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Featured Application: Exploring step-heating thermography algorithms applied to solar loading
thermography.

Abstract: This work investigates solar loading thermography applications using active thermography
algorithms. It is shown that active thermography methods, such as step-heating thermography,
present good correlation with a solar loading setup. Solar loading thermography is an approach that
has recently gained scientific attention and is advantageous because it is particularly easy to set up
and can measure large-scale objects, as the sun is the primary heat source. This work also introduces
the concept of using a pyranometer as a reference for the evaluation algorithms by providing a direct
solar irradiance measurement. Furthermore, a recently introduced method of estimating thermal
effusivity is evaluated on ambient-derived thermograms.

Keywords: solar loading thermography; step-heating thermography; active thermography; thermal
effusivity; linear effusivity fit; infrastructure; NDT

1. Introduction

Solar loading thermography has gained recent scientific attention [1–4] and shows the
potential to become a proven non-destructive testing (NDT) method for large-scale outdoor
structures and infrastructure. As natural heat sources are inherently erratic (affected by
cloud coverage, wind gusts and ambient temperature fluctuations), evaluation algorithms
must be reviewed on a case-by-case basis. The range of evaluation algorithms discussed in
this work is constrained to conventional active thermography approaches, namely, lock-in
thermography (LIT) [5], step-heating thermography (SHT) [6] and linear effusivity fit
(LEF) [7]. Each of these may be used to determine thermal material properties, in this case,
the thermal effusivity of an excited object. Thermal effusivity is a measure of how strongly
a material exchanges heat with its surroundings: higher effusivity means a slower response
to heat input, whereas lower effusivity means a quicker response. Thermal effusivity is
also the main reason why different materials feel cold or hot to the touch, despite being at
the same temperature initially.

Determining thermal effusivity using solar loading lock-in thermography was shown
in our previous work [1], but empirical calibration was needed to do so. In this work,
we propose an alternative approach using a pyranometer to measure the insolation (solar
irradiance) directly. This allows the experimenter to directly assess the irradiation shape
and amplitude at each point in time, which, in turn, allows the creation of analogies to
conventional, laboratory-scale active thermography methods.
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2. Materials and Methods

This work used a pyranometer to measure insolation. The model used was an “LP
PYRA 03” from Delta Ohm (Padua, Italy), This model is a second-class pyranometer, which
means that it satisfies the ISO 9060 Second-class accuracy class definition. It is connected to
the measurement card consisting of the ADS1256 ADC, which has sufficient accuracy and
resolution to digitize the signal generated by the pyranometer appropriately.

A custom data acquisition platform was developed, powered by a rechargeable battery
and consisting of an embedded Linux single board computer (RaspberryPi 3B) and the
FLIR Boson 640 in USB Video (UVC) mode. The FLIR long wave infrared (LWIR) thermal
imaging camera, which can directly send raw image data over USB, was used in all further
processing. This camera is sensitive between 7.5 µm and 13.5 µm.

The camera was calibrated once within the approximated expected temperature
range using a large-aperture blackbody source (Mikron M345X4). All thermograms were
corrected using a two-point calibration scheme based on a radiometric calibration. All
algorithms and figures were created using the free software “GNU Octave” and commercial
software “MATLAB”.

3. Theoretical Framework

Solar loading lock-in thermography does not use artificial heat sources, such as heat
lamps; its only heat processes are naturally occurring. These consist of the following: heat
transfer within the structure (conduction); heat transfer with the surrounding air, which is
free to move (convection); and heat transfer via radiation (solar irradiation, radiative heat
loss). The fourth heat process, evaporative cooling, was not included in this study.

To estimate thermal material properties, the value of the heat flux input is needed.
Therefore, a direct measurement of the insolation was conducted using a pyranometer.

As described in our previous work [1], the infrared camera was set up in a station-
ary position to capture a set of thermal images regularly spaced in time. These images
represented a 2D temperature field that was assumed to capture the surface temperature
of a structure after radiance calibration with a blackbody source. Effects such as emis-
sivity/reflectivity can be corrected to improve absolute measuring accuracy for a given
surface. These kinds of corrections were not performed in the scope of this work but are
hypothesized to further increase measurement accuracy in future research [1].

The pyranometer was fixed horizontally, effectively measuring global horizontal
irradiation (GHI). As different captured structures faced different angles, a correction from
GHI to the respective vertical angle surfaces was conducted. This correction was performed
via a two-step process:

1. Calculate the theoretical values for direct horizontal irradiation (DHI) and direct
vertical irradiation (DVI) at the angle of interest.

2. Correct the pyranometer GHI data using the factor DVI/DHI.

The correction can be found in Figure 1.
Both DHI and DVI can be determined using the air mass coefficient method [8], where

DVI must be calculated for each angle of interest (e.g., 180◦ = facing south, 225◦ = facing
south west).

For horizontally oriented surfaces, no correction to the pyranometer data was neces-
sary, as they were recorded horizontally.
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Figure 1. Correction of GHI to GVI on a 200◦ facing angle. Note that the theoretical values for DHI
and DVI were calculated according to [8] and were used to correct the measured GHI data to infer
the irradiance on the vertical standing wall structures (GVI).

After correction of the irradiation value, multiple approaches from active thermogra-
phy to determine thermal material properties were evaluated:

1. Determining thermal effusivity b via step-heating thermography approach [6];
2. Determining thermal effusivity b via linear effusivity fit approach [7];
3. Determining surface heat capacity cS [9].

The results of these three methods are discussed in the next section.

3.1. SHT Approach

According to [6], the temperature rise of thermally thick sample is given by

∆T = 2
.
q·
√

t
π·λcPρ

(1)

where
.
q is the step heating irradiation in

[
W/m2], t the irradiation time, λ the heat conduc-

tivity in [W/mK], cP the specific heat in [J/kg] and ρ the density of the material in
[
kg/m3].

Considering the thermal effusivity, which is given by:

b =
√

λcPρ (2)

The formula can be rewritten as:

b =
2

.
q

∆T
·
√

t
π

(3)

This formula calculates the thermal effusivity in a step-heating context on thermally
thick materials (materials where the thermal wave can properly develop and travel without
reflecting). Generally, thermally thick materials have a thickness d � µ, where µ is the
thermal diffusion length in [m]. The thermal diffusion length is given by:

µ =

√
2λ

ρcP·ω
(4)
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where ω is the angular frequency of the incident thermal wave in
[
s−1].

In this work, the angular frequency of the step-heating pulse was determined using
ω = π/t. In practice, objects with a thickness of d > 1.5µ show negligible error when
considered thermally thick [6]. This cutoff value of 1.5µ is not universally applicable and
was only used in this context because it generated reasonable results. In other setups with
different excitation conditions and materials, other values distinguishing thermally thick
from thermally thin materials may be necessary.

3.2. Surface Heat Capacity (SHC) Approach

Contrary to thermally thick materials, thermal “thinness” can be assumed when
d < 0.5µ. Again, the same restrictions as above apply to this empirically generated value.

When measuring a thermally thin object, thermal effusivity is not a valid material
property to determine, because the formulas calculating it consider the material to be fully
extended as a half space (infinitely thermally thick). Instead, surface heat capacity cS in[
J/
(
m2K

)]
can be calculated and used to determine one of three values (ρ, cP or d) when

the other two are either known or assumed.
The surface heat capacity is defined as the ratio of the radiant exposure q in

[
J/m2]

and the resulting temperature difference ∆T:

cS =
q

∆T
(5)

The radiant exposure of a step is the product of the heat flux density
.
q and the

corresponding effective time t and leads to:

cS = t·
.
q

∆T
(6)

In thermally thin materials, the surface heat capacity can be derived from the volu-
metric heat capacity s, as thermally thin materials act as if the heat spreads instantly in the
direction of their thickness. In this case, cS can also be determined via:

cS =

s︷︸︸︷
ρcP ·d (7)

This allows the determination of ρ, cP or d if both other values are either known
or assumed.

3.3. LEF Approach

The linear effusivity fit is a method introduced by Suchan and Hendorfer [7], using
the Laplace transform to transform both the irradiation pulse and the temperature response
from the surface into the frequency domain to determine the thermal effusivity by fitting
a linear function to the quotient of the transformed data. It can be briefly described as a
four-step process:

1. Transform both irradiation pulse q(t) and surface temperature T(t) using the dis-
crete Laplace transform into the complex frequency domain to obtain q(s) and T(s),
respectively. Note that s denotes the complex Laplace operator value.

2. Calculate the quotient of the aforementioned signals:

Z(s) =
T(s)
q(s)

(8)

3. Thermal effusivity is given by:

Z(s) =
1

b·
√

s
(9)



Appl. Sci. 2021, 11, 7456 5 of 12

Plotting Z(s) over
(√

s
)−1 results in a linear relationship: Z(s)/

√
s = b−1, the slope

m of this function being b−1.

4. A linear fit using Z(s) over
(√

s
)−1 is performed and the slope of this fit is inverted

to obtain
b = 1/mFit (10)

The linear fit is necessary to suppress noise and high-frequency content in the resulting
transformed values, but in theory, two points from Z(s) could be used to determine b.

This approach was employed in a region of interest-based context, where a single
region of interest (ROI) was given as a mean value time vector to the algorithm to calculate
the material properties of the whole ROI. Further, it was conducted on a pixel basis, where
the LEF method was performed on each pixel to obtain an “effusivity image”.

3.4. Albedo Factor and Surface Emissivity

Figure 2 shows that the heating step had an amplitude of ∼320 W/m2 for horizontal
surfaces and ∼300 W/m2 for vertical surfaces at 200◦. These values represent the total
amount of incident radiation. However, as every surface absorbed only a part of the
incoming energy (called the emissivity factor), this irradiation was only absorbed by
blackbodies. As incident radiation energy (sunlight) is primarily visual and near infrared
(NIR) energy [10], the factor used in this work to refer to the amount of reflected sunlight
was albedo α, and the term describing the energy factor absorbed (and emitted) in the
LWIR range was determined as emissivity ε.

Figure 2. Correction of GHI to GVI as before, zoomed in to show the relevant part of the dataset
containing step heating.

As the albedo of white plaster is approximately ∼0.65 [11], the actual absorbed energy
is 35% of the total incident irradiation. On grey surfaces, the albedo is ∼0.55 [11], which
results in an energy absorption of 45%. The albedo of grey pavement is ∼0.60 [11].

As common building materials such as plaster and concrete are considered to have high
emissivity (≥0.95) in the LWIR range [12] p. 316, an emissivity correction for the LWIR camera
was not performed. Instead, the factors researched imposed an albedo correction first.

For Table 1 and all corrected figures, the albedo correction was performed using the
aforementioned values.

The scene in Figure 3 shows the composition of a common street with houses, garages,
trees, a car and a paved road. Due to this composition, not all of the four selected regions
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of interest are perpendicular to the optical axis of the thermography camera. For further
inspections, it was necessary to perform a projective transformation from the observed
angle to a plane that is perpendicular to the optical axis. For the creation of the transforma-
tion matrix, two assumptions were made. First, it was assumed that the observed ROIs
were flat surfaces, and second, the two building walls and the garage sidewall in particular
had a rectangular shape. For each ROI, the four edge points of the studied object were
selected and registered to a rectangular geometry with the aspect ratio of the observed
object [13]. The projective mapping was carried out with MATLAB, using the “image
processing toolbox”. Figure 4 shows a typical thermogram of the scene, with an overview
over the ROIs chosen.

Figure 3. Optical overview over the scene.

Table 1. Overview of the different estimations. Note this table corrects for the albedo factor of the different image parts.
† The reference values are taken from [14–16] ‡ as the concrete road lay horizontally. GHI is the excitation intensity
(see Figure 2).

Temperature Excitation
Intensity

Surface Heat
Capacity

Effusivity

Difference Gradient SHT LEF Reference †

Region of interest K K/min W/m2 kJ/
(

Km2
)

J/
(

Km2√s
)

(1) Wall left 7 0.6 300 6 324 1024 490–780
(2) Wall right 5 0.4 300 14 454 1061 490–780

(3) Concrete road 4 0.3 320 ‡ 27 2132 1971 1730–2120
(4) Garage 3 0.25 300 19 1362 1581 1100–1400
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Figure 4. Typical thermogram of the scene with the selected ROIs of the experiment. ROI 1 is the left
building wall, ROI 2 the right building wall, ROI 3 is the paved road, and ROI 4 the garage sidewall.

4. Results and Discussion

The experiment site was set up by measuring two building walls, a concrete-paved
road and a garage sidewall. The general setup of the scene can be observed in Figure 3.
The pyranometer data are shown in Figure 1 and constitute an excerpt from a much
larger dataset, which was acquired over multiple days. However, for this work, the
aforementioned algorithms required only a small portion of the whole dataset. Figure 2
shows the data section that is used in this work.

Figure 2 shows the relevant section from 15:00 h to 15:45 h with approximate step
heating, generated by variation in cloud coverage. The blue curve (GHI) shows the
irradiance incident to all horizontal surfaces in the scene, in this case, predominantly the
paved road (ROI 3). The orange curve (GVI) was calculated from the GHI data to represent
the incident irradiance on all 200◦ facing vertical structures, such as the two building
sidewalls (ROI 1 and ROI 2) and the garage wall (ROI 4) shown in Figure 3. This explains
the difference between the excitation intensities in Table 1.

Figure 5 was generated using a pixel-wise subtraction of the last image in the heating
phase with the first image thereof. Note the uneven heating on the building on the right
due to shadows being cast by the roof onto the wall below. This difference image was the
basis for both the SHT effusivity estimation and SHC images below.

Figure 5. Difference image: last image in the heating phase subtracted by the first image thereof.
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Figure 6 shows the uncorrected thermal effusivity. The shown image assumes a
heat flux of 320 W/m2 for all surfaces, but the real heat flux (albedo correction) must be
estimated on a case-by-case basis to obtain correct estimates of thermal effusivity.

Figure 6. Effusivity image resulting from the SHT approach.

Figure 7 shows the uncorrected heat capacity, neglecting the albedo factor of the
objects in the scene. The real surface heat capacity was reduced by a factor of (1− α).

Figure 7. Surface heat capacity image.

The LEF algorithm was performed on each pixel of Figure 8 separately. Note that as
before, no albedo correction was performed on this image, and each pixel was assumed to
have absorbed the full incident irradiation.
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Figure 8. Linear effusivity fit image.

Note that this effusivity image (see Figure 8) differs from the image generated by the
SHT effusivity estimation method (see Figure 6). This is, in part, because the underlying
algorithm to determine surface effusivity by LEF was noise sensitive [7], and reducing
noise by averaging a whole ROI delivered more reasonable values.

Table 1 summarizes the results of the different methods for the observed ROIs.
The garage wall consisted of hollow concrete blocks covered with a layer of gypsum.

The two building walls consisted of an unknown type of insulating gypsum covering a
conventional building insulation material, such as mineral wool or polystyrene.

Separating ROIs and correcting the trapezoidal distortion generated by the camera
viewing each ROI surface from an angle helped to improve the visual clarity of the image.
The results with separation and perspective correction are shown in Figures 9–12. Especially
noteworthy are the following distinctive features:

• Wave-like structure in ROI 1—possible remnant of the insulation installation;
• Hot spot in the top middle of the garage (ROI 4);
• Apparent recognition of the floor in ROI 2.

Figure 9. Perspective-corrected difference images.
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Figure 10. Perspective- and albedo-corrected SHT effusivity images.

Figure 11. Perspective- and albedo-corrected LEF effusivity images.
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Figure 12. Perspective- and albedo-corrected surface heat capacity images.

5. Conclusions and Further Work

This study demonstrated that the methods used by laboratory-scale active thermogra-
phy can be evaluated on solar loading thermograms. Depending on location conditions,
such as weather and cloud coverage, both strong and weak resemblances to different
testing methodologies, such as lock-in or step-heating thermography, can be observed.
In general, signal-to-noise ratio is satisfactory in a solar loaded context, but the erratic
excitation conditions, such as fluctuating irradiation and changing wind speeds, hamper
the accuracy of the previously established assumptions made by the evaluation algorithms.

It was found that ideally, the experimental setup should record the region of interest
perpendicularly in the first place. As this is not feasible in every experiment, separating
ROIs from the whole image and correcting the perspective error can improve the apparent
contrast and enhance visual clarity on the images.

Further work should evaluate how to take into account the given environmental
conditions to better fit a specific test cast. For example, manual shading of a particular
ROI may generate a step-heating scenario in strong sunlit conditions without the need for
specific cloud coverage. Wind speed and ambient temperature could also be measured and
evaluated to calculate the heat flow of the specific structures at all points in the experiment.
However, specific algorithms and methods must be devised to correct the influences of
these unpredictable factors.
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