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Abstract In recent years, the usefulness of infrared thermography (IRT) has been
extended to multiple scenarios, due to several benefits: rapid inspection, multi-point
detection, real-time monitoring, etc. However, the range of applicability can vary
from the single building inspection to the analysis of municipalities. This chapter
outlines the most common techniques based on qualitative and quantitative infrared
thermography (IRT) for the diagnosis of elements at urban level, assessing different
types of instrumentation (i.e., drones, vehicles, and portable cameras) for three repre-
sentative investigated objects: building envelopes, PV panels, and urban heat island
(UHI) effect.

Keywords Infrared thermography · Building envelopes · Urban heat island
(UHI) · Photovoltaics (PV)

1 Introduction

Infrared thermography (IRT) allows to detect the infrared radiation (IR) emitted by a
body and to convert it into the temperature of the body itself, providing its temperature
pattern (thermal image).

This is a technique born for military purposes and spread to several fields of
investigation: human and veterinary medicine, cultural heritage preservation, and
botany to mechanical engineering. Its history has been recalled in [1], and it is
strictly linked to the development and production sensors capable of offering a higher

B. Tejedor (B)
Department of Project and Construction Engineering, Group of Construction Research and
Innovation (GRIC), Universitat Politècnica de Catalunya (UPC), C/Colom, 11, Ed. TR5, 08222
Terrassa (Barcelona), Spain
e-mail: blanca.tejedor@upc.edu

E. Lucchi
Institute for Renewable Energy, EURAC Research, Viale Druso 1, I-39100 Bolzano, Italy

I. Nardi
ENEA Casaccia Research Center, via Anguillarese, 301, S.M. Di Galeria, I 00123 Rome, Italy

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
D. Bienvenido-Huertas and J. Moyano-Campos (eds.), New Technologies in Building and
Construction, Lecture Notes in Civil Engineering 258,
https://doi.org/10.1007/978-981-19-1894-0_1

3

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-1894-0_1&domain=pdf
mailto:blanca.tejedor@upc.edu
https://doi.org/10.1007/978-981-19-1894-0_1


4 B. Tejedor et al.

resolution with lower cost [2]. The different fields of IRT usefulness lead to a wide
range of employment scenarios [3], which differ in: (i) the approaches (passive or
active); (ii) the relative motion of camera and object (static or dynamic); (iii) the
energy source; (iv) excitation form; (v) the way energy is transferred or generated
(transmission, reflection or internal); and (vi) scanningway. The thermal resolution of
an IR camera is influenced by a series of features and properties, which is summarized
in Fig. 1.

Building and construction is probably among the fields that mostly benefited
from the introduction, development, and employment of this non-destructive, non-
invasive, and contactless technique. These characteristics add up to the real-time
investigation, multi-point detection, and digital image collection [4]. The need
for rapid inspection of wide areas has led the development of technologies and
instrumentation that could facilitate this task over the years.

Indeed, the applicability of IRT ranges from the single building inspection to the
analysis of sets of buildings or neighborhoods (Fig. 2), implementing different types
of instrumentation (i.e., drones, vehicles, and portable cameras). This can involve the
assessment of several targets: built quality of envelopes and preventive maintenance
(i.e., detection of anomalies like heat losses, thermal bridges, and moisture); PV
panels faults through corrective maintenance; and urban heat island (UHI) effect
among others.
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Within this context, the following sections pretend to overview the aspects
mentioned above, highlighting the current state of IRT instrumentation and the most
common investigated objects at urban level.

2 Instrumentation

Information provided by IRT become even more useful when they are coupled with
those from other techniques: visual inspection, heat flow meter method, moisture
measurement, and city geometry models among others. When techniques are fused
and mixed, their strength points are enhanced by a multi-disciplinary approach,
whose aim is to provide a depiction of the investigated object as much complete as
possible, avoidingmisinterpretations and errors. Bywayof example, some studies are
reported below. Fox et al. [4] proposed a useful classification of the passive technique.
Lucchi et al. [1] reviewed the employment of IRT in energy audits. Later, Kirimtat
et al. [5] pointed out the main differences between passive and active approaches.
Morrison et al. [6] analyzed the IRT at urban level to investigate the variability of
surfaces temperature of several building and of vegetation and grass, coupling with
modeling of urban geometries or materials properties. The work, besides focusing on
the importance of camera sensors and their positioning, and of materials properties,
aimed to highlight the importance of shadows in the temperature reading.

According to these works, the following methodologies (briefly described in the
following) can be outlined: (i) aerial surveys; (ii) automated fly-past surveys; (iii)
street pass-by surveys; (iv) walk-around surveys; (v) walk-through survey; (vi) repeat
survey; and (vii) time-lapse survey. Such techniques differ in execution time, post-
process time, cost, spatial resolution, need for specialized personnel, urban level at
which they are employed, etc. (Fig. 3).

Aerial thermography (aIRT) is carried out when an airplane (or a helicopter as
well) is equipped with an IR camera, and it flies over the area to be investigated.
Normally, several flights are needed to have a proper depiction of the area. Given the
survey typology, the portion investigated is the unique that faces the sky. Therefore,
building roofs, PV panels, and vegetation foliage can be detected. From this kind
of approach, even energy models of cities can be retrieved [7]. The flight altitude
can be 350–450 m, and from that, distance images could not have the proper spatial
resolution. It can somehow be included in this category also the investigations carried
out from satellites that acquire with good quality information on the Earth surface,
including thermal pattern. It is worth noting that, given the high distance between
sensor and object, the spatial resolution is quite high in these cases (about 1 km2) [8],
so data must be validated with point measurements. The complexity of this method
is clearly shown in [9], where the principles of infrared machine vision are exposed,
as well as the application of deep learning.
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Fig. 3 IRT characteristics at different urban levels

Automated fly-past employs the same principle, by using drones or small aircrafts,
whose flight altitude is lower (50–100 m). Unmanned aerial systems (UAS) or vehi-
cles (UAV) are employed very frequently in combination with thermographic inspec-
tion. An interesting review on their application has been recently proposed [10],
where it emerged that the 29% of the considered publications (which account for a
total of 92 on the topic) are referred to the building science. In fact, it has been also
presented a decision tree for the UAS literature investigation, where importance is
given to the drone flight path planning, that concerns not only the survey location
but also the audit focus (windows, roof, landscape, etc.) and the flight path pattern
(distance from surface, bearing angle, and altitude). The costs of such apparatuses
are quite high, so some researchers are looking for less expensive solution. It is the
case of [11], who self-assembled a low-cost drone with IR camera. Nevertheless,
some encouraging results have been recently proposed, as widely illustrated in [12]
where machine learning is employed. In that work, a review on thermal measure-
ment technique is carried out, by grouping according to type (passive/active—qual-
itative/quantitative), method, application (overall building evaluation, insulation,
thermal bridge or air leakage assessment, moisture detection) and quantification
index (like the overall thermal transfer value—OTTV). Moreover, a data-driven
framework has been used for estimating the energy loss by employing thermal images
from UAS. Then, machine learning has been used to post-process data images and
retrieve the U-value of different building elements (window, wall, and roof). In [13],
unmanned aerial vehicles (UAVs) were implemented for quantitative analysis of the
thermal properties of building envelopes (i.e., measurement of the thermal transmit-
tance or U-value via IRT). Results have been compared with heat flow measurement
(HFM)method, and a sensitivity analysis has also been conducted, showing the influ-
ence of the radiosity of the test object, the background reflection, and air temperature.
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The frontiers of drones in construction sector are multiple, ranging from the inte-
gration of the retrieved information with the building energy model (BEM) for the
identification of the more suitable energy renovation strategies of maintenance inter-
ventions [14], to the calibration of outdoor microclimate simulation models [15], to
the inspection of structures difficult to be accessed like decks [16, 17].

Of course, more common vehicles can be used asmobile support for an IR camera.
That is how the street pass-by thermography origins. This is a useful way to rapidly
investigate a multitude of building facades and structures, and to assess the thermal
bridges or air leakages that might occur. The principle is similar to that of “Google
Map” cars, where the thermal images of the surroundings are acquired. Although this
kind of vehicle runs the street at low speed (to sketch details), this technique is still
not enough precise to retrieve quantitative information. The object or wall emissivity
should be properly set to have reliable quantitative results. In addition, the viewing
angle plays a key role in the final image.

Another application of IRT is the man-based one, meaning that physically an
operator, equipped with an IR camera, shoots the building or object of interest.
Hence, the thermal images are acquired at pedestrian level but might also sketch
relevant portion of buildings when perspective angles are employed. This approach
is referred to as walk-around, since the object is observed from outside, by walking
around it. Otherwise, when it is possible (or needed) to enter the building, the IR is
called walk-through, meaning that the inspection is acquired from both side of the
building. Regarding the walk-around thermography, it must be pointed out that on
one hand it provides thermal information on façades human height, i.e., where they
are not sketched by aerial or automated fly-past devices. Moreover, this method has
lower costs, and it overcomes the inconvenience of a flight plan (needed for satellite,
aerial, or airborne devices). On the other hand, some inconvenience arises, like the
perspective of the thermal images. In this sense, a pixel-by-pixel rectification can be
carried out [18]. This method can be also correlated to other techniques, like imaging
from satellites, as also reported in [19]. Thewalk-through approach requires to access
to the building and to possibly interfere with the normal activities inside it. To give an
example, if a school façade is inspected by the indoor environment, thermal images
of wall might include whiteboard, drawing, maps, and similar. Furthermore, this
approach is quite time-consuming when several rooms or spaces must be analyzed.
However, the information provided can be more accurate, since sky conditions and
boundary conditions are more stable. In this case, the spatial resolution is high, given
the fact that objects can be observed by a short distance.

Being the IRT a non-invasive and non-destructive technique, it can be employed as
many times as needed, even on the same investigation object. This could be helpful,
for instance, to monitor over the time the variations or modifications occurred to
the object. Hence, there is the need to repeat survey, that is, to carry out an IR
campaign on the same object from the same viewing angle at the same (o quite
same) conditions at fixed time intervals (order of months or years). This helps to
identify possible incoming damages before they become serious. Hence, IR is used
for predictive maintenance to verify the health of the built environment [5], and of
the technical plants that serve it, and for condition monitoring [20]. Repeated survey
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can also be useful to assess the quality and effectiveness of interventions once they
are realized. For instance, IR repeat survey can be applied for assessing materials
aging [21, 22], weathering [23, 24], faults [25, 26], detachment [27, 28], moisture
[29, 30], degradation [31, 32], and so on.

The aforementionedmethodologies referred to the analysis of thermal images that
“freeze” the IR emission of the bodies into a thermal image. Despite this, there might
be the need of assessing the dynamic behavior of materials. That is the birth of the
time-lapsemethod that allows to see the transient phenomena over the decided time
interval. Some works refer to time-lapse active thermography, but when buildings
are concerned, the passive method is preferable. The time-lapse method consists in
acquiring a series of thermal images at fixed acquisition rate, to visualize the changes
in thermal pattern due to phenomena that change over time that might be incoming
moisture, heat releases, etc. Some IRcameras have thepossibility of recordingvideos;
others involve the post-processing of a series of thermal images. The time-lapse
survey allows to have both qualitative and quantitative information, according to the
purpose and to the post-processing method. The time-lapse approach suffers for the
variability of boundary conditions during the acquisition. The different approaches
hereby mentioned differ for the cost (equipment plus survey), for the time taken by
the survey, and also for the sizes of the investigated area, that often compensate with
the spatial resolution. In Fig. 4, methods are qualitatively compared, while repeat
survey and time-lapse are not reported since the concern the way methods can be
applied.

Given the characteristics of themethods, several investigated objects can be distin-
guished at urban context (i.e., building façade, roof, pavement, photovoltaic instal-
lations, etc.). In Fig. 5, a summary of the methods is reported, for the analysis of the
elements deepened in the following sections.

Cost Time Inves�gated
area

Spa�al 
resolu�on

Aerial survey

Automated fly-past

Street pass-by

Walk-around

Fig. 4 IRT methods for surveys at urban level



Application of Qualitative and Quantitative Infrared … 9

Aerial Automated
fly-past

Street pass by Walk-around

Façade

Roof

Pavement

Photovoltaics

UHI

Fig. 5 Methods for investigated objects

3 Investigated Object

3.1 Building Envelope

IRT has been widely employed to assess possible thermal anomalies and damages
on the building envelope. Qualitative and quantitative analyses can be conducted
to determine: (i) thermal characterization of building surfaces; (ii) thermal bridges;
(iii) detachments; (iv) U-valuemeasurements; (v) air leakages; (vi) moisture or rising
damp; and (vii) cracks [1, 33–37].

Initially,mainly ground-based IRT, such aswalk-around andwalk-through survey,
was applied in a qualitative way for the thermal characterization of building surfaces
concerning wall thicknesses, presence of different building components, surface
properties (especially the thermal emissivity, also called E-value), and energy prob-
lems related to layering technique [1]. This survey follows specific standard proce-
dures, which requires the control of weather, boundary conditions, and environ-
mental conditions [1]. Besides, thermal bridges, defined as additional heat losses
in the building façade, might be due to structural elements (beams) or to geometry
(like corners) and, in general, those points where a discontinuity causes an increase
in heat flow. Therefore, they appear as hotter zone [38]. Detachments, instead, are
those points where the plaster (or covering or coating) is separated from the wall.
The air that is entrapped into the detachment causes an alteration on the heat flow,
and it can be revealed by thermal inspection. The explanation of this phenomenon
can be applied to moisture or rising damp: the water that goes from the ground to the
wall appears as a colder region of the thermal image. The same applies to seepages,
when drainpipes cause the water to flow along the wall or when there are voids, holes
of discontinuity in the ceiling materials that allow water penetration. In a qualita-
tive approach, even cracks and structural detachment can be revealed, especially to
older buildings (like historical buildings) or churches or bridges. The quantitative
approach, instead, entails the need to quantify the energy losses, by providing the
capability of the investigated object of transferring heat [23, 39]. Different building
elements can be assessed, from thermal bridges [37, 40] to entire façades [36, 41, 42].
Regarding the vertical opaque wall, different approaches are proposed in literature,
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depending on the need to access the building for the inspection. This applies both for
the current wall and for the thermal bridges. In general, methods that do not require to
access the building suffer for the variability of the boundary conditions (weather, sky
radiation, humidity, direct solar radiation, wind speed, and direction), while those
approached that are performed from indoor overcome these issues but require the
permission of the occupants, and might require to move furniture or paintings and,
in general, those objects and stuff that prevent a good image [36].

More recently, an IRT and automated fly-past in building inspections was
performed for visualizing the thermal patterns within the envelope and the heat
movements through and across different materials [10]. UAS and UAV, particularly,
are low-cost and highly productive solutions for a large range of applications related
to inspections and fault detection that requires non-destructive testing capabilities [4].
This approach reduces the manual workflow of processing and post-processing, also
speeding the surveys on large buildings at reduced costs [10]. Besides, it imaging aids
in client communications [43].Also, physical risks, costs, limitations, and psycholog-
ical impacts of human-UAV interactions have been deeply analyzed for identifying a
roadmap to advance their knowledge [43]. Themain sectors for their application are:
(i) heat andwater flow detection; (ii) thermal bridges; and (ii) U-valuemeasurements.
Heat flow detection refers to the identification of heat losses or/and water leakages
on large building façades and roofs. Only few studies have been realized. To this
purpose, Entrop et al. [44] developed a real-time approach that combines IRT with
UAV for detecting remotely heat/water leakages in building structures to solve time
and cost problems. Limitations of this approach are connected to the difficulties of
sensing every portion of a large or complex building and saving and recording the IR
images on 3D maps. Benefits are related to the accurately and rapidly examination
of large areas reducing costs and safety risks. Besides, Benz et al. [45] introduced a
general framework for the conventional qualitative assessments of thermal bridges
and air leakages through a UAS-based assessment of IR thermograms. Otherwise,
Bayomi et al. [14] identified a series of information on material deterioration and
heat losses thanks to the thermal anomalies captured by a drone equipped with an
IR camera. On the contrary, several studies estimated the U-value of the building
envelope from UAV data. In general, the U-value is estimated using air temperature
difference between outdoor and indoor conditions recorded simultaneously, respec-
tively, with UAV and indoor-held IR camera. To this purpose, Sadhukhan et al. [12]
and Bayomi et al. [14] installed thermocouples to verify the surface temperatures
of the IR images, and internal and external sensors to measure air temperature.
Besides, Benz et al. [45] mounted an external thermal sensor for each thermogram
and matched this value with the temperature produced by the sensor spot to cali-
brate the U-value estimation. Several suggestions have been defined for improving
the accuracy of the U-value measurements with IRT. First, the UAS flight should be
planned in thermally steady phase of the façade and during precise measurement of
the environmental conditions [45]. Better conditions are cloudy morning or evening
hours, without precipitation and with stable temperatures [10]. A difference of 10 K
between indoor and outdoor temperature is suggested [10]. Also, to reduce the error
incorporated by the view angle, the orthogonal orientation of thermograms and the
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surface should be maintained [45]. Besides, the effects of solar irradiance must be
avoided [12].

The challenges found for remotely piloted aircrafts in building inspection include
[10]: (i) limitations in global positioning system (GPS) positioning and battery power,
(ii) interferences with UAS and possible crashing, (iii) difficulties to reach building
components for aIRT and UAS size and navigation; (iv) operation vibrations; and
(v) risks in signal acquisition and interpretation. Like other applications, also in the
energy audit, the accuracy of the drone flight depends on the accuracy of the GPS and
inertial navigation system (INS). The root mean square error specifically is less with
onboard GPS than with ground control points [10]. The technological advance in the
automation sector is moving through the reduction of dimensions, weights, and costs
of drones, also increasing stability, payload capabilities, automated obstacle avoid-
ance, and connectivity assurance [10]. A benefit is related to the safety ofworkers that
can operate remotely also under critical circumstances thank to the onsite presence of
drones [46]. The application of automated fly-past passive thermal inspection in the
energy audit sector needs further experimentation-based research and standardiza-
tions for fault detection [10, 47]. Standardized procedures or equations particularly
should be interest optimal distances of flight paths, flight speed for clarity, geometry
analysis, and automated post-processing [10].

3.2 PV Inspection

Temperature distribution is an empiricalway for detecting defects onPVmodules and
roofs. It is expected that well-performing PV cells or modules have uniform temper-
ature distribution during normal operating conditions [48]. Defective PV systems
produce temperature differences (�T) or thermal anomalies. For this reason, passive
IRT (automated fly-past surveys, walk-around surveys) and active IRT (time-lapse
survey) are used in a qualitative way for quality control [48]. Defects detectable
on PV systems concern optical degradation (e.g., delamination, discoloration of the
encapsulate, micro-cracks, front cover breakage, soiling/dust accumulation), elec-
trical mismatches and degradation (e.g., lifetime stress, hot spot browning, cell
cracks/fracture, inactive or disconnected strings, completely or partially inactive
modules, corrosion, junction boxes, ribbons or connections breakage, poor soldering,
shunts and short-circuited cells, snail trails, solder bond failures, shading), and
non-classified imperfections (defective/short-circuited bypass diode, open-circuited
submodule, loss of adhesion, anthropogenic impacts) [26, 47, 49–52]. These prob-
lems cause a reduction in module efficiency and represent an electrical risk for the
operators [52].

In general, IR images for PV inspections are captured in the mid-wave (about 3–
5 µm) or long-wave (7–14 µm) that considered a trade-off between data availability,
measuring conditions of IR sensors, and costs [53]. PV inspections can be performed
with ground-based and remotely piloted aircrafts IRT approaches. In both cases,
they are more efficient combining RGB and IRT cameras, allowing a simultaneous
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comparison of data to understand better the presence of shadow and specificities
[47, 51].

Ground-based IRT uses handheld IR cameras on ground (called also walking
method) or lifting platforms (called also crane/lift method) [54]. These methods are
used for identifying and locating PV degradation and faults. In both cases, accurate
PV inspections requires the selection of appropriate resolution and weight of the IR
camera [54]. Camera resolution determines the monitoring distance and the accuracy
of the surface temperature values [54]. Thus, high values should be chosen. Besides,
low-weight cameras should be preferred as they influence the duration of the survey.
The inclination of the camera lens influences the results of the survey. In both cases,
the lens angle of the IR camera should be perpendicular to tilted module surface
for acquiring adequate results. Walk-around surveys is high affected by the module
inclination that should not less than 15° while crane/lift method that is less affected
by module angles [54]. The first method is time-consuming and labor-intensive for
the involvement of personnel walking the length of the array [48, 51]. The second
one takes shorter times, but requires additionally footage to investigate some faults
[54]. In both cases, themonitoring accuracy is prone to human error and competences
[48].

The usage of remotely piloted aircrafts IRT in PV inspections grows considerably
in the last decade to overcome the major drawbacks of the ground-based IRT, espe-
cially for utility-scale and large-scale PV power plants as well as for roof-mounted
PV with limited access [47–52, 55]. They have multiple advantages, such as ability
to reach difficult-access areas, large angles of vision, cost saving, increment of oper-
ator safety, reduction of data collection time, and operational risks [49]. Significantly
reductions of inspection time (85%) have been found [48]. Otherwise, weaknesses
refer to the lower image resolutions than ground-based IRT methods [51], sensi-
tivity to environmental conditions [48], inaccuracy in hot-spots and micro-cracks
detection and complexity and redundancy of IR image and data [48]. In this case,
IRT measurements are performed outdoors, under steady-state illumination (i.e.,
clear-sky or maximum 2 non-cumulus cloud coverage) and maximum power-point
conditions [26]. Mainly, UAS and drones are used for recognizing PV degradation
and faults as well as problems caused by environmental events on PV roofs, such as
windstorms, hailstorms, air turbulence, sunlight reflection, and lightning [51]. Similar
to the ground-based IRT, the most important aspect for selecting the IR camera is
resolution and weight, battery flight time, and lens type [51]. The resolution of the
camera particularly determines the maximum flight height, strongly influencing the
duration of the inspection [51]. This is a critical point for large-scale PVpower plants,
because normally the minimum irradiance conditions last around six hours per day
[51]. In addition, stability of the system, flight duration, maximum payload, and
compatibility between devices impacts on the quality and the cost of the inspection
[51]. Various problems have been defined for remotely piloted aircrafts IRT on PV
systems [26, 50, 53]: (i) other parts absorbed the incident radiation contributing to
module heating (e.g., back sheet segment between the cells); (ii) high-temperature
diffusion rate due to environmental conditions; (iii) absence of thermal stability for
the changes in environmental conditions; and (iv) difficulties in detect defects that
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do not act as local heat sources. To overcome many of these problems, the ideal
conditions need the presence of constant and perpendicular orientation of the UAV-
mounted or drone-mounted IRT sensor to the PV modules and a flight altitude at
least of five meters to prevent self-shading [51]. Also, the inspection should carry
out on cloudless, bright, and dry days, with reduced wind speed (<4 m/s), a direction
of the sun perpendicular to the PV modules, and an irradiance over 600 W/m2 on
the plane of the inspected PV array [51]. Actually, there is a lack of interpreting the
defects of different PV technologies and their impact on the output power genera-
tion, especially when PV systems operate under changing environmental conditions
[48]. In parallel, image processing is an important role in an IRT of PV panels. An
accurate interpretation of a 3-dimensional (3D) ortho-mosaic for each single rooftop
requires high overlapping rates between the images, which must contain azimuth,
and tilts of the PV panels [56]. This situation is hard to reach for an autopilot operated
pre-flight route setting for a specific area. Normally, unnecessary noise is generated
on the thermal values and the exterior orientation parameters, such as the measure-
ment of distances, angles, and PV areas [56]. This causes serious data redundancy.
Thus, the importance of the interpretation of the thermal images and the correla-
tion between performance degradation, fault types, and thermal signatures of PV
modules is largely introduced [47, 50, 51]. To overcome this problematic, Hwang
et al. [56] developed a 3D video stream-based ortho-mosaic for widely scattered PV
roofs. Despite this, the processing phase requires standard specifications to reduce
computational complexities and assessment error in the identification of PV defects
[48]. In addition, several studies displayed the potential of automated inspections
for increasing the speed of the survey and generating a great number of images.
The models developed for the automatic detection of PV module defects using deep
learning techniques obtained an average accuracy of 99% [47, 52, 57–59].

3.3 Urban Heat Island (UHI)

UHI effect is defined as an increase of temperatures in urban areas in comparisonwith
rural areas [60–63]. It is estimated that the ambient air temperature can grow between
3.6 and 5 °C in the canopy layer due to UHI effect [64]. Consequently, the energy
consumption of cooling systems is greater in cities [61, 62, 64, 65], reaching values
between 18 and 43% over the reference load [66]. This phenomenon often occurs in
crowded cities and small cities (i.e., Rome [64]; Barcelona [67]; Beijing [66]; Tehran
[63]), which are characterized by public spaces where the thermophysical properties
of historical buildings amplify the UHI as well [64, 68].

In most cities, 50–60% of urban areas are comprised of roof and pavement [62],
and somematerials present a significant temperature sensitivity (i.e., asphalt concrete
pavement) [62, 64]. According to Lassandro et al. [69], building façades should have
an adaptive capacity at short-term and long-term, to ensure functionality under unpre-
dictable conditions such as heat waves. Within this context, United States Environ-
ment Protection Agency (USEPA) suggested to use “cool pavement.” In contrast to
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the conventional material, cool pavement has a greater reflectance. Indeed, the pave-
ment surface temperature can decrease 6 °C, if the increase of total reflectance/albedo
is 0.1 [62]. This could help to reduce several significant parameters: citizens’ thermal
stress [61, 70], primary energy demand [61–63], and surface temperature and heat
release [71]. Consequently, an improvement of the urban microclimate and outdoor
thermal comfort of the population could be achieved [15].

However, few studies evaluated the optical properties of reflective pavement coat-
ings (i.e., spectral full scales, pigments of the sample), and green and cool materials
for pavements or walls are still in development [62]. Li et al. [72] assessed the
seasonal effects of albedo or solar reflectivity on the thermal behavior of pave-
ments, using a portable solar reflectometer and dual pyranometer with automatic
data collection system. The authors demonstrated that the measured albedo was high
in the early morning and in the evening, while it was low and constant in the mid-day.
In addition, peak solar radiation intensity was positively correlated with the cooling
effect. Sham et al. [60] quantified the sensible heat release generated by building
fabrics in hot and cold seasons. The CSTM technique was implemented to capture a
sequence of thermal images of a larger sample of buildings simultaneously. The find-
ings suggested that finish materials (i.e., ceramic, granite, or aluminum), building
features (i.e., orientation), and seasonal change could affect the cooling pattern.
By way of example, the sensible heat release change presented lower percentages
(6.7–9.7%) for granite and aluminum walls, regardless the season. Furthermore, the
ratio between sensible heat release and global solar radiation was slightly similar
in hot and cold season. Salata et al. [64] analyzed three mitigation strategies of
UHI on 27 buildings of Sapienza University (Rome) during a heat wave: (i) urban
greening; (ii) cool pavement; and (iii) cool roofs. To quantify the impact of such
strategies, numerical simulations were computed using ENVI-met Software. This
made possible to obtain the Mediterranean Outdoor Comfort Index (MOCI) as well
as the hourly values of the ambient air temperature and themean radiant temperature.
The researchers extrapolated that the optimum solution was the combination of all
strategies, since the health risk could be decreased between 60 and 80%. Neverthe-
less, the solution did not have a high influence on pedestrians. Aguerre et al. [70]
compared a sequence of thermograms with simulated thermal models of a real urban
district using finite element method (FEM), to evaluate the spatial distribution of
the radiation emitted by urban surfaces and the influence on the outdoor thermal
comfort. The authors stated that changing the reflectance of southern façades could
lead to temperature differences of up 10 °C. Xie et al. [62] applied infrared ther-
mography to assess temperature distribution and thermal performance of reflective
coating samples. The researchers concluded that solar reflectance can be increased
by pavement coatings doped with chrome and nano-pigments. Furthermore, the most
influential reflectance values ranged from 400 to 1100 nm. Carpio et al. [73] carried
out a bibliometric analysis about UHI from 1990 to 2019. The findings showed that
the topic presented an increasing trend in relation to laboratory experiments and new
techniques to evaluate concrete elements with infrared-reflective pigments. In addi-
tion, the authors noted that building fabrics, urban planning, and climate zone could
be causal factors of UHI. Hence, mitigation strategies cannot be generalized across
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the cities. It is required to adapt national building codes to local regulations. Fabbri
et al. [15] considered that existing studies compared simulation results with punctual
experimental measurements of ambient air temperature and mean radiant tempera-
ture. For this reason, the authors used infrared thermography to collect images of an
urban area of Medicina (Italy) and subsequently, to calibrate holistic outdoor micro-
climate numerical models by ENVI-met Software. Overall, measured and simulated
surface temperatures fitted well. The only limitation was given in areas with dense
vegetation.

4 Conclusions

The International Energy Agency [IEA 2021] stated that cities are responsible for
75% of global energy use. For this reason, the diagnosis is essential at urban level
(cities, neighborhood and single buildings). IRT is a non-invasive and accurate tech-
nique that provides real-time data in both qualitative and quantitative way. In fact,
this chapter pointed out a wide range of instrumentation (i.e., drones, vehicles, and
portable cameras), analyzing some key aspects: time of inspection, investigated area,
cost and spatial resolution. It can be extrapolated that most of quantitative IRT appli-
cations are still ongoing. Some examples are exposed below. Data taken from neigh-
borhoods and building with IR cameras installed on drones or vehicles cannot be
directly integrated in building energy models (BEMs), and a calibration of model
related to outdoor microclimate is required. Besides this, the incorporation a larger
sensor network presents a high cost and post-processing time. Concerning PV panels,
recent studies based on IRT and machine learning facilitated the tasks of preventive
and corrective maintenance. Nevertheless, there is a gap for some research ques-
tions, such as correlation between defects and output power, additional noise in the
measured parameters, technical problems of piloted aircrafts, etc. Regarding the UHI
effect, IRT makes possible to identify and determine the most optimum mitigation
strategy in cities, taking into account: building fabrics, urban planning, and climate
zone. However, few studies were developed, and the analysis could be a challenging
task in heavily vegetated areas.
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