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a b s t r a c t

Specular surfaces as glass, mirrors and metals are commonly used in solar devices and in building fa-
cades. Determining the temperature distribution of such kind of surfaces allows estimating their thermal
losses and detecting hot spots and temperature gradients that provokes material stress and rupture. In
this sense, thermography is a non-contact measurement technique that is capable to quickly scan and
record these surface temperature distributions, but when specular materials are inspected the infrared
reflectance becomes a crucial parameter. This work describes a methodology to measure the reflectance
of specular materials for different incidence angles in the infrared range 8 mme14 mm, by using a
thermographic camera and an infrared radiation source. The methodology includes the analysis of errors
in the estimation of the reflectance and how to select the temperature of the source that minimizes these
errors. The method is applied to different specular surfaces commonly used in building facades and solar
devices, whose infrared specular reflectances are estimated for different incidence angles. The obtained
results are analyzed in order to provide valuable information for in-situ thermographic measurements of
specular surfaces.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Specular surfaces as glass, mirrors and metals are commonly
used in solardevices and inbuilding facades. In solardevices theyare
used mostly as transparent covers (air and water solar heaters, heat
pipes, solar absorber for linear Fresnel devices, photovoltaic mod-
ules, solar cookers, etc.) and as reflecting surfaces in solar concen-
trating devices (glass mirrors and aluminum sheets in Fresnel and
CPC devices). In buildings, specular surfaces appear in windows,
glazed and mirrored facades, glazing of Trombe walls, metallic
facade covers, and so on. Determining the temperature distribution
of such kind of surfaces allows to estimate their thermal losses, a
very important parameter both, in building and solar applications,
that influences the thermal performance and energy consumption
of buildings and the efficiency in the case of solar devices (Albatici
and Tonelli [1]). The knowledge of the surface temperaturefield also
allows detecting hot spots and temperature gradients provoking
material stress and rupture. Thermography is a non-contact mea-
surement technique that is capable to quickly scan and record

surface temperature distributions. A thermographic camera works
by detecting the radiant energy, typically over a restricted range of
wavelengths, emitted by the object of interest and by using Planck’s
radiation law to relate this energy to temperature. An optical system
focuses the energy onto the detector, and a filter is used to select the
appropriate wavelength range. This thermal energy is transformed
into a visible image,where a color or a gray level is used to represent
the point temperature. Nowadays, the application of thermography
in buildings and solar devices is a usual qualitative diagnosis tech-
nique, but in quantitative applications the accuracy of the mea-
surements depends on knowing the limitations and possible errors
influencing the results. Thermography is an ideal measurement
technique when the surfaces are inaccessible to other measure de-
vices (as in the facades of high rise buildings), when surfaces receive
high solar radiation levels that make unavailable the use of con-
ventional contact sensors (as in the case of the absorbers of solar
concentrators), for applications at urban level as when measuring
heat island effects (Chudnovsky et al. [2]), to estimate the infrared
reflectance of selective surfaces as the case of glasses treated to
reflect a high portion of the infrared spectrum, etc. The quantitative
infrared thermography in buildings is a very useful technique
currently under development. Somevaluable researches include the
quantitative evaluation of thermal bridges in buildings (Asdrubali
et al. [3]),who can estimate the thermal bridgeeffect as apercentage
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increase of thewall transmittance bymeasuring the air temperature
andbyanalyzing the corresponding thermogram.Other studies deal
with the quantitative determination of the overall heat transfer
coefficient (U-value) of building envelopes through infrared ther-
mography: Fokaides and Kalogirou [4] proposed a technique to es-
timate U by measuring the wall temperature with an infrared
camera and they determined the U-value of typical building con-
struction in Cyprus. Recently, Lehmann et al. [5] performed a
quantitative analysis of the individual influence of different pa-
rameters on the thermal images of building facades and developed a
procedure to evaluate these images considering the thermal char-
acteristics of the building itself and the climatic history preceding
the infrared thermography. Marinetti and Cesaratto [6] proposed a
transientmethod foremissivitymeasurement,which is basedon the
spectral response of the IR sensor and does not require emissivity
references and reflected temperature knowledge. The authors used
an IR camera operating in the mid-wave band (3e5 mm). Results
showed that for outdoor measurements, the influence of emissivity
was stronger than in the indoor case.

The mentioned studies deal with diffusing targets. The appli-
cation of infrared thermography for specular targets is complex
because the reflection of infrared radiation is angle-dependent,
while in perfectly diffuse surfaces this reflected radiation is
isotropic and it is spread homogeneously in all directions. For
specular targets, some valuable studies were carried out by several
researchers in the last decades. Argiriou et al. [7] measured the
brightness concentration distribution in the focal plane of a solar
parabolic dish using a standard infrared thermography equipment.
Bazilian et al. [8] used thermographic techniques to investigate the
thermal effects of a residential-scale building integrated photo-
voltaic cogeneration system. More recently, Pfänder et al. [9]
developed a methodology for infrared temperature measure-
ments on solar trough absorber tubes by using a solar-blind
approach. Datcu et al. [10] present a method to quantify the re-
flected flux of opaque walls by using an infrared mirror, which
allows large surface temperature measurements by infrared ther-
mography under near-ambient conditions with improved accu-
racy. Krenzinger and De Andrade [11] studied the errors and their
consequences when performing outdoor glass thermographic
thermometry of solar energy devices. They proposed and experi-
mentally validated a correction method for outdoor thermo-
graphic measurements that includes the estimation of a
thermographic equivalent sky temperature. The authors applied

the methodology to measurements of photovoltaic modules
exposed to clear and cloudy skies. The present paper is based on
the Krenzinger and De Andrade [11] research, and it extend their
results to other surfaces as metallic ones, providing also a method
to estimate the optimum source temperature and the analysis of
the measurement error.

Thermographic measurement of specular surfaces is not
straightforward. Specular reflection is mirrorlike, that is, the
incident angle is equal to the reflected angle with both angles and
the normal to surface lying on the same plane. Thus, the contri-
bution of the reflected energy to the thermal image produced by a
thermographic camera is an important parameter that should be
accounted for. Pfänder et al. [9] highlights two main limitations for
the accurate temperature determination when using infrared
sensors on solar irradiated surfaces: reflected infrared energy from
sunlight and errors due to the uncertainty in the emittance of the
radiating object. The authors studied the application of thermog-
raphy in the tubes of a solar absorber and they indicate that
reflection errors are often dominant for measurements under
concentrated solar radiation and that a reliable temperature
measurement is only possible if the thermal radiance considerably
exceeds the reflected radiance. When this is not the case, as for
example when glazed surface at near ambient temperature are
inspected, the knowledge of infrared reflectance is important for
the analysis and processing of the thermal image. Thus, in quan-
titative applications of thermography, the estimation of the
infrared reflectance provides vital information in order to correct
the measurements provided by the camera. It is also important for
specular materials to know the behavior of the reflectance with
the incidence angle in order to correct the measurements that
were taken with incidence angles different from the normal di-
rection, and for surfaces that are not plane.

This work describes a methodology to measure the reflectance
of specular materials for different incidence angles in the infrared
range 8 mme14 mm, by using a thermographic camera and an
infrared radiation source. The methodology includes the analysis of
errors in the estimation of the reflectance and how to select the
temperature of the source that minimizes these errors. The method
is applied to different specular surfaces commonly used in building
facades and solar devices, whose infrared specular reflectances are
estimated for different incidence angles. The obtained results are
analyzed in order to provide valuable information for in-situ ther-
mographic measurements of specular surfaces.

Nomenclature

e% percentage relative error of the reflectance
measurement (unitless)

S0(T) signal produced by the infrared sensor (V)
Ssen electrical signal produced by sensor (V)
Ta air temperature (�C)
Tr apparent temperature of the source reflected on the

target (�C)
Ts source temperature (�C)
Tsurr surrounding temperature (�C)
Tt target temperature (�C)
U Overall heat transfer coefficient (W m2 K−1)

Greek symbols
ε
0 emittance set in the infrared camera when measuring

the reflected image (unitless)
εl spectral emittance (unitless)
εt target emittance in work camera range (unitless)
εs source emittance in work camera range (unitless)
q incidence angle for infrared radiation (�)
l wavelength (mm)
rt target reflectance in work camera range (unitless)
s StefaneBoltzman constant (5.6697 � 10�8 W m2 K�4)
sa air transmittance (unitless)
Drt absolute error of the reflectance measurement

(unitless)
DTs absolute error when measuring Ts (�C)
DTr absolute error when measuring Tr (�C)
DTa absolute error when measuring Ta (�C)
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2. Reflectance of specular surfaces

In specular reflection, a monochromatic parallel beam from a
single incoming direction il,i(l,q,4) is reflected into a single
outgoing direction, where the angle of incidence of the incoming
ray q equals the angle of reflection qr and that the incident,
normal to surface and reflected directions are coplanar. The
reflectance of a surface is defined as the ratio of reflected power
to incident power incoming, that is, for a monochromatic beam
of wavelength l the reflectance at an incidence angle q and
azimuth 4 is defined as:

rlðq;fÞ ¼ il;rðl; qr ¼ q;fr ¼ fþ pÞ=il;iðl; q;4Þ (1)

In real surfaces, there is not a single outgoing direction of the
reflected ray, but a narrow cone, due to the surface roughness.
Expressions relating the roughness of a plane surface to its
specular reflectance at normal incidence were presented and
were experimentally in the early ’60 by Bennett and Porteus [12].
The authors stated that, if light of a sufficiently long wavelength
is used, the decrease in measured specular reflectance due to
surface roughness is a function only of the root mean square
height of the surface irregularities, and in this cases the mea-
surement of long-wavelength specular reflectance provide a
simple and sensitive method for accurate measurement of sur-
face finish.

Nowadays, measurements of specular reflection are performed
with normal or varying incidence reflectometers using a scanning
variable-wavelength light source. Fig. 1 shows the spectral reflec-
tance at normal incidence of a glass sheet for wavelengths in the
range between 0.2 and 15 mm [14]. As shown, reflectance is con-
stant around 0.07 for the visible range (0.38e0.78 mm) and at
wavelengths lower than 8 mm. Fort the range from 8 mm to 15 mm
the reflectance oscillates between 0.07 and 0.25, with a maximum
of 0.25 around 10 mm. Fig. 1 shows that glass is opaque to infrared
radiation of wavelength greater than 5 mm, thus reflection occurs in
a single interface (air) and the relationship rt versus l will be the
same for a glass sheet that one cover or several glass covers.
Because glass infrared transmittance is null, then the incident ra-
diation must be absorbed or reflected. This behavior is different in
the visible range, where transmittance is high and it decreases with
the incidence angle (Duffie and Beckman [13]).

Usually the values of reflectance are done for a specific range of
interest l1el2. In this case, the specular reflectance given by the
previous equation is integrated over the corresponding range as
shown in Eq. (2).

rl1�l2 ¼

Zl2

l1

il;rðl; qr ¼ q;fr ¼ fþ pÞdl

Zl2

l1

il;iðl; q;fÞdl

(2)

The reflectance is named visible, infrared or solar, according to
the range l1el2 considered as the integration limits, and these
values are usually found in the bibliography at normal incidence. In
the case of the thermographic cameras, the common ranges are 8e
14 mm or 2e5.6 mm, due to low atmosphere absorption in both
ranges. In our particular case, the range of the camera is 8e14 mm,
thus in the following paragraphs we will name rt to the target
specular infrared reflectance in the range 8e14 mm, at an incidence
angle q and at an azimuthal angle 4.

3. Infrared radiometric thermometry

As explained before, a thermographic camera detects the
radiant energy over a range of wavelengths (usually 8e14 mm or 2e
5.6 mm) emitted by the object of interest, and by using Planck’s
radiation law it relates this energy to the object temperature and
transforms the radiometric measure into a visible color or gray
image. The sensor technology is an array of uncooled micro-
bolometers of vanadium oxide (VOx) or amorphous silicon (a-Si)
with a large temperature coefficient on a silicon element with large
surface area, low heat capacity and good thermal insulation [15,16],
that produces an electrical signal Ssen proportional to the absorbed
radiation.

For opaque targets placed in an ambient with low humidity and
surrounding temperature near air temperature, Ssen is expressed as
(Gaussorges [17]):

Ssen ¼ εtS0ðTtÞ þ ð1� εtÞS0ðTaÞ (3)

where S0(T) is the signal produced by a sensor (V) when infrared
radiation exclusively from a blackbody at temperature T arrives it, εt
is the target effective emittance, Ta is the air temperature (�C) and Tt
the target temperature (�C).

The relationship between S0(T) and T is a characteristic of the
sensor and camera optics, and it is usually unavailable to the user.
When the user sets the values of εt and Ta, the camera is able to
calculate Tt by using Eq. (3) and the sensed electrical signal Ssen. The
results are stored in a radiometric data file which is not directly
accessible to the user and a manufacturer’s own soft provided with
the camera must be used. Because the files are radiometric, there is

Fig. 1. Spectral reflectance of a glass sheet. Source: VDI/VDE Richtlinie, 1995 [14].
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not necessary to define the setting values in the instant of the
measurement but later, whenprocessing the results in the software.

3.1. Reflectance determination

Themethodology includes the inspection of two opaque bodies:
an infrared source of emittance εs at temperature Ts and a specular
target of emittance εt and reflectance rt at ambient air temperature
Ta. When the infrared source is measured, the signal Ssen,s detected
by the sensors includes the two terms given by Eq. (3):

Ssen;s ¼ εsS0ðTsÞ þ ð1� εsÞS0ðTaÞ (4)

To ensure the specular target is at ambient temperature Ta, the
measurement of the reflected image must be taken so quickly as to
avoid the heating of the target surface due to absorption of the
radiation emitted by the infrared source (if the target is heated up,
then it will be necessary to know the camera response, which is not
available to the end-user, to compute the target reflectance). Thus,
when the image of the source reflected by the target surface is
inspected, the signal Ssen,r includes the radiation emitted by the
target at temperature Ta and the radiation coming from the source
that is specularly reflected by the target:

Ssen;r ¼ εtS0ðTaÞ þ rtSsen;s (5)

In the case of diffusing surfaces, a portion of the radiation
arriving the target is reflected in all directions and do not reach the
camera sensors. In the case of a perfectly diffusing opaque target,
Eq. (5) must be corrected in order to include the view factors be-
tween the source, the target and the camera lenses. The extension
of the method for diffusing surfaces will be faced in future studies.

Fig. 2 shows a scheme for the radiation arriving the sensor after
it was reflected by the specular target. The signal Ssen,r is processed
by the camera software. When the emissivity is setted to ε

0, the
fictitious or apparent temperature of the reflection Tr is calculated
by the software as:

Ssen;r ¼ ε
0S0ðTrÞ þ ð1� ε

0ÞS0ðTaÞ (6)

Equaling Eqs. (5) and (6) and selecting an emittance ε0 ¼ εswhen
processing the reflected apparent temperature, we obtain:

rt ¼ S0ðTrÞ � S0ðTaÞ
S0ðTsÞ � S0ðTaÞ

(7)

Eq. (7) shows that to calculate rt it is not necessary to know the
exact value of εs provided that both, the source and the reflected
temperatures, were taken with the same setted emittance value.

To evaluate the expression (7), we need to know S0(T). Many
expressions exists in the bibliography that represents the response

of infrared sensors, themost known and used being those proposed
by Sakuma and Hattori [18] and by Sakuma and Kobayashi [19]. We
selected the potential expression S0(T) ¼ CTA where C is a constant
and A ¼ 4, because this equation allows the results to be analyzed
through an expression similar to the Stefan Boltzmann law, and
because it is one of the most utilized expressions in the bibliog-
raphy. Thus, the reflectance rt is determined as:

rt ¼ ðTr þ 273Þ4 � ðTa þ 273Þ4
ðTs þ 273Þ4 � ðTa þ 273Þ4

(8)

where Ts is the temperature (�C) of the source measured by the
camera Ta, is the air temperature (�C), and Tr is the apparent re-
flected temperature (�C) when the set emittances of all measure-
ments to the same value. This reflectance can be determined for
different incidence angles of the beam incoming radiation.

3.2. Error analysis

To analyze the error of the reflectance measurement, we need to
include the equipment errors in the sensed temperatures, that is,
the absolute errors DTs, DTr and DTa in determining the source,
reflected and air temperatures. The absolute error in the reflectance
Drt is found by the propagation method in Eq. (8) (Taylor [20]):

Drt¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
DTs

vrt
vTs

����
Tr ;Ta

�2

þ
�
DTr

vrt
vTr

����
Ts;Ta

�2

þ
�
DTa

vrt
vTa

����
Tr ;Ts

�2
vuut (9)

while the percentage error e% is calculated as the ratio in percent
between the absolute error and the measured value.

Once the equipment was selected, the only variable that can be
modified by the user that influences the relative error is the source
temperature Ts. The dependence of e% with Ts was calculated for
Ta ¼ 20.0 �C and it is presented in Fig. 3 for different reflectances
between 0.1 and 0.8. The absolute error of the air temperature was
�0.4 �C (corresponding to a digital thermometer with a K-ther-
mocouple). DTs and DTr were determined by using the error spec-
ified by the manufacturer of the thermographic camera (�2 �C or
�2% of the measured value, whichever is greater). Fig. 3 shows that
the minimum achievable error is around 5% and that e% decreases
when rt increases. Also it can be concluded that for materials with
low reflectances (glazed surfaces) there are more adequate higher
source temperatures. For these materials, errors can be as high as
44% for source temperatures of around 60 �C. In the case of surfaces
with high reflectances (generally metallic ones) the selection of the
source temperature is less influencing than for glass: it varies from

Fig. 2. Scheme of the radiation arriving the camera after the reflection in the specular
surface of the target. Fig. 3. e% in function of Ts for different rt values, at an air temperature of 20 �C.
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9% to 4%. For example, for a source temperature of 100 �C, e% is
around 14% for a glass target (rt w 0.15) and around 5% for a
metallic target (rt w 0.8). The curves of Fig. 3 also show that,
depending on the material reflectance, there is a source tempera-
ture for which the relative error is minimum. This value should be
considered together with the camera and source ranges in order to
select the most appropriate source temperature without affecting
the source temperature stability.

In order to assess the optimumvalues of the source temperature
for a given material, the derivative of the relative error with respect
to Ts was equaled to zero and the source temperature was found
from the resulting equation. The calculation was made through the
computational software EES (Engineering Equation Solver) and the
results of Ts.min ¼ f(rt) are presented in Fig. 4, for three air tem-
perature conditions (15 �C, 20 �C and 25 �C). The horizontal bars on
each point indicate the error band of the measurement. Due to the
proximity of the curves only the error bars for Ta¼ 20 �C are shown.
The influence of the air temperature on the relative error was also
calculated and it was found to be lower than 0.25%, so it is not
necessary to reduce the air temperature of the laboratory for tests.

4. Experimental layout

4.1. Methodology

The experimental layout consists of a specular target placed at
vertical position and both source and camera placed equidistant to
the normal of the target surface, as shown in Fig. 5 for an incidence
angle of q ¼ 45�. The methodology consists in taking two ther-
mographic images, one of the infrared radiation source and the
other of its reflection on the specular surface. The process is
repeated for each incidence angle. Finally, the temperatures Tr and
Ts are extracted from the thermograms by using the software pro-
vided with the camera, and Eqs. (8) and (9) are used to obtain the
specular reflectance and its corresponding error.

The first decision to make is to select the kind of infrared source
to use and its temperature. It is preferable an extended source than
a punctual one because thermograms of an extended area allow the
determination of the source temperature with a higher precision.
Software of digital image processing can be used, for example to
obtain averaged values, maxima and minima values, temperature
profiles, etc. While the more uniform the temperature distribution
of the source surface, the higher the measurement quality of the
source temperature. The second aspect to be considered is the se-
lection of the source temperature. As explained in the previous
section, it depends on the target surface. For example, in the case of
glass and mirrors, infrared reflectance is around 0.15 and the op-
timum source temperature for at Ta ¼ 20 �C is around 270 �C, while

in metals the infrared reflectance is around 0.8 and the optimum
source temperature is around 110 �C.

The environment of the target must be maintained as constant
as possible: air temperature should be constant and known, with
negligible air flows to avoid convective heat losses of the measured
surfaces, and external radiation sources (as computers, lights, air
heaters, etc.) should be eliminated by turning them off. Fig. 6 shows
the two thermographic images, one of the infrared radiation source
and the other of its reflection on the specular surface. Note the
specularity in the infrared range: the reflected image is not dis-
torted. In order to avoid the heating of the surface sample, the
thermographic images are taken in a few seconds.

4.2. Equipment description

The infrared radiation source is an IR calibrator Hart Scientific
model 9132. It has a diffuse black circular surface (diameter 57mm)
of known emittance (εs¼ 0.95). The disk can be heated uniformly to
a constant temperature selected by the user in the range 50 �Ce
500 �C. A stabilization time of around 30 min is required in order to
ensure the set temperature was reached. The set temperature was
90 �C for all samples, that is, from Fig. 3 percentage errors were
around 6% (for metals) and 16% (for glass). The selection was made
by considering that lower source temperatures are more stable
than higher ones, that the mentioned error range is quite good for
the measurements, and that a blackbody at 90 �C has its maximum
emission in the detection range of the camera sensors. The tem-
perature of the air in the laboratory was maintained at constant
temperature by a split-type air conditioning equipment with
thermostat. The air temperature was measured with a digital
thermometer FLUKE 54II, with an accuracy of 0.05% of measured
value þ0.3 �C. Air temperature was 20.0 �C � 0.4 �C. Doors and
windows were closed to prevent air flows, and there were not
external radiation sources.

The thermographic camera is a FLUKE Ti55 camera with fusion
of visible and thermal images. It works in three temperature
ranges: �20 �Ce100 �C, �20 �Ce350 �C, and 250 �Ce600 �C, with
an accuracy of 2% or 2 �C (whichever is greater). The image sizes are
320 � 240 in the IR range and 1280 � 1024 in the visible range. The
analysis of the thermograms was made through SmartView soft-
ware that was providedwith the camera. The camera settings were:
range �20 �C to 100 �C, background temperature Ta ¼ 20 �C, air
transmittance sa ¼ 1 and emittance is set to 0.95.Fig. 4. Ts,min vs rt, for different air temperatures Ta ¼ 15 �C, Ta ¼ 20 �C and Ta ¼ 25 �C.

Fig. 5. Experimental layout. (a) Thermographic camera, (b) specular target, and (c)
infrared radiation source, positioned to make measurements for q ¼ 45� .
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The materials tested were:

* Mirrors of different thicknesses and qualities: 3 mm and 4 mm
thick mirrors with common glass support, and 4 mm thick
mirror with “white” glass support (low iron content).

* Glass of different thicknesses: 2 mm and 8 mm thick common
clear glass.

* Aluminum sheet (Al 98.8%), with one anodized and polished
face and other anodized and unpolished face. Both faces were
measured.

All surfaces are cleaned with alcohol before the measurements.
The image of the source reflected on the aluminum sheet was
slightly different of a perfect circle, thus evidencing that the
aluminum sheet is not perfectly plane. This situation can introduce
errors of at least 0.5 �C in the registered temperatures resulting in
variations of the reflectance of around 1%.

4.3. Results

Fig. 7 shows the reflectance obtained for the targets at incidence
angles between 10� and 70�, with the error bars calculated through
Eq. (9). Twofitting curveswith theirmathematical expressionswere
included in the graphic, bothwithR2 around0.97.As expected, avery
different behavior is observed between the group of metal surfaces
and the group of glass surfaces: for materials with glass as substrate
the specular reflectance rt increases with the incidence angle q,
while for the metal sheet rt decreases when q increases.

In the case of glazed substrates, reflectance is almost the same for
all samples: mirrors and glasses of different thicknesses and iron
content present similar values of rt, with small differences below5%.
From this group, the mirror target with 4 mm “white” glass support
presents the greatest reflectances for all angles. The reflectance is
constant below q¼ 45�, taking amean value of rt¼ 0.15� 0.03 for all
targets. This value is close to the ones given in the literature: Raytek
[21] reports a reflectance at normal incidence of 0.15 (ε ¼ 0.85) for

glass surfaces in the range 8e14 mm, while Krenzinger and De
Andrade [11] report the same value in this wavelength band. When
the incidence angle is increased behind 45� the reflectance grows
up, reaching a maximum value of 0.52 for an angle of 80�. Other
researchers have found the same growing behavior, but with a
slightly lower slope [11] that gives a maximum value of 0.43 for an
angle of 80� with a maximum error of around 0.05. The differences
can arise from the glass composition: the iron content in the form of
iron salts impairs the radiation transmission, thus influencing the
optical glass refraction index and hence the reflectance. The varia-
tion of r, and consequently the emittance, with the incidence angle
suggests that thermograms should be taken at small incidence an-
gles if literature values are used to set the camera. When the view
angle is higher than 45�, the emittance valuemust be set correctly in
the camera software in order to avoid erroneous temperature

Fig. 6. a) Infrared reflected image and temperature profile on the gray line produced by a mirror target and b) infrared image of the source set to 90 �C. q ¼ 45� . Scales of both
images are different.

Fig. 7. Specular reflectance rt vs incidence angle q results for all samples with their
corresponding error bars.
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estimation. This could be the case of thermograms of high-rise
glazed building facades taken from the street level.

In the case of metal sheets, Fig. 7 shows that the polished side
presents rt values between 0.82 and 0.55 with an average abso-
lute error of �0.05. The normal incidence value agree with the
manufacturer value, that reports an infrared reflectance of 0.8
(ε ¼ 0.2 � 0.03 at 100 �C) [22]. Other values found in the litera-
ture varies from 0.7 to 0.9 in the range 8e14 mm for polished
surface and up to 0.95 for special aluminum sheets applied in
solar devices [22,23]. Fig. 7 shows that the behavior of the
reflectance with the incidence angle is opposite to that of glass: it
decreases with increasing incidence angles and there is not an
angle band where the reflectance remains constant. This means
that care must be taken when measuring metallic surfaces: both,
the incidence angle must be known, and the thermal emittance at
this angle must be correctly set. No literature was found that
addresses this behavior.

Finally, Fig. 7 shows that the specular reflectance of the un-
polished back side presents values from 0.87 to 0.60, values that
are 6e8% higher than those of the polished surface. The difference
arise from the surface back side treatment: the unpolished surface
is less specular than the front polished one, so a portion of radi-
ation is specularly reflected and a portion is diffusely reflected,
thus the area seen by the sensor could contain a small additional
contribution of adjacent points that increase rt values. As
explained before, the developed method can be applied only for
specular surfaces.

5. Conclusions

A simple methodology to estimate the reflectance of specular
materials for different incidence angles in the infrared range
8 mme14 mm, by using a thermographic camera and an infrared
radiation source, was developed. The methodology consists in
taking two thermographic images, one of an infrared radiation
source and the other of its reflection on the specular surface, and
by using Eqs. (8) and (9) the specular reflectance and its corre-
sponding error are obtained. An important conclusion is that the
source temperature influences the error of the measurement,
especially for glass targets, and graphs are included to select the
temperature of the source that minimizes the measurement er-
ror. This methodology can be applied to determine the infrared
behavior of different kind of special glasses available in the
market, as low-e and selective glasses, and for surfaces of solar
devices as glazed covers of solar air and water collectors, solar
absorbers, etc.

The methodology was applied to different specular surfaces
commonly used in building facades and solar devices: mirrors of
different thicknesses and qualities (3 mm and 4 mm thick mirrors
with common glass support, 4 mm thick mirror with “white” glass
support, 2 mm and 8 mm thick common clear glass), and a metal
aluminum sheet (with one anodized and polished face and other
anodized and unpolished face). The infrared specular reflectances
were estimated for different incidence angles and fitting equations
were provided. In the case of glass and mirrors, the measurements
show that for incidence angles below 45�, both reflectance and
emittance presents low variations, but for incidence angle higher
than 45�, reflectance is higher and emittance (εt ¼ 1 � rt) must be
set correctly in the camera software in order to avoid an erroneous
temperature estimation. This could be the case of thermograms of
high-rise glazed building facades taken from the street level. The
measured mean reflectance below q ¼ 45� is rt ¼ 0.15 � 0.03 and it
is constant for incidence angles between 0� and 45�. For incidence
angles higher than 45� the reflectance grows up to 0.52 and the
reflectance can be estimated through the provided fitting equation.

In the case of the metal aluminum sheet, reflectance values of the
unpolished side are between 6 and 8% higher than those of the
polished one that can be explained by contributions other than
specular due to the lesser specularity of the unpolished side. The
measurements on the polished side showed reflectance values
carrying between 0.82 and 0.55, with average absolute errors of
�0.05. The values obtained in the measurements are similar to
those reported by the bibliography, ensuring the adequacy and
accuracy of the methodology.

Because in metallic surfaces the infrared reflectance is highly
variable in the whole measurement range 10�e70�, care must be
taken when measuring metallic surfaces: both, the incidence angle
must be known, and the thermal emittance at this angle must be
correctly set in the camera.

Special caution is needed when the target surface is not
specular. In the case of diffusing opaque surfaces, a portion of the
radiation arriving the target is reflected in all directions and do
not reach the camera sensors. Thus, the methodology is not
adequate and it has to be reformulated to include the view fac-
tors between the source, the target and the camera lenses. A
methodology for diffuse ones will be pointed out in future
works.
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