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ABSTRACT 

Many researchers have studied the roles of building envelope materials on UHI, such as roofs, and walls, 
but few of them have explored the impacts of the emergence of the solar-reflective coatings, films, and 
panels but well-visible transmittance that is increasingly applied to glazed building facades, especially 
in hot climates, for outdoor thermal environments. The question then arises: Despite the positive effects 
of these strong solar-reflective facades on building heating and cooling energy savings, do they have the 
same positive effects on the adjacent outdoor area, especially in a dense urban context? This research 
aims to quantify the potential UHI effects of the solar-reflective facades relative to the non-reflective 
ones in a dense urban context, along with the heating and cooling energy performance analysis. As such, 
a simulation method in terms of a series of tools including LBNL Radiance, EnergyPlus, and WINDOW 
software was adopted in this work to analyze the solar radiation interactions between the façade surface 
and the surrounding urban structures and potential temperature rise under solar-reflective and non-
reflective facades. The result shows that the annual cooling energy savings by using the solar-reflective 
facades are about 33.8% relative to the typical double-pane clear glazed façade because of the substantial 
reduction of U-factor and solar heat gains; But, this preliminary work also unveils the potential adverse 
effects of using such materials at the urban scale, leading nearly 2 times greater solar irradiation and 
UHI effects than the ones by the solar-non-reflective building surfaces in an urban area. Future 
optimization studies on the trade-off between the building cooling energy savings and UHI effects by 
the solar-reflective façades need to be conducted.   
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INTRODUCTION 
Urban Heat Island (UHI) effect is defined as the rise in temperature in any man-made area, which results 
in a well-defined, distinct “warm island” of urban area among the surrounding natural landscape [1]. 
The adverse effects of UHI include degradation of the living environment, increase in energy 
consumption, elevation in ground-level ozone, and even an increase in mortality rates [2]. Two major 
sources induce the temperature increase in an urban area: one is solar irradiation, including direct 
sunlight exposure and indirect energy from re-directed and absorbed solar radiations by urban structures; 
the other one is anthropogenic heat, which is produced by population-related activities and air pollutants. 
However, despite the large amount of heat produced by building structures in the urban microclimate, 
designers and engineers still put a lot of effort into designing solar-reflective facades to enhance building 
energy efficiency and indoor thermal comfort, especially in cooling-dominated climates. For example, 
most Low-E coatings used for fenestration systems, especially those with low solar heat gain coefficient 
(SHGC) for hot climates, are solar-reflective, which transmits the most visible light but reflects a large 
portion of solar infrared radiation (heat). The global market for Low-E Glass estimated at US$45.3 
Billion in the year 2020, is projected to reach a revised size of US$88 Billion by 2027 [3]. Other 
technologies include NIR-selective coatings for envelopes [Error! Reference source not found.], 
cooling pavements and roofs [4], metal panels, etc. As these types of materials become more popular, 
their impact on the urban microclimates draws the increasing attention of researchers: Synnefa et al. 
compared 14 types of reflective coatings and found that by the use of reflective coatings on white 
concrete tile’ surface, its surface temperature could reduce 4 °C during a hot summer day and 2 °C 
during hot summer night [6]. Yuan et al. used the Computational Fluid Dynamics (CFD) analysis 
method to predict outdoor thermal comfort by using diffuse HR building coating and specular reflective 
building coating. A total of three thermal sensation indices including outdoor air temperature (Ta), wet 
bulb globe temperature (WBGT), and new standard effective temperature (SET*) with consideration of 
the outdoor solar radiation effect are used to evaluate the outdoor thermal comfort under diffuse and 
specular reflective building coatings [7]. Yoshida et al. compare the effects of a heat ray retro-reflective 
film and other countermeasure techniques for windows, from the perspective of reducing the cooling 
load and mitigating the effects on the thermal environment. It is found that retro-reflective film improves 
both indoor and outdoor thermal environments; however, Low-E coatings improve indoor thermal 
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Step 3 – Indoor building energy simulation.  
The first step in our study is to conform the building energy reduction by using high solar-reflective 
facades (for example, Low-E windows), especially cutting down on cooling energy during hot summer 
days. To perform a district-level urban energy simulation, we utilized URBANOpt (or Urban Renewable 
Building And Neighborhood Optimization) platform developed by the National Renewable Energy 
Laboratory (NREL). By integrating with other simulation tools, such as EnergyPlus and OpenStudio, 
URBANopt offers detailed building energy modeling and analysis. Its flexibility allows users to assess 
different combinations of building materials, constructions, and systems, as well as district-level energy 
infrastructure, such as district heating and cooling networks or microgrids. Honeybee and Dragonfly 
toolkits in Rhino were used to build up the URBANOpt simulation. The detailed workflow schema is 
shown in Figure 4 [11].  

 
Figure 4. Integration of Rhino Honeybee/Dragonfly with URBANOpt 

Firstly, Dragonfly building objects were created from the urban model, with a fictional story height of 
8m and a window-wall ratio of 80%. Then these Dragonfly objects were converted to Honeybee objects 
to change window constructions in order to compare the building energy simulation results, such as 
energy use intensity, total energy consumption, etc. All the other construction materials were set 
according to Climatezone 5 building templates, with detailed information shown in Table 2. ‘Large-
office’ was assigned as the building program. All the buildings were conditioned, with ‘Ideal Loads Air 
System’ as an HVAC template [12].  

Table 2. Detailed HB-Energy Model Construction sets  

Construction Materials U-Value 
(W/m2-K) 

Heat capcacity 
(J/K-m2) Thickness (m) SHGC VT 

Window Double Low-E (Model I) 1.82 - 0.02 0.11 0.08 
Double Clear (Model II) 4.49 - 0.02 0.69 0.60 

Exterior Wall 

'Generic Brick',  
'Generic LW Concrete',  
'Generic 50mm Insulation',  
'Generic Wall Air Gap',  
'Generic Gypsum Board' 

0.46 273003.9 0.36 - - 

Ground Slab 'Generic 50mm Insulation',  
'Generic HW Concrete' 0.57 405801.5 0.25 - - 

Interior 
Ceiling 

'Generic LW Concrete', 
'Generic Ceiling Air Gap',  
'Generic Acoustic Tile' 

1.42 111990.4 0.22 - - 

Interior Floor 
'Generic Acoustic Tile',  
'Generic Ceiling Air Gap',  
'Generic LW Concrete' 

1.42 111990.4 0.22 - - 

Roof 

'Generic Roof Membrane',  
'Generic 50mm Insulation',  
'Generic LW Concrete',  
'Generic Ceiling Air Gap',  
'Generic Acoustic Tile' 

0.41 130943.9 0.28 - - 
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Step 4 – Outdoor radiation simulation.  
To compare the impacts of different solar-reflective facades on urban heat island, the first step is to 
understand how solar reflectance of building facades affect the outdoor ground horizontal irradiance 
(GHI). As in urban areas, a large portion of the solar irradiance received by a ground surface would not 
directly come from the sun, but re-directed or re-radiated by its surrounding surfaces, especially in city-
intensive areas. In this study, Honeybee Point-In-Time Grid-Based recipe was used (which utilizes 
Radiance as the embedded engine) to generate an outdoor GHI heatmap. Building window materials are 
modified by Radiance Glass Modifiers (integrating BRTD functions), as shown in Figure 5, in which 
only transmitted and reflected rays in the mirror direction will be considered.  

 
Figure 5. Radiance Glass BRTD modifier 

It should be noticed that Radiance divides the light source and materials’ properties into red, green, and 
blue channels in its simulation process, in other words, radiance modifiers only contain RGB 
transmittance/reflectance values which are derived from the spectral properties of the glazing material 
by integrating over the visible spectrum and converting to RGB values. Detailed solar spectral 
transmittance/reflectance can be obtained from the IGDB database, but in this study, we just assume 
these to be constant across the whole solar spectrum (i.e., RGB transmittance/reflectance are all equal 
to Tsol and Rfsol listed in Table 1). As for the analysis period, we chose an extreme cooling hour, at 12:00 
PM, August 4th, with clear-sky conditions (GHI equals 844 W/m2 and DNI equals 544 W/m2, according 
to Philadelphia_International_Ap:: 724080:: TMY3 file). The analysis points were generated at the 
surface of the ground, with a grid size of 3.0  3.0m. The general simulation procedure is illustrated by 
the diagram in Figure 6, with the Radiance parameters set as the following:  

Table 3. Radiance simulation parameters 

Parameter Abbreviation Definition Values 

Ambient 
accuracy -aa 

This value will approximately equal the error from 
indirect illuminance interpolation. Positive values 
between 0 and 1 control the allowed error for 
interpolation. Lower values result in higher 
accuracy, while higher values allow for more error 
in exchange for faster computation times. 

0.2 

Ambient 
bounces -ab 

This parameter controls the number of indirect 
light bounces considered in the simulation. A 
higher value results in a more accurate simulation 
but at the cost of increased computation time. 

6 

Ambient 
resolution -ar 

This parameter sets the distance between ambient 
calculations by determining the maximum density 
of ambient values used in interpolation. Higher 
values provide finer grids and better accuracy, but 
increased computation time. 

64 

Ambient 
divisions -ad 

This parameter sets the number of initial sampling 
rays sent from each ambient point into the 
hemisphere to determine the indirect incident light. 
A higher value improves the accuracy of indirect 
lighting but increases the computation time. 

2048 
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RESULTS  

1) Monthly building energy use  
District-level energy use intensity (EUI) and monthly total energy use are shown in Table 6 and Figure 
10, respectively. It’s found that the heating and cooling energy use will have a great reduction, 
68.89kWh/m2 vs. 99.97kWh/m2, if a Double-Pane solar-reflective Low-E window was applied. In 
particular, the cooling energy savings can be around 33.8% because of the reduction of both U-factor 
and solar heat gains in summer. These results demonstrate the capability of Low-E windows on building 
energy saving on an urban scale. However, their impacts on outdoor thermal environments remain 
unclear and will be studied and demonstrated in the following sections.   

Table 6. District-level Energy Use Intensity (EUI) for different end users 

Site EUI Model I (kWh/m2) Model II (kWh/m2) 
Heating 23.846 31.646 
Cooling 45.044 68.325 

Sum 68.89 99.97 
 

 

 
Figure 10. District-level Monthly total energy use (Up: Cooling energy use; Bottom: Heating energy use) 

2) Ground solar irradiation  
From Table 7, it is known that after applying the Low-E window for the building facades, the maximum 
and minimum solar irradiance received by the ground surface increased by 9.83%, 162.48%, 
respectively. The average ground solar irradiance also increase by 17.74%. The ground irradiance spatial 
heatmap also confirms these results, as shown in Figure 11, the total ground area that has solar irradiance 
larger than 800 W/m2 is 12.2% for Model I but only 3% for Model II. The ground solar distribution 
heavily depends on SVF and surrounding contexts for each analysis point, but high building density 
areas are more likely to be affected by high solar-reflective building facades. For example, at the green-
marked point 1, Model I has a ground irradiance of 121.67 W/m2, which is 1.06 times larger than that 
of Model II (59.00 W/m2). Point 2, however, only has a 4.3 % difference between Model I (768.86 
W/m2) and Model II (737.13 W/m2). This unveils the effect of re-directed radiation by building surfaces 
on adjacent ground. Thus, it can be concluded that high solar-reflective building facades will re-radiate 
more solar radiation to the ground compared to traditional glazing systems. 
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Table 7. Maximum, Minimum, and Average Ground Solar Irradiance 

Model Maximum Ground 
Irradiance (W/m2) 

Minimum Ground 
Irradiance (W/m2) 

Average Ground 
Irradiance (W/m2) 

I 914.43 91.29 452.88 
II 832.59 34.78 384.64 

 

 
Figure 11. Ground solar irradiation heatmap (Left: Model I; Right: Model II) 

3) Ground surface temperature  
Table 8 records the maximum, minimum, and average ground surface temperature of the two models. 
To investigate the extent of temperature variation for different ground materials, three sub-surfaces’ 
(with different ground materials) temperatures are also shown in Table 9. For the entire ground surface, 
the maximum temperature has a 2.34C difference between Model I and Model II, while the average 
temperature has 1.8C. As for the sampled points of different ground types, asphalt road exhibits the 
greatest temperature difference, followed by a concrete sidewalk, and grassy lawn’s temperature is less 
affected by its surrounding building facades. The possible reason for these results might be due to the 
location of the sample points, thus, further analysis may need to be conducted to study the ground type-
building facades interaction by controlling the sampled points locations. Figure 12 shows the spatial 
LST heatmap, in which we could spot some ‘hotspots’ over the entire ground surface. For example, the 
crossroad area seems to have extremely high temperatures. The general temperature distributions are in 
accordance with ground irradiation analysis, but there are still some differences between Model I and 
Model II. For example, in a high-density urban area (circled in red), Model I has higher surface 
temperatures than Model II for the same locations. To summarize, building facades’ solar reflectivity 
does have an impact on the surface temperature of their surrounding ground, especially in the area of 
high building density. This difference could be even larger considering EnergyPlus only perform single-
time reflection calculation. 

Table 8. Maximum, Minimum, and Average Ground Surface Temperature 

Model Maximum Ground 
Temperature (C) 

Minimum Ground 
Temperature (C) 

Average Ground 
Temperature (C) 

I 69.67203 27.4372 40.63303 
II 67.33064 27.6499 38.85421 

 
Table 9. Sample Points Temperature for Three Different Ground Types 

Mode
l 

Asphalt Road Sample 
Temperature (C) 

Concrete Sidewalk 
Sample Temperature (C) 

Grassy Lawn Sample 
Temperature (C) 

I 45.35054 36.373076 44.735624 
II 41.581193 33.386597 44.735323 

Point 1 

Point 2 
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Figure 12. Land Surface Temperature (LST) heatmap (Left: Model I; Right: Model II) 

CONCLUSION  
This work investigates the impacts of solar-reflective facades on UHI, in the Central Philadelphia area, 
during the extreme cooling month of the year. To compare the effects of different solar-reflective 
building facades on UHI, an Rhino 3D model was built by referencing geographical data (mainly 
contains building and ground surface information) obtained from the Openstreet map, and then 
transformed into an HB model to run energy and radiance simulations. Two models were compared by 
only changing the materials of window constructions (i.e., other parameters remain the same as control 
variables). These two models were made by the generic double-pane clear window and double-pane 
Low-E window, respectively, to represent building facades’ different levels of reflectivity, 
transmissivity, and emissivity. The positive effects of the Low-E window on building energy saving 
were confirmed by URBANOpt simulation, in which both cooling and heating energy use was reduced 
by applying the Low-E window. In order to quantitatively measure the effects of solar-reflective facades 
on urban thermal environment, two simulation tools were used: the first one utilized the HB-Radiance 
tool (built upon LBNL Radiance), which calculates the solar irradiance received by the ground surface 
under a specific weather-based sky condition. By changing the Radiance BRTD modifiers that were 
assigned to apertures, the correlation between building facades’ solar reflectivity and ground surface 
irradiance can be analyzed. It was found that ground solar irradiance was enhanced by high solar-
reflective façade, especially in high building density areas. The second simulation utilized the HB-
Energy tool (built upon LBNL EnergyPlus),  which calculates building exterior surface temperatures by 
simply implementing the heat balance equations on building exterior surfaces. The results showed that 
the Low-E window will increase ground surface temperature and induce some ‘hotspots’, especially in 
the high-density urban area. 
 
The major contribution of this work is to find the connections between UHI intensity and solar-reflective 
building facades so that researchers and designers can understand the trade-off between building indoor 
and outdoor thermal environments by using high solar-reflective windows. This procedure is purely 
based on computer simulations, so it is highly flexible and can be applied to different scenarios. It shed 
some light on the glass material development and urban planning, for example, developing retro-
reflective glass to reduce the solar energy re-directed by the windows to the urban canyon, adopting 
counter-measures (such as vegetation) at the ‘hotspots’ in the urban area to mitigate UHI effect. As more 
and more buildings have been equipped with glass curtain walls, it is important to control the solar 
radiation re-radiated by these curtain walls, or they may cause severe climate issues. Despite the 
contributions this work had made, some research gaps are still waiting to be filled: for example, as 
spectral-selective window material emerges, it is necessary to consider the spectral dependence of 
window reflections in building facades-UHI interactions. Also, by considering bidirectional reflection 
distributions (BRDF) of window materials, it is possible to more accurately locate the ‘hotspot’ around 
a solar-reflective building, so that counter-measures could be applied to this area to mitigate the effect. 
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Furthermore, to validate the simulation results, some field tests could be done by measuring the UHI 
intensities of different solar-reflective buildings/models. 
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NOMENCLATURE 
BRDF                                                                     Bidirectional Reflectance Distribution Function  
VIS                                                                                                             Visible Light Radiation 
NIR                                                                                                            Near-Infrared Radiation 
GHI                                                                                                   Global Horizontal Irradiance 
DNI                                                                                                         Direct Normal Irradiance 
DHI                                                                                                  Diffuse Horizontal Irradiance 
UHI                                                                                                                   Urban Heat Island 
UHII                                                                                                    Urban Heat Island Intensity 
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