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Retro-reflective (RR) materials have been studied as a potential mitigation technology for the Urban Heat
Island (UHI) phenomenon, thanks to their ability to reflect the radiation towards the same incoming
direction. In this paper, the positive effect of RR pavements on the energy kept inside the canyon was
studied on a physical model that represents an urban canyon layout. The performance of RR materials
was compared to that of white and beige traditional cool diffusive materials in the spectral range of
the incoming radiation from 360 to 1100 nm. The objective was the evaluation of the albedo over the
canyon’s lid, so that also the optic interaction between pavement and facades was taken into account.
In addition, the RR cooling effect, defined as the ratio between RR and diffusive reflected energies which
remain inside the canyon, was calculated for the small-scale canyon scenario and the related analytical
model was experimentally verified.

The results show a cooling potential of the RR material with respect to the white and the beige diffusive
materials, with a maximum albedo increase of 4.6%. The cooling ratio, calculated comparing RR with the
beige diffusive sample with similar global reflectance, is equal to 0.37, showing a significant decrease of
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the energy kept inside the urban canyon.
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1. Introduction

Urban heat island (UHI) determines high temperatures in urban
areas compared to the suburban ones and represents one of the
most documented phenomena of climate change [1]. Dense con-
structions’ surfaces, which absorb and store the solar radiation
more than natural ones and the increase of anthropogenic heat flux
are the main causes of UHI phenomenon [2]. UHI affects the energy
consumptions for cooling buildings, increases the peak electricity
demand during the summer period, deteriorates indoor and out-
door thermal comfort, intensifies pollution problems as the ozone
concentration, increases the carbon footprint of urban facilities and
utilities [3-7].

In the last years, numerous researches have been focused on
the development of efficient mitigation techniques and technolo-
gies in order to counterbalance the urban overheating caused by
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UHI. Cool roofs, cool pavements and urban vegetation including
roof gardens and wet roofs are effective strategies able to decrease
ambient and surface temperatures in cities by a few degrees [9]. A
modest increase of reflectivity of urban surfaces and urban vegeta-
tion can potentially reduce the average urban temperature during
the hot summer days by about 3 K[10]. Studies assess the reduction
of the UHI in Athens in terms of temperature. The results offered
by a MM5 climate model by comparing two modified albedo sce-
narios show that the temperature reduction is of 2.2K [11]. Other
studies show a temperature decrease of 1.5K as a consequence of
the albedo increase in 1250 km?2 of pavements in Los Angeles by
0.25. This cause also a reduction of energy consumption for cooling
and reduction of pollution [12].

The effects of cool materials in terms of reduction of energy
consumption, building efficiency and heat island mitigation are
widely documented [13-15]. An important work about the state
of art of local climate change and urban heat island mitigation
techniques is developed by Akbari et al. [16]. Different types of
materials are treated: white roofing materials with high solar
reflectance, cool colored roofing materials, thermochromics roofing
materials, directionally reflective materials, retro-reflective mate-
rials [17-25].
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Nomenclature

o Angle between the perpendicular direction to the
surface and the direction of reflection (deg, values
between —90° and 90°)

Mo Reduction factor, ratio between reflector and diffu-

sive short wave reflected energies which remains

inside the canyon (adimensional)

Width of the urban canyon (m)

Irradiance (Wm~2)

Height of the canyon (m)

Concentration factor (adimensional)

Reflectance on solar spectrum (adimensional)

Reflected energy in the a direction (Wm—2sr—1)

Reflected energy in the perpendicular direction

(Wm—2sr1)

Solid angle (sr)

Qo Solid angle referred to ag (sr)

le) Eg"‘:’ImD
AR

Among the mentioned technologies, retro-reflective (RR) mate-
rials are an effective strategy for reducing the heat content in urban
canyons and possible inter-building effects and reflecting the solar
radiation beyond the urban canopy.

Studies on RR materials for building applications have been
already completed by the authors [24-26]. As yet, the research
was mainly focused on the analytical modelling of RR materials’
behaviour for perpendicular incident radiation and the evaluation
of the optic properties of RR samples for several angles of incidence.

For perpendicular radiation, the angular distribution of the
reflected radiation depends on cos". The exponent “n”, which
depends on the specific RR sample, represents a “concentration
factor” of the reflected radiation around the direction of the inci-
dentradiation. A second analytical relation shows that the radiation
reflected by the RR pavement which remains inside the canyon is
the same of a diffusive surface but reduced by the proper factor that

S D S

depends by cos™!. This analytical model may be used to theoreti-
cally evaluate the mitigation effects of RR materials in UHI scenarios
[23].

In addition to the perpendicular direction of the incident light,
the behaviour of some RR samples was also studied for different
angles of incidence. Results show that RR reflect the incident radi-
ation mainly backward to the incoming direction for low incidence
angles, while for high incidence angles they reflect the radiation
also symmetrically with respect to the perpendicular direction [25].

The experimental investigation in the present paper has a dou-
ble objective that goes beyond the results already obtained. Firstly,
the RR materials were tested as paving in a real small scale urban
canyon and compared to white and beige traditional diffusive mate-
rials. The effect of the three materials on the energy kept inside the
canyon and thus on the heat island phenomenon, was evaluated
measuring the albedo distribution on the canyon’s lid. In this way,
also the optic interaction of the pavement with the surrounding
facades was taken into account. Samples were previously charac-
terized in terms of hemispherical global reflectance and reflectance
angular distribution, through the following technologies respec-
tively: (i) a spectrophotometer equipped with integrating sphere,
using a flat, uniform, 0.1 cm? sample; (ii) an ad hoc experimental
facility designed on the purpose of previous research [24].

In addition, the actual RR cooling effect on real urban canyons
theorized in [24] was experimentally verified and the introduced
ratio between RR and diffusive reflected energies remaining inside
the canyon is evaluated.

2. Materials and methods
2.1. Experimental facility

The experimental facility is located at Terni's Laboratory of
Applied Physics, University of Perugia. It consists of two twin arrays,
used in this paper to measure and compare the effect of reflec-
tive properties of canyon’s pavement on the energy kept inside the

Fig. 1. Experimental facility.
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c)

Fig. 2. Investigated materials: (a) white diffusive (D1); (b) beige diffusive (D2) and (c) retro-reflective (RR).
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Fig. 3. Measurement points.
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Parameter Value Unit
Operating and storage temperaturerange -40/+100 i
Photocurrent (Vg=5V, standard light A, T = 2856 K, E,, = 1000 Ix) 28 (218) MA
Wavelength of max. sensitivity 860 nm
Spectral range of sensitivity 360-1100 nm
Radiant sensitive area 0,3 mm?2
Half angle 17 )
Speciral sensitivity, A=850nm 0,62 A/W
Rise and fall time of the photocurrent (RL=50 Q; VR=10 V; A =850 nm; 10 ns
1p=800 pA)

Temperature coefficient of I (standard light A,A=950 nm) 0,18 %/K

Relative Spectral Sensitivity
Srel =f(7‘)
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Fig. 4. Technical characteristics of SFH 229 photodiodes.

canyon. The test field is composed of two metal frames (H=0.6 m
and L=4.2 m) supporting insulating panels (s=0.2 m). The frames’
distance (D) can be modified to reproduce several canyon ratios
(H/D). In the presented configuration, the distance D was set to
0.3 m. The investigated value of the H/D ratio is 2. The canyon
physical model is equipped with a lighting system to simulate the
incident solar radiation. The experimental facility is shownin Fig. 1.

The vertical panels were covered with a white diffusive (D1)
coating for their whole length. The horizontal surface, which repre-
sents the pavement of the canyon, was covered with three coatings
characterized by different optical properties: a white diffusive film
(D1), a beige diffusive film (D2) and a retro-reflective (RR) film.
The used materials are shown in Fig. 2. Their optical properties are
discussed in Sections 2.2 and 2.3.

The lid of the canyon is divided into an imaginary grid of 90 (3
rows x 30 columns) measurement points, at a distance of 0.08 m
and 0.1 m from each other and 0.05 m from the internal edges of
the canyon (Fig. 3). At each point, the reflected radiation, which
goes out from the canyon, and the incident radiation, which gets in
from the lighting system, are measured. The grid was used to cal-
culate the punctual values of the albedo, given as the ratio between

the inlet and outlet radiation that cross the lid in each point, and
consequently to study its variation over the surface.

The outlet reflected radiation and the incident radiation at each
point is measured by an ad-hoc probe. The ad-hoc pyranometer
was assembled using two silicon photodiodes (OSRAM SFH 229):
the first one is positioned upward to measure the direct light and
the second is positioned downward to measure the reflected light.
The probe has a section area of 1 cm?; thanks to the small size, the
probe gives minimum disturbance during measurements. Techni-
cal characteristics of the used photodiodes are shown in Fig. 4.

The used photodiodes have a spectral sensitivity which ranges
from 360 nm and 1100 nm, with a peak at 860 nm. With this sensi-
tivity range, the photodiodes detect the visible and near IR regions,
which represent nearly 70% of the solar spectrum. A black disk
divides the two photodiodes and both are inserted into a black
cylinder to measure only the orthogonal radiation. The outlet signal
of photodiodes, proportional to the radiation, is in mV and is col-
lected by an analog input acquisition device, supplied by National
Instruments (NI 9219, NI cDAQ-9172). The ad-hoc pyranometer is
show in Fig. 5.
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Fig. 5. The ad-hoc pyranometer assembled using two photodiodes.

The artificial lighting system is composed of 10 halogen lamps,
supplied by Fanton SpA (model 62615), placed in the middle of the
canyon at a height of 1.5 m above the ground. The power of each
lamp is 1000 W, the total power is 10 kW.

The Standard IEC 60904-9 [27] was used to evaluate the spec-
tral matching with the standard terrestrial spectrum of AM 1.5G.
According to the standard, the solar spectrum from 400 to 1100 nm
was divided into six intervals, and the lamps’ spectrum irradiance
distribution was compared to the AM 1.5 G solar spectrum distribu-
tion (Table 1). For all the wavelength ranges, the percentage of total
irradiance of the halogen lamp is within the Class C solar simulators’
tolerance.

Even though this standard addresses specifically solar simula-
tors for photovoltaic applications, the considered spectral range,
limited to the absorption region of silicon, fits with the responsivity
and the linear range of the Si photodiodes used in the probe.

In accordance with the Standard IEC 60904-9, the spatial uni-
formity and temporal stability were verified.

The spatial uniformity U is calculated through Eq. (1), consider-
ing the maximum and minimum irradiance values.

Emax — Emin
U= —"—"—x100 1
Emax + Emin ( )

The lighting system’s uniformity was studied using the mea-
surement grid over the canyon’s lid and is related to a spectrum
range from 360 to 1100 nm. In these conditions, measurements
show a non uniformity of 3.8%, less than 5% (Class B simulators,
IEC 60904-9).

Long-term stability of irradiance is calculated referring to the
time period of interest (the time for completing measurements on
all the grid’s points). The resulting irradiance variations measured
in 20 min are lower than 2%. Results of these evaluations are shown
in Fig. 6.

The lamps are positioned perpendicularly to the pavement in
order to analyse a situation of fully illuminated pavement. The
incident radiation on the ground was measured by a radiometer
(HD 9221 Delta Ohm). Technical characteristics are summarized in
Table 2.

The lightning system is switched on 30 min before the beginning
of the acquisition phase in order to reach stationary conditions of:
i) luminous flux of the lamps, ii) output signals of the photodiodes.
The measured steady value of radiation on the ground is 178 W/m?2.
During this transient phase, also temperature on the ground is mon-
itored continuously and its constancy is assessed before starting
data acquisition. Profiles of photodiodes’ output signals during the
transient phase is reported in Appendix A.

For each one of the three materials tested as paving in the
canyon physical model, the following experimental procedure was
followed. After the transient phase, the ad-hoc pyranometer was
positioned on the selected point of the measurement grid. For each
point, the voltage signals from the two photodiodes are acquired
ten times, every 55, and then averaged, obtaining V4; (downward
signal from photodiode 1) and V,,; (upward signal from photodiode
2). The same procedure was repeated after flipping the photo-
diodes, obtaining other two values: V4, (downward signal from
photodiode 2) and Vy; (upward signal from photodiode 1). At each
point, the ratio between the downward value Vg4, proportional to
the reflected radiation, and the upward value V,,, proportional to
the incident radiation, represents the albedo 1 (Al;) whereas the
ratio between Vg, and Vy; represents the albedo 2 (Al;). At each
point Albedo is the average value of Al; and Al,.

2.2. Spectrophotometric analysis of materials

Reflectance of the samples in the solar spectrum is mea-
sured by Shimatzu SolidSpec 3700 spectrophotometer equipped
with 60 mm integrating sphere. The range of measurements is
280-2500 nm, which includes the 99% of the solar energy. The solar
reflectance of the samples was then calculated using the appropri-
ate standards (ASTM Standard G 173 [28,29]). Global hemispherical
solar reflectance is equal to 86.5% for the white diffusive sample,
69.6% for the beige diffusive sample and 62.4% for the RR sample.
The spectral distribution is shown in Fig. 7, where the graphs report
the global reflected radiation profiles of each tested sample over the
wavelength.

The three samples show similar behavior below 400 nm. In the
range from 450 to 1100 nm, the white sample has the highest
reflectance. At about 1300 nm the beige and the retro-reflective
samples reach almost the same values and they remain very close
until 2500 nm.

Hemispherical solar reflectance of the samples was calculated
also in the range from 360 to 1100 nm, which corresponds to the
spectral range of sensitivity of the detectors used in this work. In
this range, hemispherical solar reflectance is equal to 89.7% for the
white diffusive sample, 70.5% for the beige diffusive sample and
62.9% for the RR sample.
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Table 1
Distribution of irradiance and Class C tolerances.

Class C tolerance (0.4-2) Percentage of total irradiance—halogen lamp

Wavelength (nm) Percentage of total irradiance—AM 1.5G

400-500 184 7.3-36.8 9.5
500-600 19.9 8.0-39.8 14.1
600-700 184 7.3-36.8 16.7
700-800 14.9 6.0-29.8 17.0
800-900 12.5 5.0-25.0 16.1
900-1100 15.9 6.4-31.8 26.6

Spatial uniformity - Halogen lamps
E min = 380 Wm'2
Emnax = 410 Wm?2
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Fig. 6. Evaluation of spatial uniformity and temporal stability of the lighting system.
100
R K I ) ISP [
90 T  —
80 ! AS
e A
70 o LTSN e
: /7 e, |t }\ -.
!..'/-. ......  Se— Y N\
g i N
X :.': 1% *-,,,'\;“
g 0 js ; ‘\‘
g gl ).
ﬁ 40 14 e s,
] H 14
T 0 1o
- #
20 ' -+ = White Diffusive sample v
!4
10 '_/ I3 «++++++ Beige Diffusive sample
e .
R R [P Retro Reflective sample
O T T T

200 XSS IR VI VPN '&060 ngO Xf;ﬁ \’9,00 1050 1500
Wavelength [nm]

Fig. 7. Reflectance spectrum of the samples.

2.3. Angular reflectance analysis of materials designed and constructed in order to measure the angular distri-
bution, i.e. directivity, of reflected radiation at several samples’ tilt

The angular reflectance was measured through an ad-hoc exper- angles. The Si photodiodes, positioned on an arc above the samples

imental facility introduced in a previous study [25]. The facility was
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Table 2
Technical characteristic of HD 9221 Delta Ohm radiometer.

Table 4
Measurement results.

347

Parameter Value

450-950 nm

0.1-2000 W/m?

+0.15% rdg +1 digit with a reference
temperature of 25°C+5°C

Spectral range
measuring range
Instrument precision

Probe precision +4%

Linearity +1%

Stability 0.15%

Working temperature 0-50°C
Table 3

Samples’ angular reflectance values.

Angles White Diffusive Beige Diffusive Retro Reflective
+80° 0.2 0.27 0.20
+70° 0.6 0.75 0.53
+60° 1.6 1.92 1.10
+50° 2.7 3.31 1.71
+40° 3.5 4.20 2.74
+30° 4.8 5.81 4.55
+20° 8.1 9.78 6.84
+10° 10.2 12.31 15.13
0° 113 13.58 26.15
-10° 8.2 9.95 9.73
-20° 5.7 6.84 6.46
-30° 3.6 433 3.99
—40° 2.8 3.33 3.19
—50° 1.9 2.24 2.43
—60° 14 1.74 1.31
-70° 0.7 0.84 0.71
-80° 04 0.42 0.13

every 10° from —90° to +90°, produced signal voltages proportional
to the amount of reflected light in that direction. The values of the
angular percentage of radiation reflected by samples for a perpen-
dicular incident radiation are shown in Table 3 and Fig. 8.

The most of the reflected radiation by the RR sample is toward
the direction of incidence. The light is reflected in an ellipse whose
major axis is in the direction of the incident radiation. The diffusive
samples, instead, reflect incident radiation towards all the direc-
tions, with an isotropic trend. The graph in Fig. 8 highlights the
differences between the optical behavior of the RR sample com-
pared to the optical behavior of the diffusive samples.

Indeed, the highest percentage of radiation reflected by the RR
is on the 0° direction, that is the incidence direction, and it is about
26%. Instead, the percentage of radiation reflected toward the 0°
direction by diffusive materials is about 17% and 14% for the white
and the beige samples respectively. The peak for diffusive material
is less evident and they have a more isotropic tendency.

3. Results and discussion

Three measurement campaigns were carried out to test differ-
ent materials on the canyon pavement. On the vertical surfaces,
the D1 diffusive material was always used. The first experimental
campaign was carried out using the D1 material also on the ground
(White pavement case). The second one was carried out using the D2
material on the pavement (Beige pavement case). The third one was
carried out using the RR material on the pavement (RR pavement
case). For each of the three cases, the amount of radiation that is
reflected beyond the canyon with respect to the incident radiation
is calculated over its entire superficial extension. The albedo distri-
bution over the canyon’s area is evaluated. Row 0 and 2 refer to the
lateral rows; row 1 refers to the central row, in accordance with
the measurement grid in Fig. 3. Results of the three experimental
campaigns are shown in Table 4.

White diffusive pavement (D1)

Point Upward signal (mV)

Downward signal (mV) Albedo ratio

Row 0 Row 1

Row2 Row O Row 1

Row2 RowO Row1 Row?2

5 403 417 402 365 352 365 91 84 91
6 404 408 406 366 352 368 91 86 91
7 403 417 404 365 353 365 91 85 90
8 408 413 409 368 354 367 90 86 90
9 408 416 401 369 355 365 90 85 91
10 409 422 404 368 355 365 90 84 90
11 406 412 405 369 351 367 91 85 91
12 407 417 409 370 358 370 91 86 90
13 405 414 403 371 359 368 92 87 91
14 404 408 400 367 358 365 91 88 91
15 406 418 407 372 357 369 92 85 91
16 406 409 405 371 355 368 91 87 91
17 403 415 404 366 354 365 91 85 90
18 402 409 408 366 350 366 91 86 90
19 405 410 400 366 351 362 90 86 91
20 403 416 407 363 352 364 90 85 89
21 406 410 405 360 349 359 89 85 89
22 401 413 401 359 348 358 90 84 89
23 404 415 405 358 349 357 89 84 88
24 400 413 407 356 347 357 89 84 88
Beige diffusive pavement (D2)

Point Upward signal (mV) Downward signal (mV) Albedo ratio

RowO Row1 Row2 RowO Row1 Row2 RowO Row1 Row 2

5 405 427 407 339 342 344 84 80 85
6 394 418 399 343 344 347 87 82 87
7 402 421 401 346 346 347 86 82 87
8 403 420 405 350 346 348 87 82 86
9 402 419 400 353 347 348 88 83 87
10 414 424 409 356 346 348 86 82 85
11 404 417 403 357 346 348 88 83 86
12 404 416 399 357 347 347 88 83 87
13 406 417 403 355 347 347 87 83 86
14 393 411 393 353 348 347 90 85 88
15 402 418 398 353 348 347 88 83 87
16 400 415 397 353 348 347 88 84 87
17 397 411 388 353 348 347 89 85 89
18 410 414 395 354 344 345 86 83 87
19 405 420 389 355 354 344 88 84 88
20 410 422 388 356 349 342 87 83 88
21 422 426 394 356 346 339 84 81 86
22 412 418 386 355 343 336 86 82 87
23 418 420 389 354 339 332 85 81 85
24 414 417 386 351 336 330 85 81 85
Retro reflective pavement (RR)

Point Upward signal (mV) Downward signal(mV) Albedo ratio

RowO Row1 Row2 RowO Row1 Row2 RowO Row1 Row 2

5 406 417 406 350 357 353 86 85 87
6 397 414 398 350 358 355 88 86 89
7 401 416 404 353 358 358 88 86 88
8 402 414 404 354 362 360 88 87 89
9 400 419 406 355 365 361 89 87 89
10 408 423 410 357 368 364 88 87 89
11 402 417 403 359 366 362 89 88 90
12 402 421 408 359 366 362 89 87 89
13 406 418 406 359 364 361 89 87 89
14 397 413 399 359 363 360 90 88 90
15 405 421 407 359 366 361 89 87 89
16 402 415 400 358 364 360 89 88 90
17 399 409 396 357 360 358 89 88 90
18 406 417 401 356 363 358 88 87 89
19 402 412 394 356 362 357 89 88 91
20 406 419 400 355 363 356 88 87 89
21 412 420 401 354 363 355 86 86 89
22 402 415 395 351 360 353 87 87 89
23 407 419 399 349 360 351 86 86 88
24 405 413 392 344 355 347 85 86 88
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Fig. 9. Albedo on the canyon’s upper horizontal surface for the three investigated configurations.

Table 5

Average values of albedo.
Case Row 0 Row 1 Row 2
White pavement 90.9+0.2 85.7+0.2 90.5+0.2
Beige pavement 87.8+0.2 83.4+0.2 87.3+0.2
RR pavement 88.7+0.2 873+0.2 89.5+0.2

In Fig. 9, albedo calculated in the measurement points from 5
to 24, for the three analysed configurations, are shown. The values
recorded at the most external sides of the grid are not considered
because they may be conditioned by edge effects.

For each row from O to 2, the average value of albedo was cal-
culated and results are summarized in Table 5.

From the graphs in Fig. 9, it can be noticed that both diffusive
D1 and D2 materials present the highest albedo along the exter-
nal rows 0 and 2. This behaviour is particularly exacerbated for the
white diffusive D1. Albedo values on the external rows are pro-
duced, not only by the direct reflection of the pavement, but also
by the multiple reflections due to the interaction between pave-
ment and facade. Considering that diffusive samples reflect only
14-17% of the light in the perpendicular direction, it follows that a
significant amount of reflected radiation hits the diffusive facade,
being reflected again and sent beyond the lid.

This explains the great difference between the external and cen-
tral values. The albedo distribution for the RR pavement is instead
quite uniform, since a higher amount of energy (26%) is sent directly
backwards on the perpendicular incoming direction, reducing the
extent of the successive reflection on the facades.

Comparing the average albedo in Table 5, it results that, for the
reason discussed above, the D1 white diffusive material has higher
values on row 0 and row 2 than the values in the D2 and RR pave-
ment cases (the highest value is 90.9 against the 87.8 and the 88.7
respectively). Such values are also influenced by the much higher
D1 overall reflectance with respect to the D2 and RR (86.5% for the
D1 white material, 69.6% for the D2 beige diffusive and 62.4% for
the retro-reflective sample).

However, the average value in row 1 in the white pavement
case is lower than the average value in row 1 in the RR pavement
case. The RR material, indeed, despite its lower value of overall
reflectance, has a much higher angular reflectance towards the
perpendicular (26% against the 11% and 14% of beige and white dif-
fusive materials respectively) allowing to obtain an albedo of 87.3%
against 85.7% of the D1 white diffusive.

The evaluation of the benefits of RR materials applied on
canyon’s pavement can be further discussed comparing the beige
pavement and the RR pavement, since the global reflectance of the
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Fig. 10. Comparison between the experimental and theoretical profiles of RR directivities.

D2 and RR are similar. In both canyons the vertical surfaces are
white (D1). The influence of D1 is the same in both canyons. The
improvements are thus due to the properties of the horizontal sur-
faces. All the values in case 3 with RR pavement are higher than
case 2 with beige pavement, both on the lateral and the central
rows. The maximum increase of albedo, and therefore the percent-
age of radiation reflected outside the canyon, was reached in the
central row and is equal to 4.6%. The near-perpendicular reflectiv-
ity, that is higher for RR than for D2, thus, mainly influences the
outward radiation.

3.1. Experimental evaluation of the cooling potential of RR

The carried out experimental campaigns allow to demonstrate
experimentally what was analytically modelled in Ref. [24]: RR
surfaces contribute to reduce the energy kept inside the canyon
because a part of the reflected energy is sent backward to the
incoming direction outside the canyon. Considering a scenario
where a perpendicular incident radiation strikes the canyon pave-
ment made of an RR surface and comparing it with a common
diffusive surface with the same hemispherical reflectance, the ratio

Mo between RR and diffusive reflected energies, which remain
inside the canyon, was calculated as:

2n n+1
fQO Wi x 1 x Bt cos™ () dS2

Mo~ — ; = cos"! (ap) )
fQo Wi x1x L x cos(a)d2
where
D
o = atn (ﬁ) 3)

with D equal to the distance between facades and H is the height of
facades. The ratio 1., between zero and one, represents the cooling
potential of RR coatings or films when applied to an urban canyon
configurations. In fact, it expresses the decrease of energy kept
inside the canyon. The coefficient n, called “concentration factor”,
depends on the specific RR sample and is used to calculate the dis-
tribution of the reflected radiation by a RR material in accordance
with the following:

Wr.o = Wy, cos" o (4)

In this paper, to demonstrate the model and to calculate the
cooling potential of RR in the canyon physical model with respect
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to the D2 beige diffusive pavement with similar global reflectance,
the following procedure is used:

e the ratio mg is calculated considering experimental data on row
1. In particular, RR and D2 energies, which remain inside the
canyon, are calculated as the difference between signals from
upward photodiodes and downward photodiodes (see Table 4).
The average value for the RR pavement is 27 mV while for the
beige diffusive pavement is 73 mV, obtaining a ratio mg equal to
0.37.

«o0 is calculated according to the canyon physical model’s geom-
etry (H=0.6m, D=0.3m) and is equal to 0.24.

Knowing the ratio ng and coefficient o, it is possible to calculate
the concentration factor n from Eq. (2). For the investigated RR
material, it is equal to 34.

Using Eq. (4) and considering the measured RR global reflectance
equal to 0.629, the angular distribution of reflected radiation from
RR materials is obtained.

The angular distribution obtained through the application of the
model is compared to the angular distribution obtained by mea-
surement in Paragraph 2.3 Fig. 10 shows both the profiles.

For angles near to 90°/—90°, the experimental profile deviates
and gives higher values. It presents also an asymmetric tendency
with respect to the normal. It is necessary to point out that real
reflecting surfaces deviate from the ideal cosine laws and this is
true both for diffusive materials and RR materials (See Fig. 8). Real
reflection is always a composition of more than one contributions
(specular, diffusive as well as retro reflection). Over the perpendicu-
lar direction, theoretical and experimental profiles match precisely.

The overlap of the two profiles confirms the validity of (Eq. (2)),
providing a qualitative indication of the optic-energy behavior of RR
materials and a precise evaluation of the radiation reflected beyond
the canyon on the perpendicular direction.

The obtained ratio ng equal to 0.37 represents the cooling poten-
tial of the RR pavement in a real small scale urban canyon, meaning
a significant decrease of energy kept inside the canyon.

4. Conclusions

UHI mitigation potential of RR paving was evaluated through
experimental investigation on a canyon physical model, in which
three different pavements were tested (white diffusive pavement,
beige diffusive pavement, RR pavement), taking into account their
interaction with the facades. The albedo spatial distribution over
the canyon’s lid was studied.

White diffusive pavements show the highest values of albedo
due to the higher global reflectance. Diffusive pavements show
higher values of albedo near the fagcades with respect to the central
area of the lid. RR pavement provide instead an albedo distribu-
tion over the lid that is quite uniform. Despite its lower overall
reflectance, albedo on the central area of the lid is the highest
(87.3% against 86.1% of the white diffusive and 83.4% of the beige
diffusive one). This is because the RR material has a higher angular
reflectance towards the perpendicular (26% against the 11%and 14%
of beige and white diffusive materials respectively). With respect
to the beige diffusive paving with similar global reflectance, RR pro-
vides a maximum albedo increase of 4.6%. The near-perpendicular
reflectivity, that is higher for RR than for the diffusive paving,
mainly influences the outward radiation. The presented results
were obtained through the use of sensors with a responsivity in
the range of 360-1100 nm. To extend the validity of the obtained
results also in the solar spectral region from 1100 nm to 3000 nm,
further research with proper solar detectors is needed.

In addition, it was experimentally demonstrated that the cool-
ing potential of RR pavements in real small scale urban canyon is
actually the one theorized in previous works and proportional to
cos" 1. The obtained cooling ratio v is equal to 0.37 and it indicates
a significant decrease of energy kept inside the canyon physical
model.

It is necessary to point out that the present investigation is a
comparative analysis of the effect of the optic-energy properties
of paving on the energy kept in a real small-scale physical model.
At this stage of the research, other parameters that could affect the
cooling potential in real scale scenarios were not taken into account.
Evenif RR materials have alower global reflectance, mainly directed
towards the incoming direction, i.e. upwards, further investigation
is needed to evaluate glare and potential lighting pollution. Finally,
future efforts will be also devoted to the production and investiga-
tion of RR materials, suitable for building applications (paintings).

Appendix A. Quantification of the measurement
uncertainty

(A.1) Quantification of the measurement uncertainty

The albedo is evaluated as the ratio of the voltage output (V4,Vy)
of two photodiodes (PD1, PD2). According to the PD technical data
(Fig. 4), a resistor was used in the data logging circuit in order
to obtain a linear PD voltage response to the incident radiation.
Firstly, the responses of the two PDs to the same incident radia-
tion were compared and the correlation coefficient was calculated.
Results show that there is no correlation between the PDs’ output
signals. The average values (PD1m, PD2m) and the relative stan-
dard errors for three different values of incident radiation (related
to three different values of probe’s equilibrium temperature) are
shown in Fig. A1. The uncertainty (random uncertainty) has to be
mainly correlated to the non-stationarity of light flux of lamp.

The PDs were then placed on the canyon’s lid under an incident
radiation of 350 W/m? to monitor the output signal decline due to
the temperature increase. As a matter of fact, PD response depends
on the temperature and so signal acquisition has to begin when the
PD temperature is stationary. Fig. A2 shows that the PDs under a
350 W/m? radiation reach a stationary temperature, and therefore
provide a constant output signal, after 10 min.

At each point the Albedo (Al; ) is evaluated as the ratio of V4 and
Vy where the quantities V4 and V,, are the average of ten PD sig-
nal acquisitions. Then the standard uncertainty u(V;) is calculated
by the relative Type A variance. Hence the same measure (Al,) was
carried out inverting the photodiodes, as already described in Para-
graph 2.1. The final Albedo (Al) is the average of the two ratios as
shown in Eq. (A.1).

(A1)

According to the Guide to the expression of uncertainty in mea-
surement (GUM), the standard uncertainty, u(Al), of the calculated
albedo is obtained by appropriately combining the standard uncer-
tainties u(Vy), u(Vq) of the input estimates V, and V4 and it is given
by Eq. (A.2):

2
u(vi)? + oAl u(Vy)? (A2)

2
wat = O n

N

where V; and V, values are independent or uncorrelated. Hence
u(Al) is evaluated for each point. The maximum Albedo uncertainty
is less than or equal to 0.2.
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