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ARTICLE INFO ABSTRACT
Keywords: In the context of rising urban temperatures, this investigation delves into the impacts of solar reflectance on
Building facade glazed facades, shedding light on urban microclimates and the resulting thermal experiences. Recent retrofit

Building energy
Urban heat island
Microclimate
Heat stress

strategies have employed low emissivity and high solar reflective materials to enhance energy efficiency and
indoor comfort against climbing outdoor temperatures. Despite these advances, adverse effects on outdoor heat
conditions are often reported due to the intrinsic relationships among the glazed facades’” optical and thermal
properties, highlighting a gap in thorough, quantitative assessments in this domain. Accordingly, this study aims
to bridge this gap, examining the comprehensive effects of glazed facades’ solar reflectance on building energy
performance and the Universal Thermal Climate Index (UTCI) in densely populated urban settings. Utilizing
computational simulations and empirical analysis, we scrutinized changes in outdoor solar radiation, ground
temperature, UTCI, and building-specific energy demands, including heating, cooling, and lighting energy use,
correlating these with varying facade’s solar reflectance levels during peak summer periods. Results affirm the
potential of highly solar reflective facades to substantially cut cooling energy needs by mitigating solar heat gain
and thermal conductance. However, a notable byproduct is the upsurge in UTCI, signaling increased heat stress
risk within urban canyons. Our comprehensive, multi-objective optimization approach seeks to harmonize the
solar reflectance of facades, aiming to reconcile energy conservation with the imperative of maintaining urban
thermal comfort. This research contributes significantly to urban retrofit strategies and also guides the potential
sustainable urban and landscape design that harmonizes urban energy savings with the mitigation of urban heat
implications.

Solar radiation

reflection and re-radiation from urban and building structures, and
anthropogenic heat from human activities and air pollutants. Building
facades or envelopes play a crucial role in this context due to their
interaction with solar irradiation impacting the outdoor environment.
This impact is particularly pronounced in dense areas where the char-
acteristics of building facades are more influential. There have been
reports and discussions in different channels indicating that highly
reflective building surfaces and windows may significantly influence the
outdoor thermal environment. One study found that an increase in
surface reflectance in simple urban canyons adversely affects outdoor
thermal comfort due to increased surface temperature: PET tempera-
tures can increase up to 5.6 °C during the hottest hour of the day, with
high road and fagade reflectivity. However, when lowering the facade
reflectivity, urban canyon PET temperature can have a reduction of up
to 1.6 °C [3]. Another research indicated that using high albedo

1. Introduction

With the increasing frequency of extreme weather events in recent
years, the influence of urban building environments and ongoing
building energy retrofit practices on the microclimate has garnered
heightened attention. This attention is particularly relevant in the
context of the Urban Heat Island (UHI) effect, which 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: solar
irradiation, encompassing both direct sunlight and its indirect effects via
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Nomenclature

UHI Urban Heat Island

UTCI Universal Thermal Comfort Index
Ta Dry-bulb air temperature (°C)
Tmr, MRT Mean Radiant Temperature (°C)
V. Air Velocity (m/s)

GH Grasshopper

DF Grasshopper, Dragonfly plug-in
HB Grasshopper, Honeybee plug-in
LB Grasshopper, Ladybug tools
SHGC Solar Heat Gain Coefficient

Risol Facade front solar reflectance
BRTD Bidirectional Reflection and Transmission Distribution
EUI End Use Intensity (kWh/m?)

materials in urban areas could contribute to a worsening outdoor ther-
mal environment [4]. In addition to academic research, there have been
real-world instances highlighting the adverse effects of reflective
building materials. Notably, the Vdara Hotel in Las Vegas experienced a
phenomenon dubbed the “Death Ray,” where the hotel’s glass facade
concentrated sunlight to such an extent that it heated the hotel pool area
and reportedly melted plastic items [5]. Similarly, in residential neigh-
borhoods, the reflective properties of solar-heat-control Low-E facades
have been known to focus sunlight onto neighboring houses, causing the
vinyl siding to warp and melt [6]. These incidents illustrate the practical
implications of reflective surfaces in dense environments, where
concentrated solar reflections can lead to unintended and potentially
hazardous consequences.

Concurrently, there is an ongoing emphasis on energy-efficient
design and energy retrofitting of these envelopes. To mitigate the po-
tential heatwave impacts, significant efforts have been made in
designing or retrofitting solar-reflective facades to boost energy effi-
ciency and improve indoor thermal comfort. A notable example is the
widespread use of Low-E coatings in fenestration systems, especially
those with a low solar heat gain coefficient (SHGC) in hotter climates.
These coatings are solar-reflective, allowing most visible light to pass
through while reflecting a significant portion of solar infrared radiation
(heat). Somasundaram et al. reported the potential HVAC energy saving
by the combination installation of solar film (i.e., Low-E film) with
retrofit double glazing up to 20 % 7. 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 [8]. With the development of
novel window systems, for example, Phase Change Material (PCM) film
(such as VO3 [9]) and complex-structured smart window systems (such
as windows integrated with thermotropic parallel slat-transparent
insulation material [10]), building energy reduction can be even
higher with the un-compromising indoor luminous environment [11].
Other technologies include NIR-selective coatings for envelopes [12],
passive cooling pigments/paintings [13], heat-mirror panels, etc. As
these types of high-reflective materials and solar-control technologies
become more popular for energy efficiency and thermal resilience
enhancement purposes, their impacts on urban microclimates draw
increasing attention from researchers. Salvati et al. investigated the
impacts of reflective materials on urban canyon albedo, and outdoor and
indoor microclimates, and they found that increasing surface reflectance
in urban canyons has a detrimental impact on outdoor thermal comfort
[3]. Yuan et al. found that a highly reflective facade would increase the
amount of solar radiation and heat flux reflected to the urban canyon,
and the outdoor air temperature of the specular reflective (SR) facade
was about 0.04 °C and 0.13 °C higher than that of the retro-reflective
(RR) and the diffuse highly reflective (DHR) facade, respectively [14].
Martins et al. showed that by increasing all surfaces of the surrounding
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building’s albedo to 0.9, the average Physiological Equivalent Temper-
ature (PET) was increased by 1 °C [15]. Mehaoued et al. examined the
influence of the reflective glass facade of an office building on its sur-
rounding microclimate and building cooling load in Algiers, and it was
found that the air temperature surrounding the building significantly
increased due to the multiple reflections of the radiation heat flux,
which leads to an increase in the cooling demand [16]. Wen et al. con-
ducted field measurements for a school building in Singapore that was
affected by a surrounding highly reflective stainless-steel facade, and the
results showed that the surrounding highly reflective facade incurred
both outdoor solar radiation and outdoor air temperature, which in turn
affected the school’s indoor illuminance and air temperature [4]. A
more recent study targeted the impact of a specific component: building
window systems (i.e., window reflectivity and size). They examined 40
scenarios by employing ENVI-met model, and simulation results
revealed their spatiotemperal characteristics (i.e., windows’ impacts
was time- and spatial- dependent) and intrinsic interaction (between
window size and reflectivity) [17]. Other studies showed that reflective
facades affected outdoor surface temperature, thereby affecting outdoor
thermal comfort [17,18]. In brief, considering envelope energy-efficient
retrofit and thermal resilience, a variety of innovative materials and
technologies are proving highly effective in boosting both the energy
efficiency and thermal resilience of individual buildings [19], while
some envelope retrofit options with high solar-reflective characteristics
may increase the inter-reflections between surrounding buildings and
harm the outdoor urban microenvironment.

In summary, there is a general agreement that the application of
solar-reflective materials on building facades requires careful consider-
ation from both research and practical standpoints. While prior studies
have focused on a single building’s surface reflectance on its sur-
rounding environment and building energy demand, or city-scaled
analysis with less-detailed materials properties, it remains unclear
how building facade impacts the urban microclimate and building en-
ergy demand on a mesoscale, by taking dense urban structure (i.e., the
interactions between numerous building facades) and the complex
glazed facade optical and thermal properties (e.g., most studies only
considered surface albedo, neglecting the intrinsic relationships among
glazed facades’ solar reflectivity, solar heat gain coefficient, thermal
transfer coefficient, and visible transmittance.) into consideration at the
same time. Therefore, a more comprehensive workflow should be
established integrating urban microclimate modeling, building energy
modeling, and glazed fagade characterizations to quantitatively analyze
the interactions between solar-reflective facade, outdoor thermal envi-
ronment, and building energy consumption, within dense urban areas.
Further, this research raises another important query: can we achieve a
balance between reducing building energy use and mitigating adverse
effects on outdoor thermal comfort? The key may lie in optimizing the
properties of external wall surfaces, particularly in densely built urban
areas, to harmonize energy efficiency with environmental impact.

From the perspective of research contribution to the new body of
knowledge, this investigation pioneers the analysis of the nexus between
building envelope retrofits and their concurrent effects on energy use
and outdoor thermal environments within a specific urban typology
characterized by the predominant use of glass in high-rise building fa-
cades. Through an integrative suite of numerical modeling, computa-
tional simulations, and a substantiated case study enhanced by
comprehensive data analytics, this research scrutinizes the dual impact
of NIR-reflective facade materials in such urban center contexts. Our
methodological innovation bridges simulation with optimization,
yielding new insights into facade material design and its engineering
implications in those densely urbanized areas featuring high-rise glazed
facades. This study’s rigorous examination of solar-reflective facades
marks an important understanding of their influence on both microcli-
matic thermal conditions and building energy profiles. Specifically, it
informs the escalating discourse on reconciling the objectives of sus-
tainability with the imperatives of thermal resilience, particularly as
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NIR-reflective technologies become central to energy-efficient building
design. The insights gleaned here are set to steer policy-making and
architectural practices towards a synergistic balance between green
building initiatives and urban thermal adaptability.

2. Related work about facade impacts on urban thermal
environments

The correlation between building facades and urban microclimate
has been the topic of ongoing research and development in recent years.
Past studies mainly took two approaches to unveil this underlying cor-
relation: either through field measurements (unmanned aerial vehicles
(UAVs), remote sensing, local weather station, etc.) or computational
techniques, depending on the ambient levels (surface layer, canopy
layer, and boundary layer), analysis scales (mesoscale, local-scale or
microscale) and quantifiable parameters (land surface temperature,
surface temperature, air temperature, sky view factor (SVF), physiology
equivalent temperature (PET), etc.) [20,21]. For example, to investigate
how reflective materials affect the urban microclimate, many re-
searchers took field measurements by using the micro-weather station,
radiometer, thermometers, thermocouples, etc. to gauge the
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spatial-temporal radiative flux, air temperature, surface temperature,
and other meteorological parameters for further analysis [3,4]. How-
ever, such field campaigns are limited by the time-span and location of
measured data, therefore they are more suitable for model validation,
especially in large-scaled scope. On the other hand, computer simula-
tions have the advantage of reporting spatial-temporal results on large-
scale areas. Many researchers have done building fagade-urban micro-
climate studies with the aid of computational tools [16,17,22], ac-
cording to Mirzaei et al.’s review paper on the recent urban microclimate
modeling studies [23], there are mainly three paths: 1). Using airflow (i.
e., meso and micro-scale CFD) and energy balanced (i.e., Urban canopy
model (UCM) and building energy model (BEM)) for UHI intensity and
building energy load analysis [24,25]; 2). Evaluating a thermal comfort
index (such as PET, UTCI) to study the impacts of different UHI in-
tensities on human comfort [26]; 3). Using remote sensing data incor-
porated with machine learning tools to evaluate the effects of urban
characteristics on UHI spatial-temporal variation [27,28]. In our case,
mesoscale building models (using BEM tools such as EnergyPlus) with
the integration of Radiance, CFD, and UCM would be suitable for
studying the effects of different solar-reflective facades on outdoor
thermal environments. As for the simulation tool, there exists two major

Impacts of solar-reflective fagade on indoor energy
use and outdoor microclimate

l

Urban model
construction

l

Solar-reflective
fagade selection

|

Site/Time
sensitivity analysis

Ground irradiance
simulation

3

District-level Indoor URBANOpt
Energy Use analysis simulation

Outdoor thermal
comfort analysis

CFD-BEM-UCM
coupled simulation

.

Multi-Objective Optimization (MOO) on window properties

l

[ Minimized Building Energy Use and UTCI ]

Fig. 1. Diagram of the computational analysis workflow used in this work.
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types: Energy Balance Models (EBM)-based models, such as RayMan,
SOLWEIG, TEB, and Computational Fluid Dynamic (CFD)-based models
such as OpenFOAM, FLUENT, STAR-CCM+, PHOENICS, ENVI-met
[29,30]. CFD can produce more accurate information within and
above building canopies compared to the EBM models (as an approxi-
mation of heat fluxes using empirical correlations in UCM models rarely
captivate the interaction between velocity and temperature fields), but it
also brings computational and theoretical challenges. To balance the
accuracy and complexity of our model, a novel workflow developed in
the Grasshopper environment was adopted, where Ladybug tools are
used to model the mutual relations amongst urban microclimate,
building energy performance, and outdoor thermal comfort [22]. To
understand the problem from a thermal comfort perspective, the UTCI
index is also generated by taking both meteorological and physiological
parameters into consideration.

3. Methodology

In this research, we employed a systematic numerical approach
coupled with a case study to assess the effects of solar-reflective facades,
which is illustrated in Fig. 1 above. The initial step in our methodology
was the construction of an urban model. Utilizing Elk, a plugin for
Grasshopper, we created a detailed representation of the Logan Square
area in Central Philadelphia, PA, USA. This urban model built with the
URBANORDt platform served as the basis for our simulations and further
analysis. Following the urban modeling, our investigation is carried out
in three phases. To potentially reveal the significant trade-off, we ex-
pected to focus on the facade impacts on hot summer situations and
specific or sensitive locations in the urban area. Therefore, in the first
phase, we particularly modeled high solar reflectance facade conditions
and then used Honeybee Radiance to map solar irradiation levels in the
selected urban area under a few selected hot summer days. Through this
step, the sensitivity of which parts of the urban and what time/weather
conditions were obtained. In the second phase, we conducted a series of
simulations with two major pathways. On the one hand, we conducted
district-level urban energy simulations, considering factors such as
heating and cooling loads and interior lighting demands. On the other
hand, we analyzed thermal comfort levels outdoors by implementing the
Universal Thermal Climate Index (UTCI) as our metric, utilizing the LB
UTCI tool to generate comprehensive UTCI maps. Through this phase,
we obtained two sets of responses — in terms of building energy use and
outdoor UTCI values with different facade solar properties. The last
phase was to conduct correlation analyses between the facade solar
reflectance and two key responses, and further perform optimization
analysis to determine the optimal facade properties for best energy
performance and minimal urban heat impacts.

United State Climate Zones
Marine (C) Dry (B) Moist (A)

Warm-Humid |
below white line

All of Alaska is in Zone 7 except for
the following boroughs in Zone 8:
Bethel, Northwest Arctic, Dellingham,
Southeast Fairbanks, Fairbanks N. Star,
Wade Hampton, Nome, Yukon-Koyukuk,
North Slope

Zone 1 includes Hawail,
Guam, Puerto Rico, and
the Virgin Islands
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3.1. Location, climate, and urban modeling

For our analysis, we selected Philadelphia, PA, USA, and its urban
central area — Logan Square, 392 m x 312 m (121,604 mz, shown in
Fig. 2), as the basic yet realistic urban context for our analysis. Specif-
ically, we utilized Elk, a Grasshopper plugin, to create a detailed model
of this dense urban area. Elk is adept at generating topographies and
street maps, leveraging data from OpenStreetMap.org and the Shuttle
Radar Topography Mission (SRTM) provided by NASA/Jet Propulsion
Laboratory [31]. Philadelphia, PA has been experiencing an uptick in
the frequency and intensity of heatwave events. Recent data analysis
suggests that the city currently faces three-day stretches of dangerous
heat more regularly. This increase in heatwave events is particularly
more pronounced in urban areas due to the urban heat island effect,
where built environments contribute to higher temperatures compared
to rural areas. Local initiatives, such as the “Beat the Heat” and “Heat
Response” projects [32], involve community engagement in areas like
Fairhill, Grays Ferry, and Southeast Philadelphia to create public art that
raises awareness and addresses the UHI effect. The city has also devel-
oped the Philadelphia Heat Vulnerability Index (HVI) [33], which
highlights key factors associated with the adverse health effects of
extreme heat events, indicating a focused approach to tackling heat-
related challenges in urban settings (Fig. 3).

The urban model contains three types of buildings, streets, side-
walks, and leisure/open information in the Logan Square area, Phila-
delphia. To simplify the model, the following assumptions were made:

e All building blocks were simply extruded as boxes without any

complex shapes, shades, or attachments.

Three building types were assigned according to their general func-

tionality: large office, high-rise apartment, and primary school.

e Ground zones had been pruned to have only three types, leisure
areas, sidewalks, and roads.

e Vegetations in the urban area have been neglected (which might
have a large impact on the simulation results since vegetation can
help mitigate the UHI effect by providing shade, evaporative cooling,
and reducing the amount of solar radiation absorbed by surfaces
[35-37D).

All building blocks were created as Dragonfly (DF)-Building com-
ponents, with a uniform story height of 8 m (which is unrealistic but
would help reduce the computational load). Then these DF objects could
either be used directly by Urban Weather Generator (UWG), or they
could also be converted to Honeybee (HB) objects (within which each
story was an HB-Room component), and be used in Radiance or Building
Energy Modeling (BEM). Apertures were then assigned to these HB-
Rooms, with uniform Window-Wall Ratio (WWR): 80 % for large of-
fices, 60 % for high-rise apartments, and 40 % for primary school. HB-
Ground rooms were also created and applied to the HB model, to

Logan Square, Center City

Philadelphia

Fig. 2. Urban model location: Logan Square, Central Philadelphia.
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Context building

High-rise
residence

Large office

Primary school

Garden/Leisure
area

Asphalt road

Concrete
sidewalk

Fig. 3. Urban model in Rhinoceros 3D format (Top: Snapshot of Logan Square, Philadelphia from Google Earth [34]; Bottom: Top & perspective view of Rhino

3D model).

account for different types of ground components.Ground materials’
thermal and optical properties are shown in appendix Table 1-s. Fig. 4
shows the rendering view of the 3D urban model. After all these steps,
the DF/HB model was ready for UHI, energy, and radiance simulations,
which could help quantify the impacts of solar-reflective facade on in-
door and outdoor environments from different perspectives.

3.2. Solar irradiation analysis method

The key aspect under study is how different facades influence
ground-level solar irradiance. For this, a Radiance-based two-phase
method was utilized, comparing two fagade systems: a standard double-
pane glazed facade (solar reflectance 0.1) and one with low emissivity
coatings (solar reflectance 0.7). The properties of these facades were
adjusted using Radiance Glass Modifiers and the BRTD function,
focusing on the directionality of transmitted and reflected rays. Radi-
ance’s BRTDfunc gives maximum flexibility over surface reflectance and
transmittance, providing for spectrally-dependent specular rays, reflec-
tance, and transmittance distribution functions [38]. Despite the avail-
ability of detailed solar spectrum data from the IGDB database, this
study simplifies the approach by assuming constant RGB transmittance/
reflectance across the solar spectrum (i.e., RGB transmittance/reflec-
tance are all equal to T, and Ry in Table 1). It should be noticed that
such simplification may underestimate the effects of glazed facade’s
reflectance (especially with Low-E coatings) on outdoor solar condi-
tions, as such solar control measures tend to reflect more solar radiation

in the near-infrared region, compared to traditional glazing materials
[39].

In order for this method to work, the ambient interpolation has to be
switched off (i.e., —aa 0, —as 0, —ar 0), giving rise to noise results and
requiring a higher number of ambient divisions (—ad). Other parameters
such as ambient bounces (—ab) would also have a great influence on our
study, the value will affect the rays that reach the ground (especially in
such a dense urban area), as illustrated by the Ray-tracing diagram
shown in Fig. 5. As for the analysis period, it is reasonable to infer that
solar-reflective facade would have a greater influence on indoor and
outdoor environments during extreme weather conditions (e.g., heat-
waves), when sky condition was clear, DNI was high, and under certain
sun direction. Therefore, the middle day during a heatwave period
(defined as 2 + consecutive days when maximum daily temperatures are
90°F or higher [40]): 9:00 AM - 17:00 PM, Aug 18th (with a minimum
DNI of 672 W/m? and maximum total sky cover of 20 %), were simu-
lated and compared to see if sun directions and solar irradiance level had
impacts on ground irradiance near high solar-reflective facade. The grid
size of the receiving surface is set to be 5.0 m.

3.3. Computation of detail fagade properties

To thoroughly examine the effects of solar-reflective facades and
their relationship with energy consumption and the outdoor environ-
ment, we developed and analyzed 25 different glazed facade models.
These models were simulated using the LBNL OPTICS and WINDOW

HONEYBEE OBJECTS ’ DRAGONFLY OBJECTS ‘
f f f
List of List of Room Lists Building List ContextShade List
List of Room Lists Building * ContextShade
Room List Story *
Room ' mommmmmmmmmmeo Room2D
Face LEGEND
Aperture Door 3D Object 2D Object Array

Shade

Fig. 4. DF/HB model conversion rule and finalized energy model ready for simulations.

»———  parent-to-child object relationship
****** translation relationship

1 can be assigned ProgramType

2 can be assigned ConstructionSet
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Table 1
Detailed glazing facade properties.
Glazed Facade ID Tuis SHGC U-factor (W/ Resol Tsol Absl
mZ-K)
1 (Baseline) 0.78 0.70 2.54 0.11 0.61 0.17
2 0.77 0.68 2.52 0.13 0.58 0.19
3 0.77 0.66 1.95 0.15 0.59 0.15
4 0.74 0.62 1.82 0.17 0.55 0.15
5 0.61 0.59 1.78 0.20 0.29 0.16
6 0.76 0.58 1.46 0.23 0.48 0.23
7 0.79 0.57 1.39 0.25 0.49 0.18
8 0.78 0.56 1.39 0.27 0.49 0.17
9 0.73 0.47 1.37 0.30 0.34 0.20
10 0.71 0.46 1.37 0.33 0.33 0.20
11 0.70 0.46 1.37 0.35 0.41 0.07
12 0.69 0.42 1.36 0.37 0.30 0.21
13 0.69 0.39 1.36 0.39 0.26 0.22
14 0.60 0.35 1.35 0.43 0.23 0.22
15 0.57 0.32 1.35 0.45 0.22 0.22
16 0.55 0.31 1.35 0.47 0.22 0.22
17 0.51 0.28 1.35 0.50 0.19 0.23
18 0.44 0.26 1.35 0.52 0.20 0.22
19 0.42 0.25 1.35 0.54 0.21 0.24
20 0.40 0.24 1.35 0.56 0.24 0.18
21 0.39 0.23 1.35 0.58 0.22 0.17
22 0.38 0.22 1.35 0.61 0.27 0.09
23 0.36 0.21 1.34 0.64 0.17 0.19
24 0.27 0.19 1.34 0.67 0.14 0.21
25 0.25 0.17 1.33 0.70 0.14 0.14

software, incorporating data from the IGDB library. For facades with
enhanced solar reflectivity, Low-E films were applied to the rear surface
of the first layer. Notably, although most ultra-low Low-E coated win-
dows have strong solar reflectivity, there are still considerable Low-E
products with minimal solar reflection features. In general, hard-
coated Low-E products are more commonly applied for commercial
building curtain walls or glazed facades due to their durability and
resistance to damage. However, they typically result in higher solar
reflectivity and lower solar heat gains. In this study, to streamline our
approach and align with common practices in our selected city, we
specifically concentrate on Low-E glazings sourced from the IGDB li-
brary that have solar heat control capabilities. In particular, the baseline
model consisted of double-pane clear glazing materials, characterized by
high solar light transmittance but low front solar reflectance. In contrast,
the comparative models were designed using coated glazed facades. As
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shown in Table 1, these models progressively increased the front solar
reflectance by changing the Low-E coatings from high levels to ultra-low
conditions. Previous research has consistently shown that glazed facades
featuring lower emittance coatings generally exhibit lower Solar Heat
Gain Coefficient (SHGC) values, due to their increased front solar
reflectance. At the same time, the U-factor, which measures heat
transfer, and visible transmittance, which relates to the amount of
visible light that passes through, are also significantly influenced by the
presence and type of low-e coatings. It should be noted that although
OPTIC and WINDOW are capable of calculating the angular and spectral
properties of glazing assemblies, they were assumed to be angularly and
spectrally independent. These normal incidence, spectral-averaged op-
tical, and thermal properties were then inserted into simulations and
acted as control variables for future optimization.

There are four key factors in the simulation and optimization pro-
cesses, including SHGC, U-factor, and Tyjs and Rgo). Among these pa-
rameters, SHGC and U-factor primarily affect buildings’ heating and
cooling loads, while Ty;s will affect buildings’ interior artificial lighting
(with the implementation of daylight control strategy and dimmable
lights), therefore building energy use is dependent on these variables.
On the other hand, Ry, determines the amount of solar energy that will
be re-directed to the outside by these glazed facade systems, therefore,
the outdoor thermal environment will be primarily affected by this
parameter. Modeled glazed facade properties are listed in Table 1, from
which their properties have shown some patterns: from baseline model
to high solar-reflective model, R¢so) keeps increasing from 0.11 to 0.70,
with an approximate interval of 0.02; SHGC and U-factor have opposite
trends compared with R, as they decrease when Ry increases (i.e.,
negatively correlated), and linear regression shows the following rela-
tionship between SHGC/U-factor and Ryso) (R% = 0.9785):

Ryt = — 1.08*SHGC + 0.032*Ujgyor +0.789 )}

Other parameters such as the glazed facade’s first layer absorptance
(Abs1) may affect the facade’s surface temperature, which in turn affects
outdoor longwave mean radiant temperature (Longwave MRT) calcu-
lation. It should be noticed that according to the International Energy
Conservation Code 2018 (IECC 2018) [41], for commercial building
energy efficiency in climate zone 4, building envelope fenestration
should have a maximum U-factor 0.38 BTU/hr-ft>°F (approximately
2.16 W/m>K) and SHGC 0.36/0.48 (for Projection Factor <0.2, orien-
tations other than North/North-facing). The purpose of including those
samples with relatively higher U-factor and SHGC in this work was

Surface irradiance @ 1 bounce (-ab=1) < Surface irradiance @ 6 bounce (-ab = 6)

Fig. 5. Ray-tracing diagram of Radiance model (Left: single ambient bounce/reflection; Right: 6-times ambient bounce/reflection).
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mainly for the underlying relationship analysis rather than energy per-
formance examination.

3.4. District-level building energy use estimation method

After determining the most sensible time and area of this study, the
next step is to find out how solar-reflective facade could affect indoor
building energy use, especially for cooling during hot summer days. To
perform a district-level urban energy simulation, we utilized the
URBANOpt (or Urban Renewable Building and Neighborhood Optimi-
zation) platform developed by the National Renewable Energy Labora-
tory (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 Fig. 6 [42].

The focused simulating area was the lower half of the urban model,
as shown in Fig. 7. Each story of each target building represents a
thermal zone within the building energy simulations. Different buildings
were adopting different programs based on their functionality, with
default ASHRAE 90.1 2019, ClimateZone 4, SteelFramed construction
sets (except for window construction sets). Detailed information is
shown in Table 2-s in the Supplementary material. Then different glazed
facade constructions (modified U-factor, SHGC, and Ty;s) were assigned
to the target buildings to simulate the district-level building energy use
intensity (EUI) under different Ry levels. There are three varying end
users in the final EUI results: heating, cooling, and interior lighting. For
heating and cooling, all buildings adopted the ‘Ideal Load Air System’ as
an HVAC template, which calculates the exact heating and cooling de-
mands. For interior lighting, lighting power density (LPD) was set as
6.66 W/m>, 8.86 W/m? and 7.18 W/m?, for office, apartment, and
primary school buildings, respectively, according to ASHRAE 2019
standards. As URBANOpt itself could not perform a daylight control
strategy, an OpenStudio Measure ‘Reduce Lighting Loads By Percentage’
was implemented. To estimate the reducing percentage for different
glazed facade constructions, a simplified method proposed by Krarti
et al. was used [43]:

Rhinoceros 3D
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Fi= 731~ exp( - Truha /)] @
which, f4 is the percentage of artificial lighting energy saving through
the use of daylighting, 7, is the glazed facade system’s visible trans-
mittance, A,, is the total glazed facade area for the building, A, is the
total perimeter floor area (i.e., daylit floor area, based on a room depth
of 12 ft) and Ay is the total floor area of the building. For office buildings,
the total floor area Af is 404,481 mz, the total glazed facade area A,y is
219,394 m?, and the total perimeter area is assumed to be 30 % of the
total floor area (which is 121,344 mz); For apartment buildings, the total
floor area A¢ is 20,446 m?, the total glazed facade area A,, is 72,283 m?,
and the total perimeter area is assumed to be 50 % of the total floor area
(which is 100,223 mz); For school buildings, the total floor area A is
3,264 m?, the total glazed facade area A, is 1,007 m?, and the total
perimeter area is assumed to be 20 % of the total floor area (which is
653 m?). It should be noted that this method can only estimate the rough
reduction of electric lighting energy, as a detailed daylight control
strategy should use more advanced tools such as Radiance to estimate
the accurate daylight-saving potential of using a transparent facade. The
output values from the URBANOpt simulation will be Energy Use In-
tensity (EUI in units: kWh/m?). By comparing the results listed above,
the impacts of solar-reflective facade on building energy use can be
quantified, and optimized in the future.

3.5. Outdoor thermal environment assessment method

Another important optimizing objective for our study is outdoor
thermal comfort. In this study, the Universal Thermal Climate Index
(UTCI) was adopted as the variable for quantifying outdoor thermal
comfort levels. UTCI is the equivalent temperature for the environment
derived from a reference environment. It is defined as the air tempera-
ture of the reference environment which produces the same strain index
value in comparison with the reference individual’s response to the real
environment [44]. As one of the most comprehensive indices for
calculating heat stress in outdoor spaces [45], UTCI calculates the offset
(i.e., the deviation of UTCI from air temperature) by taking both mete-
orological and non-meteorological (metabolic rate and clothing thermal
resistance) into consideration, as shown in Fig. 8 [46,47].

The meteorological parameters that are taken into consideration

(CAD)
Design Geometry
Grasshopper Dragonfly
(Visual Scrip ting) Plugin
Dragonfly Model
Dragonfly SDK l
(Python Scrip ting) |
GealSON OSMs
URBANopt CLI Simulation
Engines

Fig. 6. Workflow schema for URBANOpt simulation.
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which was coupled with a clothing model (Havenith et al., 2011).

involve dry-bulb air temperature (T,), mean radiant temperature (Tp,),
water vapor pressure (Pg) or relative humidity (RH), and wind speed (V)
(at the elevation of 10 m). This can be written in the mathematical
equation as:

UTCI(Tqy, e, Voo Pa) = Tq + Offset(Tq, Tonre, Va, Pa)

UTCI=3.21+(0.872-T,)+(0.2459- Ty ) — (2.5078-V,) — (0.0176-RH)("C)
3

Non-meteorological parameters were set as default: with a body
standing/walking (with a metabolic rate around 2.4 met), the solar
horizontal angle relative to the front of a person (SHARP) was 135 de-
grees, absorptivity was 0.7 (for average skin and medium clothing) and
emissivity was 0.95. The basic logic flow of producing the UTCI index
using Ladybug tools, as shown in Fig. 9, involves three key steps:

e Mean radiant temperature (MRT) at each sensor was divided into
two parts: longwave MRT and shortwave MRT. Longwave MRT
contains the radiant exchange between the human body, sky, and
surrounding building surfaces, while shortwave MRT mainly

considers the radiant exchange between the human body and direct
sunlight.

e The air temperature (T,) of the studied area was adjusted by
considering the Urban Heat Island (UHI) effect. Normally, the air
temperature of an urban area will be a few degrees higher than a
rural area (where EPW files are recorded).

e Air velocity (V,) at each sensor point was produced by coupling CFD
analysis with EPW wind speed and direction.

Longwave MRT was calculated by multiplying the view factors of
each sensor with the sky temperature and surrounding buildings’ sur-
face temperatures. This step was done by utilizing the outside surface
heat balance equation inside EnergyPlus. Longwave MRT, however, was
expected not to have a great influence on UTCI when surface reflectance
changed, as EPW sky temperature was fixed and building surface tem-
perature would not change much considering a relatively fixed facade
solar absorptance. Shortwave MRT compensates for longwave MRT by
considering the effect of shortwave solar radiation on human thermal
comfort, it can be expressed using the following equations:



C. Chen et al.

Radiance enhance
2-phase method

25 scenarios
* Surface reflectance: 11%-70%

Shortwave AMRT

Energy & Buildings 324 (2024) 114926

EnergyPlus outside
surface temperature

4

4 Shortwave AMRT

«  WWR: 80% )
»  Construction set: ASHRAE 2019, e e
Steel Framed
_model report )
Air temperature adjustment by considering UHI PV g uTCl sample points
ddy env_conds D
2 i G )
EPW
s north_ e 5
+ — -LWIE — + run_period_
A 0N
I ql _wind_speed_ condition D
Rural weather data Energy information —
schedule_ oTex category )
Outdoor Airflow comfort_par_
s=ZIZSS=I3 — - ( solar_body_par_ Tcp p
3 .f’a:--ai'
Sl Fa i
- ( )“‘?’g:: radiance_par_ HSP D
.:"o' NG run_settings_
Sagmmmsty =5 )
GH Butterfly ===IZZsE= _run

Standing/Walking
135 degrees

_posture_

_sharp_

_body_az_ *ﬁ sol_body_par [ =——
0.7 _absorptivity_

Fig. 9. Workflow Schema of UTCI Analysis in GH, Honeybee Plug-in.

0.95 _emissivity_

1/4
MRTyy, = (Z?lﬂ.fﬁ> ~273.15(°C) 4

4 Lay .
Toy =\ 5955 — 273.15(°C) (5)

Fy. Fa ERF .
MRT = MRTyy [ 1 == ) 4 Ty [ =2
R RLW( 2)+ Sky(2)+hrfeff( C) (6)
ERF = fuzh,(MRT — T,) @
Ay fpeslii a,
ERFoiar = (O'Sfeffﬁw (Idlﬁ + ITHRﬂoor) + #)TSOZ(;_W) ®)
LW

where ERF is an effective radiant field (used to describe the additional
longwave radiation energy at the body surface when surrounding sur-
face temperatures are different from the air temperature), ERFyqjq; is
effective radiant field solar component (which is added to longwave ERF
in Eq. (7) to determine solar-adjust MRT, i.e., AMRT, by using Eq. (6)),
fefr is the fraction of the body surface exposed to radiation from the
environment, fgy is the faction of sky view, fpes is the faction of the body
exposed to sunlight, A, is the projected area of a standard person
exposed to direct beam sunlight, Ap is the DuBois surface area of the
person, h, is the radiation heat transfer coefficient, lyif;, lqir, and Ity are
diffuse, direct and global horizontal solar irradiance [48]. By using a
Radiance-based enhanced 2-phase method, ground solar irradiance can

be produced by tracing a sun-ray from each sensor to the solar position.
The shortwave radiant exchange between the human body and the sun
was then converted into shortwave MRT by using the SolarCal model
proposed by Aren et al. [48].

Air temperature within dense urban areas was expected to be a few
degrees higher than that in non-urban areas (where most TMY3 weather
stations are located) because of the Urban Heat Island (UHI) effect. By
taking the urban environment and anthropogenic activities into
consideration, more accurate city-center air temperature can be simu-
lated in the modeling process, based on the existing TMY3 weather files.
In this study, the Urban Weather Generator (UWG) developed by Bruno
et al. [49-51] was used to predict the adjusted air temperature within
the urban canopy. UWG is a physics-based microclimate simulation tool,
designed to simulate the effects of the urban environment on local
weather conditions and to assess the energy performance of buildings in
urban areas. It also considers the anthropogenic energy interactions
within the urban environment, such as heat released from building
operation, and traffic vehicles, by embedding a building energy model in
the scheme and prescribing a traffic-generated heat (which normally
remains at 8-15 W/m? in many cities [49]) in canyon energy balance.
UWG could process the EPW data and generate the simulated urban
weather data, as shown in Fig. 10. The newly generated urban weather
data can then replace the original weather data and be used in the
following UTCI simulations. In this study, a GH Dragonfly plug-in UWG
was used to simulate the adjusted urban weather file by modifying
building UWG properties (more specifically, SHGC, which is used to
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evaluate the amount of solar heat reflected back to the street canyon)
[52].

Wind velocity is another important factor that could influence UTCI
results. Therefore, a CFD analysis for this city-scaled model is necessary.
By placing the ‘probes’ at each sensor and setting the wind scenarios for
each timestep, the time-series air velocity can be solved for every
sensing point within the analysis period. To accomplish this, the GH
Butterfly plug-in (OpenFOAM embedded) was used, and the Steady
Reynolds-Averaged Navier Stokes (RANS) approach was utilized to solve
the governing equation of fluid motion.

All 25 building external-wall scenarios were simulated and
compared in this UTCI analysis. The other information such as the basic
construction set was consistent with previous simulations. Window-Wall
Ratio, however, was set as 80 % universally. Based on the previous
ground solar irradiance - building surface reflectance interaction, this
analysis will focus on the lower half of the urban model, as shown in the
yellow area of Fig. 11. The grid size was set as 3 m by 3 m, and 1.4 m
above ground [53], with both quadrilateral and triangular meshing
(4448 sensors in total). The simulation period was set the same as
ground solar irradiance analysis, from 12:00 PM to 17:00 PM, on Aug
18th. For consistent and representative comparisons of the facade re-
flectance’s impacts, we particularly selected three specific points based
on the simulated UTCI results (shown in Fig. 11). Notably, these points
were representative, meaning that there were other spots in the study
area with identical or similar magnitudes of UTCI variations caused by
different facades. In addition to these extreme sampling points, the
average UTCI values in the study area were also calculated and involved
in the correlation analysis and comparisons. Lastly, the percentage area
of the simulated urban domain that exceeds 38 °C strong heat stress
threshold was also compared and reported to compare the influence of
building surface reflectance on urban-scale thermal comfort level.

* Min absolute UTCI
* Max absolute UTCI

Fig. 11. Sampling points in the study area for UTCI comparison in 25 scenarios.
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3.6. Validation

In our integrated computational methodology, there are two centric
computed parameters: the UWG weather conversion to local environ-
ments and the reflected global solar radiations in the urban canyon.
These two variables are the foundational elements for further physics-
based computations, such as MRT, and subsequent UTCI computa-
tions. To validate the accuracy of our methodology in computing these
parameters, we drew upon the empirical investigations encapsulated in
the research on the interplay between reflective materials and urban
canyon albedo by Salvati et al. [3]. Their research offers a repository of
exhaustive field data concerning urban canyon reflective radiation and
ambient thermal conditions, accompanied by meticulously crafted dig-
ital representations incorporating refined envelope configurations and
urban textures. In particular, we used our computational methodology
to construct all urban canyon models described by Salvati et al., and then
computed and compared local ambient outdoor air temperature and
reflected solar radiation in the urban canyon against the empirical
measurements reported in their studies [3,54]. The error percentage
between the measured and simulated parameters was reported.

3.7. Multi-objective optimization

In multi-objective optimization problems, the main task of the al-
gorithm is to simultaneously minimize or maximize the objective func-
tion. Therefore, all objective functions are defined as a vector, as shown
in the following equation:

maXXOmliny = (fl (x):fZ(x)7 "'1fn(x) )

X = (X1,X2,, Xm) €X

©)

The objectives of this study are to minimize both district-level energy
use intensity (including heating, cooling, and lighting), UTCI, and Area
of UTCI. 3g, with glazed facade systems’ properties (such as R0, SHGC,
and Ty;s) as decision variables. Among all the decision variables, UTCI is
mainly dependent on Rgol, While EUlpheating, cooling, lighting are mainly
dependent on SHGC, U-factor, and Tyjs. Therefore, the objective function
of this study can be defined as:

Y1, Y2, Ypr €Y

miny = (EUI(SHGC, U — factor, Ty;), UTCI (Rgso1) , AreaofUTCI..55 (Rgso1) )
(10)

4. Results

4.1. Validation of simulated environmental data against empirical
measurements

Fig. 12 (left) displays a comparison between simulated and measured
reflected solar radiation for a point located in the urban canyon over the
course of the selected day. The close alignment of the two curves sug-
gests that the simulation model accurately reflects actual conditions,
with a high degree of correlation (Pearson correlation of 0.99, P value <
0.01). This indicates a strong relationship between the simulated and
measured values, confirming the model’s reliability. Despite this strong
correlation, there is an observed error percentage of 8.6 %, which, while
noteworthy, still falls within an acceptable range for such simulations.
The relatively larger errors during the afternoon may be attributed to the
significant fluctuations in actual solar conditions. As for outdoor air
temperature inside the urban center, Fig. 12 (right) presents the com-
parison between the simulated air temperature data against actual
measurements for the selected points over a day. With an error per-
centage of only 3.8 %, the simulation closely matches the measured
temperatures. The data follows a typical diurnal pattern, with both
simulation and measurement reflecting the rise in temperature during



C. Chen et al. Energy & Buildings 324 (2024) 114926

e=@==Simulation ==@==Measurement
120

g

[0}
o

40

20 /
00—0—0—0—/

0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00

Solar radiation (W/m?)
[ea}
o

Time of the day

30
28
__26
s
K
S 24
<
%
Qo
£ 22
=
< 20
== Simulation Measurement
18
16
0:00 2:00 4:00 6:00 800 10:00 12:00 14:.00 16:00 18:00 20:00 22:00
Time of the day
Fig. 12. Simulation and measurement comparison based on Salvati et al.’s study [3].
the day and a decrease at night. The peak temperatures occur around the suggest that the proposed computational method is reliable and suitable
same time for both sets of data, indicating that the simulation is well- for further analysis and predictive modeling in studies of reflected solar
tuned to the measured environment. Overall, the validation results radiation in urban environments.

Average solar irradiance 8/18 12:00-17:00 (Low Re:! e Average solar iradiance 8/18 12:00-17:00 (High Rel

Fig. 13. Average ground solar irradiation at 12:00-17:00 PM, 8/18 (Left: Low building facade reflectance; Right: High building facade reflectance).
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4.2. Fagade reflectance impacts on outdoor ground solar irradiance

Based on the above-illustrated radiance-based simulation methods,
we obtained a series of solar irradiation (for a period of time) and
irradiance (average solar power) results on the defined grids. Fig. 13
showcases a comparison of average solar irradiation on the ground
within the selected urban block from noon to 5 PM on August 18th,
under two extremely different conditions of building facade reflectivity.
It presents a more muted distribution of solar irradiance with cooler
tones dominating the scene on the left (Low Ry low solar reflectance,
0.11), indicating average lower levels of solar energy reaching the
ground. On the right (High Rgo: high solar reflectance, 0.70), high
reflectance facades result in a brighter and warmer color palette,
signifying a substantial increase in solar radiation impacting the ground.
The average ground solar radiation across the whole study area
increased by 27.54 W/m? (or 16.9 %) from the low to high solar
reflectance scenario. The highest solar radiation change is approxi-
mately 95.15 W/m?, which was almost 3.4 times higher than the solar
radiation in the low Ry, scenario. This comparison starkly illustrates
how the reflectivity of a building’s facade can dramatically alter the
amount of solar energy that is either absorbed or reflected back into the
urban environment. While the overall patterns remain consistent with
the cumulative analysis, the average irradiance highlights the immedi-
ate solar loading, which can have significant implications for the ther-
mal comfort of pedestrians and nearby buildings.

4.3. Fagade reflectance impacts on district-level energy use intensity

Fig. 14 illustrates the relationship between the district-level Energy
Use Intensity (EUI) and the solar reflectance of building facades. EUI is
measured in kilowatt-hours per square meter (kWh/m?), representing
the energy consumed by the district’s buildings. As the solar reflectance
of the facade materials increases (x-axis), the EUI for cooling (orange
area) shows a significant decrease. This indicates that higher solar
reflectance in building materials reduces the solar heat gain within
buildings, thereby lowering the demand for cooling energy. This is
aligned with our initial expectation about using solar reflective surface
retrofits for energy savings. On the other hand, the EUI for heating (blue
area) displays a slight increase with higher reflectance. This could be
due to the reduced passive solar heating in cooler months, necessitating
more active heating, while such increases are still smaller compared
with the cooling energy savings due to the facade’s solar reflectance
increase. In particular, with the increase of solar reflectance of glazed
facades, the cooling energy reduction achieved about 26.4 kWh/m?2,
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while the increase in heating energy use was only about 12.4 kWh/m?2.

The nuanced variations in heating energy use across different levels
of solar reflectance can be attributed to the interplay between the solar
heat gains and the U-factor, which measures the rate of heat transfer
through a building element. At a solar reflectance of around 0.25, there
was an optimal balance where the building absorbed enough solar en-
ergy to minimize heating requirements without excessive heat loss. As
solar reflectance decreased to 0.1, the facade absorbed more solar en-
ergy, but this also led to increased heat loss due to higher thermal
conductance, especially in the absence of low-emissivity coatings, which
can exacerbate the heating energy demand. Conversely, as reflectance
increased to 0.7, while there was less solar heat gain, the U-factor may
increase if the facade system lacks low-e coatings, leading to greater heat
loss and hence increased heating energy use. In simpler terms, high
reflectance without appropriate thermal insulation can result in more
heat escaping from the building, which cannot be compensated for by
solar heat gains, particularly in cooler periods. In contrast, the cooling
energy showed a more consistent trend; as solar reflectance increased,
the U-factor tended to decrease up to a certain point. This reduction
lowered both the radiative and conductive heat gains through the
building’s facade, leading to a substantial reduction in cooling energy
requirements. The facade’s increased reflectivity effectively repels solar
radiation, which helps to keep the interior of the building cooler and
reduces the reliance on air conditioning systems.

The EUI for lighting, indicated by the grey area in the graph, does not
show significant fluctuations with changes in solar reflectance when
viewed in the context of total energy usage. However, when examining
the details in Fig. 15, it is observed that there is a subtle but noticeable
increase in artificial indoor lighting energy use as the solar reflectance of
the facade rises, particularly when the solar reflectance exceeds 0.5. This
pattern suggests that higher reflectivity of facade materials can lead to a
decrease in natural daylight availability inside the building, known as
the visible transmittance (Tyis), thereby necessitating more artificial
lighting. To summarize, the overall EUI is observed to significantly
decrease, from 140.8 to 109.8 kWh/m? (~22 %) with increasing solar
reflectivity from 0.11 to 0.7—largely due to lowered building cooling
energy demands. However, solar-reflective facades still increase energy
consumption for heating and lighting, particularly in regions where the
balance between solar gain and loss is critical to energy efficiency.

4.4. Fagade reflectance impacts on UTCI

Employing the methodology outlined in Section 3.5, we captured the
distribution of the UTCI across a designated urban analysis grid. Each
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Fig. 14. Correlation between district-level EUI and building facade solar reflectance.



C. Chen et al. Energy & Buildings 324 (2024) 114926
12 -
;‘(.C_‘ Visible Transmittance §
< / &
-g 11.5 )
= 3
—_— =}
-} . o &
w Lighting EUI n 3
ap =
+ >
<
o 11 — 3
X
o
e
105
0.1 03 0.5 0.7

Solar Reflectance

Fig. 15. Detailed view of lighting EUI, T, and building facade solar reflectance.

grid point reflects a time-averaged UTCI temperature, with simulations
purposefully conducted during periods of elevated solar radiation and
ambient temperatures to assess the possible effects during heatwave
conditions. The simulation results depicted in Fig. 16 provide a vivid
comparison of the UTCI distribution in the selected dense urban area,
influenced by the solar reflectance (0.11 left vs. 0.70 right) of building
facades. The simulation results across two scenarios with different solar
reflectance of facades shed light on the thermal conditions humans
might experience in similar urban settings.

Common to both distribution images is the depiction of UTCI vari-
ation across an urban setting, highlighting the critical influence of high-
rise building orientation on outdoor local thermal comfort. The orien-
tation affects how buildings receive and trap direct solar radiation, with
south-north alignments particularly susceptible to capturing intense
solar rays, thereby increasing local UTCI values. Upon comparing the
two distributions, distinct differences emerge as a result of varying
facade solar reflectance. In the scenario with low solar reflectance
(0.11), the UTCI suggests areas of moderate thermal stress. This level of
stress is generally considered acceptable and does not pose significant
health risks. It may even be perceived as comfortable in comparison to
higher stress levels, especially during warmer periods when some heat is
tolerable. Conversely, the high solar reflectance scenario (0.7) shows
elevated UTCI values, entering ranges that indicate extreme heat stress.

Solar Reflectance 0.11

4150

Universal Thermal Climate Index
8/18 to 8/18 between 12 and 17 @1

Such conditions can lead to strong thermal discomfort, heat exhaustion,
or even other heat-related health issues, especially for vulnerable pop-
ulations or during physical activity outdoor. The average UTCI incre-
ment across the overall study area is 1.28 °C, when comparing the low
solar reflectance (0.11) case with the high reflectance (0.70) case,
indicating the overall negative impact of high solar reflective facade on
outdoor thermal conditions during hot summer days. The areas that
show the greatest difference in UTCI values, highlighted in the simula-
tion map, are of particular concern as they exceed a 3 °C difference,
indicating a substantial increase in heat stress due to the facade’s higher
solar reflectance.

With the same simulation methods for the selected period, we ob-
tained the UTCI distributions for all different 25 facade models. Fig. 17
shows a correlation between the solar reflectance of glazed facades and
the percentage area experiencing high UTCI values exceeding 38 °C,
indicative of strong and even extreme heat stress. Initially, as the solar
reflectance values increase from 0.11 to 0.25, the percentage area of
high UTCI values rises only marginally, suggesting a relatively stable
relationship between facade reflectivity and outdoor heat stress. How-
ever, beyond a solar reflectance of 0.25, a more pronounced increasing
trend is observed. The area experiencing high UTCI values begins to
escalate more noticeably with each incremental rise in solar reflectance.
This upward trend continues consistently as the solar reflectance values

Solar reflectance 0.70

Universal Thermal Climate Index
8/18 to 8/18 between 12 and 17 @1y
UTCl most influenced
area by building facade’s
reflectance

Fig. 16. UTCI Thermal map low and high reflectance.
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Fig. 17. Percentage area of UTCI > 38 °C (suggesting very strong heat stress).

reach 0.70, with the percentage area of high UTCI values peaking at
almost 33 %. While the data indicates a seemingly modest 4 % increase
in the area experiencing extreme heat stress when transitioning from
low to high solar reflectance facades, the actual impact on urban life
should not be underestimated. In this case study context, such 4 %
represent about 1,200 m? of urban areas, which may often serve as open
spaces and hubs where people congregate for leisure, transit, and other
daily routines. Therefore, even a small increase in areas with high UTCI
values could significantly affect outdoor comfort and public health. This,
again, suggests that higher solar reflectance in building facade mate-
rials, while potentially reducing heat gains by the structures themselves,
may contribute to increased heat stress in the surrounding environment,
exacerbating conditions that lead to thermal discomfort and potential
health risks for individuals in outdoor urban spaces.

The regression analysis provided in Fig. 18 illustrates the general
linear relationship between the solar reflectance of facades and the UTCI
values, including the average of the overall study area, the value at the
maximum difference point, the value at the maximum point, and the
value at the minimum point. In general, as the solar reflectance (Rso)
increases, all four UTCI values also increase but with different magni-
tudes. From the perspective of average UTCI, an increase in reflectance
negatively impacts the UHI, though some areas may respond more
sensitively to variations in building facades, warranting further inves-
tigation and treatment. From the listed regression functions in the plot,
it is evident that the “Max difference UTCI” has the highest coefficient or
slope, indicating the strongest impact by the Ry, variation, while the
“Min UTCI” presents a relatively weak linear relationship with a lower
slope and more scattered data points. This suggests that although the
minimum UTCI values rise with increased reflectance, but not as steeply
as the UTCI values extracted in other points or areas. This is under-
standable since the solar reflectance of facades did not uniformly in-
fluence the outdoor thermal environments.

In addition to the UTCI value analysis, we also extracted the MRT
values (key output parameters influenced by solar radiation and solar
reflection and determined the UTCI values). Fig. 19 reveals that the
underlying reasons for the rise in UTCI values due to the high solar
reflectance of building facades are deeply rooted in the role of Mean

Radiant Temperature (MRT), particularly shortwave MRT. The regres-
sion analyses across these two sets of plots exhibit a direct and clear
positive correlation—higher building facade reflectivity was associated
with an increase in MRT, which quantifies the radiative heat experi-
enced by individuals. The top overall MRT plot demonstrates that with
higher reflectance, there is a substantial rise in both the maximum MRT
and its differential, potentially intensifying thermal stress in dense urban
areas, and adversely affecting human comfort. The bottom shortwave
MRT plot further highlights this trend, showcasing an even more pro-
nounced positive correlation (higher slope in the plot or greater coeftfi-
cient in the regression function) for shortwave MRT. This implies that
surfaces with higher solar reflectance are likely to amplify shortwave
radiation locally, thus increasing the MRT and possibly aggravating the
urban heat island phenomenon. The analysis suggests that longwave
MRT had a negligible influence in this specific study, as the glazed fa-
cades under investigation exhibited minimal variation in their absorp-
tion characteristics, making minor contributions to changes in absorbed
and re-radiated solar energy. Collectively, these insights underscore the
critical need to factor in solar reflectance in urban planning to balance
indoor cooling benefits against the risk of elevated outdoor thermal
stress, thereby safeguarding outdoor thermal comfort.

4.5. Optimization of fagade’s solar reflectance

From the above district-level EUI and UTCI results, it can be
concluded that the most sensitive objectives that can be influenced by
building facade properties were: cooling EUI and outdoor UTCI at
maximum difference points. Therefore, the Pareto Front was plotted for
two different objectives: Cooling EUI vs. UTCI at the maximum differ-
ential point, along with Total EUI vs. UTCI at the maximum differential
point. The Pareto Front graph in Fig. 20 depicts in the image illustrates a
trade-off between the UTCI, representing outdoor thermal comfort, and
Cooling EUI, which measures the efficiency of energy use for cooling
buildings. The blue data points represent various combinations of
building facade properties and their resulting UTCI and Cooling EUI
values, while the red line represents the Pareto Front, showcasing the
most efficient combinations where any improvement in one objective
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Fig. 18. Linear regression analysis for correlation between building facade reflectance and UTCI values.
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Fig. 19. Linear regression analysis for correlation between building facade reflectance MRT at sampling points (Top: Overall MRT; Bottom: Shortwave MRT).
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Fig. 20. Pareto Front for UTCI vs. Cooling EUL

would lead to a deterioration in the other. The plot shows that the
optimal point on this front is highlighted as an outlier, with a UTCI value
of 41.93 °C which is very close to the minimum UTCI value of all model
simulation results (which is 41.73 °C). It also brings the acceptable
cooling EUI, 57.3 kWh/m?, which, while not the absolute lowest (i.e.,
46.5 kWh/m?), represents a balanced compromise between energy ef-
ficiency and thermal comfort. The facade properties at this optimal point
suggest a visible transmittance (Tvis) of 0.60 and a Solar Heat Gain
Coefficient (SHGC) of 0.35, indicating a moderate level of solar radia-
tion allowed through the glass. The U-factor at this point is 1.35 W/
m?K, pointing to a lower facade’s thermal conductance. From the plot,
it can be also observed that the recommended solar reflectance range of
0.30-0.50 balances the need to avoid extreme UTCI values and excessive
energy use for cooling, making it a crucial factor in facade design for
urban areas where both energy efficiency and thermal comfort are sig-
nificant concerns.

To ensure the optimal search by the Pareto front analysis between
the cooling EUI and UTCI, additional optimization work about the trade-
off between the total EUI and UTCI was also conducted, as shown in
Fig. 21. The illustration in the energy impact section explains that there
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Fig. 21. Pareto Front for UTCI vs. Total EUL

was a minor trade-off issue between the cooling, heating, and lighting
energy use due to the change of solar reflectance of glazed facades.
However, the Pareto Front depicted in Fig. 21 underscores a similar
trade-off to the Cooling EUI versus UTCI. The same optimal point and
the same facade reflectance range recommendation of 0.30-0.50 emerge
again as critical factors, advocating for facades that effectively balance
energy and comfort requirements. This additional optimization vali-
dates the earlier findings, reinforcing the need for integrated facade
design strategies that simultaneously address energy efficiency and
urban livability.

5. Conclusion
5.1. Nexus of sustainability and thermal resilience to extreme weather

Retrofitting with high solar-reflective surfaces, as seen in this study,
is a specific but representative example where sustainability efforts
improve internal thermal comfort and resilience. However, strategies
focused solely on individual buildings may not always yield positive
outcomes for broader urban thermal resilience. This dynamic
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necessitates a comprehensive, interdisciplinary approach to under-
standing the effects of sustainable features at various scales — from in-
dividual buildings to entire urban and rural regions. Resilience and
sustainability are not static phenomena that can be accelerated and
amplified by processes of global, local, and social change. Developing
such a multiscale thermal resilience assessment framework requires
collaboration across architectural engineering, sociology, urban plan-
ning, and other fields. This framework should integrate both physical
and social context variables and span multiple levels, including indi-
vidual occupants, households, buildings, and communities. By using a
combination of experiments, simulations, and surveys, such research
efforts can uncover how thermal resilience is influenced by specific
physical, social, and urban contexts during the transition to sustainable
practices. The resulting framework, based on these insights, will provide
a means to balance sustainability transitions and resilience to climate-
related challenges across urban and rural areas. Such a holistic
approach is vital for preparing and responding effectively to extreme
temperature events, ensuring both sustainable development and
enhanced resilience.

5.2. Remarks of findings

This research offers a comprehensive examination of how solar
reflectance in building facades influences urban microclimates and in-
door energy efficiency. Our analysis has demonstrated that higher
facade reflectance reduces the building’s EUI but can lead to increased
outdoor UTCI values, implying heightened outdoor heat stress. Specif-
ically, an increase in facade solar reflectance led to a cooling energy
saving of approximately 26.4 kWh/m?, while the heating and lighting
EUI experienced a modest and slight rise, respectively. Such collective
effects still enable the high solar reflective facade to achieve up to 22 %
building energy savings. In contrast, the increase in facade reflectance
correlates with a rise in UTCI values, suggesting greater heat stress with
about a 4 % increase in the area experiencing extreme heat stress when
transitioning from low to high solar reflectance glazed facades. Such
impacts on UTCI are particularly greater when reflectance exceeds 0.25.
The nuanced UTCI metric analyses revealed that the shortwave MRT
played the most important role in influencing the outdoor thermal
environment because of the solar reflective facade applications. There-
fore, the research underscores the complexity of the relationship be-
tween building facade reflectance, individual building energy savings,
and urban thermal comfort, with higher reflectance potentially exacer-
bating heat stress in urban canyons. Further analysis through optimi-
zation models indicated a delicate balance between indoor energy
efficiency and outdoor thermal comfort. The Pareto optimization front
showed that a facade with a reflectance of 0.43 yields an optimal
compromise, with an acceptable UTCI and reasonable EUI savings.
Beyond this optimal point, higher reflectance begins to significantly
elevate UTCI without substantial gains in cooling energy efficiency.

5.3. Future works

This research has advanced our understanding of facade reflectance
on urban microclimates and building energy efficiency, yet it identifies
several avenues for future research inquiries. The 2-phase Radiance
method employed here may not fully capture the complexities of solar
irradiance within urban settings, necessitating more sophisticated
modeling techniques. The computational intensity of simulating exten-
sive urban areas has limited the sample size, geometrical elements, and
outdoor human postures and behaviors, possibly affecting the robust-
ness of statistical conclusions. Furthermore, the exclusive focus on the
optical properties of glazed facades has overlooked other urban form
factors, such as canyon ratios and facade configurations, and their in-
teractions with specific solar paths/positions, which could significantly
influence energy consumption and outdoor thermal comfort. In light of
these insights, future research should pivot towards dynamic facade
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systems capable of responding to changing solar exposures and incor-
porating green infrastructure to bolster thermal regulation. Thirdly, it is
worth exploring the effects of different urban canyon types and char-
acteristics on the UTCI variations caused by different facade design
parameters. This would require a large number of simulations and nu-
merical analyses. Embracing a data-driven approach for such studies
holds considerable promise for sustainable urban development,
balancing indoor energy efficiency and thermal comfort with the
imperative of managing outdoor thermal effects. Lastly, from the
perspective of glazed facade material design and engineering, retro-
reflective technologies present a promising direction, though they may
encounter difficulties due to the requirements for high visible trans-
mittance and view quality. Future research should aim to develop
transparent films that combine retro-reflection with spectral selectivity,
focusing on the solar infrared while maintaining clarity in the visible
range. This direction could significantly advance the application of retro-
reflective technologies in glazed facades, addressing current limitations
and enhancing their effectiveness.
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