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ABSTRACT

Thermochromic smart windows and radiative coolers are two passive cooling technologies, whose
adoption as windows and roofs, respectively, is feasible for building energy-saving. However, to the
authors' knowledge, the investigation of annual energy performance incorporating both techniques is
scarce at the time of writing. Therefore, a passive hybrid system involving both technologies is proposed
in this study. A perovskite thermochromic smart window and three different radiative coolers were
chosen based on their superior performance. The energy performance of the passive hybrid system in a
prototypical medium-sized office building was simulated using EnergyPlus and the results were rigor-
ously analyzed. Both thermochromic smart window and radiative cooler could reduce total energy
consumptions by up to 10.6% and 23.0%, respectively, regardless of building's year of completion, while
the synergic system saved up to 32.0%. Among the chosen cities of various climates, thermochromic
smart windows and radiative coolers perform better in cities where cooling demand dominates. The
west- and east-facing thermochromic smart windows could mitigate more energy usage in contrast to
the other orientations. If this passive hybrid system can be offered at a reasonable cost, the technology is
likely to be a viable energy-efficient option for buildings.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

A building envelope consists of windows, roof, and walls. The
windows give access to vision and natural ventilation, and provide
thermal and visual comfort for the indoor environment [1], while
the roof and the walls play an important role in its thermal per-
formance by providing insulation from a harsh outdoor environ-
ment. However, these building fagades also act as solar collectors or
absorbers, causing an increase in the indoor temperature [2]. The
heat gained from the external environment and transferred to the
inside of the buildings increases air conditioning demand, resulting
in substantial energy consumption, particularly in populated hot
cities. Air conditioning accounted for 18%, the largest percentage of
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total energy consumption, in Hong Kong in 2018 [3]. In the same
year, space cooling in the US's residential and commercial sectors
consumed 380 billion kilowatt-hours (kWh) of electricity, i.e., 10%
of the total US electricity consumption [4]. The peak electricity
demand will soon be driven by space conditioning, putting a strain
on existing electrical power infrastructure, increasing carbon
emissions and aggravating global warming and its associated
impact on the environment. Therefore, implementing novel tech-
nologies requiring zero-energy input to curb this rising cooling
energy demand is crucial.

Recently, research on passive cooling technologies which ach-
ieve indoor thermal comfort with little to no power consumption,
has gained momentum. The two most promising technologies are
thermochromic smart windows (TCWs) [2,5] and passive radiative
coolers (PRCs) [6]. Li et al. [7] concluded that TCWs, PRCs and
personal heat management are three major design guidelines to-
wards a net-zero energy building. TCWs are designed to modulate
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Nomenclature

SW Smart window(s)

DGU Double glazing unit

TCW Thermochromic smart window

PRC Passive radiative cooler

HVAC Heating, ventilation, air conditioning

VAV Variable air volume

corp Coefficient of performance

Pre-1980 Pre-1980 DOE medium-sized office reference
building

Post-2010 ASHRAE 90.1-2010 medium-sized office reference
building

Tis Visible transmittance

Tsol Solar transmittance

ATy, Solar modulation ability

Ryis Visible reflectance

Rso1 Solar reflectance
T Transition temperature
low-E Low emissivity

U-value Thermal conductivity
Ref Reference
Clear_DGU Double glazing unit with clear glass only
Low-E_DGU Double glazing unit with low-E coating
P_25_DGU Double glazing unit with low-E and thermochromic
coatings (T at 25 °C)
PRC_Stack Multilayer TiO,—SiO, passive radiative cooler
PRC_Bio Bio-inspired PDMS-prism-array-SiO,-Ag passive
radiative cooler
PRC_PDMS PDMS-SiO,-Ag passive radiative cooler
P_25_DGU + PRC_Stack Double glazing unit with low-E and
thermochromic coatings (T, at 25 °C)
incorporating multilayer TiO,—SiO,
passive radiative cooler

incident solar radiation to reduce heat gain by switching between
transmissive and tinted states in response to the ambient temper-
ature. Vanadium dioxide (VO,) is the most studied material for
TCWs because of its fully reversible semiconductor-to-metallic
phase transition at the critical temperature, ~68 °C [8]. However,
its high phase transition temperature (T¢), low luminous trans-
mittance (T,;), low solar modulation ability (4Ts,) and intrinsic
yellow-brown color are obstacles to practical application. Usage of
perovskite for TCWs is an emerging field of study [9—15]. Halder
et al. [12] attributed the thermochromism of a kind of perovskite to
the reversible hydration/dehydration process of CH3NH3Pblz when
it encounters moisture. Therefore, a TCW with lead halide perov-
skite thin film was proposed [13]. The lead halide perovskite
CH3NH3Pbl3 smart coating switches from clear to tinted state as it
loses water molecules through dehydration (heating) and returns
to clear state by hydration (cooling). The results show better per-
formance over traditional VO, TCWs in terms of a higher 4Ty, a
higher T,;; and a lower T..

PRCs provide cooling by simultaneously reflecting the solar ra-
diation to reduce heat gain and emitting infrared radiation within
the earth's atmosphere transparent window (in the region of
wavelength from 8 to 13 um) to the outer space to promote heat
dissipation. In practice, water vapor and other gases like CO, in the
atmosphere which emit long wave radiation; and cloud cover
which blocks outgoing radiation are detrimental to the PRCs'
cooling performance. Recent PRC technologies that have been
investigated include multilayer stacks [16—18], and nanophotonic
structures/metamaterials [19—26]. The multilayer structures as
well as nanophotonic structures require a high degree of precision
and are expensive and complex to fabricate, thereby limiting scal-
ability. Therefore, some simple materials which have high emis-
sivity in wavelengths from 8 to 13 um have also been selected to
construct radiative coolers [27].

The benefits of implementing passive cooling technologies can
be quantified by building an energy model using simulation tools
[28,29]. Saeli et al. [30] conducted the first such study of TCWs
using EnergyPlus to evaluate the energy consumption of four TCWs
in different cities and discovered that the TCWs performed best in
warm climates. A similar study by Hoffman et al. [31] found
3.1-12.5% less annual energy use with TCW compared to com-
mercial low-emissivity (low-E) windows. However, some research
[32] stated that the emissivity of a window plays a bigger role in
energy saving compared to 4T;,. Therefore, these contradictory
findings necessitate further research. The PRC technologies

reported in literature perform remarkably well under controlled
laboratory conditions and field tests. However, there is limited data
available on the energy-saving potential of available daytime
radiative cooling technologies in buildings in year-round applica-
tions, under different climatic conditions. Using EnergyPlus, Li et al.
[33] found that delignified wood, a passive radiative cooling wood,
achieves an average cooling energy saving of ~20% for new midrise
apartment buildings in the United States. The photonic radiative
cooler developed by Raman et al. [17] showed a 1.185 x 10° kWh
electricity annual saving for a medium sized commercial building in
Phoenix, Arizona. The scarcity of performance data of available
cooling technologies in different climates (especially outside the
United States) is a hurdle before practical application especially
since PRCs are known to be adversely affected by weather
conditions.

The studies mentioned above demonstrated that TCWs and
PRCs individually can achieve promising performance in some
cases. However, there is a lack of studies on an integrated hybrid
system with both TCWs and PRCs installed in a building. Therefore,
this study aims to investigate the estimated energy saving with the
application of such a passive hybrid cooling system. First, the
energy-saving performance for perovskite TCW [13] and three PRCs
[18,26,27] reported in literature was investigated under various
climates using EnergyPlus. The first PRC is a multilayered cooler
(PRC_Stack), the second PRC is a bioinspired-nanophotonic cooler
(PRC_Bio), and the last PRC is a cooler based on a cheap material
and an easy fabrication method (PRC_PDMS). The materials that
were selected for the simulation are summarized in Table 1. This
paper aims to address: 1. The energy-saving potential of a hybrid
passive system with respect to different climates and end-use
categories (heating, cooling, lighting and fan); 2. The feasibility of
hybrid passive systems in both older buildings (pre-1980) as well as
new buildings (post-2010); 3. Which orientations are better for
installing the perovskite TCWs; 4. The relative energy savings
contribution of TCWs versus conventional technologies (i.e., low-
E); 5. Any secondary effects of PRC roof integration (heating/
ventilation energy consumption).

2. Methodology
2.1. Climates of chosen cities

The cities for energy simulations (Hong Kong, New York,
Singapore, Cairo, and Rome) were selected to represent four main
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Table 1

Thermochromic smart windows and passive radiative coolers chosen for EnergyPlus simulation.
Type of Technology Comments Abbreviation Ref.
Thermochromic Smart Window Perovskite Smart Window, CH3NH3Pbl3 P_25 [13]
Passive Radiative Cooler Multilayered TiO,—SiO- cooler, 4 alternating layers of TiO,—SiO, PRC_Stack [18]
Passive Radiative Cooler Bio-inspired cooler, PDMS Triangular Prism Array on silica mirror PRC_Bio [26]
Passive Radiative Cooler PDMS cooler, PDMS — SiO,—Ag PRC_PDMS [27]

climate groups of the Koppen climate classification: tropical (A),
dry (B), temperate (C), and continental (D) [34]. Table S1 in the
Supplementary Materials shows the climate types of the cities
chosen for this study. The performance of perovskite TCWs and
PRCs evaluated for the different climate zones can be extended to
similar conditions in other geographical locations. The polar
climate type, with average annual temperatures less than 10 °C,
was disregarded as it would not benefit from passive cooling
technologies.

2.2. Simulation model

The energy-saving potential of the passive cooling technologies
is estimated in reference to a medium-sized office building [35].
The detailed medium-size office building model is described in
Note S1 in Supplementary Materials.

A perovskite thermochromic window proposed by Zhang et al.
[13] was investigated in the simulation study. The thermochrom-
ism of the perovskite glazing is attributed to a hydration/dehy-
dration process and therefore the T, can be tuned by controlling the
relative humidity. For the purpose of this paper, thermochromic
glazing with a T, of 25 °C was considered: when the temperature of
the glazing material exceeds 25 °C, it switches from a clear to tinted
state reversibly. This glazing material will hereinafter be referred as
P_25.

Traditional clear glass panels have been widely replaced by
double-glazed units (DGUs) with low-E coating on one of the
panels (low-E_DGU) in many architectures, especially commercial
high-rise buildings. low-E glass has low emissivity compared to
conventional clear glass and selectively reflects part or all types of
infrared radiation, minimizing the heat dissipation in winter and
minimizing the solar heat buildup in buildings in summer while
providing high T,;; [36]. To maximize the thermal efficiency of the
modeled building, the TCW was modeled as a DGU incorporating
both P_25 and low-E layers (see Fig. S3 in Supplementary Mate-
rials). These perovskite DGUs (P_25_DGU) were modeled with the
thermochromic layer facing outside (outboard layer) in order to
minimize the transmission of absorbed radiation indoors. A
commercially available low-E coating with 0.068 emittance was
selected for the inboard glazing layer. A traditional clear glass DGU
(Clear_DGU) was defined as the baseline model which serves as the
reference to assess the energy savings using TCWs. Additionally, a
building outfitted with simple low-E_DGUs was modeled to eval-
uate the relative energy savings contribution of low-E_DGUs and
TCWs. The configurations of the P_25_DGU and reference glazing
units are displayed in Table 2. The transmittance and reflectance
spectra reported in publications were used to derive the optical

Table 2

Configuration of Reference and Thermochromic Glazing Systems used in the Simulation.

properties of the P_25 in its clear and tinted state. The glazing units
were then modeled with thermally broken aluminum frames using
WINDOW 7.7 [37]. The thermal and optical performance indices of
these units are reported in Table S2 in the Supplementary Materials.

The dynamic window properties were modeled using the
dedicated module from EnergyPlus 9.2 for thermochromic glazing
[38]. This module allows user to define the thermochromic glazing
properties at different temperatures; when the simulation is run,
the glazing layer switches between the hot (tinted) and cold (clear)
states depending on its surface temperature. The model considers
heat transfer across the building envelope and internal loads due to
occupants, interior lighting and equipment, to solve the glazing
layer heat balance equation and determine its temperature at a
given instance. Optical properties corresponding to the closest
temperature in the user-defined input are then assigned to the
window. These calculations are performed iteratively with a
timestep of 1 min.

The implementation of TCWs is expected to have a negative
effect on the lighting load, as the decreased T, of the tinted state of
the window gives rise to the need for compensatory lighting in-
doors. Therefore, changes to the lighting energy were analyzed in
addition to cooling and heating energy. The energy savings re-
ported for the four perimeter zones were used to study the effect of
orientation on TCW performance. Since the post-2010 building
model utilizes a centralized space conditioning system, the energy
consumption for cooling and heating for the individual zones were
calculated as a ratio of the airflow rate at the duct air terminal of the
respective zones. The cooling and heating energy consumption
reported by EnergyPlus is the electricity used to power the heating
and cooling coils of the HVAC system. The energy used for the
ventilation system, which moves the cold/hot air to the vents
through the duct system, is reported under the end-use category
“Fan”.

The ideal daytime PRC material has unity emissivity in the at-
mospheric window (8—13 um) and unity reflectance of all other
wavelengths in order to harness outer space's potential as a heat
sink. The PRCs used in the simulation include a multilayer struc-
ture, a polymer-based cooler and a biomimetic structure. The rea-
sons for choosing these three PRCs are explained in Note S2 in
Supplementary Materials.

The proposed radiative cooling system works independently of
the building's existing cooling infrastructure. A rooftop heat
exchanger hydronic loop is used to harness and deliver the cooling
energy provided by the radiative cooling roof panels to supplement
the existing Variable Air Volume (VAV) system. This element is
modeled as an additional cooling coil which is integrated with the
HVAC system with minimal interference to the operation of the

Glazing System Layer 1 (Inboard)

Reference (Clear_DGU) Clear Glass
low-E Glazing Unit (Low-E_DGU) low-E Glass
TC Glazing Unit (P_25_DGU) low-E Glass

Gap Layer 2 (Outboard)
90% Argon, 10% Air Clear Glass
90% Argon, 10% Air Clear Glass

90% Argon, 10% Air Thermochromic film (Perovskite)
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existing cooling apparatus. The energy simulation model modifies
the building's existing construction by adding the radiative cooler
on the roof membrane. To do so, the PRC was modeled as a building
material. The optical properties were calculated by the equations in
Note S3 and Table S3 in Supplementary Materials.

EnergyPlus does not support a dedicated module for radiative
coolers. Therefore, EnergyPlus's energy management system (EMS)
framework was used to create a custom model to calculate the
cooling energy available from the PRC and the consequent cooling
electricity savings at each timestep of the simulation. The simpli-
fied model is explained in Note S4 in Supplementary Materials. For
each timestep of the simulation, the equivalent electric power of
the useful cooling energy generated by the radiative cooling panels
is derived by dividing this value by the COP (coefficient of perfor-
mance) of the refrigeration system. The cumulative savings make
up the annual cooling energy consumption improvement. The as-
sumptions and the limitations are clarified in Note S4 in Supple-
mentary Materials.

3. Results and discussion
3.1. Effect of model construction on energy savings

The energy consumption with P_25_DGU and PRCs employed
individually will be discussed in this section, followed by the en-
ergy consumption of the hybrid passive cooling system. As ex-
pected, pre-1980 constructions consume significantly more energy
annually than the newer constructions (Fig. 1) as a result of the
more stringent requirements that newer models (Post-2010) must
comply to. For instance, the insulated steel frame walls of the pre-
1980 and post-2010 models have thermal resistance of 1.56 and
3.47 m? K/W respectively. This results in better thermal insulation
in the newer buildings, and consequently less heating/cooling en-
ergy wastage. Additionally, the pre-1980 model is outfitted with
lights that consume 16.9 W/m?, against the much more energy-
efficient (9.70 W/m?) lights in the post-2010 model. Also contrib-
uting to the higher energy use in the pre-1980 model, are the in-
dividual HVAC loops that serve each zone instead of floor specific
HVAC systems characteristic of the post-2010 building model. The
detailed definitions of pre-1980 model and post-2010 model are
described in Note S1 in Supplementary Materials.

Despite this difference in the absolute values for energy use
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between the two models, the overall energy savings of the different
window technologies, and the trends in energy saving potential are
comparable. For all cities and both pre-1980 and post-2010 models,
the energy saving values using P_25_DGU are larger than low-
E_DGU. The focus hereinafter (in the section dedicated to the
TCW) will be the energy savings calculated for the post-2010
model, as the conclusions drawn for one construction type are
pertinent to the other.

Fig. 2 summarizes the percentage energy improvement by three
different PRCs in each of the five cities for pre-1980 and post-2010
models. The effect of implementing PRC is more evident in the
newer buildings. PRC_Stack consistently outperformed other PRCs,
with the energy-saving potential sequentially decreasing for
PRC_Bio and PRC_PDMS in all cities. The implementation of a PRC
system influences the energy consumption of multiple HVAC
components, namely the chiller, and secondarily the fan, which
circulates hot/cold air to achieve the thermostat set point tem-
perature; and heating unit. The three end-use categories will be
reviewed in the following section.

The installation of radiative cooling material on the exterior
surface of the building roof is expected to save energy by (1)
reflecting incident solar radiation and radiating mid-infrared ra-
diation, thereby cooling the roof and (2) generating cooling power
to supplement the existing HVAC system. The cooling savings
depicted in Fig. 2 is a sum of the passive cooling effect achieved by
simply applying the radiative cooling material (referred to the (1)
mechanism above, and captioned as “cooling roof”), and the cooling
using the chilled water loop (referred to the (2) mechanism above,
and captioned as “circulated loop”). It is evident that the contri-
bution of “cooling roof’ is more significant in older buildings
(illustrated in Fig. 3). This trend could be attributed to the low solar
absorptance (Agyqr) value of the radiative cooling material
compared with the existing pre-1980 roof membrane. The pre-
1980 office building has a conventional dark roof, with Ay, of
0.7. When the PRC is applied, the roof's solar absorption property is
compromised, and the passive cooling effect is magnified. The more
recent ASHRAE 90.1-2010 standards, however, dictate the roof to
be made of a highly reflective (A, of 0.45) material, therefore the
passive cooling savings are more muted as the PRC material offers
less improvement in terms of cool roof behavior. Moreover,
upgraded roof insulation in newer buildings (IEAD-insulation
entirely above deck-R-20.83 versus IEAD R-10.0 in pre 1980
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Fig. 1. Annual total energy consumption and annual total energy savings for pre-1980 and post-2010 buildings using low-E_DGU and P_25_DGU with respect to Clear_DGU. Labels

above columns represent absolute energy reduction with the respective glazing units.
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Fig. 2. Total energy savings in (a) Pre-1980 and (b) Post-2010 buildings with different PRC.

constructions) inhibits the transfer of this passive cooling effect to
the cooled space indoors.

3.2. Effect of climate on energy savings

The low-E_DGUs save energy by thermally insulating the win-
dows, minimizing the radiant heat gain and heat loss during the
cooling and heating period, respectively. It is evident from Fig. 1
that P_25_DGUs were more energy-efficient than static low-
E_DGU. The combination of the low-E inboard layer and the ther-
mochromic glazing offer improved energy savings than when the
low-E layer was used by itself. This even holds true in cold climates.
In New York, where energy-saving potential is limited due to the
colder weather, the buildings saved 68.7 GJ energy. The effect of
P_25_DGUs was more apparent in cities that have warmer climates
with the greatest energy saving of 137.4 GJ in Cairo. The positive
correlation between the climatic temperature and the absolute
cooling savings could be attributed to the increased instances of
glazing switching in warmer conditions. It is more likely that the
ambient temperature exceeds the thermochromic material's T in
hotter climates, prompting the glazing to switch more frequently.
As a result of increased tinted hours, the reduction in heat gain
through the windows, ergo cooling load, is more significant. The
effect of TCWs on the glazing's energy performance by energy end-
use category is summarized in Fig. 4.

TCWs save energy during the cooling period (in summer) by
regulating the heat gain through the building envelope. In its tinted
state, the TCWs have low solar transmittance (T;,;) which impedes
the passage of incident radiant flux through the window (direct
heat gain). Ideally, this short-wave radiation is totally reflected
instead. In practice, however, non-zero absorptance of the window
is impossible to achieve. This is detrimental to the smart window's
cooling energy savings because it facilitates passive heating of the
interior (indirect heat gain) when the absorbed solar radiation is
transferred to the building space via conduction, convection and
radiation. The P_25_DGU has lower Ty, in both its clear and tinted
states (0.5406/0.3328) compared to the low-E_DGUs (0.5965), i.e.,
the P_25_DGU has lower direct heat gain which is desirable for
cooling savings. However, the solar absorptance (Agqr) Of
P_25_DGUs (0.3040 for hot state) is higher than that of low-E_DGU
(0.1054). Despite this, the switchable TCWs offered more savings in
cooling.

In many of the cities studied, the P_25_DGUs saved heating
energy. For instance, P_25_DGUs saved heating energy by 22.38%
(24.23 GJ) in Hong Kong. This may be attributed to the low-E layer
in P_25_DGUs. The low-E coatings minimized the radiant heat lost
to the surroundings: long wave heat radiation from the heated
space is reflected back inside by the low-E layer. This reduces the
strain on the HVAC system which does not have to work as hard to
maintain the heating set point temperature of 21 °C. Therefore, it is
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buildings.

reasonable that the P_25_DGU which has a low-E layer on the inner
panel can save heating energy. However, P_25_DGU saves more
heating energy than low-E_DGU due to higher indirect heat gain by
higher A, of the P_25_DGU. This interesting phenomenon is
under a detailed analysis and will be presented in our future work.
The drawback of implementing TCWs is the increased opacity of
the glass compared to the base model (Clear_DGUs). The T,; of the
P_25_DGUs in the clear and tinted state is 0.7212 and 0.2404,
respectively, against 0.8143 for the Clear_DGUs and 0.7936 for the
low-E_DGUs. In buildings where the lighting is automated to follow
a pre-set luminaire schedule by continuous light dimming/bright-
ening, lighting energy use increases when TCWs are tinted. Be-
tween ~0.5 and ~2% increase in the lighting was observed with
P_25_DGUs. The low-E_DGUs also showed a consistent increase in
the lighting demand (approximately 0.05% in all cities) because the
commercially available low-E glazing chosen for the study has a
slightly tinted hue (T,;; of 0.7936) which impedes the transmission
of incident visible light. As expected, the increase in lighting energy
use is inversely proportional to the transmittance, i.e., the lower the
T,is, the higher the lighting demand increase. For the medium-sized
office building that is the subject of this study, the lighting demand
in the perimeter zone, which skirts a windowless core zone, only
accounts for ~10% of the total lighting energy. Since the switching
behavior of the dynamic window units affects the lighting in this
region exclusively, the negative effect on the energy consumption is
not very significant. The usage increase for thermochromic win-
dows varied by region. The increase is comparatively higher in
cities with hotter temperatures (still, the increment is lower than
1.8%). This is rationalized by the higher tinted hours in these cli-
mates because the glazing temperatures exceed its T, more often.
By reducing the cooling/heating load on the space conditioning
system, the strain on ventilating components of the HVAC loop is
alleviated, in addition to the heating/cooling elements. Similarly,
when the cooling/heating load increases, these components' en-
ergy use is negatively affected. Therefore, the ventilation savings is
reflective of both the savings and negative effects of the smart
windows. The consumption improvement indicates net positive
results, with comparable savings calculated for different cities
(~20% using dynamic P_25_DGUs, ~7.5% using low-E_DGUs).
There is no on/off control for the “cooling roof effect” of PRCs;
i.e., it is available all year round. Although this is beneficial during
the cooling period (summer), it can result in an energy usage
penalty during the heating period (winter). Conversely, the
“circulated” cooling energy can be regulated as required to prevent

unwanted cooling during the winter. The “circulated” cooling ca-
pacity of PRCs is more substantial in hotter and drier climates. For
instance, maximum cooling energies of 273.44 GJ (post-2010), were
generated by PRC_Stack in Cairo against more modest 111.27 G]
(post-2010) in New York (shown in Fig. 5). This is consistent with
expectations since Cairo has the lowest average humidity of the
cities in the simulation study. To maximize the cooling potential of
the PRC, low atmospheric humidity (i.e. low sky emissivity), is key.
Water molecules absorb specific wavelengths of outgoing long
wave radiation, therefore excess humidity makes the atmospheric
window less transparent. Moreover, outgoing radiation is back-
scattered to earth by atmospheric constituents like water vapor.
The device's net emissive power is limited as a result of the elevated
atmospheric thermal radiation, i.e., there is a negative effect on the
cooling power generated by the PRC. The long winters and the
relatively lower temperatures limit the PRC's performance in cold
climates comparable to New York and Rome.

The energy-saving capability of the proposed system is limited
as it is designed to provide in situ cooling using the radiative panels
installed on the roof. By introducing cold storage infrastructure, the
unused nocturnal cooling flux can be stored in chilled water tanks
and used when the instantaneous cooling power of the PRC system
is unable to meet the cooling demand by itself during the day,
further reducing reliance on the mechanical chiller unit. Realisti-
cally, coverage of the entire roof with the radiative panels is not
possible, as it usually houses HVAC equipment, skylights and other
machinery in addition to walkways and screens to allow for their
servicing, maintenance and protection. Simulations of cases with
half of the roof area utilized for radiative cooling showed ~50%
fewer cooling savings, i.e.,, an approximate direct linear propor-
tionality exists between the radiative area and the energy savings.
For example, doubling the PRC coverage area increases the active
cooling energy savings from 151.76 GJ to 273.4 GJ in Cairo using
PRC_Stack. Similar to cooling, the fan end-use showed energy
savings, albeit much smaller percentage changes averaging 1.68%
(post-2010) for 100% roof coverage.

Despite energy saving when cooling is required, the reduced
solar heat gain is detrimental during the winter, as evidenced by
the increase in heating energy consumption for all cities (smaller
than 4% in all cities for all coolers in a post-2010 buildings model).
In addition to the muted absorptance of PRCs relative to the roof
material, their thermal conductivities are higher. The lower
absorptance decreases the passive indoor heat gain through the
roof; the high thermal conductivity promotes heat dissipation
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across the building envelope increasing heating wastage.

It must be taken into account that the model assumes unidi-
rectional emission of the planar roof radiators. In practice, however,
the radiation from the device is omnidirectional, which means that
its cooling performance is heavily influenced by surrounding ar-
chitecture and unhindered access to the sky. For very tall buildings,
clear skies are more accessible. For medium-sized buildings in ur-
ban canyons, such as the one considered in the study, this is more of

a challenge as radiative emissions are blocked by neighboring
buildings that are taller. Therefore, the effect of the building's sur-
roundings must be factored in for a more realistic result.

To further minimize the solar heat gain through building fa-
cades, a passive hybrid system containing both P_25_DGU and
PRC_Stack (PRC_Stack was chosen for its optimal energy saving
capacity among three PRCs) was implemented in post-2010 build-
ings to investigate the effectiveness in energy saving. The energy
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saving increases in the order of P_25_DGU, PRC_Stack and
P_25_DGU + PRC_Stack with respect to Clear_DGU, as depicted in
Fig. 5. The total energy consumption ranges from 882 GJ to 1255 GJ,
with Cairo consuming the least energy and New York the most.
P_25_DGU + PRC_Stack exhibited the greatest saving of 32.0%
(415 GJ) in Cairo and lowest of 12.4% (177 GJ) in New York. The total
energy usage in Hong Kong and Singapore with hot and humid
weather improves by about a quarter. As the gross surface area of
roof of the medium-sized office building for this study is approxi-
mately 1661 m?, which is about 2.5 times the total gross area of

~_
o
~
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window, P_25_DGU + PRC_Stack pronouncedly tripled energy
savings compared to applying P_25_DGU alone in each city.

The application of P_25_DGU + PRC_Stack discouraged energy
savings in heating in New York (as shown in Fig. 6(a)), which could
be the result of utilizing materials that reflect solar radiation. The
savings in cooling energy were boosted to 51% from 13% (with
P_25_DGU only) in Cairo, followed by 50% in Rome and lowest
savings of 30% in Singapore. Lower percentage improvement could
be attributed to larger base values of cooling energy use in
Singapore and Hong Kong than in other cities. The addition of
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PRC_Stack does not impact lighting energy in buildings with
P_25_DGU (as shown in Fig. 6(c)). Energy consumption for venti-
lation reduced in all cities, with the greatest improvement of 24% in
Cairo and lowest of 20% in Singapore by P_25_DGU + PRC_Stack.

3.3. Effect of orientation on energy savings

Thermal comfort and air ventilation of a building, which is
driven by natural elements such as the intensity of solar radiation,
wind patterns, seasons and temperature variations are highly
associated with orientation [39]. Architectures built at suitable
orientations can exploit these conditions for passive heating and
cooling, improving energy efficiency and thermal comfort, and
reducing energy cost. Orientation has no effect on the performance
of PRCs. Therefore, in this section, only TCWs are discussed. The
switching behavior of the TCWs is affected by its daylight accessi-
bility. Hence, in order to rationalize the energy savings trends, it is
important to consider the daily and seasonal sun trajectory. The
cities considered in the study are in the northern hemisphere
where the sun culminates in the south (Fig. S4 in the Supplemen-
tary Materials).

The annual energy consumptions (in GJ) and the overall energy
consumption savings (%) for four orientations in different climates
are illustrated in Fig. 7(a) and (b), respectively. In New York, the
total energy use in the north-facing zone increased with TCWs: the
heating energy penalty outweighs all other savings. This empha-
sizes the importance of forfeiting TCWs in north-facing zones for
cities in the northern hemisphere with long and harsh winters. It is
noteworthy however that the perimeter zones of the medium-
sized office are non-identical. The northern and southern zones,
which form the building's length-wise border, are much larger,
with a total window area of 19.58 m? against 13.06 m? of the east
and west zones. Moreover, the solar altitude increases with
decreasing latitude of the cities: this affects solar access. The au-
thors caution that these variables may introduce slight discrep-
ancies in the observed trends.

Due to the sun path in the northern hemisphere (described in
Note S4 in Supplementary Materials), the east- and west-facing
windows receive the most solar heat gain and glare, and thus
increased tinted hours. This manifests higher cooling savings,
which is supported by the percentage savings by end use data in
Fig. 7(d). Objects (streets, pavements, buildings etc.) collect heat
throughout the day resulting in higher temperatures in the after-
noon when the sun is in the west. They radiate heat leading to
higher window temperatures. Therefore, the west-facing windows
report marginally longer tinted hours, and better cooling energy
savings than the east. The cooling energy improved by 21.86% in the
western zone (the largest improvement spanning all zones) in
Singapore, against 21.27% in the eastern zone. This trend is
mirrored in the fan end use improvement data (Fig. 7(f)).

All perimeter zones except for the north-facing zone recorded
heating energy savings with the implementation of P_25_DGUs
(Fig. 7(a)). This may be due to the higher indirect absorptive heat
gain by P_25_DGU (higher Ay, ). During the heating period
(winter) the south-facing windows received most of the winter sun,
with the windows of the northern zones getting the least solar heat
gain of all orientations, as a result of the day-arc discussed above.
Limited solar radiation produces insufficient indirect heat gain by
P_25_DGUs. Therefore, it is not advisable to implement north-
facing TCWs in cities in the northern hemisphere.

The luminaire schedule for the daylighting controls must be
factored in when analyzing the effect of orientation on the lighting
energy use. Despite the increased tinted hours of the west-facing
space as a result of the intense solar radiation and high mid-
afternoon temperatures, the western zone shows the smallest
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lighting use increase of all orientations (Fig. 7(e)). When the
western zone is exposed to the sun (mid-afternoon), the lighting
demand is very small since the operational hours of the building are
from 0800 to 1600. Sunlight through the window fulfills this de-
mand without significant help from artificial lighting. Therefore,
whether the windows exist in the clear or tinted state makes little
difference to the lighting energy consumption (even in tinted state,
the natural illuminance is enough).

For practical application, it is important to offer the techniques
at a reasonable price compared to the energy they can save. The
cost of the techniques mainly comes from the raw materials and
fabrication process. All radiative coolers use a noble metal, silver, to
reflect solar radiation. However, silver can be replaced by a cheaper
metal like aluminum by further structure optimizations. Perovskite
smart windows do not require expensive raw materials. The
fabrication process for perovskite smart window and PRC_PDMS is
simple and cheap, since it only involves the spinning coating pro-
cess. However, PRC_Stack and PRC_Bio are difficult and expensive
to fabricate even in lab environment since they both involve mul-
tiple photolithography processes. Further price reductions in the
unit cost can be expected in industry-scale mass production.

4. Conclusion

The year-around performance of P_25_DGU, three different
PRCs and a passive hybrid system (P_25_DGU + PRC_Stack) in pre-
1980 and post-2010 medium-sized office buildings and the energy
savings with respect to Clear_DGU were investigated using Ener-
gyPlus. Retrofitting or installing P_25_DGU in the old and newly-
constructed buildings can both reduce building energy consump-
tion. The implementation of P_25C_DGU has a more pronounced
effect in cities where cooling demand dominates and improved
total energy consumption by up to 10.6%. The perovskite coating
with darker appearance than conventional window influences the
T,s of P_25_DGU, leading to a slight increase in lighting energy.
P_25_DGU shows greatest energy saving potential in the east- and
west-facings, while they are not recommended to be adopted as the
north-facing glazing in cold cities. Among the three types of PRCs,
PRC_Stack shows outstanding energy savings of 8%—23% with the
greatest saving in Cairo. Applying P_25_DGU with PRC_Stack in the
building models drastically improves total energy use by 12%—32%
in the chosen cities. Future work should explore how building types
and window-to-wall ratio influence the performance of passive
technologies. Parametric studies of thermochromic smart window
properties, in particular, its transition temperature will be con-
ducted to further enhance its applicability. Moreover, the fabrica-
tion processes of these technologies should be exhaustively
investigated as the cost and scalability should be optimized for
mass production and deployment. This study demonstrated that
using a hybrid passive system including P_25_DGU and PRC can
promisingly save energy usage in office buildings in all climates.
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