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Abstract:



Urban Heat Island (UHI) is influenced by urban form, geometry, and the properties of surfaces. Retroreflective (RR) materials have been proposed as a countermeasure to UHI, thanks to their optical property of reflecting most of the incident solar energy back towards the same direction. In this paper, the effect of RR materials on urban districts was investigated. They were applied on building façades of urban districts with different urban forms and orientations. To this aim, an experimental model resembling urban districts with different geometries was built and RR materials on vertical surfaces were tested and compared to conventional construction materials with similar global reflectance. The trend of the instantaneous albedo was monitored during the day and a new parameter called “equivalent albedo” was used to demonstrate the effectiveness of the RR materials. The comparative analysis shows that the RR façades lead to an increase of the equivalent albedo for all of the investigated urban patterns. For a block pattern, the equivalent albedo increase is equal to 3%, while for canyon patterns it is equal to 7%. Results of energy evaluations show that the energy savings obtainable with the use of RR materials is comparable to the values of anthropogenic heat emissions in residential areas.
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1. Introduction


The Urban Heat Island (UHI) effect is a phenomenon that occurs in urban areas. It is due to build environment and human activities that make cities several degrees warmer than rural and suburban areas [1]. The UHI intensity is mainly due to human modification of the atmospheric environment [2,3,4]. UHI is influenced by several factors, including lower evaporation, increasing anthropogenic heat, lower air circulation in urban canyons, more pollutants in the atmosphere, topography, city size, low albedo, high heat capacity, and decrease in evapotranspiration [5,6,7].



Several studies found that the increased urban temperatures heavily impact the energy consumption of buildings during the summer period, affect human health [8], deteriorate indoor and outdoor thermal comfort [9,10], raise the concentration of harmful pollutants [11,12] and increase the carbon footprint of urban facilities and utilities [13].



Strategies for UHI mitigation have been widely investigated, and cool roofs, cool pavements [14,15,16,17], and urban vegetation including roof gardens and wet roofs [18,19,20] have emerged as new materials for thermal energy storage [21]. Urban vegetation allows the modification of the heat balance of the city by evapotranspiration and by intercepting solar radiation. In particular, this aspect has been studied for Cairo’s urban developmentsas a function of two parameters: leaf area index, LAI and leaf area density, LAD [19].



The energy saving potentials of cool roofs have been recognized; they can reduce cooling costs with a possible small increase in heating costs [22,23], they have a positive effect on the quality of life in urban areas [24,25], they can lead to an offsetting of CO2 emissions [26,27,28], and they can be an effective strategy in cold regions as well [29,30,31]. Strong efforts have been made to investigate innovative cool materials such as retroreflective materials (RR) [32,33,34], thermo chromic pigments [35], and directional reflective materials [36].



As regards RR materials, previous experimental studies have focused on: (i) the analytical modelling of RR materials’ behaviour for perpendicular incident radiation [37]; (ii) the evaluation of the optic properties of RR samples for several angles of incidence [38]; and (iii) the evaluation of RR cooling effect at the urban canyon level in terms of reduction of the energy circulating inside the canyon [39].



In particular, results show that RR materials reflect the incident radiation mainly back toward the incoming direction for low incidence angles, while they lose this property for high incidence angles [40]. The distribution of reflected radiation by a diffusive material follows the Lambert law:
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(1)







Measurement results of previous studies [40] demonstrated that the angular distribution of the reflected radiation by a retroreflective surfaces depends on cosn, where “n”, which depends on the material, represents a “concentration factor” of the reflected radiation around the direction of the incident radiation. The previous experimental campaigns have demonstrated the mitigation effects of RR materials in urban canyon scenarios [39,41].



Studies have analysed different strategies to introduce in urban planning tools in order to address climate change and subsequent risk disaster [42]. Generally, such instruments are based on three pillars: energy efficiency (EE), renewable energy sources (RES), and greenhouse gas emission reduction. In this context, solar energy technologies have already been presented as a good opportunity. Due to their demonstrated ability to reduce urban albedo and their cooling potential in terms of energy reflected and sent beyond the urban canyon [38], RR materials could also be considered a mitigation and adaptation strategy of climate change to add to the kit of urban planning tools.



The present paper aims to assesses the albedo change in an urban district physical model after the implementation of RR materials and as a function of urban geometry.



To this end, RR materials were tested and compared to conventional construction materials with similar global reflectance. The effect of both materials and urban patterns on the energy kept inside the urban canopy and thus on the heat island phenomenon was evaluated by introducing and calculating a new parameter, called “equivalent albedo” of an urban area.



The work is organized according to the following scheme: Section 2 introduces the materials and methods used for the experimental analysis; Section 3 shows the results and the discussion; conclusions are given in Section 4.



The results show that RR materials increase the equivalent albedo for all of the investigated urban patterns with a major effect on canyon schemes.




2. Materials and Methods


2.1. The Test Field


The experimental facility was located in Terni, on the roof of a building of the Applied Physics Department, University of Perugia. The considered urban geometries, orientations, and dimensions were taken from a previous study [41]. Concrete cubes of 15 cm sides were employed to reproduce urban scenarios with different geometries. The black membrane of the roofing material represents the bitumen of the street. The reproduced urban patterns are represented in Figure 1.


Figure 1. Schemes of the urban structure: (a) Blocks; (b) W-E canyons; (c) N-S canyons.
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The urban districts analyzed could represent the scale model of real urban cities such as Athens (a) and New York (b,c). For these cities, the UHI exceeds 4° [43] and 8° [44] respectively. An in-depth weather analysis is provided in Reference [45,46].



In the blocks structure, the cubes were placed at a distance of 15 cm from each other. The outermost vertexes of the cubes at the corners form a square of 135 cm by 135 cm. In the W-E canyons, the cubes were placed in five rows with a distance between of 15 cm. The cubes disposed in this way formed four canyons in the West-East direction. The value of the H/D ratio that characterizes the canyons was 1. The outermost vertexes defined an area of 135 cm by 150 cm. In the N-S canyons, the cubes were in five rows, with 15 cm distance between each other, and formed four canyons in the North-South direction. The H/D ratio was 1. The occupied area was 150 cm by 135 cm. The facility was exposed to the sun from sunrise to sunset. The three configurations were designed to have the same exposed vertical surface inside the perimeter. To pursue this condition, referring to the schemes depicted in Figure 1, 25 blocks were installed in the urban structure (a) (block shape) and 50 blocks were installed in the urban structures (b,c) (W-E and N-S canyons).



For each scheme shown in Figure 1, measurements were carried out with two different materials: traditional concrete and retroreflective (RR) membrane [47]. Figure 2 shows the test fields with lateral surfaces covered with RR materials.


Figure 2. Schemes of the urban structure with RR lateral surfaces: (a) Blocks; (b) W-E canyons; (c) N-S canyons.
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An albedometer, supplied by Delta Ohm Srl (model LP PYRA 05) and constituted by two pyranometers (Class I), was used to measure the albedo during the whole day. The albedo is calculated as the ratio between the reflected solar radiation and the diffuse radiation incident from the bottom hemisphere. The technical data of the sensors are provided in Reference [48].



In accordance with the procedure published in other works [41], it was positioned in a central position of each scheme, at a height of 30 cm above the blocks. It is close enough to the blocks to assess that the measured albedo is representative of the characteristic of the scheme, and albedo variations are due to the variations of the characteristics of the scheme (geometry and properties of materials). Measurements were carried out from 1 September to 10 September in accordance with the weather conditions required, which were clear sky conditions.




2.2. Optic-Energy Characterization of Materials


The solar reflectance of the blocks and the RR film was measured through a spectrophotometric analysis. The hemispherical spectral reflectance of the samples was measured using a Ultraviolet/Visible/Near Infrared (UV/VIS/NIR) by by Shimadzu Solid Spec 3700 spectrophotometer [49] equipped with 60 mm integrating sphere. The wavelength range of measurements was 280–2500 nm, which includes 99% of the solar energy. The solar reflectance of the samples was then calculated using the appropriate standards (ASTM Standard G 173 [50,51]). The investigated samples are shown in Figure 3.


Figure 3. Investigated samples: (a) concrete sample; (b) RR sample.
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Spectrophotometric analysis was carried out on one RR membrane sample and on five concrete samples (C1–C5), to take into account the effect of surface irregularity. The reflectance spectra of the samples are reported in Figure 4.


Figure 4. Reflectance spectra of the concrete samples C1, C2, C3, C4 and the RR film.
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Concrete samples show very similar behavior. The RR sample shows higher values of reflectance between 400 nm and 600 nm, 900 nm and 1650 nm, and 1900 nm and 2100 nm, as well as lower reflectance values for the remaining intervals. According to the calculations, they show a comparable average total reflectance equal to 55% (55.048% for the C samples and 54.98% for the RR sample).



In accordance with procedure described in Reference [37], diffusive and RR samples were characterized in terms of angular distribution of the reflected energy (from −90° to 90°). The samples’ behavior is graphed in Figure 5.


Figure 5. Angular distribution of reflected light: diffusive sample and RR sample [30].
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With respect to the diffusive sample, the RR material has a predominant retroreflected component backward to the incoming direction.





3. Results and Discussion


A monitoring campaign during the first 10 days of September 2015 was carried out in the test facility for each scheme, with diffusive and RR materials. Daily albedo trends recorded during the day are shown in Figure 6, Figure 7 and Figure 8. Each figure reports the monitored daily albedo values for the block scheme, W-E canyons, and N-S canyons, respectively. The considered time interval is the one that has the minimum cloud cover for all the schemes and conditions (from 7:20 to 16:40).


Figure 6. Daily albedo of the block shape scheme.
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Figure 7. Daily albedo of the W-E canyons scheme.
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Figure 8. Daily albedo of the N-S canyons scheme.
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As regards the block scheme in Figure 6, the daily trend shows that the albedo in the presence of RR materials is higher with respect to the diffusive material during most of the day. Some slightly lower values can be found from 10:20 to 12:00 and at 15:45.



Figure 7 shows the daily albedo results for the W-E canyons scheme. The measured albedo in the RR canyons is clearly higher than in the concrete canyons throughout the whole day. The maximum difference can be found in the morning, before 10:00. Then, in the central hours, a quite constant value of albedo for both the materials can be observed.



Finally, Figure 8 depicts the trend of albedo for the N-S canyons scheme. In this configuration, the albedo in the presence of RR materials is clearly higher than the albedo with diffusive concrete.



This means that RR materials have a beneficial effect at each time of the day and allow energy saving within the urban form with a canyon structure. During the central hours of the day, in all the investigated patterns, the albedo is constant. In effect, at this time the sun is high and the incident radiation arrives perpendicular to the horizontal surfaces of the urban district. In the morning and in the afternoon, when solar radiation hits the surfaces with different inclinations, the instantaneous albedo profiles in all cases show sharp fluctuations, suggesting that urban albedo is a time-dependent parameter. It is in fact mainly influenced by the interaction between urban pattern and solar irradiation, which changes during the day. To take into account this aspect, which becomes crucial at an urban district level, a new parameter is here introduced and called “urban equivalent albedo”. It is defined as the ratio between the reflected radiation and the solar incident radiation both integrated on the hemisphere and during the day, as shown in Equation (2).
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(2)







The equivalent albedo was calculated, in accordance with Equation (2), for the three schemes analyzed in the time interval from 07:20 to 16:40. Results are shown in Table 1. The daily albedo of the ground without blocks is 0.17. The presence of blocks (whose reflectance is about 55%, as stated before) causes an increase of albedo.



Table 1. Equivalent albedos and related % increase.







	
Scheme

	
Equivalentalbedo(Diffusive Concrete)

	
Equivalent Albedo(RR)

	
ΔAlbedo (%)






	
Blocks

	
0.21

	
0.24

	
+3%




	
W-E canyons

	
0.29

	
0.36

	
+7%




	
N-S canyons

	
0.28

	
0.35

	
+7%










There is an improvement in the equivalent albedo values due to the use of RR materials for all the schemes investigated; this is due to the directional properties of RR façades. In particular, for the block scheme, the daily equivalent albedo is 0.21 for diffusive concrete and 0.24 for RR materials, with an increase equal to 3%. For the W-E canyons scheme, the equivalent albedo passes from 0.29 to 0.36 with RR materials. The equivalent albedo in N-S canyons scheme passes from 0.28 to 0.35. The increase reaches 7% for both the canyon configurations.



Another consideration can be made on the basis of the results in Table 1. The equivalent albedo is affected by the urban pattern, with higher values in presence of canyon urban structures with respect to the block pattern. This is clearly shown in Figure 9, in which the instantaneous albedo values of the three schemes are compared (the first graph a) in presence of diffusive façades and the second graph b) with RR surfaces).


Figure 9. Daily instantaneous albedo: (a) Diffusive Materials, (b) RR Materials.
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Canyon structures ensure higher albedo during the day than the block structure, in the presence of both diffusive and RR materials. Such a difference is mainly due to the number of concrete blocks that are positioned on the ground. In fact, to have the same exposed vertical surface on the three urban structures, 50 concrete blocks were needed for the block shape and 25 concrete blocks were instead used for the canyon structures.



This difference in the horizontal surface area, which represents the roofs of the urban district, causes different albedo values. In the presence of diffusive concrete façades, with respect to the block structure, the albedo increases by 7% with N-S canyons and 8% with W-E canyons. The directional property, i.e., the property to reflect the radiation back in the same direction of incidence, of the RR surface intensifies this effect.



The results show that, with an equal amount of exposed vertical surface area, the urban irregularity influences the equivalent albedo; if increasing the irregularity of the urban scheme, it is necessary to install more reflective materials on the vertical surfaces in order to have the same effect as that achieved in a more regular scheme.



The benefits obtained with the use of RR façades in terms of equivalent albedo of the considered urban district models lead to an improvement of the total amount of energy that is reflected outward from the urban canopy, thus reducing the energy circulating inside the urban volume.



According to the value of the annual average solar irradiation in a tropical city, Lao PDR [50] of about 16 MJ/m2 day, the amount of energy saved with RR façades is indeed equal to: (i) 0.48 MJ/m2 day, which is almost 50,000 MJ/day for a 100,000 m2 district with the block structure; (ii) 1.12 MJ/m2 day, which is more than 100,000 MJ/day for a 100,000 m2 district with the canyon structure. Results of energy calculations are summarized in Table 2.



Table 2. Energy saving with RR façades in different urban patterns.







	
Urban Pattern

	
Solar Irradiation (MJ/m2day)

	
ΔEquivalent Albedo

	
Energy Saving (MJ/m2·day)






	
Blocks

	
16

	
0.03

	
−0.48




	
Canyons

	
16

	
0.07

	
−1.12










The energy savings, i.e., cooling potential of RR materials in terms of energy reflected and sent beyond the urban canyon (measured in this case in MJ/m2 day) have been roughly calculated by considering an Δequivalent albedo equal to 0.03 and 0.07 as in Table 2, with a typical solar irradiation of 16 MJ/m2·day and a 100,000 m2 district.



The estimated energy saving obtainable with the use of RR materials is comparable to the values of anthropogenic heat emissions expressed in MJ/m2·day for residential areas in tropical cities, as estimated [52].



Adhikari et al. [52] estimates the temporal variability of the anthropogenic heat flux density by separately considering the major sources of waste heat in urban environments, which include heat release from vehicular traffic, buildings, and human metabolism, respectively. The calculated anthropogenic heat flux density varies as a function of weekdays and study area, and ranges from 1.1 MJ/m2·day to 7.5 MJ/m2 day, which has a comparable order of magnitude of the hypothesized benefit above.




4. Conclusions


This paper investigates the influence of retroreflective materials on the albedo of experimental models resembling urban districts with different geometries. Three different geometries were investigated: a block structure, a West-East canyon structure, and a North-South canyon structure. For the three urban structures, the albedo was monitored during the day both in the presence of conventional diffusive building material and RR material. In addition, a new parameter called “urban equivalent albedo” is introduced to take into account the interaction between solar irradiation and urban pattern, which changes during the day. The comparative analysis shows that the RR façades lead to an increase of the equivalent albedo for all of the investigated urban patterns. This is due to the reflective properties of the RR membrane, which reflects the incident solar energy outward towards the same direction of incidence and thus does not diffuse the energy within the urban canopy. For the block structure, the equivalent albedo increase is equal to 3%, while for the canyon schemes the equivalent albedo increase is equal to 7%. It follows that a more irregular urban structure leads to the need for a more reflective material to gain the same albedo improvement as in a more regular urban scheme.



Energy evaluation shows that the estimated energy saving obtainable with the use of RR materials is comparable to the values of anthropogenic heat emissions in residential areas.



The present work focused on the analysis of the optic-energy properties of materials. As for future developments of the research, it will investigate how such properties can interact in the real scale, and the fluid dynamics of the setup will be studied to check the similitude with real-scale applications. In effect, the obtained results in the small scale needed to be verified in real-scale applications in order to also consider the convective phenomena.



Further future studies will be focused on the relation between albedo and outdoor comfort by considering the connection between urban degree of compactness and equivalent albedo.



A future goal will also be the assessment of albedo-improvement costs in current cities.
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