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A B S T R A C T   

The latest research suggests the use of retro-reflective (RR) materials as innovative coating solutions for building 
envelopes and urban surfaces. This study aims at investigating the performance of RR materials after outdoor 
aging and soiling during summer 2021 in Perugia, Italy. Different glass beads RR coatings were realized with 
three substrate typologies, characterized by various roughness, and they were investigated in terms of their optic 
performance. Also diffusive (DIFF) coatings were made for comparison purposes. Variations in terms of solar 
reflectance and relative angular reflection distribution were compared with the same coatings in pre-aging 
conditions. Pre-aging optic data were presented and discussed in a previous work by the Authors. In all cases, 
the aged samples exhibit lower global reflectance values compared to their original conditions: the RR coating 
over a smooth pine wood substrate shows the highest reduction value equal to 14.4%. A stronger relative RR 
component was found for all the RR samples in post-aging conditions. Future developments may involve the 
identification of an optimal protective layer to be applied on RR materials to prevent the detachment of glass 
beads in RR post-aging coatings.   

1. Introduction 

Urban population is growing significantly, resulting in increased 
anthropogenic modification of natural landscape that determines a 
change of thermal and energy balance of cities. In fact, urban temper-
atures are higher than in nearby rural areas as a consequence of the fact 
that artificial surfaces typically absorb and store the solar radiation more 
than natural ones, increasing the Urban Heat Island (UHI) phenomenon 
[1]. The ongoing climate change contributes to the further worsening of 
UHI with negative influences as well as: increase of heat and pollution, 
reduction of thermal comfort, increase of building energy consumption 
and of peak electricity demand in summer [2–5]. 

In the last years, many research activities have been focused on the 
study and development of efficient mitigation strategies to counteract 
the urban overheating caused by UHI [6,7]. Innovative solutions such as 
high reflective, diffusive materials (i.e. cool roofs and cool pavements) 
[8–10] have been largely investigated as well as measures that improve 
earth surface reflectivity and proposed for building application. In fact, 
they have proven to be capable of maintain substantially lower 

superficial temperature as compared to conventional surfaces due to 
their intrinsic high albedo. 

In addition to the traditional diffusive (DIFF) materials, retro- 
reflective (RR) materials have been investigated by the researchers 
during the last years thanks to their capability to reflect the sunlight 
predominantly towards the same direction of incidence [11]. In fact, RR 
materials have been presented as an effective solution to reduce building 
energy consumption for summer cooling and, moreover, to improve 
urban climate conditions during summer. Furthermore, RR materials 
could be effective also in bifacial photovoltaic fields, in increasing the 
energy reflected towards the downward photovoltaic panel, thus pro-
ducing an enhancement of the produced electric energy. All the afore-
mentioned strategies are also called high albedo solutions (HAS) and 
they allow to increase the terrestrial albedo, thus tackling global 
warming [12–14]. In fact, HAS effects involve at the same time: (i) the 
reduction of building energy consumption, especially in cooling domi-
nant zones (CDZs), (ii) mitigation of the UHI phenomenon, and (iii) off- 
set the CO2 emissions. 

Concerning RR materials, several studies have proved their cooling 
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effect, especially in Urban Canyons, since they could avoid the multiple 
reflections over building surfaces [15–17]. In Morini et al. (2018) [18], 
RR materials applied on vertical walls increase up to 5% the energy 
radiation reflected beyond an urban canyon [18]. 

However, the beneficial effects of RR materials can be affected by 
aging processes and soiling that modify their features and performance. 
In fact, weathering (i.e. UV radiation, temperature, and moisture), and 
soiling exposure (i.e. microbiological growth and deposition of the at-
mospheric aerosols) are the main causes of the material degradation 
over time. 

Natural and artificial aging procedures have been tested and pre-
sented in literature in order to assess the long-term performance of RR 
materials. In Paolini et al. (2014) [19], a natural aging exposure of 
roofing membranes was performed in Italy. Results showed an average 
reflectance reduction of 0.18 after two years of natural exposure. In 
Morini et al. (2018) [20], laboratory accelerated aging tests, according 
to ASTM G154 were performed to evaluate the long-term performance of 
some RR tiles and paints for building application. Results showed that 
RR features were kept after the accelerated aging processes, since min-
imal changes in global reflectance and directional reflectivity occurred 
for the investigated RR aged samples with respect to the same specimens 
in pristine conditions [20]. In Yuan et al. (2018) [21], a long-term aging 
exposure of 368 days was performed for different glass beads RR sam-
ples, showing that no significant variations occurred in solar reflectance 
and angular reflection distribution after outdoor aging [21]. 

In this framework, the present paper aims to investigate the effect of 
natural aging and soiling exposure on the optic features of RR and DIFF 
coating samples made by different substrate materials. The same sam-
ples in pristine condition were already characterized in terms of their 
optic performance in a previous work by the Authors [22]. In this study, 
the optic performance of the aged samples was determined through a 
spectrophotometric and a directional reflection analysis. Then, the optic 
properties of the aged and pristine samples were analysed and compared 
in this study. 

2. Materials and methods 

In this section, the investigated samples were firstly described with a 
particular focus on their optic characteristics in pristine condition. Then, 
the applied methodology for the investigation of samples’ optic per-
formances after outdoor summer aging and soiling was described. 

2.1. Description of samples 

Three different substrate samples, i.e. smooth pine wood panel (SW), 
rough plywood panel (RW), and smooth acetate sheet (SA), were used in 
a previous work [22] in order to analyse the effect of the substrate on the 
RR coating’s optic features. The RR coating samples were made by 
doping a high reflective white paint with RR glass beads evenly 
distributed on the material’s top surface. RR glass beads with an average 
diameter of 0.1 ÷ 0.2 mm were tested. The RR coating samples are 
mentioned as RRSW, RRRW, and RRSA made by SW panel, RW panel, and 
SA sheet respectively. DIFF samples coated only with the high reflective 
white paint were used as a reference case and are defined as DIFFSW, 
DIFFRW, and DIFFSA. Both RR and DIFF samples in pristine condition 
were already characterized in terms of their optic performance in a 
previous work by the Authors [22]. Results showed that all DIFF samples 
performed higher global reflectance values compared to RR samples; in 
particular, among the diffusive samples, DIFFSA showed the highest 
value, equal to 83.6%, and among the RR samples, RRSW exhibited the 
maximum global reflectance value equal to 74.8% [22]. Concerning the 
angular reflectivity characterization, RRRW made by a rough substrate 
material, performed the highest relative retro-reflective component for 
high incident angles (i.e., from 0◦ to − 50◦), whilst the RRSA made by a 
smooth substrate material, showed the highest relative percentage of 
retro-reflection for low angles of incidence (i.e., − 60◦ and − 70◦) [22]. 

RRRW sample performed the highest relative retro-reflective percentage 
equal to 16.2% at 0◦ angle of incidence [22]. 

2.2. Methodology 

Aging of DIFF and RR samples, involving outdoor weathering and 
soiling, was carried out during summer 2021 in Perugia, Italy. After the 
aging process, all RR and DIFF samples were characterized in terms of 
optic performances by a spectrophotometric analysis and an angular 
reflectivity investigation. Results were analysed and then compared 
with data of the same samples in pristine conditions. 

2.3. Aging processes 

The samples have been exposed to the most aging climate drivers for 
materials from 25th of June 2021 to 5th of October 2021 on the rooftop 
of the CIRIAF building, University of Perugia (43◦ 7′ 9.449′’ N, 12◦ 21′

27.451′’ E): solar radiation, i.e. ultraviolet (UV) radiation, air temper-
ature (T), relative humidity (RH), and rain precipitation. In Fig. 1 below, 
the samples during the outdoor aging exposure were shown. 

In Figs. 2-4, T (◦C), RH (%), global radiation (W/m2) and rain pre-
cipitation (mm) during the aforementioned period were presented, as 
they affect the aging processes of materials in a predominant way (data 
source: fixed weather station settled above the rooftop level at the 
CIRIAF building, near the outdoor aging location). The daily mean value 
was calculated for the aforementioned parameters during the aging 
processes. Thus, according to the Fig. 2, the average T (◦C) of the 
monitored period was equal to 23.2 ◦C with a maximum average T (◦C) 
of 29.9 ◦C and a minimum average T (◦C) equal to 16.9 ◦C. Concerning 
the RH parameter (Fig. 2), the monitored values obviously showed a 
very wide fluctuation with an average RH value equal to 51.5%. The 
average global reflectance value (Fig. 3) resulted equal to 267.6 W/m2 

during the considered period. Finally, rain precipitation was absent or 
not relevant in the considered period, as shown in Fig. 4. 

2.4. Spectrophotometric analysis 

Firstly, a spectrophotometric analysis was performed by a Shimadzu 
SolidSpec 3700 spectrophotometer equipped with 60 mm integrating 
sphere. The wavelength range of measurement is from 300 to 2500 nm, 
with a data interval of 5 nm. Datasheet of the spectrophotometer 

Fig. 1. DIFF and RR samples during the outdoor aging exposure.  
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equipment can be found in [24]. A total of three spectral reflectance 
measures have been carried out for each sample, allowing to obtain the 
average over the three measurements. Global reflectance of each sample 
was calculated according to ASTM Standard E 903–20 and ASTM 
Standard G 173–03. The aim is to investigate the reflectivity of the post- 
aging samples in terms of global hemispherical solar reflectance and its 
spectral distribution. 

2.5. Angular reflectivity analysis 

Finally, a directional reflectivity analysis was carried out in order to 
characterize the angular distribution of reflected radiation by each 
sample for different directions of incident radiation. The measurements 
were performed by an ad-hoc experimental facility, already introduced 
by the Authors in previous works [22,25], since the common testing 
equipment in-lab or in situ cannot be used to investigate the angular 
reflectivity properties of the samples. The experimental facility is 
composed by a semi-circular structure graduated every 10◦ and a LED 
light source. Irradiance measurements in W/m2 have been performed in 

each angular position along the semi-circular structure through a photo- 
radiometer Delta-OHM HD 9221 with an LP9221/RAD probe [26]. In 
correspondence of the light source, two irradiance measures were car-
ried out on both sides of the lamp. Then, the average value was calcu-
lated and considered for this angular position. 

3. Results and discussion 

In this paragraph results of the investigation of the samples’ optic 
performances are presented and discussed. 

3.1. Spectrophotometric characterization 

Three spectrophotometric measurements were performed for each 
sample in order to over-come their superficial non-homogeneity, espe-
cially for the two wood-based samples. A comparison of the averaged 
reflectance measurements of pre- and post-aging samples over the 
wavelength range is shown in Figs. 5-7. 

Both RR and diffusive post-aging samples show an overall lower 

Fig. 2. Daily average T (◦C) and RH (%) during the aging and soiling processes.  

Fig. 3. Daily average Global Radiation (W/m2) during the aging and soiling processes.  

Fig. 4. Daily average Rain Precipitation (mm) during the aging and soiling processes.  
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Fig. 5. Spectral reflectance of RRSW and DIFFSW samples pre- and post-aging from 300 to 2500 nm.  

Fig. 6. Spectral reflectance of RRRW and DIFFRW samples pre- and post-aging from 300 to 2500 nm.  

Fig. 7. Spectral reflectance of RRSA and DIFFSA samples pre- and post-aging from 300 to 2500 nm.  
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reflectance, with minor exceptions; in particular:  

• RRSW sample: over 2000 nm, the reflectances of pre- and post-aging 
samples are very close to each other (see Fig. 5);  

• DIFFSW sample: over 1705 nm, the reflectances of pre- and post-aging 
samples correspond almost exactly; in particular, the reflectance of 
post-aging sample goes beyond its corresponding pre-aging sample 
over 1870 nm (see Fig. 5);  

• RRRW sample: the reflectances of pre- and post-aging samples 
become very close to each other from 1700 to 1740 nm and from 
2115 to 2500 nm (see Fig. 6);  

• DIFFRW sample: over 1475 nm, the reflectance of post-aging sample 
corresponds almost exactly to pre-aging sample’s reflectance; from 
1855 to 2500 nm, the reflectance of post-aging sample goes beyond 
its corresponding pre-aging diffusive sample (see Fig. 6); 

Table 1 
Global reflectance of samples before and after aging processes. *Results from a 
previous work of the Authors [22].  

Samples Global reflectance (%) 
PRE-AGING* 

Global reflectance (%) 
POST-AGING 

Δ (%) 

RRSW  74.8  60.4 − 14.4 
RRRW  72.8  67.4 − 5.4 
RRSA  71.7  59.7 − 12 
DIFFSW  83.5  75.7 − 7.8 
DIFFRW  80.1  73.5 − 6.6 
DIFFSA  83.6  75.8 − 7.8  

Fig. 8. Angular reflectivity profiles of RRSW samples pre- and post-aging for each direction of incident radiation from 0◦ to − 70◦.  
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• RRSA sample: from 2200 to 2255 nm, the reflectances of pre- and 
post-aging samples become very close to each other (see Fig. 7);  

• DIFFSA sample: the reflectance of post-aging sample corresponds 
almost exactly to pre-aging sample’s reflectance from 1640 to 1700 
nm and over 2100 mn; in particular, from 1650 to 1680 nm, from 
2115 to 2160 nm and over 2275 nm, the reflectance of post-aging 
sample goes beyond its corresponding pre-aging diffusive sample 
(see Fig. 7). 

Global reflectance values are shown in Table 1. In all cases, the post- 
aging samples exhibit lower global reflectance values: the RRSW sam-
ple’s show the highest reduction value equal to 14.4% while all diffusive 

samples exhibit a reduction from 7% to 8%, as shown in Table 1. The Δ 
values (%) are calculated as the difference between the post-aging’s 
global reflectance value and the pre-aging’s one. 

The post-aging sample’s outcomes are consistent with the pre-aging 
sample’s results [22]. In particular, all diffusive samples post-aging 
show a higher global reflectance with comparing to RR samples after 
the aging exposure: in fact, even if DIFFSA and DIFFSW samples exhibit 
the highest Δ values (-7.8%) with respect to the same samples in pristine 
condition, among the diffusive post-aging samples, they also confirm 
after the outdoor aging and soiling the highest global value equal to 
75.8% and 75.7%, respectively. DIFFRW post-aging sample exhibits the 
lowest global reflectance value (73.5%), even if it shows the lowest Δ 

Fig. 9. Angular reflectivity profiles of RRRW samples pre- and post-aging for each direction of incident radiation from 0◦ to − 70◦.  
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value (-6.6%) among the three diffusive samples post-aging. Conse-
quently, among the diffusive post-aging samples, the aging exposure 
seems to affect more the samples characterized by a smooth substrate, 
both of pine wood and acetate sheet (i.e. DIFFSW and DIFFSA) with 
respect to the DIFFRW sample made by a rough plywood substrate. 

Considering the RR post-aging samples, RRSW and RRSA samples 
perform the highest Δ values equal to − 14.4% and − 12% respectively. 
Therefore, the aging process negatively affects the RR samples made by 
a smooth substrate (i.e. RRSW and RRSA), while it positively affects RRRW 

characterized by a rough substrate which exhibits the lowest Δ value 
equal to − 5.4% and also the highest global reflectance value (67.4%), 
among the RR post-aging samples. Thus, the roughest RR coating may 
prevent the detachment of glass beads as the surface is not 
homogeneous. 

3.2. Angular reflectivity characterization 

Concerning the angular reflectivity analysis, a stronger relative RR 

Fig. 10. Angular reflectivity profiles of RRSA samples pre- and post-aging for each direction of incident radiation from 0◦ to − 70◦.  
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component was found for all RR post-aging samples with comparing to 
the same pre-aging samples, for all incident of angles. A comparison of 
angular reflectivity distribution (i.e. from 0◦ to − 70◦ angles of inci-
dence) of RRSW, RRRW, and RRSA samples, before and after aging pro-
cesses, is shown in Figs. 8-10 below. The direction from which the 
incident radiation hit the tested sample is represented by the black 
arrow. The results are represented as the percentage ratio between the 
reflected radiation in a specific direction (W/m2) over the total reflected 
radiation (W/m2) in all directions, for each sample. Therefore, reflection 
percentages could be quantitatively compared only for the same sam-
ple’s reflection distribution, and not between different samples. 

A diffusive component is visible in all RR pre- and post-aging sample, 
but it is stronger in the RR pre-aging ones. In fact, it is clear that the 
diffusive component decreases in the RR post-aging samples due to the 
aging and soiling processes, resulting in a better relative RR post-aging 
performance. Also a smaller specular component occurs in all RR post- 
aging samples with respect to the pre-aging ones, for low incidence 
angle (i.e. from − 50◦ to − 70◦). 

All diffusive pre- and post-aging samples have a directional reflection 
distribution which follows the cosine’s Lambert law for incident beams 
near to the direction normal to the sample, while for high incident an-
gles a specular reflection occurs for all diffusive samples. 

Values of the relative percentage ratio between the reflected radia-
tion in the same direction of incidence and the total reflected radiation 
are reported in Table 2 for the pre- and post-aging RR samples. 

The post-aging sample’s outcomes are consistent with the pre-aging 
sample’s results [22]: RRRW sample is confirmed as the best performing 
both in pre-aging and in post-aging, among the RR tested samples; in 
fact, RRRW post-aging sample presents the highest relative percentage of 
retro-reflection for high incident angles (i.e. from 0◦ to − 60◦). RRSA 
post-aging sample performs slightly higher relative percentage values at 
− 70◦ angles of incidence, with respect to the RRRW sample. RRSW post- 
aging sample exhibits the lowest relative percentage of retro-reflection 
for all incident angles. 

4. Conclusions and further developments 

The present work aims at investigating the performance of diffusive 
and RR substrate materials, characterized by a different roughness, after 
natural aging and soiling exposure. A smooth pine wood panel (SW), a 
rough plywood panel (RW), and a smooth acetate sheet (SA) were used 
as substrate materials to realize three RR (i.e., RRSW, RRRW, RRSA) and 
three diffusive (i.e., DIFFSW, DIFFRW, DIFFSA) coatings. All diffusive and 
RR samples post-aging were characterized in terms of optic performance 
through a spectrophotometer and an angular reflectivity analysis, using 
an ad-hoc experimental facility. In a previous work [22] the same 
samples in pristine conditions were characterized by the Authors. Re-
sults of the samples post-aging were analysed and compared with the 
pre-aging ones. The main findings are presented in the following points: 

Concerning spectrophotometric analysis, all post-aging samples 
exhibit lower global reflectance values: the RRSW sample’s show the 
highest reduction value equal to 14.4% while all diffusive samples 
exhibit a reduction from 7% to 8%. The aging exposure seems to affect 
more the diffusive and RR samples characterized by a smooth substrate, 
both of pine wood and acetate sheet, with respect to the diffusive and RR 
samples made by a rough plywood substrate; 

Concerning the angular reflectivity analysis, a stronger relative RR 
component was found for all RR post-aging samples with comparing to 
the same pre-aging samples, for all incident angles (from 0◦ to − 70◦). In 
fact, the diffusive relative component decreases in the RR post-aging 
samples due to the aging and soiling processes, resulting in a better 
relative RR post-aging performance; 

The maximum relative retro-reflective capability is equal to 18.5% 
for sample RRRW at 0◦ angle of incident radiation. RRRW sample is 
confirmed as the best performing in terms of concentration of the re-
flected radiation around the incident direction, both in pre-aging and in 
post-aging, among the RR tested samples. 

Further studies are foreseen with the aim of assessing an optimal 
protective layer to be applied on RR materials to prevent and/or reduce 
the detachment of glass beads in RR coatings. The influence of the 
protective layer on cooling effect of RR materials will be investigated in 
specific application, i.e. Urban Canyon configuration. In addition, the 
performance of RR materials covered by protective layer will be assess 
through natural outdoor aging and soiling. 
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