additional 2 cm layer of EPS insulation on the north façade. Experi
mental discrepancies were more pronounced. Regarding QIRT methods, 
the south façade presented the highest U-values (mean deviation +72 
%), while the east and west façades showed values similar to the north 
(-6 % and +2 %). These findings are consistent with Ahmad et al. (2014), 
who reported higher heat fluxes in south, east, and west orientations, 
with differences of up to 37.3 % [54].

The differences between orientations are mainly attributed to un
even microclimatic conditions during measurements, accentuated by the 
use of separate rooms with independent HVAC systems. This resulted in 
indoor variations exceeding 10 ◦C: the south room remained cooler 
(≈21– 23 ◦C), while the north, east, and west rooms reached up to 35 ◦C. 
These differences reduced the indoor-outdoor thermal gradient (ΔT) in 

Table 4 
Average U-values calculated per façade and methodology.

U-Value (W/m2K)

Façade Theoretical Trial 1 Trial 2

A B C D E A B C D E

North 0.47 1.60 1.42 4.14 2.53 1.46 1.58 1.46 3.19 2.34 1.39
South 0.62 3.02 2.67 11.67 4.95 1.69 2.14 1.91 6.87 3.57 1.41
East 0.57 1.34 1.18 3.80 2.20 1.70 1.33 1.20 3.57 2.18 1.53
West 0.63 1.81 1.60 4.89 2.94 0.70 1.79 1.64 3.95 2.77 0.60
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Fig. 6. U-values calculated per minute for each façade and methodology: a) North façade, b) South façade, c) East façade, d) West façade.

Table 5 
Percentage deviations (ΔU %) calculated per methodology under controlled boundary condition variations.

ΔU-value % ( %)

Trial 1 Trial 2

A B C D E A B C D E

Baseline (W/m2K) 1.60 1.42 4.14 2.53 1.46 1.58 1.46 3.19 2.34 1.39
ΔU % (ΔTi = +1 ◦C) -3.8 -3.5 0.0 -4.0 +34.9 -3.8 -4.1 0.0 -4.3 +36.7
ΔU % (ΔTi = -1 ◦C) +4.4 +4.2 0.0 +4.0 -34.2 +5.1 +4.1 0.0 +4.7 -37.4
ΔU % (ΔTsi = +1 ◦C) 0.0 0.0 -5.6 0.0 -37.7 0.0 0.0 -5.6 0.0 -41.0
ΔU % (ΔTsi = -1 ◦C) 0.0 0.0 +6.3 0.0 +43.2 0.0 0.0 +6.3 0.0 +45.3
ΔU % (ΔTo = +1 ◦C) -17.5 -16.9 -20.8 -17.0 0.0 -24.1 -24.7 -27.6 -23.5 0.0
ΔU % (ΔTo = -1 ◦C) +16.3 +16.2 +20.8 +15.4 0.0 +22.8 +21.9 +27.6 +21.8 0.0
ΔU % (ΔTso = +1 ◦C) +20.6 +21.8 +28.5 +20.9 +6.2 +27.8 +27.4 +36.1 +27.4 +5.8
ΔU % (ΔTso = -1 ◦C) -20.6 -21.1 -25.4 -20.9 -5.5 -27.2 -28.1 -32.0 -27.4 -5.8
ΔU % (Δv = +1 m/s) +45.6 +52.1 0.0 +26.5 0.0 +37.3 +40.4 0.0 +23.5 0.0
ΔU % (Δv = -1 m/s) -30.0 -33.8 0.0 -17.8 0.0 -36.7 -40.4 0.0 -23.1 0.0
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the south orientation, which may have contributed to the higher U- 
values observed on that façade.

The thermal behavior of the façades was conditioned by the inter
action between solar radiation, outdoor temperature, and wind. The 
south and west façades recorded the highest surface temperatures due to 
solar gain, whereas the north façade remained cooler, an effect accen
tuated by wind (≈1.1 m/s), which increased convective losses. Wind is a 
critical factor, as it can introduce significant deviations in calculations; 
therefore, speeds below 2 m/s are recommended for in situ UAV-QIRT 
tests [55,56].

Consequently, the external thermal load influenced indoor boundary 
conditions via the wall's inertia. The south and west façades accumu
lated diurnal heat, thereby maintaining warmer internal surfaces during 
the night; this reduced the air-surface differential (≈1 ◦C) relative to the 
north and east orientations (≈3 ◦C). Such a reduced thermal gradient in 
sun-exposed façades compromises measurement accuracy and un
derscores the difficulty of achieving consistent results across all 
orientations.

4.2. Comparison between theoretical and experimental U-Values

The differences among methods stem from their distinct underlying 
assumptions, the specific mechanisms considered, the treatment of ra
diation, and the thermal reference used, all of which lead to variations in 
the resulting U-values. The theoretical method yielded the lowest 
values, serving as a static baseline. In contrast, experimental methods 
consistently overestimated this reference: Methods C and D showed the 
largest deviations (>284 %), Methods A and B were intermediate (>109 
%), and Method E was the closest to the benchmark. This trend aligns 
with the literature, where in-situ measurements frequently exceed 
theoretical values by 14 % to 297 % [24,57–60]. These discrepancies are 
attributed to the overestimation of thermal properties and, above all, to 
the static nature of the theoretical calculation, which fails to reflect 
actual construction quality or the dynamic variability of environmental 
factors [61].

Regarding terrestrial QIRT (Methods A and B), previous studies 
report high sensitivity to environmental conditions with errors 
exceeding 150 % [43,45,46,62]. In this study, both overestimated the 
theoretical value, although Method B (1.18– 2.67 W/m²K), which in
corporates radiation, yielded slightly lower results than Method A 
(1.33– 3.02 W/m²K) due to the convective coefficient employed. 
Method A proved highly sensitive to wind and convection, leading to 
larger overestimations under solar radiation or low thermal gradients.

For UAV-based methods (C, D, and E), literature reports deviations 
ranging from 20 % to 60 % for Methods C and E against theoretical and 
HFM values [44,47] identifying thermogram quality, viewing angle, and 
steady-state conditions as critical factors. Method D has shown variable 
errors of 3– 45 % relative to HFM measurements, with evidence that 
operational factors such as UAV distance, flight speed, and wind velocity 
directly reduce estimation reliability [48].

In this study, Method C proved extremely volatile (3.19– 11.67 W/ 
m²K), penalized by a denominator sensitive to low gradients and a high 

fixed convective coefficient. Method D also notably overestimated 
values (2.18– 4.95 W/m²K) by integrating view factors and dynamic 
convection. Conversely, Method E (0.60– 1.70 W/m²K) offered the 
closest agreement with theoretical values. However, this accuracy re
sults from simplifying the formulation by removing the radiative term 
(T⁴), which makes it similar to the THM method formula and highly 
dependent on indoor conditions [63].

Ultimately, the heterogeneity in the treatment of radiation (fourth- 
power terms vs. linearization) and convection (constant vs. wind- 
dependent coefficients) significantly alters the calculation. As 
concluded by Bienvenido-Huertas et al [64], the absence of a universal 
convective coefficient causes each method to amplify or attenuate the 
final result differently under identical thermal gradients.

4.3. Effect of boundary condition variations on the U-Value

The sensitivity analysis reveals that the algebraic formulation is the 
primary driver of each method's vulnerability, allowing for a categori
zation based on their critical dependency on specific input variables.

Methods A and B exhibit the study's largest deviations due to a 
critical dependency on the wind-dependent convective coefficient. With 
outdoor and indoor temperatures playing only secondary and tertiary 
roles respectively, these methods are practically unusable without pre
cise, synchronous wind measurements. Method C is characterized by its 
volatility regarding external surface temperature, showing the highest 
deviation in this category. This instability stems from its denominator 
structure (surface temperature difference) which, combined with a high 
convective coefficient, leads to large overestimations. Consequently, it is 
advisable to avoid its use under fluctuating radiation or gusty wind 
conditions. Method E acts as an outlier driven by extreme sensitivity to 
internal surface temperature. While insensitive to wind and outdoor air 
temperature, and only marginally affected by outdoor surface temper
ature, its use is viable only if extremely accurate internal surface tem
perature measurements are guaranteed.

Method D is physically the most comprehensive, incorporating both 
convective and radiative terms, and displays a balanced sensitivity 
profile. While more stable against wind than Methods A and B, it re
mains vulnerable to outdoor temperature deviations. Consequently, it 
stands as the preferred default for uncertain conditions, provided suffi
cient boundary data is available.

From the sensitivity analysis to perturbations in the boundary con
ditions, it is observed that no single method is universally robust. The 
choice must prioritize the method with the lowest sensitivity to the 
variable with the highest uncertainty at the specific measurement site. 
Table 6 synthesizes these findings, providing a recommendation 
framework for selecting the appropriate QIRT method based on the 
availability and reliability of field boundary condition data.

4.4. Limitations

The use of UAV-mounted infrared thermography for quantitative 
analyses presents several operational and accuracy-related limitations. 

Table 6 
Recommended QIRT methods for U-Value calculation based on sensitivity to boundary conditions.

Field Conditions and/or Measurement Limitation Variables Recommended Methods (Lower Sensitivity) Methods to Avoid (Higher Sensitivity)

High Variability/Uncertainty in indoor air temperature ΔTi A, B, C and D E
High Variability/Uncertainty in internal surface temperature ΔTsi A, B, C and D E
High Variability/Uncertainty in outdoor air temperature ΔTo E C
High Variability/Uncertainty in external surface temperature ΔTso E C
High Variability/Uncertainty in wind speed Δv C and E A and B
Uncertain Conditions/Default Option All variables D C

M. Videras-Rodríguez et al.                                                                                                                                                                                                                   Building and Environment 294 (2026) 114359 

10 



The rotation of the UAV’s propellers induces convection near the sensor, 
disturbing the Focal Plane Array (FPA) temperature and causing de
viations in the measurement of the surface temperature (Tso), which 
requires an acclimatization period of at least 15 min before flight, 
significantly reducing the effective operational time due to limited 
battery autonomy [48,65].

In addition, flight speed and distance affect accuracy: it is recom
mended to fly at less than 0.5 m/s and at a distance of less than 15 m 
from the façade, as greater distances or higher speeds can distort the 
thermal image and reduce the reliability of the U-value [48]. Finally, the 
intrinsic accuracy of the IR sensor (±2 ◦C or ±2 %) can amplify errors, as 
deviations of ±20– 30 % in the U-values were observed when ΔTso was 
varied by ±1 ◦C, significantly impacting the final U-value calculation.

5. Conclusions

This study evaluated the accuracy of various exterior and aerial 
thermography methodologies proposed in the literature for estimating 
thermal transmittance (U-value), applying them to the façades of a 
university building located in southwestern Spain. The results evidence 
that experimental variability among façades significantly exceeds 
theoretical expectations, confirming that each orientation must be 
analyzed as a specific case. In particular, the south façade exhibited U- 
values up to 72 % higher, a distortion attributed to heterogeneous 
microclimatic conditions and to operational differences in indoor 
climate control that altered the thermal gradient.

Compared to the static reference of the theoretical calculation 
(0.47–0.63 W/m²K), in situ measurements showed a general tendency 
toward overestimation, driven by the intrinsic mathematical structure of 
each method. Methods A and B, developed for exterior thermography, 
yielded intermediate results; however, sensitivity analysis confirmed 
their high dependence on wind speed, resulting in deviations of up to 52 
%. Methods C, D, and E, applied in UAV-based investigations, exhibited 
the widest dispersion. Method C proved the most unstable due to its 
extreme sensitivity to exterior surface temperature, whereas Method E 
achieved the closest approximation to theoretical values (+3 % to +203 
%) due to formulaic simplifications that made it dependent on indoor 
conditions. Method D displayed a more balanced behavior, although its 
accuracy remains contingent on the quality of exterior measurements.

Overall, findings conclude that no universally robust UAV-QIRT 
method currently exists. The accuracy of current methodologies faces 
a structural technological barrier: the intrinsic ±2 ◦C or ±2 % uncer
tainty, characteristic of the infrared cameras currently available for UAV 
applications, together with the convective disturbances induced by UAV 
rotors, represents a significant barrier to achieving highly reliable QIRT 
results in the field. Consequently, to ensure the comparability of thermal 

assessments, future research must prioritize the development of more 
stable sensors and, fundamentally, the standardization of data acquisi
tion protocols (distances, durations, and flight conditions).
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Fig. A1. U-values recalculated per modified variable and methodology: a) ΔTi = +1 ◦C, b) ΔTi = –1 ◦C, c) ΔTsi = +1 ◦C, d) ΔTsi = -1 ◦C, e) ΔTo = +1 ◦C, f) ΔTo = -1 ◦C, 
g) ΔTso = +1 ◦C, h) ΔTso = -1 ◦C, i) Δv = +1 m/s, j) Δv = -1 m/s.
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Fig. A1. (continued).
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