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ABSTRACT

Transparent envelopes account for a large amount of energy consumption of buildings, especially in hot
climate regions. Glass is one of the main materials in transparent envelopes, so modifying the radiative
properties of the glass is an alternative way for building energy saving. Here, a semi-transparent radiative
cooling (ST/RC) glass was proposed by integrating the selective utilization of solar energy and passive
radiative cooling. Comparative experiments based on two small-scale boxes were performed, which
shows that the indoor air temperature of the box with the ST/RC glass is lower than that with the or-
dinary glass and the maximum temperature difference reached 16.4 °C, indicating that ST/RC glass can
reduce the waste heat generated in the indoor environment. Besides, the daylighting level with the ST/RC
glass is decreased by approximately 2/3 to support comfortable daylighting. Moreover, large-scale
modeling of the building located in the Maldives was conducted and results show that the energy
consumption of building could be saved by 21%—66.5% when the glass is modified to transmit visible
light, reflect other solar irradiance, and emit like a blackbody, which indicates that the strategy of using
light and thermal management of glass has the potential to reduce the energy consumption of buildings.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Buildings consume more than 30 % of total energy use and this
percentage is still in the increasing trend [1—3]. Space cooling,
ventilation, heating, and lighting are four main contributors to the
total building energy consumption, the proportions of which also
vary with different climate regions. In hot climate regions, most
energy consumption in the building sector is used for cooling. For
example, it was reported that space cooling loads account for 32 %
of the city's total electricity consumption in Hong Kong [4]. Hence,
tailoring the energy behavior of the building envelopes, such as roof
and window, to enhance building energy saving potential has been
one of these areas' priority tasks.

The energy balance of a building is relevant to the sun (~5800 K),
the universe (~3 K), and the ambient environment (~300 K). The
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heat gained by the building is mainly from sunlight by the radiative
heat exchange between the buildings and the sun. The accumulated
heat of the building is dissipated into the ambient environment and
the universe by convection and radiative cooling. Radiative cooling
is a passive cooling method that cools objects by radiating heat into
the cold universe, which mainly relies on the transparency of the
atmospheric window (AW) that ranges from 8 to 13 um [5—8].
Thermodynamically, the sun and the universe are the ultimate heat
source and sink of the earth, which plays an essential role in the
energy balance of the buildings. Thus, modulating the radiative
properties, including solar absorptivity and thermal emissivity, of
the exterior surfaces exposed to the sunlight and sky directly is one
of the key solutions to reduce the waste heat and saving energy for
buildings.

Cool roofs are one of the promising spectral modulation stra-
tegies for buildings, which effectively manage the light and thermal
reaction among the sun, universe, and ambient environment
[9—11]. An ideal cool roof needs to be strongly solar reflective and
exhibits high thermal emissivity in the infrared wavelength region,
resulting in a minimum heat gain and maximum radiative cooling.
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Gentle et al. [9] developed a polyethylene mesh and showed that it
can be applied in the cooling roof coupled with radiative cooling,
which can reduce the heat gain of the building. Besides, this group
also proposed a polymer surface to act as the open roof and
demonstrated that the roof can remain a sub-ambient phenome-
non throughout a hot summer day including under the peak solar
irradiance of 1060 W m™2, with an ambient temperature of 27 °C
and infrared atmospheric intensity of 400 W m~2 [10]. Boixo et al.
[11] predicted that a large-scale implementation of cool roofs in
Andalucia can potentially save electricity of 295,000 kWh per year,
which is approximately 2 % of the overall residential electricity
consumption, showing the potential energy saving performance of
the cool roofs. Besides of cool roofs, using commercial white paints
[12—15] (e.g., titanium dioxide-based paint) on the external wall of
buildings is also a useful way to reduce the solar power absorption
due to the high solar reflectivity of the white paint. Ruan et al.
experimentally demonstrated that BaSO4 paints [12] and CaCOs3
paints [13] can achieve sub-ambient radiative cooling and these
materials can be applied in building for energy saving. Moreover,
Mandal et al. [14] predicted that spectrally selective paint is the
preferred candidate for radiative cooling applications in buildings
since paint material can be fabricated with a large scale and mature
technology.

Importantly, on the other hand, optimizing the spectral prop-
erties of the glass is another important way to reduce the heat gain
of buildings since approximately half the buildings’ cooling load is
caused by the sunlight transmitted through the glass, especially for
buildings in hot climate regions [16—18]. Based on this consider-
ation, several highlighted techniques appear to contribute, such as
electrochromic windows [19—21] and spectrally selective windows
[22]. For example, low-emissivity (Low-E) glass is an energy-saving
glass for buildings [23—26], which reduces the infrared sunlight
transmission and simultaneously maintains a high visible light
transmission. Besides, the low emissivity (i.e., high reflectivity)
spectrum of the Low-E glass can cause a local greenhouse effect and
keep the indoor temperature at a stable condition. Abundiz-
Cisneros et al. [23] proposed an aluminum-based Low-E filter for
glass, which reduces the cost of the traditional silver-based Low-E
coating while maintaining good optical properties for building
energy saving. On the application scale level, Somasundaram et al.
[24] analyzed the building energy-saving potential of the Low-E
coating-based retrofit double glazing for tropical climate. The re-
sults showed that the Low-E coating-based double glazing can lead
up to 4 % annual energy savings when installed on clear glass for
tropical climate and the implementation of Low-E coating-based
double glazing can reduce the mean radiant temperatures of the
indoor environment and increase the thermal comfort of the oc-
cupants. Besides, this type of Low-E coating-based double glazing
can be applied by combination with a solar film to further improve
the energy-saving efficiency [26]. Although Low-E glass can saving
energy for buildings, the temperature of the glass may be always
higher than the indoor air temperature in hot climate regions,
which will increase the cooling load of the building. Thus,
enhancing the radiative cooling performance of the glass exterior
surface is a good solution to reduce the glass temperature. Moti-
vated by this idea, a metamaterial film with selectively solar
transmittance and selectively high emissivity in the AW is devel-
oped and applied on roof glazing to reduce the cooling load of the
building [27]. A case study showed that the annual air conditioning
energy consumption of the referenced building can be reduced by
40.9 %—63.4 % in different conditions. However, selective high
thermal emission just within the AW is not the perfect choice for
roof glass radiative cooling in buildings since the transient tem-
perature of the glass is higher than the ambient temperature during
most of the day. Broadband thermal emitter is preferable under
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above-ambient radiative cooling because it can provide more
cooling power than that of the selective thermal emitter.

Based on the above analysis, a strategy of light and thermal
management of the glass for buildings based on the semi-
transparent radiative cooling (ST/RC) glass is proposed to further
save the electricity consumption of the building and reduce carbon
dioxide emission. The light management of the glass means the
glass needs to reflect near-infrared sunlight to reduce the waste
heat generation of the indoor environment and simultaneously
transmit the visible light for daylighting, but the transmitted light
can't dramatically affect the thermal condition of the indoor envi-
ronment, otherwise, additional HVAC load will be required. Be-
sides, the thermal management of the glass means the glass needs
to have strong broadband thermal emissivity to maximally dissi-
pate waste heat. Compared with the existed spectrally selective
glass (e.g., Low-E glass and transparent radiative cooling glass), not
only radiative cooling mechanism is well integrated into the ST/RC
glass, which fully explores the thermodynamic potential of the cold
universe for building thermal management, but also the visible
light transmittance of the glass is considered for both daylight and
space cooling/heating.

In this paper, a semi-transparent solar film is applied to the glass
to reduce its solar transmittance to reduce waste heat generation
while still keep the transmittance of visible light at a reasonable
range for daylighting. Besides, a transparent radiative cooling film
is also applied to the glass external surface to enhance its broad-
band thermal emissivity so that more heat of the glass can be
pumped outside by radiative cooling. Comparative outdoor exper-
iments based on two small-scale building boxes were conducted to
evaluate the light and thermal management performance of the
proposed glass structure for buildings. Furthermore, the energy-
saving performance of the strategy using light and thermal man-
agement of glass is numerically predicted on a large scale based on
the glass with perfect spectral selectivity.

2. Experimental section
2.1. Semi-transparent radiative cooling glass

The semi-transparent radiative cooling (ST/RC) glass includes an
ordinary glass, a semi-transparent (ST) solar film, and a transparent
radiative cooling (RC) film. The schematic of the ST/RC glass is
shown in Fig. 1a. It can be found from Fig. 1b that the ST film is semi-
transparent with a strong reflection effect, while RC film and or-
dinary glass are transparent. Notably, there is no additional film on
the bare case, just ambient air. To characterize the optical proper-
ties of the glass, ST, and RC film, spectral transmittance and
reflectance were measured. The solar transmittance and solar
reflectivity of the glass and glass with ST solar film were measured
using a spectrophotometer (SolidSpec-3700, Shimadzu) with a
spectral resolution of 1 nm. The spectral transmittance and
reflectivity of the glass and glass with transparent RC within the
mid-infrared wavelength region were measured by a Fourier
transform infrared spectrometer (Nicolet iS50, Thermo Fisher Sci-
entific) coupled with a transmittance attachment and a gold-coated
integrating sphere. Then, the spectral emissivity of the glass and
glass with transparent RC was obtained using the energy balance
law and Kirchhoff's law.

As shown in Fig. 2a, the ordinary glass shows a high trans-
mittance within the solar radiation band, while the glass with the
ST solar film has a relatively low solar transmittance. Notably, the
transmittance of the glass with the ST solar film within the visible
light region is higher than that within the near-infrared wavelength
band, which can maintain the daylighting function of the glass for
buildings in hot climate regions where the solar irradiance is
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Fig. 2. (a) Measured spectral transmittance and (b) measured spectral reflectivity of the ordinary glass and glass with ST solar film with normalized AM 1.5 solar spectrum plotted as
reference. (c) Measured spectral emissivity of the ordinary glass and glass with transparent RC film with an atmospheric transmittance curve plotted as reference.

always strong. Importantly, the glass with the ST film has a high
solar reflection within the solar radiation band, especially within
the near-infrared wavelength band (Fig. 2b), which means the
surplus solar radiation can be reflected by the glass and the tem-
perature of the glass can be maintained at a normal level. Fig. 2c
depicts the emissivity of ordinary glass and glass with transparent
RC film. It can be seen that the ordinary glass has an emissivity drop
within the atmospheric window due to the phonon—polariton
resonances of silica material [28,29], which will reduce the net
emissive power of the glass. After covering the glass with the
transparent RC film, the emissivity of the glass is improved signif-
icantly, which will increase the heat dissipation power of the glass
to reduce its temperature when the glass is heated by the sunlight.

2.2. Outdoor experimental setup and measurement setting

Two identical small-scale box models are designed and fabri-
cated for experimental testing. As shown in Fig. 3a, the wall and
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h
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XPS thermal insulation
Wood w:

floor of the box are made of wood, and XPS thermal insulation
materials are attached to the internal surface of the wall and floor.
The surface of XPS is covered with reflective aluminum foil. The
thickness of the wood wall/floor and XPS material are 15 mm and
18 mm, respectively. The length, width, and height of the box are
400 mm, 350 mm, and 450 mm, respectively, the photo of which is
shown in Fig. 3b. Besides, 10-mm-thick ordinary glass and semi-
transparent radiative cooling glass are attached on the top of two
boxes to act as the only window, and we will refer to the former and
latter as “ordinary case” and “modified case”, respectively.

The measurement setting of the experiment is shown in Fig. 4.
Three T-type thermocouples (i.e., Ty, T, and T3) are fixed in the
indoor environment of the box with an aluminum foil-coated
plastic stick to measuring the temperature of indoor air. The dis-
tance of the adjacent thermocouples is approximately 130 mm. The
distance between the thermocouples T3 and bottom XPS is about
78 mm. The illuminometer (RS-GZ-V05-2) is fixed on the south wall
of the box to monitor the illuminance, which is powered by a power

Fig. 3. (a) Top-view and schematic of section-view of the box model. (b) the photo of the two box models.
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Fig. 4. Schematic of measuring setting system.

source (MAISHENG MS305D) with a voltage supply of 16 V.
Furthermore, a pyranometer (TBQ-2) is used to measure the total
irradiance and a weather shelter (HSTL-BYXWS) is applied to
monitor the ambient temperature and relative humidity. The wind
speed of the local air is tested by an anemograph (HSTL-FSO1).
Importantly, all data is automatically recorded using a data logger
(HIOKI LR8450) with a time interval of 10 s. The list of experimental
components is shown in Table 1.

2.3. Experimental results

The experimental tests were continuously conducted from
22:00 May 8th, 2021 to 22:00 May 9th, 2021. The temperature and
illuminance results are shown in Fig. 5. The ambient parameters
including solar irradiance (G, Wm™2), wind speed (ug, ms~'), and
relative humidity (RH, %) are presented in Fig. 5a. The indoor
temperature inside the experiment box (T;, Tz, T3) and ambient
temperature (T;) are shown in Fig. 5b. From the results, it's clear
that during the night period, the average air temperature inside
two boxes is close, which are both lower than the ambient tem-
perature and the difference value can be up to 4.1 °C. The main
reason for this scenario is that the top glass is cooled passively by
the radiative sky cooling due to its high thermal emissivity and this
cooling effect is spread to the indoor air because of the convection
and conduction heat transfer process between the indoor air and
the glass. While during the daytime, the air temperature values
inside the two boxes are both much higher than the ambient
temperature. The comparison of the average air temperature inside
two boxes is presented in Fig. 5c¢ and it can be found that the

Table 1

List of experimental components.
Device Specification Uncertainty
Pyranometer TBQ-2 <5%
Anemograph HSTL-FS01 +02ms!
[lluminometer RS-GZ-V05-2 +7%
Ambient temperature sensor HSTL-BYXWS +0.5%
Relative humidity sensor HSTL-BYXWS +45%
Thermocouple Type T +0.5°C
Power supply MAISHENG MS305D /
Data logger HIOKI LR8450 /

modified case always shows lower indoor air temperature as
compared with the ordinary case with the largest difference value
of 16.4 °C, which proves that the ST/RC glass can regulate the
thermal environment inside the building by adjusting the spectral
characteristic of the glass. As illustrated in Fig. 2, the indoor air
temperature can be governed by the ST/RC glass in three aspects as
compared with the ordinary glass: (1) fewer visible light trans-
mission into the building due to the relatively low visible trans-
mittance of the ST solar film; (2) nearly no near-infrared solar
radiation transmission into the building due to strong solar
reflection within the near-infrared wavelength band; (3) strong
heat emissive power due to the broad-band high emissivity of the
ST/RC glass.

The internal illuminance of the two boxes is shown in Fig. 5d.
Under the clear sky condition, the maximum internal illuminance
of the ordinary case is 34,900 Ix, which will add plenty of extra
waste heat in the building and cause visual discomfort. On the
contrary, with the use of the ST/RC glass, the inner illuminance can
be decreased significantly as compared with the ordinary glass, and
the illuminance in the modified case is only around 1/3 of that in
the ordinary case, which indicates that the ST/RC glass can reduce
the probability of glare, which will help to improve the daylighting
environment and save the cooling energy at the same time.

3. Large-scale modeling
3.1. Thermal analysis model

To further evaluate the feasibility of using light and thermal
management of the glass for building energy saving under different
weather conditions, a large-scale annual simulation was performed
in this section. Here, the heat balance process of the glass with
spectrally selective properties was analyzed and a schematic was
shown in Fig. 6. There are several assumptions for this heat transfer
model [30]: (i) the heat storage of the glass is neglected, (ii) the
surface temperature of the glass is uniform, and (iii) the solar
irradiance absorbed by the glass is apportioned equally to the outer
and inner surface of the glass.

According to the first law of thermodynamic, the energy balance
equations of the glass’ outer and inner surface are presented as
follows, respectively [30]:
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Fig. 5. (a) Measured solar irradiance, wind speed, and relative humidity during the testing period. (b) Measured indoor air temperature (T;, T, and T3) and ambient temperature. (c)
The temperature difference among the indoor air temperature of the ordinary case, indoor air temperature of the modified case, and ambient air. (d) Measured illuminance level of

ordinary case and modified case.
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{ Qrad_sky + Qsun_o — Qrad_o — Qeond — Qeonv_o =0 (1)
Qrad,indoor + Qsun_i — Qrad,i + Qcond — Qeony_i =0

where Qrqd o and Qryq ; denote the thermal radiation power of the
outer and inner surface, respectively. Qcony_ o and Qcony_i denote the
convection heat transfer power at the outer and inner surfaces,
respectively. Qrad_sky is the absorbed radiation power from the sky
and Qyqd_indoor 1S the absorbed radiation power from the indoor
environment. Qgynqg is the heat conduction power from the outer
surface to the inner surface. Qs;n_o and Qsyn_; denotes absorbed solar
radiation at the outer and inner surface, respectively, which can be
represented by Ref. [30]:

1
Qsun_i = Qsun_o =35 (@un_in. - qun,ref. - QGHHJFGH&)

) 2)
=3 (Qbmcosﬂabm + Qd,-fad,-f>
where Qsun_in., Qsun_refand Qsun_rrans.denote the incident, reflected,
and transmitted solar irradiance, respectively. Qpm and Qgjr denote
the beam normal and diffuse solar irradiance, respectively. ap; and
agjf are solar absorptance of the glass for beam and diffuse solar
irradiance, respectively. § is the incident angle of the solar
irradiance.
The thermal radiation power of the outer and inner surface can
be expressed as [31]:

Qrad o = eOUTg
4
Qraa_i = 0T}

(3)
where ¢, and ¢; denote the thermal emissivity of the outer and inner
surfaces, respectively. T, and T; denote the temperature of the outer
and inner surfaces, respectively. ¢ is the Stefan-Boltzmann
constant.

The absorbed sky radiation and indoor long-wave radiation can
be expressed as [31]:

4
Qrad_sky = €0€sky0Tq
Qrad_i = €iEindoor

(4)
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where &, denotes the effective emissivity of the sky. T, is ambient
temperature. Ejpqoor is the long-wave radiation power from the in-
door environment.

The convection heat transfer power at the outer and inner sur-
faces can be expressed as [31]:

Qconu,o = ho(To - Ta)
{ Qconu,i = hi(Ti - Tindoor) (5)

where h, and h; denote the convection heat transfer coefficient at
the outer and inner surfaces, respectively. Tindoor is the temperature
of the indoor air.

The heat conduction power from the outer surface to the inner
surface can be expressed as [31]:

chnd = k(TO =T

where k, is the thermal conductance of the glass.

(6)

3.2. Building structure and glass spectrum configuration

As shown in Fig. 7a, a single house with the size of 30 m x 20 m
x 10 m (length, width, and height) was simulated in the Maldives
and this kind of house is widely used for public places, such as
exhibition building [27]. The averaged daily ambient temperature
and monthly solar radiation power in the Maldives are shown in
Fig. 7b. The window-wall ratio of the roof glazing is close to 1, and
its planar size is 29.9 m x 19.9 m (length and width). The materials
of building envelopes are listed in Table 2. The EnergyPlus [32] that
integrates the above thermal model is applied for simulation study
in this section. During simulation, the temperature of the cooling
setpoint is 26 °C, the working time of the air conditioner is
8:00—17:00, and the infiltration rate is set as 1/h throughout all
days. Besides, a lighting mechanism is used for lighting behavior
during the working time from 8:00 to 17:00. An illuminance value
of 500 Ix is set as the threshold value of illuminance. If the illu-
minance of the reference point is lower than the illuminance
threshold value, the light is on and the lighting load is set as
9 W m~2, otherwise, the light is off. The selected reference point is
located in the center of the building and has a height of 1 m.

To fully explore the potential of glass with tailored spectral
properties on the building energy saving, different spectral con-
figurations of the glass were considered. The general idea to modify
the glass is to add a spectrally selective coating (SSC) on the front
surface of the ordinary glass (Clear glass, ID 103 in the International
Glazing Database) [32] and the spectral properties of the SSC were
configured from four wavelength regions that include ultraviolet
(UV) region, visible (VIS) region, near-infrared (NIR) region, and

(@)

v
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mid-infrared (MIR) region. First, the SSC is set to be opaque within
the ultraviolet region and near-infrared region. Second, the emis-
sivity of the SSC within the mid-infrared region is set as 1. Third, a
parameter called visible transmittance ratio (f) was used to evaluate
the transmittance of the SSC within the visible region, which is
defined as the ratio of transmittance of the SSC (7ssc(4)) to the or-
dinary glass (Tordinary_glass(4)) within the visible region and pre-
sented in the equation (1). The detailed spectral configurations of
the SSC and glass with SSC were presented in Table 3 and Table 4,
respectively, where 7, p, @, ¢ A represents the transmittance,
reflectivity, absorptivity, emissivity, and wavelength.

_ Tssc(A)
TOrdinary_glass (A

(7)

The specific operation procedures of the simulation are as fol-
lows: First, the spectral properties (Table 3) of the SSC were input in
OPTICS software. Second, in OPTICS software, the optical properties
of the glasses with SSCs were calculated and read by the WINDOW
software. Third, an IDF file that has the thermal and optical infor-
mation of the glasses with SSCs can be exported by the WINDOW
software. Finally, IDF files were imported to the EnergyPlus for
calculation. The flow chart of the simulation process is presented in
Fig. 8 for reference.

3.3. Validation of the simulation procedure

To validate the simulation procedure, the small-scale experi-
mental cases described in the above section were selected as the
validation objective. During the validation process, measured
weather data that includes ambient temperature, wind speed, and
relative humidity are used as input. Besides, dew point temperature
was calculated based on the measured dry bulb ambient temper-
ature and relative humidity [35], and the horizontal infrared radi-
ation intensity was calculated using the effective sky emissivity that
is obtained by an empirical correlation [36]. The calculated indoor
air temperature was presented in Fig. 9 with the measured data
plotted as reference. Notably, the measured data is the average
temperature of the measured temperature of three thermocouples.
It is clear that the simulated temperature agrees well with the
experimental data, which indicates that the simulation procedure
can be acceptable to simulate the large-scale condition.

3.4. Indoor temperature comparison
The indoor air temperature of the building under the OGC (see

Table 4), MRGC, and MAGC was calculated and presented in Fig. 10.
During simulation, the visible transmittance ratio fis set as 0.1 and

(b)

10
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Fig. 7. (a) Schematic of the simulated building model. (b) Averaged daily ambient temperature and monthly solar radiation power in the Maldives [33].
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Table 2
The thermophysical properties of the building envelop [32,34].

Energy 238 (2022) 121761

Envelope Material (from outside to inside) Thermal conductivity (W-m~1-K~1) Density (kg-m~3) Heat capacity (J-kg '-K™1)
Wall Brick (100 mm) 0.89 1920 790
Air space (40 mm)
Brick (100 mm) 0.89 1920 790
Roof (wall, area fraction of 0.8 %) Acoustic tile (20 mm) 0.06 368 590
Air space (50 mm)
lightweight concrete (100 mm) 0.53 1280 840
Roof (glass, area fraction of 99.2 %) glass 1.0 N.A. N.A.
Floor Insulation board (50 mm) 0.03 43 1210
Heavyweight concrete (200 mm) 1.95 2240 900
Table 3
The detailed spectral configurations of the SSC.
Case name UV region VIS region NIR region MIR region
SSC-1 T=0,p=1 = Tordinary_glass (A, p=1-f Tordinary_glass (A 7=0,p=1 e=1
SSC-2 7=0a=1 T=Ff TOrdinary_glass (A a= ]'f'TOrdinary_glass )] 7=0,a=1 e=1
Table 4 70
The detailed information of the glass with SSC.
Case name Structure description Ordinary case T,
60| Modified case T,

Ordinary glass case (OGC)
Modified reflective glass case (MRGC)
Modified absorptive glass case (MAGC)

Ordinary glass + nothing
Ordinary glass + SSC-1
Ordinary glass + SSC-2

Optical properties of SSCs

U

OPTICS
Determining optical properties of the glasses with SSCs

U

WINDOW
Create the IDF file of the glasses with SSCs

U

EnergyPlus
Simulation process

&

* HVAC load/Indoor air temperature

SketchUp

Weather file of TMY Building geometry

<=

—>

« Lighting electricity consumption

* Net electricity consumption

Fig. 8. The flow chart of the simulation process.

1, respectively, which represents the extreme condition for the
glass. As shown in the figure, the daily averaged indoor air tem-
perature under OGC is always highest and the indoor air temper-
ature under MRGC or MAGC with f = 0.1 is always lowest. For
example, the daily averaged indoor air temperature difference be-
tween the OGC and MRGC ranges from 4.5 °C to 13.5 °C with an
average value of 9.7 °C. The main reason for the above results is that
more sunlight transmits into the indoor environment and heats the
indoor air under the OGC due to the high transmittance of the or-
dinary glass while the most of incident sunlight is blocked by the
modified glass under the MAGC and MRGC even when the f equals
1. Besides, the high thermal emissivity of the glass in MRGC and
MAGC improves the heat dissipation of the glass directly and the
indoor air indirectly.

Fig. 11 shows the indoor air temperature difference between
MAGC and MRGC under the f of 0.1 and 1. It can be seen that the

exp.

& Ordinary case 7|

sim.

@ Modified case T,

sim.

Temperature (°C)
8 3

W
(=}

20

10:00 14:00 18:00

Time

10 1 1
22:00 02:00 06:00 22:00

Fig. 9. Comparison of simulated and experimental indoor air temperature.

indoor temperature under MAGC is always higher than that under
MRGC and the temperature difference is more obvious when the
f=0.1.This is because the glass under MAGC absorbs more sunlight,
which increases its temperature correspondingly, and this will heat
the indoor air by convection and conduction heat transfer modes.
So, the MAGC is the most effective condition to manage the indoor
heat environment by adjusting the light and heat reaction among
the glass, the sun, and the universe.

3.5. Energy-saving comparison

To further evaluate the effect of the light and thermal man-
agement of the glass on the energy saving of buildings, the cooling
load of the building was calculated and presented in Fig. 12. There
are three pieces of information inserted in the figure: (a) the
cooling load of the building under OGC is always highest among the
simulated cases, (b) the cooling load of the building under MAGC
and MRGC decreases with the decreasing f, and (c) the cooling load
of the building under MRGC is lower than that under MAGC when
the fis the same. The above situations are the result of the light and
thermal management of the glass. Specifically, a high reflection of
the glass within the UV and NIR wavelength band can prevent
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nearly 50 % of sunlight and the unity thermal emissivity can
improve the radiation heat transfer rate by approximately 16 %.
Besides, a low and appropriate f can also block a large amount of
sunlight, while maintaining the daylighting of the building at a
reasonable and acceptable level.

To compare the cooling load of the building under MAGC and
MRGC, the annual cooling load of the building under MAGC and
MRGC with varying f is simulated and the results are plotted in
Fig.13a. It is clear that the annual cooling load of the building under
MAGC is always higher than that under MRGC regardless of f. Be-
sides, the annual cooling load difference of the building between
the MAGC and MRGC enlarges with the decrease of the f, which
means that the energy-saving performance of the MRGC is high-
lighted when the fis at a low level. For instance, the annual cooling
load of the building under MRGC changes from 155.3 KWh-m~2 to
536.5 KWh-m 2 when f varies from 0.1 to 1, which are
256.8 KWh-m™2 and 115.5 KWh-m~2 lower than those under
MAGC, corresponding to a relative reduction of approximately
62.3 % and 17.7 %, respectively.

Energy-saving of the building is the most important indicator to
evaluate the feasibility of using light and thermal management of
glass in buildings. Fig. 13b depicts the annual electricity saving of
the buildings under MAGC and MRGC, the base objective is the
electricity consumption of the building under OGC. The energy-
saving of the building under MRGC is greater than that under

5
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g / .
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Fig. 12. Monthly cooling load of the building under OGC, MRGC (f = 0.1 to f = 1 with an interval of 0.1), and MAGC (f = 0.1 to f = 1 with an interval of 0.1).
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Fig. 13. (a) Annual cooling load of the building under MRGC and MAGC with different f. (b) Annual electricity saving of the building under MRGC and MAGC with different f.

MARC. When the f changes from 0.1 to 1, the energy saving of the
building under MRGC varies from 54.1 MWh to 130.4 MWh with a
near-linear trend, which can save electricity consumption by 66.5 %
and 21 % compared with the base condition (i.e., OGC). Moreover,
the energy saving of the building under MRGC is approximately
74.5 % and 65 % higher than that under MAGC, showing great po-
tential for light and thermal management of buildings. Importantly,
simulation results show the illuminance of the reference point is
always higher than the illuminance threshold value even when the
fis 0.1, so the light is always off, which means that there is no
lighting consumption in the case and the electricity-saving shown
in Fig. 11b is only related to the electricity-saving from space
cooling. There are two main reasons for the above scenario, the first
is that the selected building has a glass roof so that the more visible
light can transmit into the building, the second is that the Maldives
has abundant solar resources so that more visible light can poten-
tially be used. If the different types of building structure and
meteorological data are used for simulation, the lighting con-
sumption will possibly occur. In these conditions, the net electricity
saving that includes the effect of space cooling/heating and lighting
is the objective function to evaluate the energy-saving performance
of the proposed strategy. Besides, the effect of different climate
conditions, building structures, and the location of the glass on the
spectral properties modification of the glass can be further
explored in the future so that the idea of light and thermal man-
agement of glass for building energy saving can be extended to
different conditions and the energy-saving potential can be maxi-
mally explored.

4. Conclusions

In this paper, a semi-transparent radiative cooling (ST/RC) glass
is proposed to reduce the energy consumption for cooling in
buildings by managing the radiative properties of the glass.
Comparative outdoor experiments were performed to preliminarily
evaluate the performance of the ST/RC glass for energy saving of
building. Besides, large-scale modeling was conducted to predict
the energy-saving performance of buildings based on glass with
different radiative properties. The important conclusions are pre-
sented as follows:

(1) The proposed ST/RC glass has selective transmission within
the visible light region and exhibits strong reflectivity within
the near-infrared wavelength band. Besides, the ST/RC glass

has a high thermal emissivity which is better than that of
ordinary glass.

(2) The indoor air temperature of the small box with the ST/RC
glass is lower than that with the ordinary glass with a
maximum temperature reduction of 16.4 °C, while the
daylighting level of the small box with the ST/RC glass can be
maintained at a more reasonable level.

(3) The energy saving of buildings under MRGC is approximately
21%—66.5 %, indicating the strategy of using light and ther-
mal management of glass has the potential to reduce the
energy consumption of the buildings.

In summary, this work proposes a novel strategy to reduce the
energy consumption of buildings, especially in hot climate regions,
by selective utilization of sunlight and enhancement of radiative
cooling, which provides a guide for the design of energy-saving
windows.
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