H buildings

Article

Impact of a Switchable Albedo Radiative Cooling Roof on
Building Energy Performance

Yiheng Qiao "? and Xinxian Yu 1*

M) Check for updates

Academic Editors: Chi Yan Tso and
Jianheng Chen

Received: 20 September 2026
Revised: 18 October 2026

Accepted: 21 October 2026
Published: 25 October 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

School of Automation and Electrical Engineering, Guangdong Polytechnic Normal University,
Guangzhou 510665, China

Faculty of Architecture, The University of Hong Kong, Pokfulam Road, Hong Kong SAR, China
Correspondence: xxyu@gpnu.edu.cn

Abstract

Radiative cooling roofs can reduce cooling demand and achieve subambient surface temper-
atures under sunlight, but their high solar reflectance can increase heating demand during
cold periods. Switchable albedo radiative cooling roofs may mitigate this seasonal trade-off
by switching between cooling and heating states. However, their annual building energy
effects across different climates remain insufficiently quantified. This study evaluated a
mechanically switchable albedo radiative cooling roof using a U.S. Department of Energy
strip mall prototype in eight U.S. cities representing distinct climate zones. Four roof config-
urations were compared: a baseline roof, a traditional cool roof, a non-switchable radiative
cooling roof, and a switchable albedo radiative cooling roof. A retrospective monthly state
selection procedure was used to combine the results of two fixed-state annual simulations.
The modeled coating, based on properties reported in the literature, changed from a solar
reflectance of 0.93 under mechanical stretching to 0.05 under mechanical compression while
maintaining high thermal emissivity. In climates dominated by cooling demand, the switch-
able albedo radiative cooling roofs and non-switchable radiative cooling roofs produced
similar cooling benefits. In moderate and cold climates, switching avoided annual heating
energy penalties while reducing annual cooling electricity use by 12.0-22.8% relative to
the baseline. Under the adopted 2018 energy price assumptions, the switchable albedo
radiative cooling roof reduced annual cooling and heating expenditure by 1.7-8.4% in
moderate and cold climates. The main benefit of switching was therefore the mitigation of
seasonal overcooling while retaining radiative cooling benefits in climates with appreciable
heating demand.

Keywords: switchable albedo radiative cooling roof; radiative cooling; cool roof; building
energy simulation; seasonal overcooling

1. Introduction

Buildings account for a considerable share of global energy consumption and green-
house gas emissions. For residential and commercial buildings in the United States, heat
transfer through the building envelope is an important component of space conditioning
demand. Previous assessments estimated that roofs account for approximately 12% of
heating thermal loads, while heat gains through roofs may contribute approximately 14% of
cooling thermal loads, particularly in low-rise buildings [1]. These values are specific to the
U.S. building context and vary with building geometry, envelope construction, insulation
level, and climate. Therefore, roof technologies that reduce building thermal loads and
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energy use are needed. An earlier assessment across 11 U.S. metropolitan areas estimated
potential cooling electricity savings from light-colored roofs [2].

Cool roofs have been designed and used as an effective approach for reducing the
cooling loads [3-6]. Cool roofs can be implemented using reflective membranes, liquid-
applied coatings, coated metal products, and other roofing materials. Their solar reflectance
varies with material type and surface finish; for example, white or reflective coatings
typically exhibit initial solar reflectance values of approximately 0.60-0.90, while high-
reflectance single-ply membranes can reach values above 0.80 [1,7]. The cooling effect is
mainly achieved by the white pigments, but they can intrinsically absorb ultraviolet and
violet light [8,9]. In recent years, the rapid developments in radiative cooling technology
have demonstrated the potential for greater energy saving than that provided by traditional
cool roofs. These radiative cooling materials are carefully designed and optimized to yield
higher albedo and thermal emissivity. Radiative cooling roofs can achieve subambient
surface temperatures by reflecting most incident solar radiation while emitting thermal
radiation to outer space through the atmospheric window. For example, the radiative
cooling coating reported in Mandal et al. [10] has an albedo of 0.96 and an emissivity of 0.97,
exceeding the typical values reported for conventional cool-roof materials. It could achieve
a surface temperature 6 K below the ambient air temperature under direct sunlight in the
field test [10]. Building energy simulations further indicated that roofs incorporating this
radiative cooling coating could approximately double cooling energy savings relative to
traditional white roofs [11]. More recently, Jin et al. developed a durable superamphiphobic
MgO/SiO; radiative cooling coating with a solar reflectance of 95.04% and an emissivity
of 96.67% within the atmospheric transparency window. The coating achieved a peak
subambient temperature reduction of 7.22 °C under outdoor conditions and exhibited
self-cleaning and environmental durability, further improving the practical applicability of
radiative cooling coatings for buildings [12]. Radiative cooling materials and their potential
building applications have received considerable scientific attention [13], and their building
energy and climate benefits have been investigated across different climatic conditions and
building types [11,14-30]. For example, the annual cooling electricity consumption of retail
buildings in different U.S. cities was estimated to decrease by 12-21% [11]. However, roofs
with radiative cooling materials may cause undesirable cooling on cold days, which would
lead to a heating energy penalty. The annual penalty in heating energy could increase by
11-46% in the cities reported in Ref. [11]. More recent experimental and numerical evidence
has likewise confirmed this seasonal trade-off; Zhang et al. reported that a passive radiative
cooling roof reduced the building cooling load by 29.1% but increased the heating load by
4.1% [31]. Seasonal overcooling may offset part of the annual energy-saving benefits of
radiative cooling roofs, particularly in climates with substantial heating demand [32].

A roof system that is reflective when buildings need cooling and absorptive when
buildings need heating would be an ideal answer to the problem of overcooling [1,33].
Roofs with adjustable solar reflectance are commonly termed switchable albedo radiative
cooling roofs. Roof systems with variable reflectance have been investigated as a means of
reducing the seasonal limitations of static cool roofs. Previous numerical studies considered
roof solar reflectance ranges extending from 0.15 or 0.30 in the low-reflectance state to
0.55-0.85 in the high-reflectance state [34-36]. These studies demonstrated the potential
building energy benefits of changing roof reflectance, although a solar reflectance of 0.85
was insufficient to achieve subambient surface cooling under intense direct sunlight [35].
Moreover, the switching approaches prescribed in these studies or triggered by temperature
differ from the mechanically reversible coating evaluated here, for which the roof state
is selected according to the simulated heating and cooling effects and the corresponding
energy costs. In addition to thermochromic switching, adaptive radiative systems based on
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mechanical deformation, optical regulation in response to temperature, and electrochromic
modulation have also been developed for dynamic thermal management. Among these
approaches, mechanical switching was selected in this study because the reported silicone
coating provides two clearly defined and reversible solar reflectance states, 0.93 and 0.05,
while maintaining nearly constant high thermal emissivity. These properties allow the
cooling and heating states to be represented explicitly in the building energy simulations.
Cool-roof research has progressed from conventional high-reflectance roofs and ra-
diative cooling roofs toward adaptive configurations that dynamically regulate solar re-
flectance and/or thermal emissivity [37]. The switchable silicone coating reported by
Zhao et al. [38] uses mechanically induced cavitation to create two reversible optical states
(Figure 1). Under tensile deformation, cavities form within the silicone layer and scatter
incident solar radiation, producing a high-reflectance cooling state with a solar reflectance
of 0.93. Mechanical compression closes these cavities and restores optical transmission to
the underlying solar-absorbing layer, producing a low-reflectance heating state with a solar
reflectance of 0.05. The thermal emissivity remains approximately 0.94 in both states.

Strong thermal emission to sky Strong thermal emission to sky

it it

LR TR R, =

[ Switching

Cooling mode Heating mode

Figure 1. Schematic of the cooling and heating operating states of the switchable albedo radiative
cooling roof.

Beyond mechanically switchable solar reflectance, radiative materials that respond
to temperature, electrochromic materials, and other adaptive systems have subsequently
been developed to dynamically regulate radiative cooling and heating according to envi-
ronmental conditions [39-41]. Tang et al. developed a radiative roof coating whose thermal
emissivity adapts automatically to temperature [40], while Sui et al. demonstrated elec-
trochromic modulation of thermal emissivity for building thermal regulation throughout
the year [41]. More recently, adaptive solar and radiative thermoregulators have further
extended dynamic regulation toward building thermal management responsive to multiple
stimuli [39]. At the building scale, dynamic integration of radiative cooling and solar
heating has also been shown to improve annual energy performance, although the resulting
benefit depends strongly on climate, building thermal demand, and the operating strat-
egy [42,43]. These studies indicate that switchable albedo radiative cooling roofs should
be evaluated not only in terms of optical properties of the material but also through their
interaction with building heating and cooling loads.

To address this research gap, this study evaluates a mechanically switchable albedo
radiative cooling roof applied to a U.S. Department of Energy strip mall prototype. En-
ergyPlus simulations were conducted for eight U.S. cities representing distinct climate
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zones. Four roof configurations were compared: the baseline roof, a traditional cool roof,
a non-switchable radiative cooling roof, and a mechanically switchable albedo radiative
cooling roof. A retrospective monthly operating state selection framework was applied
to determine the cooling or heating state according to the simulated heating and cooling
effects and the corresponding energy costs. The analysis quantifies annual cooling electric-
ity use, heating natural gas use, and energy expenditure to determine whether switching
can mitigate seasonal overcooling without sacrificing the cooling benefit of radiative roofs
and to identify the climatic conditions under which switching provides the greatest annual
energy and expenditure benefits.

2. Methodology

The methodological framework is summarized in Figure 2. DOE strip mall prototype
models for each location and TMY3 weather files were used to develop the baseline and
alternative roof cases. The radiative cooling calculation was evaluated against previously
reported experimental data, after which annual EnergyPlus simulations with fixed proper-
ties were conducted for each roof state and city. Monthly cooling electricity and natural gas
for heating outputs were aggregated across the ten thermal zones and used for monthly
operating state selection. The selected monthly results were then aggregated to evaluate
annual cooling and heating energy use and the corresponding energy cost.

2.1. Mechanically Switchable Albedo Radiative Material

The mechanically switchable silicone coating reported in Ref. [38] was selected as
the representative adaptive radiative cooling material in this study. Its optical state can
be reversibly controlled through mechanical deformation. When mechanical stimuli are
applied, cavitation develops from metastable surface creases and generates a porous
structure that strongly scatters solar radiation. In this state, the solar reflectance reaches
approximately 0.93, while the high longwave emissivity enables radiative heat rejection
and subambient cooling.

Mechanical compression restores the coating to a transparent state, allowing sunlight
to reach the underlying carbon-black-loaded PDMS layer and enabling approximately
95% solar absorption by the bilayer [38]. The material can be implemented either as
a freestanding film or as a coating integrated with a roof surface, with stretching and
compression used to switch between the two states. Experimental measurements reported
in Ref. [38] showed a daytime surface temperature approximately 5 °C below ambient
under hot conditions, whereas in the heating state the surface temperature increased from
approximately 10 to 28 °C under cold conditions. These characteristics make the material
suitable for investigating the energy implications at the building scale of dynamically
switching between solar-reflective cooling and solar-absorptive heating states.

2.2. Archetype Buildings and Building Energy Model

The DOE commercial prototype strip mall model developed for ANSI/ASHRAE/IES
Standard 90.1-2019 was adopted as the baseline building model [44,45]. The prototype
models were developed by Pacific Northwest National Laboratory in support of the U.S.
Department of Energy Building Energy Codes Program and represent multiple commercial
building types and climate locations [45]. Among the available commercial prototypes, the
strip mall was selected because its low-rise form and relatively large roof area exposed to
outdoor conditions make its heating and cooling loads particularly responsive to changes in
roof solar reflectance and thermal emissivity. Figure 3 shows the strip mall prototype used
in this study, and its principal building and system parameters are summarized in Table 1.
The Building Energy Codes Program also provides access to the prototype models [45].

https:/ /doi.org/10.3390/buildings16214242


https://doi.org/10.3390/buildings16214242

Buildings 2026, 16, 4242

5o0f 24

DOE strip-mall

Building and

TMY3 weather
files

prototype models

system parameters

STEP 1

v v v v

i
STEP2 | |
| o Traditional Non-switchable
H Baseline roof
i
i

cool roof radiative cooling roof

\
1
i
Switchable albedo i
radiative cooling roof | |

i

i

Measured versus
d water P

|
i Published experimental Heat-balance

STEP 3 ' inputs B> calculation >
I |

i N E
i
. Eight cities and four Separate fixed-property | Monthly HVAC ;
STEP 4 | roof cases > annual simulations > energy outputs !
i
i i
o | m————— e ——— :
I e e e e e s e e e s e e e hY
' '
| 1
{ [ Monthly cooling electricity ] [ Monthly heating natural-gas use ] ]
: T T 1
1
i v !
|
1
STEP S H [ Aggregation across ten thermal zones ] !
: 1
: ! :
! 2 h 4t !
] [ Monthly g ] )
1 1
N i, e i I —————— '
J— A\
—
——————————————————————————————————————————————————————————————————————— A
Annual cooling and Cross-climate
heating energy use Energy savings Energy cost comparison

v

[ ANNUAL PERFORMANCE EVALUATION ]

i
I
.
:
1
.
STEP6 | | I I |
.
.
]
.
.
]
]
]

Figure 2. Methodological framework used to evaluate the mechanically switchable albedo radiative
cooling roof across eight U.S. cities. The workflow comprises input data preparation, building
and roof model development, validation of the radiative cooling calculation, annual EnergyPlus
simulations with fixed properties, monthly output processing and operating state selection, and
annual energy and cost evaluation.

Figure 3. Schematic of the strip mall archetype building used in this study.
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Table 1. Principal characteristics of the DOE strip mall prototype models for the selected climates
used in this study [44].

Item Details

Building type Retail

Building prototype Strip mall

Building area 2090.32 m?

HVAC thermostat setpoint Cooling: 23.9 °C, Heating: 21.1 °C
HVAC thermostat setback Cooling: 29.4 °C, Heating: 15.6 °C
Unit area ventilation rate 1.2 L/(s-m?)

Occupants 11.6 m2/person

Lighting 17.65 W/m? (area-weighted average)
Plug and process 431 W/m?

Window-to-wall ratio 10.5%

3.53 m?-K/W (Honolulu)
4.38 m2-K/W (Tucson, San Diego)
5.37 m2-K/W (New York, Denver, Rochester)
6.15 m?-K/W (International Falls, Fairbanks)
1.27 m?-K/W (Honolulu)
1.94 m?-K/W (Tucson)
2.13 m?-K/W (San Diego)
Wall R-value 2.60 m?2-K/W (New York)
3.05 m?-K/W (Denver)
3.44 m?-K/W (Rochester, International Falls)
4.61 m2-K/W (Fairbanks)

Equivalent performance glazing system modeled
using the EnergyPlus

Glazing representation WindowMaterial:SimpleGlazingSystem object;
individual pane, gap, and coating layers were not
explicitly resolved.

Honolulu: 2.84 W/(m?-K)/0.23/0.25

Tucson: 2.56 W/(m?-K)/0.25/0.28

San Diego: 2.38 W/(m?-K)/0.25/0.28

New York: 2.044 W/(m?-K)/0.36,/0.396
Denver: 2.04 W/(m?-K)/0.38/0.42
Rochester: 1.93 W/(m?2-K)/0.38/0.42
International Falls: 1.65 W/(m?-K)/0.40/0.44
Fairbanks: 1.48 W/ (m2~K) /0.40/0.44

Longwave emissivity Not independently specified P

Roof R-value

Window system properties ?

2 Window system properties are reported in the order of U-factor, solar heat gain coefficient (SHGC),
and visible transmittance. SHGC and visible transmittance are dimensionless. ® Longwave emis-
sivity was not specified independently because it is not a direct input parameter of the EnergyPlus
WindowMaterial:SimpleGlazingSystem object. EnergyPlus generates an equivalent glazing layer
from the specified U-factor, SHGC, and visible transmittance.

Annual whole-building simulations were performed using EnergyPlus version 9.0.1,
which has been applied in previous studies at the building scale of cool roofs and radiative
cooling systems [11,24,25,28,46,47]. The strip mall model comprises ten thermal zones with
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a total modeled floor area of 2090.32 m?. Six timesteps per hour were used, corresponding
to a 10-min zone timestep. Heat conduction through opaque envelope components was
calculated using the Conduction Transfer Function method, the TARP algorithm was
applied to both interior and exterior surface convection, and solar distribution was treated
using the FulllnteriorAndExterior option. Each of the ten thermal zones was served by
a packaged single-zone air-conditioning system. The system comprised an air-cooled
two-speed direct-expansion cooling coil, a natural gas heating coil, and a two-speed supply
fan with discrete speed control. Cooling and heating capacities and supply-air flow rates
were autosized using the EnergyPlus design-day calculations. The natural gas heating coil
had a burner efficiency of 0.81, and the outdoor-air controller used differential-enthalpy
economizer control. The thermostat setpoints and setback temperatures are reported in
Table 1. Except for the roof construction and the corresponding optical properties, the
building geometry, internal-load schedules, thermostat settings, and HVAC configuration
were kept identical among the roof cases.

This study evaluated whether applying a switchable albedo radiative coating to the
roof could avoid the seasonal overcooling associated with a non-switchable radiative
cooling roof while improving annual energy performance. EnergyPlus, which has been
widely used to investigate building-integrated radiative cooling [11,24,25,28,46,47], was
used for the simulations. A layer representing the switchable albedo radiative material
was added above the conventional roof assembly of the strip mall prototype. The surface
energy balance for this exterior material layer was expressed as follows:

Jsol T gLWR + Gconv — Geon = 0 (@)

where g,,; is the absorbed solar radiation heat flux, grwr is the longwave radiation, geonv is
the convection with the ambient air, and g, is the conduction to the wall. The absorbed
solar radiation can be calculated by [48]:

Gsol = (1 - A)'Isol ()

where A is the albedo of the material, and I, is the incident solar radiation. The longwave
radiation can be calculated by [48]:

quwR = €0F gnq (Tgnd - T:}mt) + €0 Fgy (T:‘ky - T#m) + 0 F iy (T:fir - Tfnat) 3)

where ¢ is the constant longwave emissivity of the material; ¢ is the Stefan—-Boltzmann
constant; Fgp,4, Fsy, and Fy;, are the view factors of the material surface to the ground, sky,
and air, respectively; and T4, Tinat, Tsky, and T, are the ground surface, material surface,
sky, and air temperatures, respectively. The view factors can be calculated by [48]:

Fong = 0.5(1 — cos ¢) 4)

Foy = 0.5(1 + cos ¢)4/0.5(1 + cos ¢) (5)

Fuiy = 0.5(1 + cos ¢) (1 —4/0.5(1 + cos gb)) (6)

where ¢ is the tilt angle of the material surface. EnergyPlus calculates the sky temperature,
Tsky, by [48]:

Td 0.25
Topy = ( <0.787 +0.764- ln( P ) ) : (1 +0.0224N — 0.0035N? + 0.00028N3) -Tm‘*) 7)

273.15
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where Ty, (K) is the outdoor dewpoint temperature, and N is the opaque sky cover (N = 0
when the sky is clear).

A constant longwave emissivity was adopted in the EnergyPlus simulations rather
than explicitly resolving the spectral emissivity of the coating. This approximation is appro-
priate because the selected material [38] exhibits a high and relatively uniform emissivity
over the longwave spectral range and can therefore be treated as a broadband emitter. To
examine the effect of this simplification, Figure 4 compares the spectral irradiance obtained
using a constant emissivity of 0.94 with that calculated from the measured spectral emissiv-
ity reported in Ref. [38]. The integrated irradiance differed by only 0.03%. Previous studies
at the building scale have also shown that, for broadband radiative cooling materials, the
use of a representation with constant emissivity produces little difference in predicted build-
ing energy demand relative to a spectral model [11,49]. Accordingly, a constant emissivity
of 0.94 was used for the switchable silicone coating in the present simulations.

" 1 i 1 4 1 i I i 1 " 1 I i I

—— Emissivity of the sample (Zhao et al., 2020)

—— Emiissivity input in EnergyPlus —
= I Spectral radiation of the sample at 290 K TE
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Figure 4. Comparison of the spectral irradiance calculated from the constant emissivity used in this
study and the spectral emissivity [38].

2.3. Selected Cities and Weather Data

Hourly Typical Meteorological Year 3 (TMY3) weather data from the National Renew-
able Energy Laboratory dataset were supplied to EnergyPlus in EnergyPlus Weather (EPW)
format [50]. Each EPW file contained 8760 hourly records representing one non-leap typical
meteorological year. The NREL TMY3 dataset was developed using meteorological records
from 1976-2005 or 19912005, depending on data availability at individual weather sta-
tions. Because a TMY3 file is assembled from representative months selected from different
historical years, it does not represent observations from a single consecutive calendar year.
The simulations therefore characterize typical historical weather conditions rather than a
specific actual year.

The principal meteorological variables used in the building and roof heat-balance
calculations included outdoor dry-bulb temperature, dew-point temperature, relative
humidity, atmospheric pressure, direct normal and diffuse horizontal solar radiation, wind
speed and direction, and total and opaque sky cover. These variables determine the exterior
convective heat transfer, incident solar radiation, sky temperature, and longwave radiative
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exchange at the roof surface. Eight cities were selected to represent ASHRAE climate
zones 1A-8, covering very-hot humid, hot-dry, warm-marine, mixed-humid, cool-dry, cold-
humid, very-cold, and subarctic/arctic conditions. This selection enables the performance
of the switchable albedo radiative cooling roof to be evaluated across climates dominated
by cooling demand, mixed climates, and climates dominated by heating demand. The same
weather file was applied to all roof cases within each city to ensure a consistent comparison.
The representative weather stations and their World Meteorological Organization (WMO)
identifiers are listed in Table 2.

Table 2. Selected U.S. cities and corresponding ASHRAE thermal climate zones.

. Climate Zone Climate .
City Number Classification TMY3 Weather Station and WMO ID
Honolulu, HI 1A Very hot humid Honolulu International Airport, 911820
Tucson, AZ 2B Hot dry Tucson-Davis Monthan AFB, 722745
San Diego, CA 3C Warm marine San Diego-Brown Field Municipal Airport, 722904
New York, NY 4A Mixed humid John F. Kennedy International Airport, 744860
Denver, CO 5B Cool dry Denver-Aurora-Buckley AFB, 724695
Rochester, MN 6A Cold humid Rochester International Airport, 726440
International Falls, MN 7 Very cold International Falls International Airport, 727470
Fairbanks, AK 8 Subarctic/ Arctic Fairbanks International Airport, 702610
All weather files were obtained from the NREL TMY3 dataset in EPW format and contained
8760 hourly records.
2.4. Roof Properties
Table 3 summarizes the solar reflectance and thermal emissivity of the four roof
configurations. The mechanically switchable silicone coating reported in Ref. [38] was
used to define the switchable albedo radiative cooling roof. Its high-reflectance cooling
state was also modeled as the non-switchable radiative cooling roof. For comparison, a
traditional cool roof with a solar reflectance of 0.70 and a thermal emissivity of 0.90 was
defined according to previous studies [11,14]. The baseline case retained the original roof
properties of the EnergyPlus strip mall prototype [44].
Table 3. Solar reflectance, thermal emissivity, and data sources for the switchable albedo radiative
cooling roof, non-switchable radiative cooling roof, traditional cool roof, and baseline roofs for each
city used in the EnergyPlus simulations.
Roof Albedo Emissivity Reference
Switchable albedo radiative cooling roof 0.93/0.05 0.94 Zhao et al. [38]
Non-switchable radiative cooling roof 0.93 0.94 Zhao et al. [38]
Traditional cool roof 0.70 0.90 Baniassadi et al. [11]
. . ANSI/ASHRAE/IES
Baseline (Honolulu, Tucson, and San Diego) 0.55 0.75 Standard 90.1-2019 [44]
Baseline (New York, Denver, Rochester, 023 0.90 ANSI/ASHRAE/IES
International Falls, and Fairbanks) ' ' Standard 90.1-2019 [44]

For each city, the corresponding DOE prototype model was used as the baseline
case [44,45]. The alternative roof cases were created by modifying only the exterior layer of
the non-residential roof construction, while the remaining envelope components, building
geometry, internal loads, schedules, thermostat settings, and HVAC systems were held
constant. The traditional cool roof was assigned a solar reflectance of 0.70 and a thermal
emissivity of 0.90 [11,14]. The fixed radiative cooling state was assigned a solar reflectance
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of 0.93 and a thermal emissivity of 0.94, whereas the solar-absorbing heating state was
assigned a solar reflectance of 0.05 and the same thermal emissivity of 0.94 [38]. These
optical properties were treated as spatially uniform and time-invariant throughout the
simulations. Partial or nonuniform actuation, cyclic degradation, soiling, weather exposure,
maintenance downtime, and snow coverage were not represented. In EnergyPlus, solar
absorptance was specified as 1-A, where A is the solar reflectance, and thermal absorptance
was set equal to the adopted longwave emissivity. Accordingly, the cooling- and heating
state input files used solar absorptances of 0.07 and 0.95, respectively, for the exterior roof
material, corresponding to solar reflectances of 0.93 and 0.05. All other model inputs were
unchanged between the two state simulations.

The optical properties were held constant during each individual EnergyPlus simula-
tion. The cooling and heating states were therefore simulated separately, and the annual
performance of the switchable albedo radiative cooling roof was subsequently constructed
by selecting one of the two fixed-state results for each month. Transition time, transient opti-
cal states, and mechanical actuation energy were not represented in the EnergyPlus model.

2.5. Retrospective Monthly Operating State Selection

EnergyPlus reported monthly cooling-coil electric energy and heating-coil natural gas
energy for each of the ten thermal zones. The values for each zone were summed to obtain
the monthly whole-building cooling electricity use and heating natural gas use. EnergyPlus
outputs in joules were converted to megajoules before the energy cost calculation. Hourly
facility electricity and natural gas meters were additionally retained for quality checking
and for the analysis of representative days.

Monthly operating state selection was based on the results of the two fixed-state
simulations described above. Building type, thermal mass, climate, insulation level, and
occupancy schedule can affect the preferred roof state [1]. For each month, cooling electricity
savings and heating natural gas penalties were first evaluated for the fixed cooling state
relative to the baseline roof. The cooling state was selected when cooling savings occurred
without a heating penalty, whereas the heating state was selected when a heating penalty
occurred without cooling savings. When cooling savings and heating penalties occurred
within the same month, the combined monthly cooling and heating expenditure was
calculated for both states using the electricity and natural gas prices reported by the U.S.
Energy Information Administration [51] and listed in Table 4. The state with the lower
combined monthly expenditure was selected.

Table 4. State-level average retail electricity prices and commercial natural gas prices used in the
analysis for the selected cities in 2018 [51].

Commercial Natural Gas  Average Retail Electricity

City Price ($/M]) Price ($/M])
Honolulu, HI 0.0293 0.0811
Tucson, AZ 0.0082 0.0301
San Diego, CA 0.0081 0.0461
New York, NY 0.0070 0.0412
Denver, CO 0.0065 0.0278
Rochester, MN 0.0067 0.0288
International Falls, MN 0.0067 0.0288
Fairbanks, AK 0.0095 0.0538
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The monthly operating sequence was constructed retrospectively by post-processing
the outputs of the two fixed-state simulations. The selected state was assumed to remain
active throughout the corresponding calendar month. When two consecutive months were
assigned different states, the change was assumed to occur instantaneously at the boundary
between the months. No transition period or transient optical state was represented in the
EnergyPlus model. Mechanical actuation energy was also excluded because the experiment
at the material scale did not provide a validated actuator at the roof scale model or a
quantitative estimate of the energy required for switching.

All expenditure calculations used the 2018 commercial electricity and natural gas
prices listed in Table 4. These prices were treated as fixed coefficients throughout the
annual calculation. Seasonal tariff variations, demand charges, inflation, and subsequent
energy price escalation were not considered. The resulting expenditure estimates therefore
represent a scenario based on the adopted 2018 prices rather than current or forecast
economic performance.

The annual energy and expenditure values were estimated by selecting and combining
monthly outputs from two annual simulations with fixed roof properties. This retrospective
procedure was used to assess the potential benefits of monthly state selection. It does
not represent a continuous simulation of roof state changes or a directly implementable
control rule.

2.6. Validation of the Radiative Cooling Heat Transfer Calculation

The validation focused specifically on the radiative cooling heat transfer calculation
used in the roof surface energy balance. The calculation was evaluated against the outdoor
water cooling experiment conducted in Boulder, Colorado, USA, on 28 February 2018, and
reported by Zhao et al. [52]. The experimental water temperature trajectory between 09:00
and 16:00 was used as the reference [52].

The time-varying ambient air temperature, wind speed, solar irradiance, and cloud
cover fraction reported for the experiment were prescribed as boundary inputs. The initial
water temperature was —1.87 °C. The seven-hour validation period comprised 281 records
at 90-s intervals. The longwave emissivity and solar absorptance of the radiative cooling
surface were set to 0.86 and 0.035, respectively. The exterior convective heat transfer
coefficient was calculated as h = 8.3 + 2.5v, where v is the wind speed in m s~ 1.

At each time step, the longwave radiative exchange with the sky and surroundings,
convective heat transfer with the ambient air, and absorbed solar radiation were calculated.
The water temperature was then updated according to the transient energy balance:

Qeon = %aai;u (8)
where c), is the effective specific heat capacity of the water container system, m is its total
mass, A, is the radiative surface area exposed to the sky, and T, is the water temperature.
The calculated water temperature trajectory was compared with the experimental measure-
ments, as shown in Figure 5. To quantify the agreement, the mean absolute error (MAE),
root-mean-square error (RMSE), mean bias error (MBE), and residual-based coefficient of
determination (Rz) were calculated over the 281 paired records. The resulting MAE, RMSE,
MBE, and R? were 0.658 °C, 0.755 °C, +0.637 °C, and 0.906, respectively, and the maximum
absolute error was 1.511 °C. Because MBE was defined as the calculated temperature minus
the measured temperature, its positive value indicates a modest warm bias and a slight
underestimation of the radiative cooling magnitude. The agreement supports the use of
the adopted radiative cooling heat transfer calculation in the subsequent roof simulations.
The scope of this comparison is limited to the surface heat transfer calculation under the
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prescribed experimental boundary conditions; it does not constitute an independent valida-
tion of the complete EnergyPlus strip mall model or the retrospective monthly operating
state selection procedure.
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Figure 5. Comparison between the calculated and experimentally measured water temperatures for
the outdoor experiment conducted on 28 February 2018, as reported by Zhao et al. [52].

3. Results
3.1. Energy Performance of the Switchable Albedo Radiative Cooling Roof in New York

With the building energy simulation model, this study calculated the hourly energy
consumption for cooling and heating in strip malls with different roofs listed in Table 3 in
the eight U.S. cities throughout the year. Taking the strip mall in New York as an example,
Figures 6a and 6b show the calculated results on 21 July (a typical summer day) and
21 January (a typical winter day), respectively. On 21 July, the switchable albedo radiative
cooling roof was in the cooling state, which decreased the exterior roof surface temperature
significantly, from 67.2 °C to 29.4 °C, at 12:00 PM compared with the baseline roof. The
exterior surface temperature of the switchable albedo radiative cooling roof remained
below the ambient dry-bulb temperature for most of the day. Consequently, the use of the
switchable albedo radiative cooling roof reduced the cooling electricity use for the strip mall
by 9.3% on that day. As a comparison, the traditional cool roof only reduced the cooling
electricity use by 5.8% on that day, which was less than the roof with radiative cooling
materials. Furthermore, the traditional cool roof could not achieve subambient temperature
in the daytime. On 21 January, the switchable albedo radiative cooling roof was in the
heating state in accordance with the control strategy. In New York, a strip mall requires
heating in winter. The calculated results show that the exterior surface temperature of the
switchable albedo radiative cooling roof was slightly higher than the ambient temperature
during the daytime. Consequently, not only was overcooling avoided, but the heating
energy consumption was reduced slightly, by 0.9%, compared with the baseline roof.
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Figure 6. Calculated exterior roof surface temperature and energy consumption in the strip mall
with different roofs in New York on (a) 21 July (a typical summer day) and (b) 21 January (a typical
winter day).

3.2. Switchable Albedo Radiative Cooling Roof in Different Cities

With the calculated hourly energy consumption, the monthly cooling electricity and
heating natural gas consumption in the strip malls with and without the switchable albedo
radiative cooling roof were calculated for the eight U.S. cities. This study grouped the
eight cities into three categories according to climate. The hot climate category included
Honolulu, Tucson, and San Diego. As shown in Figure 7, the switchable albedo radiative
cooling roof was in the cooling state throughout the year in Honolulu. The monthly cooling
electricity saving ranged from 5.5% to 9.5%. In Tucson, the heating state was selected only
for February, in accordance with the control strategy used in this study. From April to
October, the monthly cooling electricity saving ranged from 5.3% to 12%. In San Diego,
although heating was required on some days between December and March, using the
cooling state for the switchable albedo radiative cooling roof provided a greater monthly
dollar cost saving than using the heating state.
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Figure 7. Calculated monthly energy consumption in strip malls with and without the switchable
albedo radiative cooling roof in cities in hot climates: (a) Honolulu, (b) Tucson, and (c) San Diego.

New York and Denver were categorized into the moderate climate, with a hot summer
and cold winter. As shown in Figure 8, for the switchable albedo radiative cooling roof,
the cooling state was selected during the hot seasons, while the heating state was selected
during the cold seasons. In New York, the reduction in the monthly cooling electricity use
ranged from 9.3% to 15.3% with the use of the switchable albedo radiative cooling roof
from June to September. Furthermore, overcooling was avoided, and the reduction in the
monthly heating natural gas consumption ranged from 0.9% to 4.6% during the period
from November to April. In Denver, the heating state was selected from October to April.
Relative to the baseline roof, the selected heating state reduced monthly heating natural
gas use by up to 4.6%.
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Figure 8. Calculated monthly energy consumption in strip malls with and without the switchable
albedo radiative cooling roof in cities in moderate climates: (a) New York and (b) Denver.

The category of cold climates included Rochester, International Falls, and Fairbanks.
In these cities, unlike the situation in the cities in hot climates, the switchable albedo
radiative cooling roof was in the heating state in most of the months, which prevented the
heating penalty and even saved heating energy, as shown in Figure 9. For example, energy
consumption for heating in Rochester was reduced by 4.0% in October. In these cities
in cold climates, annual cooling energy use was substantially lower than annual heating
energy use.

Figures 7-9 compare monthly cooling electricity and heating natural gas use for the
baseline roof and the switchable albedo radiative cooling roof in the eight cities. The number
of months assigned to the heating state generally increased from hot to cold climates.

3.3. Comparison Among Different Roofs

Based on the operating state patterns for the switchable albedo radiative cooling roof
and the calculated monthly energy consumption, this study further calculated the annual
heating and cooling energy consumption for the eight cities. For comparison, these values
were also calculated for the non-switchable radiative cooling roof and the traditional cool
roof, as shown in Figure 10. For the cities in hot climates, Honolulu, Tucson, and San
Diego, the heating energy consumption was negligible. However, for the other cities, the
non-switchable radiative cooling roof and the traditional cool roof caused overcooling in
the heating seasons, which increased the annual heating energy consumption by an amount
ranging from 2.3% and 1.3%, respectively, in Fairbanks to 15.6% and 8.8%, respectively,
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in Denver, compared with the baseline case. In contrast, the switchable albedo radiative
cooling roof reduced annual heating energy consumption by 0.2% in Rochester to 2.4%
in Denver. For the cooling electricity saving, the performance of the switchable albedo
radiative cooling roofs and non-switchable radiative cooling roofs was similar, and better
than that of the traditional cool roof. As shown in Figure 10a, both roof types reduced the
cooling energy consumption, from a 7.3% reduction in Honolulu to 25.5% in San Diego. As
a comparison, the traditional cool roof only reduced the cooling energy consumption by
3.1% in Honolulu and 11.0% in San Diego, respectively.

Bl Baseline roof Bl Baseline roof
Switchable albedo radiative cooling roof Switchable albedo radiative cooling roof
Cooling electricity (GJ) Heating natural gas (GJ)
(a) Rochester
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20
151 200 -
101
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Figure 9. Calculated monthly energy consumption in strip malls with and without the switchable
albedo radiative cooling roof in cities in cold climates: (a) Rochester, (b) International Falls, and
(c) Fairbanks.
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Figure 10. Annual (a) cooling and (b) heating energy consumption in strip malls with different roofs
in the eight cities.

Using the 2018 state-level average retail electricity prices and commercial natural gas
prices listed in Table 4, the cooling electricity and heating natural gas consumption shown
in Figure 10a,b were converted into the corresponding expenditures. The sum was then
regarded as the total cooling and heating expenditure. The net reduction in cooling and
heating expenditure when using the cool roofs compared with the baseline can then be
calculated. The yearly net reduction in cooling and heating energy expenditures in the strip
malls with the use of different roofs in the eight cities is presented in Figure 11. For the
switchable albedo radiative cooling roof, annual savings in the hot-climate cities ranged
from USD 640 in Tucson to USD 2537 in Honolulu (Table 5). The non-switchable radiative
cooling roof showed similar savings in these cities (Figure 11). However, for the cities in
moderate climates, using the switchable albedo radiative cooling roof reduced the total
expenditure much more than using the non-switchable radiative cooling roof. In New York,
the non-switchable radiative cooling roof reduced annual cooling and heating expenditure
by 3.2% relative to the baseline roof, whereas the switchable albedo radiative cooling roof
achieved a 7.4% reduction. In contrast, the switchable albedo radiative cooling roof reduced
annual cooling and heating expenditure by 8.4% relative to the baseline roof. In the cities
in cold climates, the use of the non-switchable radiative cooling roof did not reduce the
total expenditure and even raised the expenditure by incurring a heating penalty. The
switchable albedo radiative cooling roof reduced annual cooling and heating expenditure
by 4.2%, 2.8%, and 1.7% in Rochester, International Falls, and Fairbanks, respectively.
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Figure 11. Net yearly reduction in cooling and heating energy expenditure in strip malls with the use
of different roofs in the eight cities.

Table 5. Annual cooling and heating expenditure savings achieved by the switchable albedo radiative
cooling roof relative to the baseline roof.

. . Annual Expenditure Annual Expenditure
Climate City Saving (I;/Year) Saving (%)
Hot Honolulu 2537 7.3
Hot Tucson 640 7.9
Hot San Diego 684 22.6
Moderate New York 565 7.4
Moderate Denver 361 8.4
Cold Rochester 349 4.2
Cold International 45 28
Falls
Cold Fairbanks 216 1.7

Note: Savings were calculated relative to the baseline roof using the 2018 electricity and natural gas
prices listed in Table 4. Positive values indicate lower annual cooling and heating expenditure.

Figures 10 and 11 compare the annual energy use and expenditure savings among the
roof cases. Table 5 summarizes the annual expenditure saving achieved by the switchable
albedo radiative cooling roof relative to the baseline roof in each city, reporting both the
absolute value and percentage reduction.

4. Discussion

The results indicate that the primary benefit of the mechanically switchable albedo
radiative cooling roof lies in mitigating the seasonal heating penalty of static radiative
cooling rather than in further enhancing cooling performance alone. In cities in hot climates,
the switchable albedo radiative cooling roofs and non-switchable radiative cooling roofs
showed similar cooling energy performance because the high-reflectance cooling state
remained favorable for most of the year. In contrast, the benefit of switching became more
evident in climates with substantial heating demand. By changing to the low-reflectance
state during heating periods, the switchable albedo radiative cooling roof reduced the
overcooling penalty while retaining the cooling advantage during warmer periods. The
greater annual benefits observed in New York and Denver are consistent with the seasonal
balance between cooling and heating demand, but the cross-city comparisons also involve
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different prototype roofs. Roof insulation varies across the selected locations (Table 1),
while baseline solar reflectance and thermal emissivity differ between the city groups
(Table 3). The observed variation therefore reflects the combined influence of climate and
prototype properties; this study does not quantify their separate contributions.

The monthly operating state pattern depends on the interaction between climate and
building load characteristics. Internal heat gains, envelope insulation, occupancy schedules,
and local energy prices can shift the balance between cooling and heating demand. For
example, a data center may retain substantial cooling demand even in a cold climate. The
monthly operating sequences and associated energy and expenditure savings reported here
are specific to the DOE strip mall archetype and the adopted energy price assumptions.
The operating state selection procedure could be evaluated for other building types and
locations, but their quantitative performance cannot be inferred directly from the present
results and would require separate simulations for each building type.

These findings agree with Baniassadi et al. [11], who reported that static super-cool
roofs approximately doubled both the cooling energy saving and the heating energy penalty
relative to conventional white roofs. In the present study, the non-switchable radiative
cooling roof likewise produced greater cooling savings than the traditional cool roof but in-
creased annual heating energy use by 2.3-15.6% in cities with appreciable heating demand.
The lower heating penalties than the 11-46% reported in Ref. [11] are likely associated
with differences in building archetype, roof insulation, occupancy and HVAC schedules,
and climate selection. Studies of roofs with variable reflectance reached a related conclu-
sion. Park and Krarti [34] reported annual energy savings of up to 11% over static cool
roofs for commercial buildings, while Testa and Krarti [35] reported additional savings
for office buildings of 0.3-3.9%, depending strongly on climate and insulation. Zinzi
et al. [36] similarly found that the greatest benefit occurred in climates with substantial
cooling and heating demands. Consistent with these studies, the present switchable roof
offered little additional benefit over the non-switchable radiative cooling roof in the three
cities dominated by cooling demand, whereas annual expenditure savings increased from
3.2% to 7.4% in New York and from 0.3% to 8.4% in Denver. Recent studies of radiative
envelopes that adapt to temperature and dynamically integrated radiative cooling and
solar heating also identified climate and control strategy as decisive factors [42,43]. No qual-
itative contradiction was identified, but the reported savings are not directly comparable
because the studies considered different building types, climate regions, optical modulation
mechanisms, performance metrics, and switching rules. The present study extends this
literature by isolating the building energy effect of mechanically switching solar reflectance
while maintaining nearly constant longwave emissivity. The adopted monthly operating
state strategy provides a consistent basis for comparing different climates, although it
does not represent real-time feedback control. Accordingly, the reported savings should
be interpreted as the performance achieved under the present monthly switching frame-
work rather than as the maximum potential of the material. At the roof scale, practical
implementation of the mechanically switchable coating would require an actuation system
capable of applying reversible in-plane deformation while maintaining roof integrity and
weather protection. The material could be integrated as a mechanically deformable surface
layer, but the actuator configuration, deformation uniformity, structural integration, and
maintenance requirements would need to be considered in an actual roofing system. These
engineering aspects were not modeled in the present study, which focuses on the building
energy implications of the reported optical states. Further studies at the prototype scale are
therefore needed to evaluate the feasibility and energy requirements of switching at the
roof scale.
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Several limitations should be considered when interpreting these results. Mechanical
actuation energy was not included in the simulations. Although the selected coating has
been demonstrated to switch reversibly through mechanical deformation at the material
scale [38], the corresponding study did not define an actuation system at the roof scale or
quantify its energy consumption. The reported energy and expenditure savings therefore
represent gross benefits at the building level before accounting for the energy required to
operate the switching mechanism. At the roof scale, this energy demand would depend
on the required stress and strain, the actuated roof area, actuator efficiency, and switching
frequency. If the actuation demand is appreciable, the net energy and economic benefits
would be lower than the values reported here. Its magnitude cannot be determined
until a specific actuator at the roof scale is designed and experimentally characterized.
Beyond the energy required for actuation, the predicted performance assumes that the
prescribed optical states are fully and uniformly achieved and maintained throughout the
service period. In practice, incomplete or nonuniform deformation and actuator downtime
could reduce the fraction of the roof operating in the selected state, while cyclic fatigue,
creep, aging, weather exposure, and soiling could narrow the effective solar reflectance
contrast or modify longwave emittance. Snow coverage could temporarily mask the coating
and prevent either optical state from governing the roof surface energy balance. These
effects could reduce the realized energy and expenditure savings relative to the idealized
simulation results, although their magnitude and climate dependence cannot be quantified
without durability at the roof scale and outdoor exposure data. The reported savings
should therefore be interpreted as performance under the prescribed optical states rather
than as guaranteed field performance.

One limitation is that the monthly roof states were selected using the simulated energy
use and expenditure for the complete month. The annual results were then assembled from
separate fixed-state simulations, so the procedure does not track the building’s transient
thermal response following a change in roof state. Switching at a different interval, or using
temperature- or load-based control, could change the selected states and estimated annual
energy and expenditure savings. These alternatives were not evaluated, so the influence of
switching frequency cannot be quantified from the present results.

Mechanical switching also involves physical operations. For the selected coating,
changing the optical state requires mechanical stimulation, such as stretching or compres-
sion [38]. At the roof scale, the required mechanical action would need to be applied
over a large area, and the intended optical state would need to be achieved consistently.
If state changes are required daily, repeating these steps reliably across a full roof may
be difficult in practice. More frequent switching could also place greater demands on
actuator reliability, material durability, and actuation energy. These considerations provide
a motivation for investigating less frequent operation but do not demonstrate that daily
switching is infeasible or that monthly switching is optimal.

Future work should compare switching intervals through continuous simulations with
time-varying roof properties and predefined control rules based on information available
at each decision time. Prototype experiments would also be needed to assess practical
operation and quantify actuation energy, allowing the net benefits of different switching
strategies to be evaluated.

The economic results are also conditional on the adopted 2018 electricity and natural
gas prices. Because energy cost was used to select the roof state in months containing
both cooling savings and heating penalties, changes in the ratio of electricity to gas prices
could alter the selected state in those months with mixed loads and consequently affect
the aggregated annual energy use and expenditure. A higher electricity price relative to
the natural gas price would place greater weight on cooling electricity savings and would
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tend to favor the cooling state. Conversely, a higher natural gas price would increase the
economic importance of avoiding heating penalties and would tend to favor the heating
state. Although changes in energy prices would not affect the outputs of the individual
fixed-state simulations, they could affect the monthly sequence assembled from those
simulations. The reported expenditure savings should therefore be interpreted as results
under the adopted 2018 price scenario rather than as current or forecast monetary savings.

5. Conclusions

This study evaluated the energy performance of mechanically switchable albedo
radiative cooling roofs in strip malls across eight U.S. cities representing different climate
conditions. The roof switches between a high-reflectance cooling state and a low-reflectance
heating state while maintaining high thermal emissivity. Mechanical actuation energy was
not included in the simulations; therefore, the reported savings represent gross energy and
expenditure benefits at the building level rather than the net performance of a complete roof
system. The analysis also assumes that the prescribed optical states are fully achieved and
maintained; incomplete switching or degradation of the optical properties could reduce the
benefits realized in practice. The conclusions are also conditional on the prescribed optical
properties remaining spatially uniform and time invariant and on the selected state being
fully achieved at each scheduled switch. Accordingly, the following conclusions apply to
the selected DOE strip mall model under the adopted envelope, HVAC, operating state,
optical property, and energy price assumptions:

1.  The switchable albedo radiative cooling roof can maintain cooling performance com-
parable to that of a non-switchable radiative cooling roof while reducing the heating
penalty caused by seasonal overcooling. This advantage is mainly achieved by using
the high-reflectance state during cooling periods and switching to the low-reflectance
state when heating is required.

2. The energy saving benefit of switching varied across the eight city-specific prototype
models, which differ in climate, roof insulation, and baseline roof optical properties.
In hot climates, the switchable albedo radiative cooling roofs and non-switchable
radiative cooling roofs showed similar annual performance because cooling domi-
nated the building load. In moderate and cold climates, the non-switchable radiative
cooling roof increased annual heating energy consumption by 2.3-15.6%, whereas
the switchable albedo radiative cooling roof avoided this penalty and still provided
12.0-22.8% cooling electricity savings.

3. Under the adopted 2018 electricity and natural gas prices, the estimated economic
benefit showed a similar climate dependence. In cities where the non-switchable
radiative cooling roof provided limited annual savings or increased heating costs,
the switchable configuration reduced annual cooling and heating expenditure by
1.7-8.4% relative to the baseline roof. For these city-specific prototype models, the
additional benefit of switching was more evident where both cooling and heating
demands were appreciable. The comparisons do not isolate the effect of climate from
differences in roof construction and baseline optical properties. The reported savings
are estimates under retrospective monthly state selection. Other switching intervals
could yield different annual savings, and the present study does not establish an
optimal switching frequency.
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