energies

Article

The Effect of the Substrate on the Optic Performance of
Retro-Reflective Coatings: An In-Lab Investigation

Alessia Di Giuseppe 17, Marta Cardinali *(7, Beatrice Castellani 1"
, Lucio Postrioti 2, Andrea Nicolini 12

Alberto Maria Gambelli 2

check for

updates
Citation: Di Giuseppe, A.; Cardinali,
M.; Castellani, B.; Filipponi, M.;
Gambelli, A.M.; Postrioti, L.; Nicolini,
A.; Rossi, F. The Effect of the Substrate
on the Optic Performance of
Retro-Reflective Coatings: An In-Lab
Investigation. Energies 2021, 14, 2921.
https:/ /doi.org/10.3390/en14102921

Academic Editor: Adrian

Mota Babiloni

Received: 19 April 2021
Accepted: 16 May 2021
Published: 18 May 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2(D, Mirko Filipponi 12

and Federico Rossi 12

CIRIAEF, Interuniversity Research Centre on Pollution and Environment “M. Felli”, Via G. Duranti 67,
06125 Perugia, Italy; alessia.digiuseppe@crbnet.it (A.D.G.); beatrice.castellani@unipg.it (B.C.);
mirko.filipponi@unipg.it (M.F.); andrea.nicolini@unipg.it (A.N.); federico.rossi@unipg.it (ER.)
Department of Engineering, University of Perugia, Via G. Duranti 93, 06125 Perugia, Italy;
alberto.mariagambelli@gmail.com (A.M.G.); lucio.postrioti@unipg.it (L.P.)

*  Correspondence: cardinali@crbnet.it

Abstract: Retro-reflectivity is a promising surface capability, which has attracted the interest of
researchers for building applications in order to counteract Urban Heat Island (UHI) effects. This
work aims at studying the impact of the substrate material on the optic performance of retro-reflective
(RR) coatings. Three types of substrate materials were investigated: smooth pine wood panels, rough
plywood panels, and smooth acetate sheets. The RR coating samples were made by firstly adding a
high reflective white paint onto the substrate material and a homogeneous RR glass beads layer on
the top. As a reference case, also diffusive samples, without RR beads, were developed. Samples
have been tested through a spectrophotometric and an angular reflectivity analysis. Results show
that, despite a lower global reflectance of the RR samples with respect to the diffusive ones, the glass
beads coating provides a good retro-reflective capability to all the diffusive samples. Additionally,
the roughest RR sample exhibited the highest RR capability of up to 16%, with respect to the other
smoother samples. Future developments may involve the optimum design of RR coatings, in terms
of their optic performance by varying the substrate materials and roughness, the glass beads density

and dimension.
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1. Introduction

During the last decades, cities are continuously suffering from several anthropization-
related issues: human activities, in fact, generate high levels of air pollution, anthropogenic
heat, energy consumptions, and greenhouse gases emissions, which contribute to the
so-called Urban Heat Island (UHI) effect [1,2]. Such a phenomenon occurs with an increase
in urban air temperatures with respect to the natural, not populated areas nearby [3]. UHI
could also be worsened by the ongoing climate change, which is responsible for increasingly
extreme events occurrence, more frequent heatwaves, and urban overheating [4-6]. In
Yenneti et al. (2020) [7], a collection of studies on UHI intensity in 10 different Australian
cities is reported, showing that the UHI magnitude ranges between 1 and 13 °C in the
investigated sites.

Urban pattern and building materials could also have a strong impact on UHI [8]: In
dense city contexts, where urban canyon configurations are more frequent, incident solar
radiation could get trapped inside the urban structure, because of consecutive reflections
of solar radiation between facing buildings. Furthermore, the unstoppable urbanization
results in an increase of built surfaces, usually made of artificial materials, at the expense of
vegetation, natural ground, and greenery. The most commonly used materials for building
envelopes and pavements are typically characterized by low solar reflectance and thermal
emissivity, resulting in a higher amount of solar radiation being absorbed by urban surfaces.
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These facts lead to a further overheating, contributing also to the depletion of the urban
environment and outdoor thermal comfort [7].

In this panorama, it becomes necessary to develop new solutions for building en-
velopes and urban surfaces, improving their optic and radiative features. Literature
studies [9-11] on innovative coatings for UHI mitigation and building energy savings
include high-reflective and infrared reflective materials, thermochromic and fluorescent
coatings, daytime radiative coolers, and retro-reflective (RR) materials.

Among them, RR materials possess a unique feature that has caught the attention
of researchers during the last years, especially regarding their possible application in
building envelopes and urban surfaces [12,13]. Such materials, in fact, are able to reflect
the sunlight predominantly toward the same direction of incidence [13]. Several studies
have proved their effectiveness, particularly in Urban Canyons, where they could avoid
the onset of multiple reflections between facing surfaces, leading to a cooling effect inside
the canyon [14-17]. The RR capability is given by the peculiar surface microstructure,
which may consist of reflective prisms (cube corner RR type), or glass beads arranged over
a reflective layer (glass beads RR type) [18,19]. In Sakai and Iyota (2017) [20], two new
typologies of RR materials were presented: the directional RR type and the rough-surface
RR one. The latter is based on the contribution to retro-reflectivity given by the surface
roughness. With regard to this aspect, a recent study developed a new BRDF model for
prismatic RR materials, taking into account also the surface roughness [21].

This work aims to investigate the impact that the substrate material could have in
terms of retro-reflective capability of a glass beads RR coating, applied on the top of the
surface. To this aim, three kinds of substrate materials with different roughness have been
tested: a smooth pine wood panel, a rough plywood panel, and a smooth acetate sheet.
For each kind of substrate, a RR glass beads sample and a diffusive sample, without glass
beads, have been made. The optic performance of the tested materials was determined
through a spectrophotometric and an angular reflectivity analysis, in order to explore the
potential impact of the substrate material and its roughness on the final RR capability.

2. Motivation

The present research represents a preliminary step for the development of the opti-
mum design of RR coatings to be used for building application, as an alternative to the
commercial existing RR materials, originally conceived for road and traffic signs. In fact, RR
coatings could contribute to decrease the energy entrapped inside an urban canyon, due to
their angular properties of reflection. The application of RR both on walls and pavements
of the urban canyon could provide a better mitigation of UHI, avoiding multiple reflections
between facing surfaces [12-17,22].

Furthermore, RR materials could be used in combination with diffusive materials in
photovoltaic fields, in order to increase the electric energy produced by the downward
facing panel of a bifacial photovoltaic system. Consequently, this study may provide useful
information about the most suitable substrate to be applied for RR coatings.

In order to define the optimal RR coatings, this study constitutes a first effort in the
investigation of the optimal substrate to be used for RR glass beads coatings, in terms of
the material’s typology and roughness.

In particular, data concerning the optic performance in terms of global reflectance
and directivity of three types of substrate material were collected and discussed in the
following sections.

3. Materials and Methods

In this section, the three tested substrate materials are firstly described and then
the applied methodology is presented, involving a spectrophotometric and an angular
directivity analysis.
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3.1. Description of Samples

Three types of substrates with different materials and roughness were tested in order
to study the impact of the substrate on the optic performance of RR coatings, made of a
high-reflective white paint with glass beads embedded on it.

The three substrate materials are presented below:

SW: smooth pine wood panel;

RW: rough plywood panel;

SA: smooth acetate sheet.

These materials are characterized by a different roughness, which has been measured
with a Taylor Hobson Precision Surtronic 25 [23] portable instrument. For the SA sample,
one measure has been carried out, as the surface is extremely smooth and homogeneous.
For the two wood-based substrates, two measures have been performed, as their surfaces
are not homogeneous. In particular, for the SW sample, a first measure was carried out in
the same direction of wood fibers, whereas the second one was conducted perpendicular
to them. For the RW sample, the roughness was measured in two different portions of
the surface. Results are presented in Table 1, concerning the range of measured values of
roughness indices R, and R, for each substrate sample.

Table 1. Roughness measurements for the three substrate samples.

Substrate Sample R, [pm] R; [um]
SW 1.70 = 4.92 9.80 + 27.80
RW 2.82 +6.00 15.40 =+ 36.00
SA 0.08 0.50

Results show that the material with the lowest roughness is the SA sample, followed
by the SW sample. The highest roughness values are exhibited by the RW substrate, which
has the most inhomogeneous surface appearance.

Starting from these three different substrates with increasing roughness, the same
glass beads RR coating was applied to them, in order to investigate the impact of the
substrate on their optic performance. The RR coating samples were made with a high
reflective white paint supplied by INDEX Construction Systems and Products S.p.A., on
which a homogeneous RR glass beads layer was settled on the top. RR glass beads were
supplied by PROCHIMA s.r.l. with an average diameter 0.1-0.2 mm.

The three RR coating samples are defined as follows:

RRgw: glass beads RR coating applied on SW panel (Figure 1a);
RRrw: glass beads RR coating applied on RW panel (Figure 1b);
RRgp: glass beads RR coating applied on SA sheet (Figure 1c).

As a reference case, also a diffusive sample for each typology of substrate, without
RR glass beads, was realized. The three diffusive samples were mentioned as DIFFgy
(Figure 1d), DIFFrw (Figure le), and DIFFgu (Figure 1f), respectively.

Figure 1 shows the investigated RR and diffusive samples. The size of the substrate
materials was 20 cm x 20 cm both for RRgw /DIFFgy and for RRrw /DIFFRy samples,
while it was 21 cm x 29.7 cm for the RRgp /DIFFga sample.
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Figure 1. Investigated RR and diffusive coating samples on different substrates: (a) RRswy; (b) RRryy;
(c) RRgp; (d) DIFFgy; (e) DIFFRw; (f) DIFFga.

3.2. Methodology

For the investigation of the substrate optic performances, the following methodology
was applied:

e  Firstly, a spectrophotometric analysis was conducted, in order to assess the solar
reflectance of samples using a spectrophotometer equipped with an integrating sphere
which covers UV, VIS, and NIR regions. The range of measurements is 250-2500 nm,
which includes the 99% of solar energy;

e  Finally, a directional reflectivity analysis with an ad-hoc experimental facility was
carried out in order to measure the angular distribution of reflected energy by the
tested samples.

3.2.1. Spectrophotometric Analysis

Reflectance of the samples in the solar spectrum was investigated by a Shimadzu
SolidSpec 3700 spectrophotometer equipped with a 60 mm integrating sphere. Characteris-
tics of the spectrophotometer facility can be found in [24]. The aim of these measurements
was to assess the global hemispherical solar reflectance and its spectral distribution. In
Figure 2 below, an example of the test carried out through the spectrophotometric analysis
with the RRgw sample is shown.

Figure 2. Spectrophotometric analysis of the tested samples.

3.2.2. Angular Reflectivity Analysis

As stated in Rossi et al. [14], the most common in-field and in-lab testing procedures
could not completely describe RR materials” directional reflectivity properties. Thus, an
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ad-hoc experimental facility, already introduced in [25], has been used for the investigation
of RR materials” angular reflectivity for different directions of incident radiation. As shown
in Figure 3a, the apparatus is mainly composed of: (i) an artificial light source which
illuminates the samples [26]; (ii) a semi-circular frame with a graduated scale from 10° to
—10° with respect to the center; (iii) a photo-radiometer Delta Ohm HD 9221 with an LP
9221/RAD probe [27]. In Figure 3b below, a picture of the operative conditions for the
directivity analysis is presented, where the incident radiation is the one provided only by
the artificial light source.

(b)

Figure 3. (a) Experimental facility for directivity analysis; (b) Operative conditions for directivity

investigation of samples.

4. Measurement Results and Discussion
In this paragraph, results of the optic characterization campaign are discussed.

4.1. Spectrophotometric Analysis

Solar reflectance of the samples was determined by spectrophotometric analysis. For
each sample, spectrophotometric measurements were carried out three times. Figure 4
shows the average reflectance of samples over the wavelength range. In all cases, it emerges
that RR samples show an overall lower reflectance. Over 1500 nm, the reflectance of RRgw
and RRrw samples, and their respectively DIFFsy and DIFFry ones are very close to each
other. The reflectance of RRga and DIFFss samples becomes very close to each other over
1650 nm. From 2000 to 2250 nm, the reflectance of the RRgy sample corresponds almost
exactly to the DIFFsy sample” s reflectance. Over 2100 nm, the reflectance of the RRga
sample goes beyond its corresponding diffusive sample. Finally, the reflectance of the
RRgw sample shows a higher level of reflectance than the DIFFgy; one over 2250 nm. Global
reflectance values are shown in Table 2.
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Figure 4. Spectral reflectance of samples.
Table 2. Global reflectance of samples.
Sample Global Reflectance (%)
RRsw 75
RRgrwy 73
RRga 72
DIFFsw 83
DIFFrw 80
DIFFsp 84

In all cases, diffusive samples show higher global reflectance values than their respec-
tive RR samples. The highest value is obtained for the DIFFss sample, equal to 84%. The
RR sample’s global reflectance shows the lowest values ranging from 72% to 75%. Among
the RR samples, the RRsy sample shows the highest value, equal to 75%.

Therefore, the diffusive samples, covered by only high-reflective white paint, show a
higher global reflectance than that of paints with glass beads layer. In particular, the RRga
sample has the lowest global value (72%) among the three RR samples. Consequently,
a smooth substrate made of pine wood or acetate sheet, is able to improve the global
reflectance in diffusive samples (i.e., DIFFgy and DIFFsy ), while the global reflectance of
diffusive samples made by a rough plywood substrate (i.e., DIFFgyy) is negatively affected.
Considering the RR samples, the smooth pine wood substrate (i.e., RRsy) affects positively
the global reflectance, while the RRsy sample shows a lower global reflectance value
compared to the RRgrw sample.

4.2. Angular Reflectivity Analysis

Results of angular reflectivity measurements are reported in Figures 5 and 6. Each
graph shows the comparison between the angular reflectivity distribution of different
samples, for each direction of the incident radiation. The black arrow indicates the direc-
tion from which the incident light strikes the tested sample and the values represent the
percentage ratio between the reflected radiation in each direction and the total reflected
radiation of the specific sample.



Energies 2021, 14, 2921

7 of 10

- == DIFFg,
80> 90° go° o . -80° 90° go°
-70 70° D e -70° 70°
-60° 60° - DIFFgy -60° 60°
50° 50° -50° 50°
40° 40° -40° 40°
-30° 30° -30° 30°
"’,ﬂh\
-20°, (S \, 20°  -20° oL LT 20°
H } 57 43 &R
-10° \ l' 10° -10° :'( "\3 10°
4 \ 4 -
0° \\\____00 0° 0° \ . ; ‘—-x\/_a—l—";‘- 0°
o o o N o\e o
N°§\° \‘3\ @c\ S A° KANPCARI U S

Figure 5. Angular reflectivity profiles of diffusive samples: DIFFsa (red dotted line), DIFFRyy (blue
dotted line), and DIFFgy (green dotted line), for a 90° and —30° angle of incident radiation.
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Figure 6. Angular reflectivity profiles of RR samples: RRgp (red solid line), RRgy (blue
solid line), and RRgy (green solid line), for each direction of incident radiation from 90°

to —20°.



Energies 2021, 14, 2921

8 of 10

In Figure 5, the comparison between the three diffusive samples is reported, for
instance, for an angle of incidence of 90° and —30°, respectively. For an incident beam
direction normal to the sample, a typical reflectivity distribution following Lambert’s law
is shown for all the diffusive samples. For an angle of incidence of —30°, DIFFgp reveals a
more symmetrical diffusive distribution, whereas the two wood-based diffusive samples,
i.e., DIFFRw and DIFFgy, show a slight rightward shift of their reflectivity profiles, which
means that a specular reflection occurs for low incident angles.

Concerning the angular reflectivity of the three RR samples, in Figure 6, the distribu-
tion of reflected radiation is represented for each RR sample and for each angle of incidence
between 90° and —20°, every 10° steps. Graphs show that a strong retro-reflective compo-
nent was found for all the RR samples, due to the effect of the glass beads coating. However,
small differences in terms of reflectivity distribution among the three RR samples have
been detected, depending on the substrate material. Additionally, a diffusive tendency
is visible in all RR samples regardless of the angle of incidence of radiation, whereas a
specular reflection occurs for low angles of incidence, i.e., from —40° to —20°. Such a
specular reflection component is smaller for the RRg4 sample with respect to the two wood
based ones (i.e., RRrw and RRgy), showing that the smooth acetate substrate performs
slightly better in terms of retro-reflection for low angles of incidence.

Values of the percentage ratio between the reflected radiation in the same direction
of incidence and the total reflected radiation are reported in Table 3 for the three RR
samples. It is clearly evidenced that the RRgry sample presents the higher percentage of
retro-reflection for high incident angles (i.e., from 90° to —40°), whereas the RRgs sample
performs slightly higher values for —30° and —20° angles of incidence, with respect to the
RRRrw sample.

Table 3. Retro-reflectivity of the three RR samples, for each angle of incident radiation. Percentage
values are referred to the ratio between the radiation reflected back to the source and the total
reflected radiation for each sample. The RR sample with the maximum retro-reflective percentage is
highlighted in bold for each angle of incidence.

Angle of Incidence RRga RRRrw RRgw
90° 15.86% 16.22% 15.47%

—80° 15.83% 16.12% 15.12%

—70° 15.10% 15.84% 13.99%

—60° 14.16% 15.35% 12.98%

—50° 13.04% 14.34% 11.83%

—40° 11.66% 12.72% 10.53%

—30° 9.99% 9.57% 8.16%

—20° 8.37% 6.90% 6.34%

5. Conclusions and Future Developments

The present work aims at investigating the potential effect of a different substrate ma-
terial on the optic performance of a RR coating, made of a high-reflective white paint with
glass beads embedded on it. To this aim, three different substrate materials, characterized
also by a different roughness, have been selected: a smooth pine wood panel (SW), a rough
plywood panel (RW), and a smooth acetate sheet (SA). With these substrate materials, three
RR samples (i.e., RRsw, RRrw, RRsa) and three diffusive (i.e., DIFFsy, DIFFgry, DIFFgy)
coatings have been realized over the aforementioned samples. The optic performance of
each sample has been investigated through a spectrophotometer and an angular reflectivity
analysis, using an ad-hoc experimental facility. The main findings are presented in the
following points:

e  Concerning spectrophotometric analysis, RR samples exhibit lower global reflectance
values with respect to the corresponding diffusive samples. DIFFsa and RRsy samples
performed the highest values of global reflectance, equal to 84% and 75%, respectively;
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e  From 300 to 1500 nm, the diffusive samples show always a higher spectral reflectance,
whereas both the RRga and the RRgy samples becomes higher than the corresponding
diffusive samples, from 2110 and 2250 nm, respectively;

o  Concerning the angular reflectivity analysis, RRrw, which is the roughest material,
also exhibits the highest retro-reflective component for incident angles near the normal
(i.e., from 90° to —40°). For lower angles of incidence (i.e., —30° and —20°), RRga ex-
hibits a better retro-reflective performance, whereas the two wood-based samples (i.e.,
RRgw and RRgy) reveal a specular reflection tendency, which becomes predominant
for the —20° incidence angle;

e  The maximum retro-reflective capability is equal to 16.22% for sample RRgw at a 90°
angle of incident radiation.

Future research efforts should be made in the investigation of materials characterized
by different roughness and glass beads properties, in order to identify the optimal RR
coating design for building applications, especially in urban canyons. Furthermore, RR
materials could be useful in photovoltaic systems, in combination with diffusive materials
in order to increase the electric energy produced by the downward photovoltaic panel.
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