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Solar heating (SH) and radiative cooling (RC) have been regarded as promising clean techniques for thermal
energy harvesting and temperature control. However, SH and RC are only a single function of heat collection and
dissipation, which means the static device of SH and RC cannot meet the dynamic heat requirement of real-world
applications, especially in the daytime. Here, a strategy of dynamic integration of SH and RC is proposed for
tunable thermal management. A device (i.e., SH/RC device) that includes a silica cavity, ultrapure single-walled
carbon nanotubes (SWCNTs) aqueous dispersion, solar reflective film, and deionized water is designed and
fabricated. The outdoor experimental results show that the SH/RC device with SWCNTs media can effectively
achieve heat collection with a maximum temperature of 78.9°C, while the SH/RC device with deionized water
can achieve heat dissipation. Besides, the temperature modulation ability of the SH/RC device is tested to be
26.3°C and can be theoretically improved to be 60.3°C by improving the solar absorptivity (i.e., 0.9 for SH mode
and 0.1 for RC mode) regulation ability of the device and improving its thermal emissivity (i.e., 0.9). Further-
more, annual analysis indicates that the cumulative time in which the SH/RC device temperature is in a
comfortable region (i.e., 20°C-26°C) for humans is 60.9% and 30.3% higher than that of the device with indi-
vidual SH and RC mode. In summary, this work provides alternative thinking for tunable thermal management

based on the dynamic utilization of the hot sun and cold universe.

1. Introduction

Thermal energy exists in various backgrounds of society and is one of
the indispensable types of energy for humans. For example, buildings
require space cooling and heating all the time and these thermal energy
requirements account for nearly 50% of total building energy con-
sumption and are also responsible for the increasing greenhouse gas
emission [1]. Thus, exploring the methods to obtain thermal energy that
includes heating and cooling based on clean techniques is vital for the
sustainable development of society. Generating heat from the sun by the
solar heating (SH) method is one of the promising ways for heat gen-
eration [2-6]. Recently, exploring the cold universe, the ultimate heat
sink, by radiative cooling (RC) for the hardness of the cold has also
attracted much attention since the cooling phenomenon can be obtained
passively by RC without additional energy input [7-11].

Reviewing the previous work, SH has been widely used in the field of
solar energy harvesting. The basic principle of the SH is that solar
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irradiance is absorbed by the solar absorptive materials and then be
transferred into heat for the end-user. The key to achieve SH is that the
material needs to have high solar absorptivity, and there are a variety of
solar absorptive materials for the SH technique, including black paint
[12], multilayer selective solar absorber [13,14], and nano/micro fluids
[15,16]. On the energy system level, the SH method has been integrated
into different systems and applications, such as flat-plate solar collectors
for water hot and space heating [17], parabolic trough solar collectors
for power generation [18], porous/coating-based black devices for
desalination of seawater [19]. In the field of energy-saving buildings, SH
has been applied to collect clean hot water and provide space heating so
that the building energy consumption can be significantly reduced.
Recently, RC has been developed to explore the coldness of the universe
for passive cooling, and large amount studies have been devoted to the
development of RC. The main principle of the RC is that radiative coolers
can dissipate heat into the universe directly based on the transparency of
the atmospheric window, thus, a cooling phenomenon is passively
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obtained. According to the thermal analysis, strictly spectral tailoring of
the radiative cooler is the key for effective RC, and high-performance
radiative coolers that include multilayer films [20,21], photonic
coolers [22,23], metamaterials [24], and porous polymers [25,26] have
been successfully developed. Besides, RC has been used in various ap-
plications, such as photovoltaic cooling [27,28], personal thermal
management [29], water collection [30], and building energy-saving
[31]. For example, experimental demonstrates show that a
building-integrated RC system can save electricity by over 15% [32],
and a radiative cooled-cold collection system with kW-scale cooling
power is developed for building energy-saving [33].

Although SH and RC are clean ways for effective heat collection and
heat dissipation, respectively, the thermal management characteristic of
them are static, which means SH can only be used for heat collection,
while RC can only be used for heat dissipation. In real-world applica-
tions, thermal energy requirements are dynamically changed due to
various factors, such as season variations. For example, buildings
located in the “hot summer and cold winter” regions need heat collec-
tion mode in the cold winter, while heat dissipation mode is preferred in
the hot summer. Thus, SH and RC are not suitable for the demand of
dynamic thermal management, so developing smart and renewable
ways for tunable thermal management is urgently needed. To achieve
this goal, combining SH and RC modes into a single device with a
switchable way is an interesting topic and many researchers have made
contributions [1,34-39]. Zhou et al. [34] proposed an RC and SH
coupling module to directly control the indoor temperature of buildings.
The proposed module has two surfaces that exhibit different spectral
properties, one surface is solar absorbing material, the other is a radi-
ative cooler. Simulation results showed that electricity consumption can
be saved by 42.4% in the cooling season with the module, and that can
be improved to be 63.7% when coupling with an energy storage system.
Hsu et al. [1] developed a dual-mode device with
electrostatically-controlled thermal contact conductance. A solar
absorber and radiative cooler are attached on the same substrate side by
side, and the roller driven by the electrically controlled motor is used to
select different surfaces for application, corresponding to the switchable
of the SH and RC mode. The above works mainly use a mechanically
rotated structure to switch the SH mode and RC mode based on the in-
dividual solar absorber and radiative cooler. On the level of the material,
Wang et al. [37] proposed a self-adaptive compound metasurface for the
dynamic combination of SH and RC. The metasurface consists of a large
cross resonator and a small cross resonator. The large cross resonator is
responsible for the absorption adjustment, while the small cross reso-
nator is responsible for the thermal emission. The metasurface behaviors
like a radiative cooler when the surface is at a high level, while it acts as
a solar absorber when the surface is at a low level, achieving a
self-adaptive thermal control. This work is a conceptual development,
experimental demonstrations are required for validation. Long et al.
[38] proposed a smart window with a switchable front side LWIR
emissivity and solar modulation ability based on a sandwich structure
that mainly consists of ITO and hydroxypropyl cellulose hydrogel part
for tunable thermal management and daylighting when coupled with
mechanical flip strategy. This kind of hydrogel-based material can be
also used for thermal homeostasis applications [39]. Based on the above
analysis, it can be found that the research on the dynamic combination
of SH and RC is still at an early stage, and more contributions should be
further made. Besides, most of the above-reported works involve
complicated materials (e.g., photonic materials) and structures (e.g.,
shutter structure), which means the ultraprecision fabrication process
and rotatable components are highly required.

In this paper, a tunable thermal management strategy is proposed by
integrating the volume absorption of media and general radiative cooler
for the dynamic combination of SH and RC, which is easy to operate
without any complicated materials and structures. Then, a device that
combines SH and RC (referred to as “SH/RC device” hereinafter) based
on the transparent silica cavity, ultrapure single-walled carbon
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nanotubes aqueous dispersion, and deionized water is designed and
fabricated. Outdoor testings are conducted to compare the operation
temperature of the SH/RC device under SH and RC modes. Besides, a
validated model is also used to predict the temperature of the device
under different parameters, as well as the tunable temperature man-
agement ability evaluation. Moreover, an annual simulation is per-
formed to show the tunable temperature management performance of
the proposed strategy.

2. Experimental section
2.1. Description of the tunable thermal management strategy

The tunable thermal management process is designed to be achieved
by the switchable utilization of SH and RC, and the schematic of the
strategy is shown in Fig. 1. It can be seen that the tunable thermal
management strategy is obtained based on an integrated SH/RC device
that includes transparent cooler, encapsulating material, solar reflector,
and media. The transparent cooler needs to have high solar trans-
mittance and thermal emissivity, the encapsulating material should
have high solar transmittance, while the solar reflector needs to have a
strong solar reflection. Besides, the media needs to have high solar ab-
sorption in SH mode, while the media should be optically transparent in
RC mode. The detailed tunable thermal management strategy is
described as follows:

(i). In SH mode, the SH/RC device is filled with media that has strong
solar absorption so that the transmitted sunlight can be directly
absorbed. Besides, the solar reflector can also improve the solar
absorption of the media since it can enlarge the optical length of
the sunlight in the media. Therefore, the device and its media are
heated up by absorbed solar power.

(ii). In the RC mode, the SH/RC device is filled with transparent
media that has no solar absorption so that the incident sunlight
can transmit the transparent cooler and media and then be highly
reflected by the solar reflector. Meanwhile, the transparent cooler
can emit strongly within the mid-infrared wavelength band.
Thus, the device and its media can be radiatively cooled.

(iii). During the tunable thermal management process, different types
of media can switchably be used according to the heat and tem-
perature demand of applications. Importantly, this kind of strat-
egy can be integrated into a loop-locked structure or system for
tunable thermal management or temperature control.

2.2. Materials and spectral characterization

In this work, 1-mm-thick bulk silica is selected as the transparent
cooler since silica is optically transparent and has high thermal emis-
sivity. Besides, the 1-mm-thick bulk silica is also chosen as the encap-
sulating material. A metamaterial film [24] that has high solar reflection
is selected as the solar reflector. As for the media, carbon nanotubes
(CNTs)-based fluid is selected for SH mode, and deionized water is
selected for RC mode. CNTs -based fluid is the ultrapure single-walled
carbon nanotubes (SWCNTs) aqueous dispersion (XFNANOR) with a
mass fraction of 0.15%. The outside diameter of the CNT is 1-2 nm and
the length of the CNT is approximately 5-30 pm.

To investigate the radiative properties of the selected materials, the
spectral reflectivity and transmittance of the selected materials are
measured, and the spectral absorptivity and emissivity are obtained
using the energy balance law and Kirchhoff’s law. In the solar radiation
band (i.e, 0.3-2.5 pm), the reflectivity and transmittance of the bulk
silica and metamaterial film are measured using the UV-Vis-NIR spec-
trophotometer (SolidSpec-3700, Shimadzu) with a spectral resolution of
1 nm. In the mid-infrared wavelength band, the reflectivity and trans-
mittance of the bulk silica and metamaterial film are tested using a
Fourier Transform Infrared Spectrometer (Nicolet iS50, Thermo
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Fig. 1. The schematic of the SH/RC device and tunable thermal management strategy.

Scientific) coupled with an integrating sphere (Mid-IR IntegratIR, Pike
Technologies). As shown in Fig. 2a, the bulk silica possesses a high solar
transmittance with an averaged transmittance of about 93.8%, corre-
sponding to low solar reflectivity. Fig. 2b shows that the bulk silica has a
strong thermal emission in the mid-infrared wavelength band except for
wavelength near 9 pm where an emissivity drop occurs. To validate the
above-measured data, an optical simulation based on the transfer matrix
method is conducted and the simulated results are in good agreement
with the test data. The optical constants of the silica used for simulation
are extracted from the optical handbook [40].

The solar transmittance of the CNTs-based fluid and deionized water
are shown in Fig. 3. During the measurement, the 10-mm-thick cuvette
is used for liquid testing. It is observed that the deionized water has a
high optical transmittance, while the CNTs-based fluid is opaque for the
light under testing conditions, which reveals that the CNTs-based fluid
can be potentially used for light trapping and then solar thermal con-
version. Notably, the transmittance of the deionized water decrease
when the wavelength increases to the near-infrared band and this in-
dicates that there exists an intrinsic absorption of the water within the
near-infrared wavelength band, and this will increase the temperature of
the SH/RC device under RC mode. So, compared with deionized water,
media with lower solar absorptivity is more preferable for the SH/RC
device under RC mode.

2.3. Experimental setup

The photo and schematic of the experimental setup are shown in
Fig. 4. The SH/RC device is placed into the aperture of the thermal
insulation material (i.e., polystyrene foam) and a polyethylene (PE) film
is fixed on the top surface. The highly transparent PE film acts as a
windshield that can significantly reduce the convection heat transfer

o

T

08 -40.8
Texp.

> ==l

= =

Q 06 | Rexu Jo06

= Rsfm

[

=

©

=04 —10.4

Reflectivity

1.0

0:5p= Deionized water

0.8}

0.6

04}

Transmittance
o
(6]

0.3F
0.2}

0.1F
CNTs-baed fluid

0.0

0.3 0.4 0.6 0.9 13 25
Wavelength (um)

Fig. 3. Measured solar transmittance of the CNTs-based fluid and deionized
water. During the measurement, the 10-mm-thick cuvette is used for the sam-
ple holder.

process between the SH/RC device and local air so that the effect of
radiation heat transfer mode on the tunable thermal management can be
highlighted. The out surface of the setup is covered by aluminum foil to
reduce unnecessary solar absorption.

As shown in Fig. 4, if the SH/RC device is filled with CNTs-based
fluid, it looks like a black surface and can be used to absorb sunlight
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Fig. 2. The spectral properties of the 1-mm-thick silica. (a) Measured solar reflectivity and transmittance, and (b) measured thermal emissivity of the 1-mm-thick

silica with simulated results plotted as reference.
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Fig. 4. Photo and schematic of the experimental setup.

to improve the temperature, we call it “CNTs case”. However, if the SH/
RC device is filled with deionized water, it looks like a highly trans-
parent surface so that the sunlight can be highly reflected by the met-
amaterial film fixed on the bottom surface, thus the temperature of the
device can be maintained at a relatively low level, we call it “Water
case”.

The experimental setup is set on the rooftop of the second building of
Mechanics in the University of Science and Technology of China at
Hefei, China. The temperature of the SH/RC device is monitored by T-
type thermocouples that are attached to the backside of the device. The
accuracy of the temperature measuring is +0.5°C. The solar irradiance is
measured using the pyranometer (TBQ-2, Jinzhou Sunshine Technology
Co.Ltd) and the wind speed is measured using the wind speed sensor
(HSTL-FS01). The accuracy for the pyranometer is +2%. The ambient
temperature and relative humidity are measured using an integrated
weather station (HSTL-BYXWS). The accuracies for ambient tempera-
ture and relative humidity are +4.5% and +0.5°C, respectively. The
measured data are recorded by a data logger (LR8450, HIOKI) with a
time step of 10 s.
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2.4. Experimental results

One-day testing was conducted from 02:00 May 8th, 2021 to 19:00
May 8th, 2021. The measured solar irradiance (defined as G in Fig. 5a),
relatively humidity (defined as RH in Fig. 5a), and wind speed (defined
as U, in Fig. 5a) are plotted in Fig. 5a. It is found that the solar irradiance
seems near perfect within the testing period except for several special
points. It is noted that the vibration of solar irradiance at the beginning
of the morning is near-linearly and this is because there exists a shadow
that is caused by the adjacent building and covers the monitor window
of the pyranometer so that the direct solar irradiance is blocked. Besides,
the wind speed at daytime is relatively large with an average value of
0.9 m s~1. Moreover, the relative humidity changes with the region of
34.9%-68.4%.

The measured temperature of the SH/RC device under the CNTs case
and the Water case is presented in Fig. 5b with measured ambient tem-
perature plotted as reference. The ambient temperature changes slowly
during the testing period. The maximal temperature, minimum tem-
perature, and average temperature of ambient air are 34.4°C, 20.0°C,
and 26.6°C. It is clear that the temperature of the SH/RC device under
the CNTs case is obviously higher than that under the Water case at

Water case

Ambient air

0 s : . " i
02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00
Time

Fig. 5. (a) Measured solar irradiance, relative humidity, and wind speed. (b) Measured temperature of SH/RC device under the CNTs case and the Water case, with

ambient air temperature plotted as reference.
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daytime, indicating that the proposed strategy can do regulate the
temperature of the SH/RC device. For instance, the maximum temper-
ature of the SH/RC device under the CNTs case is 78.9°C, which is 25.5°C
higher than that under the Water case. Besides, the maximum temper-
ature difference of the SH/RC device between the CNTs case and the
Water case is 26.3°C, showing that the proposed strategy has a strong
temperature regulation ability. Besides, the temperature of the SH/RC
device under the CNTs case and the Water case are nearly consistent at
night and the temperature difference between the SH/RC device and
ambient air is 5.3°C, which is caused by the RC process. Notably, it is
found that the temperature of the SH/RC device under the Water case is
higher than ambient temperature, which indicates that the current SH/
RC device under the Water case can’t achieve a sub-ambient cooling
phenomenon. There are three possible reasons for this result. The first
reason is that the fabricated silica SH/RC device has a nonnegligible
solar absorption since there are uncleanable defects (e.g., dirt) on the
inside surface of the device during the high-temperature silica melting
process and the water still has a non-negligible volume absorption
within the near-infrared wavelength region. The second reason is that
the used solar reflective metamaterial has a solar absorption of
approximately 10%, which will collect the solar power and transfer it
into heat. The third reason is that content of the atmospheric water
vapor in Hefei in May is relatively high, so the sky transmittance within
the atmospheric window is damaged. However, although the tempera-
ture of the SH/RC device under the Water case in this experimental
demonstration can not achieve a sub-ambient cooling phenomenon, the
proposed strategy can still regulate the temperature within the two
cases, which is a positive feature for the tunable thermal management
for various applications, such as outdoor cars and building surfaces.
The temperature rise rate of the SH/RC device under the CNTs case
and the Water case is calculated and plotted in Fig. 6. During calculation,
the time step is set as 1.0 h. It is found that the temperature rise rate at
night is nearly the same and this is because the RC process dominates the
heat transfer of two devices. Besides, the device reaches a thermally
steady-state during RC mode due to the stable environment condition
and absence of solar irradiance, which makes the temperature rise rate
of the device at a low level and close to 0°C/h. When the sun rises, the
temperature rise rate of the SH/RC device under the CNTs case firstly
increases rapidly and then decreases. Before noon, the temperature rise
rate of the SH/RC device under the CNTs case is obviously higher than
that under the Water case, indicating the good solar thermal ability of the
device under the CNTs case. In the afternoon, the tendency reverses and
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Fig. 6. The temperature rise rate of the SH/RC device under the CNTs case and
the Water case during the testing period.
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this is because the solar irradiance decreases, and the effect of heat
dissipation rate is gradually highlighted. Besides, the temperature of the
SH/RC device under the CNTs case is always higher than that under the
Water case in the afternoon, and the heat dissipation rate is closely
related to the absolute temperature of the device. The higher the SH/RC
device’s temperature is, the larger the heat dissipation rate of the device
occurs.

3. Thermal modeling
3.1. Thermal analysis model

To further explore the tunable thermal management of the proposed
strategy, a simulation study is conducted to investigate the thermal
performance of the device under different modes. Fig. 7a shows the heat
transfer process of the SH/RC device, which relates to the thermal
emissive power Q,q4, absorbed solar irradiance Qg absorbed atmo-
spheric radiation Quu,, and heat loss power caused by convection and
conduction process Qnon-rad-

According to the first law of thermodynamics, the energy balance of
the SH/RC device can be governed by:

or
cm——= — (de - Qatw - qun - Qnan—md) (1)

ot
where c is the heat capacity of the SH/RC device, m is the mass of the
SH/RC device, T is the temperature of the device, and t is the time. The
product of heat capacity and the mass of the device is the integration of
the silica cavity (the subscript is ;) and the media (the subscript is ;) that
is filled in the device, which can be expressed by:

cm = c.me + Cph,y, (@3]

In Equation (1), the thermal emissive power of the device is given by:
Qra =A21 [ / Ips(4, T)e(A, 0) sind cos® dido 3)
0 0

where A is the sky-faced area of the SH/RC device, Igg (1, T) is the
spectral radiance of the blackbody at wavelength 1 and temperature T, ¢
(4, 0) is the spectral-angular emissivity of the device.

Similarly, the absorbed atmospheric radiation can be expressed by:

Oum —A27 / / Ip(h, T)eGs 6) eam(ds ) sind cosd did0  (4)
0 0

where T, denotes ambient air temperature, &4, (4, 0) is the spectral-
angular emissivity of the atmosphere. For simplicity, the grey body
assumption is used and Equations (3) and (4) can be approximated as:

— AensT?
{ Qraa = A-€6T ©)

4
len = A'(:',,,,,,:E’O'Ta

where ¢ is the average emissivity of the SH/RC device, e4m is the average
emissivity of the atmosphere. A widely used correlation that was derived
from previous works is used to define the atmospheric emissivity [41]:
€qtm = 0.741 + 0.0062T 44,y (night) and equm = 0.727 + 0.0060T ¢, (day),
T4ew denotes the dew point temperature that can be obtained using the
following relation based on the measured ambient temperature (T) and
relative humidity (RH) [42]:

243.12- {ln(RH) + zjgﬁif;u}

Tiew = (6)
17.62 [m(RH) + Aé:‘l’iﬁa}
The absorbed solar irradiance can be described by:
Qun =A-a-G )
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Fig. 7. (a) Schematic showing the heat transfer process of the SH/RC device. (b) Schematic showing a dynamic control of the device between RC mode with solar
transparent fluid (STF) filled in the device and SH mode with solar absorption fluid (SAF) media filled in the device.

Where « is the AM 1.5 solar spectrum weighted solar absorptivity of the
SH/RC device, G is total solar irradiance.

The non-radiative heat loss power caused by convection and con-
duction process, Qnon-rad> can be modeled by:

anm—md =A- h(T - Ta) (8)

where h is the overall heat transfer coefficient between the device and
ambient air, and the determination of the h is generally related to a
correlation that involves the local wind speed (V). In the widely used
radiative cooling testing setup, the correlation of h is experimentally
determined as h = 2.5 + 2V [33].

By combining the above equations, the transient temperature of the
SH/RC device can be calculated once the initial conditions are
confirmed. Besides of the heat transfer process simulation of the SH/RC
device, a possible switch strategy of RC and SH mode is also proposed
and shown in Fig. 7b. Two tanks with solar transparent fluid (STF) and
solar absorption fluid (SAF) filled in are integrated into the thermal
management system with two tee valves and pumps inserted as auxiliary
equipment. In cooling mode, the STF (e.g., deionized water) is pumped
from the STF tank and filled into the SH/RC device. When the heating
mode is required, the STF in the device is first suction back to the STF
tank and the SAF (e.g, CNTs-based fluid) is then pumped into the device
for solar absorption, and vice versa.

3.2. Model validation

Before the simulation study, the mathematic model is validated using
the experimental data inserted in Fig. 5. The measured meteorological
data is input as the boundary conditions. Since the optical properties of
the SH/RC device under CNTs case is closely related to the optical
properties of the CNTs and water, and complex photon transfer pro-
cesser that includes multiple scattering, direct reflection, and absorption
occurs in the SH/RC device under CNTs case, the total solar absorptivity
of the SH/RC device under CNTs case is difficult to accurately obtain.
Thus, we choose the SH/RC device under the Water case as the validation
object. During simulation, the SH/RC device under the Water case is
simplified as a multilayer structure that consists of a silica layer (1 mm,
top layer), a water layer (8 mm, second layer), a silica layer (1 mm, third
layer), and a silver layer (200 nm, bottom layer). Besides, the optical
constant of the above material is extracted from Refs. [40,43], and the
total solar absorptivity of the SH/RC device under the Water case is
determined using the matric transfer method that is achieved on the
MATLAB. As shown in Fig. 8, the simulated temperature of the SH/RC
device agrees well with the experimentally measured temperature of the
SH/RC device. Besides, the mean relative error (MRE) and the
root-mean-square deviation (RMSD) between the simulated and tested
temperature values are evaluated to be approximately 9% and 12%,
respectively, showing the mathematical model can be accepted for
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Fig. 8. Simulated and experimental results of the SH/RC device under the
Water case.

numerical study. It is necessary to note that simulated results are sen-
sitive to the overall heat transfer coefficient between the device and
ambient air, and this may be the main reason for the deviation of the
simulated results.

3.3. Tunable temperature management

The main contribution of the proposed strategy is that the temper-
ature of the SH/RC device can be tunably changed using different modes
of the device, which can correspondingly adjust the thermal environ-
ment of the application. Here, we investigate the tunable temperature
control performance of the device under SH and RC modes. During the
simulation, a weather condition is required for reference and the
measured meteorological data (Fig. 5) is input as the boundary
conditions.

First, the solar absorptivity and thermal emissivity of the SH/RC
device on the performance of the tunable temperature management are
investigated. The solar absorptivity of the SH/RC device is set as 0.9 and
0.1 for SH and RC mode, respectively, and the thermal emissivity of the
SH/RC device is set as 0.9. As shown in Fig. 9a, it is clear that the
temperature of the device under SH mode is significantly higher than
that under RC mode. The maximum temperature difference of the device
under SH and RC modes is 60.3°C and the average temperature differ-
ence in the noontime (10:00-14:00) is approximately 56.1°C, which
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Fig. 9. (a) Temperature of the SH/RC device under SH and RC modes. (b) Temperature difference of the SH/RC device between SH and RC mode.

demonstrates the tunable temperature management ability of the SH/RC
device. Notably, the SH/RC device has the potential to achieve sub-
ambient radiative cooling during the day if the solar absorptivity of
the device is controlled at a low level. Besides, the ST/TC device is only
controlled by RC mode at night, so the temperatures of the device under
two modes are the same when the solar irradiance is zero.

Second, the effect of the sky condition is investigated since the at-
mospheric emissivity is also an important factor in addition to the
spectral properties of the SH/RC device. During simulation, the relative
humidity (RH) of the boundary conditions is respectively changed to be
10%, 50%, and 90%, and the above spectral properties setting (i.e., solar
absorptivity of 0.9 and 0.1 for SH and RC, thermal emissivity of 0.9) is
also used as input. As shown in Fig. 10a, the temperature difference
between the SH/RC device under SH mode and ambient air under RH of
10% is always the lowest at daytime and this is because the atmospheric
emissivity under RH of 10% is lower than that under RH of 50% and
90%, which increase the net radiative heat power dissipation and reduce
the heat collection ability. For instance, at noon, the temperature dif-
ference between the SH/RC device under SH mode and ambient air
under RH of 10% is 54.6°C, which is 4.4°C and 6.3°C lower than that
under RH of 50% and 90%, respectively. However, the absolute value of
temperature difference between the SH/RC device under RC mode and
ambient air under RH of 10% is always the highest at daytime and it can
also be found that the temperature of the device is always lower than
ambient temperature with a maximum and average temperature dif-
ference of 17.1°C and 9.6°C, respectively, which means heat dissipation
performance of the device under RC mode is enhanced by decreasing
RH. Notably, the change of temperature difference plotted in Fig. 10a
and b are not proportional to the change of RH, which is because the
atmospheric emissivity and RH are non-linear relationships (Fig. 10c).

Third, the temperature of the SH/RC device under different h is also
simulated since the convection and conduction heat transfer process also

(@

affects the thermal management of the SH/RC device. Fig. 11 shows the
temperature of the SH/RC device under different h (1, 5, and 10 W
m~2.K 1) for both SH and RC modes. At night, the sub-ambient cooling
phenomenon caused by the RC of the SH/RC device is weakened by the
high h since high h corresponds that the device has a strong cooling loss
power. At daytime for SH mode, high h means more collected heat of the
device is dissipated to the local environment mainly by convection heat
between the device and ambient air, which makes the temperature
difference between the device and ambient air decrease (Fig. 11a). For
example, at noon, the temperature difference between the device and
ambient air decreases from 75.3°C to 43.0°C when the h changes from 1
Wm 2K ! to 10 Wm 2K 1. At daytime for RC mode, the high h makes
a negative effect on the sub-ambient cooling phenomenon, which is
similar to the results obtained at night. Notably, the temperature of the
SH/RC device is not sensitive to the h from 13:00 to 17:00 since the
temperature of the device is nearly consistent with the ambient tem-
perature and this result can be reflected by the three cures inserted in
Fig. 11b.

3.4. Annual temperature management

To further explore the tunable temperature management perfor-
mance of the proposed strategy and device, an annual simulation study
is conducted. During the simulation, the solar absorptivity of the SAF
and STF are 0.9 and 0.1, respectively, and the thermal emissivity of the
SAF and STF are both 0.9. Besides, the data of the typical meteorological
year of Hefei, China is used and the relevant information is presented in
Fig. 12. To highlight the tunable temperature control of the device, a
control strategy is applied and the detailed process is shown in Fig. 13.
The control strategy includes several main principles:
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Fig. 10. (a) Temperature difference between the SH/RC device under SH mode and ambient air with RH of 10%, 50%, and 90%, respectively. (b) Temperature
difference between the SH/RC device under RC mode and ambient air with RH of 10%, 50%, and 90%, respectively. (b) Calculated atmospheric emissivity with RH of

10%, 50%, and 90%, respectively.
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Fig. 12. Typical meteorological data of Hefei, including (a) solar irradiance, (b) ambient temperature, (c) relative humidity, and (d) wind speed.

(i) Atdaytime, if the device temperature is higher than 26°C, control Here, we provide an example demonstration of the tunable temper-
operations should be made to reduce the device temperature or to ature management strategy that is shown in Fig. 13. When the temper-
make the device temperature at a stable condition. ature of the device is higher than 26°C, there are several possible

(ii) At daytime, if the device temperature is lower than 20°C, control conditions for operation adjustments: First, if the ambient temperature
operations should be made to increase the device temperature or is lower than 20°C, the original media inserted in the device should be
to make the device temperature at a stable condition. renewed by the SAF media with ambient temperature. Second, if the

(iii) Atnighttime, the device temperature is independent of SH and RC ambient temperature is higher than 20°C and the original media inserted
mode. in the device is STF, no action is needed. Third, if the ambient temper-

(iv) If the media inserted in the device is renewed, the initial tem- ature is higher than 20°C and the original media inserted in the device is
perature of the device is set as the transient ambient temperature. SAF, the media should be renewed by the STF media with ambient

temperature. Similar strategies are used for other conditions.
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Fig. 13. The flow chart of the tunable temperature management strategy with
the SH/RC device.

The calculated temperatures of the device under different modes are
calculated and shown in Fig. 14, with ambient temperature given as
reference. The temperature of the device under the SH model is higher
enough than that under the RC mode at daytime due to the high solar
absorption of the SAF (Fig. 14a). Besides, the temperature of the device

(a)

100
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is nearly 70°C higher than ambient temperature, which will cause an
uncomfortable feeling for humans. After using the tunable temperature
control strategy, the device temperature at daytime is controlled at a
relatively stable state with a maximum temperature of approximately
40°C (Fig. 14b), which is a good feature for active thermal management
and can be potentially applied to different backgrounds, including
energy-saving buildings. For instance, the accumulated time for the
device with dynamical SH and RC modes when its temperature is within
20°C-26°C that is a comfortable temperature region for humans is 2140
h, which is 60.9% and 30.3% higher than that of the device with indi-
vidual SH and RC mode. Moreover, the device temperature comparison
among SH mode, RC mode, and dynamic mode within a small-scale time
is also given in Fig. 14c for reference. Notably, the temperature at
nighttime cannot be controlled since the thermal emissivity of the cur-
rent strategy and device is fixed at a high level, but this strategy can be
further modified to satisfy the thermal conformant demand at night.
Importantly, although the above strategy is proposed based on the
temperature threshold values of the device and ambient air, other
different strategies can be also developed according to the various re-
quirements. For example, if high temperatures are required for winter
and low temperatures are needed for summer, the device can work at SH
and RC modes in winter and summer, respectively, and this is a general
seasonal operation mode of the device, which is suitable for regions with
a typical characteristic of “hot summer and cold winter”. Besides, if
thermal storage techniques are combined with the proposed strategy,
the performance of tunable thermal management can be further
improved.

4. Conclusions

In this paper, a strategy that dynamically combines SH and RC

o
o O

Temperature (°C)
S &

SH mode, =0.9,6=0.9

RC mode, «=0.1,6=09 Ambient temperatﬁr

1 1000 2000 3000

4000

5000 6000 7000 8000 8760

Time

30 Dynamic mode (SH+RC)

[o2]
o

40
20

Temperature (°C)

2000 3000

1 1000

—
(]
~

4000

5000 6000 7000 8000 8760

Time

SH mode, «=0.9,6=0.9

Temperature (°C)
N B
o o

RC mode, «=0.1,6=09

R %\A NN

Dynamic mode (SH+RC)

-20

1800 1824 1848 1872

1896 1920 1944 1968

Time

1992

Fig. 14. (a) The annual temperature of the device under SH and RC modes. (b) The annual temperature of the device under tunable modes of SH and RC. (c) The
device temperature comparison among SH mode, RC mode, and dynamic mode within a small-scale time.
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processes in a single device is proposed for the goal of tunable thermal
management. Based on the strategy, the SH/RC device that consists of a
transparent silica cavity, SWCNTs aqueous dispersion, solar reflective
film, and deionized water is designed and fabricated. An outdoor
experiment is conducted to validate the feasibility of the proposed
strategy for tunable thermal management. Besides, simulation studies
investigate the tunable temperature management ability of the strategy
and SH/RC device. The detailed results are summarized as follows:

(1) The SH/RC device with SWCNTs aqueous dispersion filled in (i.e.,
SH mode) has nearly no solar transmission, corresponding to a
high solar absorptivity, which shows that the SH/RC device
under SH mode has potential for heat collection. Besides, the SH/
RC device with deionized water filled in (i.e., RC mode) can not
only achieve strong solar reflection due to the solar transparency
of the water and the exists of solar reflective film, but also ex-
hibits high thermal emissivity because of the bulk silica, which
indicates the device under RC mode has potential for heat
dissipation.

The SH/RC device with SWCNTs media can reach a maximum
temperature of 78.9°C and the temperature modulation ability of
the SH/RC device is tested to be 26.3°C. Importantly, the tem-
perature modulation ability of the SH/RC device is predicted to
be further improved to be 60.3°C by improving the solar ab-
sorptivity (i.e., 0.9 for SH mode and 0.1 for RC mode) regulation
ability of the device and improving its thermal emissivity (i.e.,
0.9).

If the comfortable temperature region for humans is set within
20°C-26°C, the annually cumulative time for the SH/RC device
within this region is 60.9% and 30.3% higher than that of the
device with individual SH and RC mode, which can save energy
consumed for the comfortable artificial environment and this
feature can be extended to various applications, such as solving
the overheating problem of the commercial solar collectors
within the hot seasons.

(2

—

(3)
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