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Abstract 

In order to mitigate urban heat island (UHI) phenomenon, 

diffuse highly reflective (DHR) materials like high-

reflective paint have been applied to the building facades 

as exterior wall materials, because it can greatly reflect 

the solar radiation incident on the exterior wall. However, 

it has been pointed out by some studies that the DHR 

materials as building façade surface materials cannot 

completely solve the problem of UHI effect, because most 

of the solar radiation heat will continue to remain in the 

urban canyon. Thus, retro-reflective (RR) materials have 

been suggested by scholars worldwide to replace the DHR 

materials for application of building façades to deal with 

the UHI effect in recent years.  

Urban albedo is a measure for reflectivity of the urban 

coverage, and appropriately increasing urban albedo is 

regarded as a verifiable and repeatable UHI mitigation 

strategy. There is still little research on evaluation and 

comparison of urban albedo between the DHR and RR 

building façades. Therefore, this study proposed a simple 

urban model with different incident angles of light beam, 

and used it to evaluate the urban albedo, with 

consideration of two different reflective directional 

characteristics including DHR and RR façade surface 

materials. In addition, in order to evaluate the effect of 

incident angles of sunlight on the upward to downward 

ratio of reflection under two conditions of DHR and RR 

building facades, this study also used the proposed simple 

urban model experiment to evaluate it. 

The results obtained by the proposed simple urban model 

experiment are compared with that evaluated by an 

analytic simulation of urban canyon proposed in previous 

study. It is shown that the RR building façade will 

increase the urban albedo and upward to downward ratios 

of reflection from building façades, thus it is considered 

that RR building facades can potentially contribute to 

UHI mitigation, while compared to the DHR building 

façades. 

 

Introduction 

Urban albedo is an important concept in climatology, 

astronomy, and environmental management (e.g., as part 

of the Leadership in Energy and Environmental Design 

(LEED) program for sustainable rating of buildings), it 

affects climate by determining how much solar radiation 

the urban coverage surface absorbs (Schneider et al., 

2011; Yuan, 2020). Many studies indicated that urban 

temperatures and photochemical reaction rates increased 

with the increase in urban albedo (Fallmann et al., 2013 

&2016), and increasing urban albedo is regarded as a 

verifiable and repeatable UHI mitigation strategy (Taha, 

2008; Akbari & Kolokotsa, 2016). 

As a well-known phenomenon, urban heat island (UHI) 

has been increasing significantly in recent years (Tran et 

al., 2006; Choi et al., 2014; Kim, 1992; Kato & 

Yamaguchi, 2005). It was indicated that less urbanized 

districts were generally more sensitive to the synergies. 

To mitigate UHI effect has become an important global 

issue and many strategies of UHI mitigation have been 

carried out worldwide, including strategies such as green 

roofs (Santamouris, 2014; Akbari et al., 2016), cool roofs 

(Levinson & Akbari, 2010), solar radiation shielding 

(Inoue, 2007), and inorganic coatings for buildings 

(Gobakis et al., 2016). However, most of these strategies 

that include use of HR materials which have diffuse 

reflective (DR) characteristics. It has been proposed that 

a retro-reflective (RR) material be possibly applied to 

building facades instead of DR material to mitigate the 

UHI phenomenon (Rossi et al., 2015; Yuan et al., 2016a; 

Castellani et al., 2017; Ichinose et al., 2017).  

With replacement of DR coatings of buildings with 

diffuse reflection characteristics which can hit 

surrounding buildings and pavements, RR coatings are 

possibly applied to building facades, and it can reflect 

sunlight back along the incident direction (Yuan et al., 

2015). An experimental study on RR materials showed 

that RR materials could be effectively applied as coatings 

on urban paving and building envelope to reduce the 

circulating energy into the urban canyon (Rossi et al., 

2015). Castellani et al., (2017) developed three types of 

microsphere tiles and tested them by an optical 

experiment. The results showed that all the three types of 

microsphere tiles could provide strong RR capacities for 

incident light directions from 0° to 60° with respect to the 

surface normal. Ichinose et al., (2017) applied a type of 

RR film to actual windows of a building, and measured 

its RR property. The results showed that this type of RR 

film could increase the upward solar reflectivity of urban 

building geometry for UHI mitigation. 

Most of studies (Rossi et al., 2014, Yuan et al., 2016b) 

indicated that the RR surface loses retro-reflectivity and 

the downward solar reflectivity increases when the 

sunlight incident angle on the surface exceeds a certain 

angle of about 60° with respect to wall surface normal. In 

addition, the downward solar radiation from building 

facades not only have a negative impact on pedestrians, 
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but also would lead to heating the urban environment 

through the heat absorbed by the ground surface 

(Takebayashi, 2016).  

Therefore, in view of how DHR and RR building facade 

affects the urban albedo, and how the incident angles of 

sunlight affects upward solar radiation reflected by 

facades between RR and DHR building facades, this study 

aims to evaluate urban albedo and upward to downward 

ratios of reflection from building facades, with 

considering two different reflective directional 

characteristics, including RR and DHR building facades, 

by using a simple urban model experiment.   

 

Materials and methodology 

In this study, a simple experimental urban model and an 

analytical simulation are adopted to achieve the purpose 

of this study.  

Two types of building façade materials which include 

white DHR plate and capsule RR sheet, are chosen as the 

building façade materials to construct the experimental 

urban model in this study. The urban albedo and upward 

to downward ratios under two scenarios of RR and DHR 

building facades are evaluated and compared, by using 

pyranometers to observe the intensity of incident light 

beam of halogen lamp light source. In addition, in order 

to verify the accuracy of the experimental urban model, 

the urban albedo obtained by the experimental urban 

model are also compared with that evaluated by an 

analytic simulation of urban canyon which was proposed 

by Yuan et al., (2016a). 

Façade materials 

In this study, a type of white DHR plate and a type of 

capsule RR sheet used in this urban model experiment are 

shown in Figure 1(a) and Figure 1(b). Their solar 

reflectivity were measured by the spectrophotometer. The 

measurement results showed that the solar reflectivity of 

the white DHR plate is about 0.80 (80%), and capsule RR 

sheet is about 0.72 (72%), respectively.  

 

 

 

 

 

 

 

Figure 1: Two types of building façade materials used in 

the urban model experiment, including white DHR plate 

(a) and capsule RR sheet (b). 

 

In addition, the angular distribution of reflection intensity 

under different incident angles of light source for the 

DHR and RR plate used in this experiment are measured 

by using an emitting-receiving optical fiber system used 

in previous study (Yuan et al., 2016).  

The incident angle of light source is changed by four 

angular steps of 10 degrees, 30 degrees, 60 degrees and 

80 degrees, and the reflection intensity under nine angular 

steps of -10 degrees, -30 degrees, -60 degrees, -80 degrees, 

0 degree, 10 degrees, 30 degrees, 60 degrees, and 80 

degrees, are measured and detailed in Table 1. 

Table 1: Angular distribution of reflection intensity 

under different incident angles of light. 

             Incident angle 

Reflection angle  
10o 30o 60o 80o 

Reflection intensity of DHR plate (×103) 

10o 0.60 0.59 0.57 0.55 

30o 0.59 0.58 0.57 0.55 

60o 0.58 0.57 0.56 0.54 

80o 0.59 0.58 0.56 0.54 

0o 0.59 0.58 0.56 0.53 

-80o 0.59 0.58 0.56 0.54 

-60o 0.58 0.57 0.55 0.54 

-30o 0.60 0.59 0.56 0.55 

-10o 0.61 0.60 0.57 0.55 

Reflection intensity of RR plate (×103) 

10o 45.0 4.6 3.3 4.3 

30o 4.2 40.0 3.4 5.4 

60o 3.8 4.2 7.0 4.0 

80o 2.9 3.1 2.2 3.1 

0o 7.8 4.7 1.9 1.2 

-80o 2.5 2.6 4.5 24.0 

-60o 2.6 3.3 21.0 3.2 

-30o 3.6 15.4 3.5 3.6 

-10o 10.6 4.1 3.0 3.6 

 

Pyranometer and halogen lamp light 

A type of pyranometer (EKO Seiki ML-02) and a halogen 

lamp light with an output of 200 volts and maximum 

intensity of 1200W/m2 are used in this experiment.  

The solar irradiance of pyranometer can be derived by the 

following Equation (1), 

            I = E / S                                                             (1) 

where I is the solar irradiance [W·m-2]; E is the output 

voltage of pyranometer [μV]; and S is the sensitivity of 

pyranometer (=51.2) [μV/W·m-2].  

Simple urban model 

In order to evaluate the urban albedo and upward to 

downward ratios of building facades under two scenarios 

of capsule RR facades and white DHR facades, a simple 

urban model as shown in Figure 2, was constructed in this 

study.  

The two facades (Wall-I & Wall-II) of the urban model 

are covered with the white DHR plates and capsule RR 

sheet. This study is divided into two scenarios including 

DHR and RR façades of urban canyon for predication. 

The ground surface of urban model is covered with a type 

of DR material with measured solar reflectivity of about 

0.5. As shown in Figure 2, a total of 18 units, 9 

a          b          
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pyranometers in each of the upward and downward 

directions, were used to observe the incident and reflected 

light beam of halogen lamp light source. The total light 

beam incident on the urban canyon is calculated by 

averaging the observed values of the nine pyranometers 

in the upward direction. The upward reflection from 

building façades of the urban model is calculated by 

averaging the observed values of nine pyranometers with 

the downward direction. Three pyranometers of upward 

direction were used to observe the downward reflection to 

ground surface reflected by the building facades. The 

downward reflection from building facades is calculated 

by averaging the observed value of the three 

pyranometers set on the ground surface in upward 

direction. The incident angle (θi) of halogen lamp light 

source can be changed with different angles from 0o to 90o. 

The aspect ratio (H/D) of the urban model is set to 1.0 in 

this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Simple urban model for evaluating the urban 

albedo and upward to downward ratios of reflection 

from building facades under two urban scenarios (RR 

and DHR building facades). 

 

Results 

The urban albedo, upward to downward ratios of 

reflection from building facades of experimental urban 

model under two urban scenarios including DHR and RR 

building facades, were evaluated and compared by using 

the simple urban model constructed in this study. 

Urban albedo 

The urban albedo of an urban canyon is usually regarded 

as an important indicator for mitigating the UHI effect and 

energy saving measures of buildings (Yuan, 2020).  

The urban albedo is calculated by dividing the amount of 

upward light beam reflected from building façades by the 

total amount of incident light beam in this study. The 

result is calculated and shown in Figure 3. It was shown 

that the urban albedo of RR façades is about 0.08 (8%) 

higher than that of the DHR facades, regardless of 

incident angle of halogen lamp light source. It was also 

shown that the urban albedo under the condition of 

incident angle (θi) (as shown in Figure 2) of 80o of 

halogen lamp light source is the largest, approximately 

0.03 (3%) larger than that under the other incident angles, 

regardless of different reflection directional 

characteristics including the RR and DHR facades.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Urban albedo of RR and DHR facades under 

different incident angle of halogen lamp light source. 

Upward to downward ratios of reflection 

In order to predict the amount of radiation heat remaining 

in the urban canyon, the indicator “upward to downward 

ratio” of reflection from the building façade is adopted in 

this study.  The upward to downward ratio of reflection is 

calculated by dividing the amount of upward light beam 

reflected from the building facades by the amount of 

downward light beam reflected from the building façades. 

The results are calculated and shown in Figure 4.  

It is shown that the upward to downward ratio of 

reflection by the RR building façades is about 0.04 (4%) 

higher than that under the condition of DHR building 

facades, regardless of the incident angles of halogen lamp 

light source. It is also shown that the upward to downward 

ratio under the condition of incident angle (θi) (as shown 

in Figure 2) of 10o of halogen lamp light source is the 

largest, approximately 0.05 (5%) larger than that under 

the conditions of the other incident angles, regardless of 

reflection directional characteristics (RR and DHR 

facades). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Upward to downward ratios of reflection by 

RR and DHR facades under different incident angle of 

halogen lamp light source. 
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Analytic simulation of urban canyon 

This study used an analytic simulation of urban canyon 

proposed in our previous study (Yuan et al., (2016a)) to 

evaluate the urban albedo with different incident angles 

of light beam. The analytic simulation of urban canyon is 

shown in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Analytic simulation of urban canyon used for 

evaluating urban albedo under different reflection 

directional characteristics (Yuan et al., (2016a)). 

 

The analytic simulation of urban canyon has two 

buildings of equal height “H” and distance between 

buildings “D”, with an aspect ratio (H/D). The urban 

canyon simulation is built on two simplifying 

assumptions: i) canyon length sufficiently large to neglect 

boundary effects; ii) among two facades of simulation, 

only the façade directly hit by solar radiation takes part to 

energy balance inside the canyon. The height of the 

façade’s area hit by solar radiation is calculated through 

Equations (2-4), 

Hs = D·tan β / cos (φ-φs)                                    (2) 

sin β = sin λ·sin d + cos λ·cos d·cos ω               (3) 

cos φ = (sin β·sin λ – sin d) / cos β·cos λ           (4) 

where Hs is the height of façade’s area hit by solar 

radiation; D is the width of the urban canyon; β is the solar 

elevation angle; φ is the solar azimuth angle; φs is the 

azimuth angle of the building surface; λ is the latitude of 

the simulation location; d is the sun declination; and ω is 

the hour angle at the local solar time.  

Figure 5 depicts a generic surface hit by solar radiation, 

characterized by an angle of inclination (x) with the 

horizontal plane and an azimuth angle (φs) that gives its 

orientation with respect to north-south direction. The 

angle of incident solar radiation (θi) on a surface tilted of 

an angle (x) is calculated by Equation (5). 

cos θi = cos β·cos (φ-φs)·sin x + sin β·cos x        (5) 

The simulation operates a discretization of the façade (Hs) 

in n parts: for each part, the angle γ, as shown in Figure 5, 

is calculated. The angle of γ represents the angle under 

which the reflected sunlight remains inside the canyon 

and hits the opposite façade and the pavement ground. 

As the sunlight is incident on the surface at an angle of θi, 

the solar radiation reflected by surface with an angle 

higher than γ will not remain inside the urban canyon. 

Thus, the albedo of canyon could be evaluated by the 

following Equation (6), 

𝑅𝑎𝑙𝑏 = ∑ 𝑃𝑜𝑡/𝑃𝑡 × 𝜌𝑡𝑝
90
𝑖=𝛾                                   (6) 

where Ralb is the urban albedo of canyon;  Pot is the 

proportion of the incident sunlight reflected to the sky 

over the angle range from γ to +90o; Pt is the total 

reflection distribution of facades over the angle range 

from -90o to +90o; and ρtp is the overall solar reflectivity 

of building façade. 

Comparison with urban model experiment 

In order to verify the accuracy of simple urban model 

experiment, the urban albedo with different incident 

angles (10o, 30o, 45o, 60o, 80o) of light beam evaluated by 

the two measures, were compared and shown in Figure 6.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Comparison of urban albedo by two measures 

(experiment measurement and analytic simulation) with 

different incident angles of light beam under two 

scenarios (RR building façade and DHR building 

facade). 

It is shown that the results obtained by the analytic 

simulation is about 0.045 (4.5%) smaller than that 

measured by urban model experiment for the scenario of 

RR building facades, and the difference is about 0.022 

(2.2%) for the scenario of DHR building facades.  

 

Discussion and limitations 

From the results of Figures 3 and 4, we can see that the 

RR building facades can increase the urban albedo and 

upward to downward ratio of reflection, and will 

potentially contribute to the UHI mitigation and energy 

savings of buildings in regions with significant UHI 

phenomenon effect, while compared to the DHR building 

facades.  In addition, from the result of Figure 4, we can 

see that when the incident angle of halogen lamp light 
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source is 10o, the upward to downward ratio of reflection 

is about 5% larger than that under the other larger incident 

angles. Thus, it is considered that the RR capacity of 

building façade is relatively strong when the incident 

angle with respect to the surface normal is small, and it 

generally agrees with the results obtained in studies by 

Rossi et al., (2014) and Yuan et al., (2016b). However, the 

results of urban model experiment also indicated that the 

change in upward to downward ratio of reflection under 

the condition of white DHR building façade is almost the 

same as that under the capsule RR building facade 

condition. Thus, it is assumed that the white DHR plate 

used in this urban model also has the similar reflection 

directional characteristics as the capsule RR sheet.  

By comparing the results of urban model experiment and 

analytic simulation, we can see that the results obtained 

by the analytic simulation is smaller than that measured 

by the urban model experiment, regardless of RR building 

façade and DHR building façade. The cause is considered 

that the analytic simulation of urban canyon only 

considered the reflection of the façade directly hit by the 

incident light beam, and the opposite façade is set as a 

complete absorber with no reflecting.  

The limitations of this paper is that only two materials are 

used for analysis, and only one condition of aspect ratio 

(H/D=1) is considered in the urban model, so the result 

may not be close to reality. In addition, the analytic 

simulation used the optical measurement values of DHR 

and RR materials to predict the urban albedo, and there is 

a certain error in adjusting the incident angle of the optical 

system, especially between small incident angles, thus 

there may be some errors in the analysis results of analytic 

simulation. Moreover, the simple urban model 

experiment proposed in this study only considered the 

direct radiation of light source and ignored the effect of 

diffuse radiation, so it seems a bit unrealistic, and the 

experiment needs to be improved in the future. 

 

Conclusion and future work 

This paper has proposed a simple urban model experiment 

to predict the urban albedo and upward to downward 

ratios of reflection of urban canyon with consideration of 

different reflection directional characteristics of building 

facades including DHR and RR materials. In addition, the 

results of urban albedo measured by the simple urban 

model were compared with that evaluated by an analytic 

simulation of urban canyon for accuracy verification.  

The knowledge obtained in this study are summarized and 

shown as follows. 

 Results of simple urban model experiment indicated 

that the urban building facades with RR directional 

characteristics is more effective to increase the urban 

albedo and upward to downward ratio of reflection, 

thus it is considered that it will potentially 

contributes to mitigate the UHI effect, while 

compared to the urban building façade with DHR 

directional characteristics. 

 By comparing the results of the simple urban model 

experiment and analytic simulation, it is shown that 

the urban albedo evaluated by the analytic 

simulation of urban canyon is smaller than that 

measured by the simple urban model.  

The future work will aims to improve the urban model 

experiment to evaluate the surrounding thermal 

environment outsides under different aspect ratios and 

different reflection directional characteristics of building 

facades. In addition, much larger urban model experiment 

is considered to be carried out in an outdoor environment 

in the future.  
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