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A B S T R A C T

In this study, the cooling effect below ambient air temperature, heat dissipation properties and 
heating energy efficacy of a superomniphobic self-cleaning (SSC) highly emissive (HE) coating 
were systematically investigated. Except at midday, the SSC-HE coating with an extremely high 
solar reflectance of 0.985 showed a better cooling effect than a 10-cm-thick polyurethane insu
lation layer. The coating substantially reduced the interior air temperature of a well-insulated 
system by as much as 6.9 ◦C. The SSC-HE coating enabled the roof surface and room tempera
tures of the brick bungalow to be 3.4 and 10.2 ◦C below the ambient air temperature, respec
tively. Compared with the sunshade and spray water, the SSC-HE coating exhibited better cooling 
effect. The SSC topcoat allowed the battery cabinet of an HE-coated distributed telecommuni
cation base station to remain its original sub-ambient cooling effect for a long time. Regardless of 
the location of the HE-coated metal facility, the ultrahigh emissivity of the coating enabled it to 
exhibit excellent heat dissipation performance during both day and night, even under adiabatic 
conditions. Additionally, under identical room temperature settings, the HE-coated electric oil 
heater not only showed faster heating but also had heating energy efficiency of 5.9 % and 4.4 % 
relative to heaters coated with aluminium- and black paints, respectively. Under identical heating 
power consumption levels, compared to black paint-coated heater, the HE-coated heater endowed 
the surrounding environment with a higher equilibrium air temperature, improving the thermal 
comfort of the indoor environment.
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1. Introduction

To maintain the thermal comfort in the indoor environment, heating, ventilation and air conditioning (HVAC) systems consume 
more than 50 % of the residential energy consumption in the United States [1]. Among HVAC systems, cooling by air conditioning itself 
contributes to 15 % of building energy usages in the United States [2]. Unlike heating, peak cooling demand occurs during the daytime 
[2]. Therefore, sub-ambient radiative cooling (SDRC) has a significant impact on the global energy consumption.

The sub-ambient radiative cooling under direct sunlight was primarily achieved using titanium dioxide rutile (TiO2) white paints 
[3] under ideal atmospheric conditions. However, because of the moderate 3.2 eV electron band gap of TiO2, TiO2-based white 
coatings have weak spectral reflectance in the ultraviolet (UV) region (250− 400 nm) [4–6], which makes up 5 % of solar heat. In 
addition, the binder of coatings results in a strong absorption in the near infrared (NIR) region (700− 2500 nm). Consequently, TiO2 
white paints cannot meet the stringent requirement that more than 94 % of sunlight must be reflected to achieve meaningful SDRC 
under any atmospheric condition [2].

To date, various materials have been employed to realise SDRC over a variety of substrates using different methods [2,7–31]. 
Among the SDRC technologies that have become scalable, paint coatings [3–6,13,18,20,21,24,26,30] are likely to be widely used, 
owing to their easy fabrication and adaptability to various substrates. Single-story concrete and carbon steel-based prefabricated 
buildings painted with a fluorescent daytime radiative cooling coating [32] and superomniphobic self-cleaning (SSC) SDRC coating 
[33,34] have exhibited significant sub-ambient cooling effects of 2.6–10.6 ◦C under direct sunlight, corresponding to a cooling energy 
efficiency of 27%–50.2 % relative to their cool-white-coated counterparts [34]. Without air conditioning, the thermal comfort of the 
living environment can be significantly improved using the SDRC coating during the summer.

SDRC coatings have also been widely applied for low-temperature grain and edible-oil storages. The wheat pile’s interior tem
perature in a SSC-SDRC coated grain silo was reduced up to 10 ◦C compared to that in the control silo [35]. Moreover, the interior air 
temperature of a SDRC-coated edible oil storage tank was 38.3 ◦C lower than that of the control, thus greatly improving the storage 
safety.

To reduce the cooling electricity consumption of telecommunications base stations (TBSs), various distributed TBSs in different 
climatic regions of China were painted with the SSC-SDRC coating. Applying the SDRC coating reduced the interior air temperature of 
an equipment cabinet by 10.4 ◦C during the midday and by 6.0 ◦C at night, resulting in cooling energy efficacies from 31.7 % to 64.9 % 
[36]. In Panzhihua, SSC-SDRC-painted equipment cabinets reduced the cooling power consumption by as much as 2083.2 kWh in 290 
d compared to the cool-white-coated counterpart [37].

In addition to the paint coatings, a silver-coated membrane was applied to large warehouses of wine [38] to result in cooling energy 
efficiency of 44.6 %. When the membrane was applied to grain storage warehouses [39], it decreased the interior air and grain 
temperatures by as much as 9.8 and 4.0 ◦C, respectively.

The above studies all focused on the radiative cooling effect below the ambient air temperature and cooling electricity conservation 
on uninsulated or normally-insulated structures. Moreover, regardless of these practical sub-ambient cooling results, the cooling ef
fects of the SDRC coatings applied to other types of buildings, the comparison of the SDRC coating with other thermal management 
solutions and the long-term cooling performance of the SDRC coating are also of great importance and worthy of in-depth research. In 
addition, when applied to well-insulated structures such as a refrigerated warehouse, it is assumed that SDRC materials were not as 
much effective in cooling as the above substrates because thermal insulation minimizes the heat transfer through the enclosure 
structure. It is imperative to conduct relevant studies.

On the other hand, heating is also a significant end-use of energy globally. For example, the residential buildings in China and EU 
are responsible for approximately 24 % [40] and 26 % [41] of final energy consumption, respectively, and the heating energy usages 
account for 24.7 % and 64 % of this consumption, respectively. In practice, the infrared emissivity of a material must be sufficiently 
high to realise meaningful SDRC. The dissipate heat rate of a material is determined by its emissivity [42]. Hence, this raises the 
question of whether SDRC coatings can also be applied to equipment, heat sinks, condensers, and heaters for fast heat dissipation and 
heating energy efficacy in winter. However, to the best of our knowledge, to date there is no paper related to the application of the heat 
dissipation performance of SDRC materials.

To address these interesting scientific issues, we conducted a systematic investigation using a self-fabricated highly emissive (HE) 
coating with extremely high solar reflectance. When applied to structures exposed to the outdoor environment, a self-developed SSC 
topcoat was introduced as the topcoat to protect the HE coating from dirt accumulation. In this study, the solar reflectance, emissivity 
and thermal conductivity of the SSC-HE coating were characterised. Moreover, the SDRC effects of the SSC-HE coating on a well- 
insulated structure, a brick bungalow and a chemical pipeline were presented. The long-term cooling performance of the coating 
was highlighted. The heat dissipation rates of the HE coating and stainless steel container were compared. Additionally, improvements 
in thermal comfort and heating energy efficiency when applied to heaters were discussed.

2. Principles of SDRC and heat dissipation

For a surface exposed to a daylight sky, the following four thermal phenomena can be observed: the power Prad emitted by the 
surface at the surface temperature Ts; the incident down welling atmospheric infrared radiation Patm absorbed by the surface; the 
incident solar radiation Psun absorbed by the surface; the incident heat from the ambient due to conduction and convection Pcond + conv. 
The radiative cooling power Pcool can be expressed in Eq. (1) as follows [2,9]: 

Pcool =Prad − Patm − Psun − Pcond+conv (1) 
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The radiative cooling power can be further correlated with the emissivity ε, solar reflectance R of the surface, solar irradiation I, the 
absolute surface temperature Ts, the absolute effective sky temperature Tsky, and the absolute ambient air temperature Tamb, as shown 
in Eq. (2) [2]: 

Pcool = εσ
(

T4
s − T4

sky

)
− (1 − R)I − hcond+conv(Tamb − Ts) (2) 

where σ and hcond + conv are the Stefan-Boltzmann constant (5.67 × 10− 8 Wm− 2K− 1) and the conduction and convection heat coef
ficient, respectively.

When Pcool = 0, Ts < Tam and the surface reaches a steady state below ambient air temperature. The solution of Eq. (2) yields the 
subambient equilibrium temperature Ts.

According to the Stefan–Boltzmann law, the radiative heat transfer rate of an object is directly proportional to its surface area (A) 
and Prad, as follows: 

Q=APrad = εσAT4
s (3) 

where Q is the radiation heat transfer rate (J/s). Therefore, the higher the emissivity of an object, the faster the heat dissipation rate, 
and the better the heat dissipation performance will be.

3. Experimental section

3.1. Description of the HE and SSC coatings

To investigate the cooling effects below ambient air temperature and heat dissipation performance on different substrates, we 
manufactured a HE coating, whose optimised composition was as follows: acrylate emulsion (16.6 wt%), water (6.3 wt%), wetting 
agent (0.2 wt%), dispersant (0.3 wt%), antifoaming agent (0.3 wt%), levelling agent (0.4 wt%), coalescent (0.3 wt%), barium sulphate 
(74.0 wt%), and calcium carbonate (1.6 wt%) [6].

In addition, the optimised composition of the transparent SSC topcoat was as follows: hydrophilic silica nanoparticles (0.25 wt%), 
tetraethoxysilane (TEO, 0.34 wt%), perfluorodecyltriethoxysilane (PFDTES, 0.51 wt%), absolute alcohol (85.2 wt%) and aqueous 
ammonia (13.7 wt%).

The manufacture processes to fabricate the HE and SSC coatings were described in a previous study [6]. For the SSC topcoat, the 
contact and sliding angles of water were 163.4◦and 2◦, respectively; the contact and sliding angles for n-hexadecane were 151.4◦ and 
9◦, respectively [6].

For the SSC topcoat, fluorinated polysiloxane (fluoro-POS) modification via hydrolysis and co-polycondensation formed a network 
structure composed of silicone-oxygen bonds and endowed the two-layer coating system with an extremely low surface free energy and 
high transparency [6]. Additionally, as shown by the scanning electron microscopy (SEM) images of the SSC-HE coating, the two-layer 
coating had a micro-nano hierarchical structure, which significantly increased the roughness of the coating surface [6].

The HE and SSC coatings were applied to different substrates. The dry coating thickness of the HE coating was no less than 400 μm 
and that of the SSC coating was no thicker than 50 μm.

3.2. Measurements of optical and thermal properties

Following ASTM E903-20 (standard test method for solar absorbance, reflectance, and transmittance of materials using integrating 
spheres), a UV/VIS/NIR spectrophotometer (Lambda 950) equipped with an integrating sphere (150 mm diameter, Labsphere RSA-PE- 
19) was used to measure the spectral reflectance of the PSDRC coating. The solar reflectance was calculated by integrating the 
measured spectral data weighted with the air mass of 1.5 beam-normal solar spectral irradiance according to ASTM G173 (Tables for 
terrestrial direct normal solar spectral irradiance for air mass 1.5).

Fig. 1. Photographs of galvanised model silos with different outer thermal layers on roof tops of model buildings and a weather station near the 
model buildings
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A Fourier transform infrared (FTIR) spectrometer (Nicolet iS50, Thermo Fisher Scientific, Waltham, MA, USA) equipped with an 
integrating sphere was employed to characterise the infrared spectra of the coating films in the spectral regions of 2.5–24 μm and 8–14 
μm.

An emissometer (AE1, Devices & Services Co., Dallas, TX, USA) was used to measure the overall infrared emissivities of different 
materials. Another portable emissometer (IR-2, Shanghai Chengbo Optoelectronic Technology Co., Ltd.) was employed to test the 
emissivity in the atmospheric transparency window (8–14 μm). The accuracy of both emissometers was 0.01.

According to ASTM C-19 (Standard test method for steady-state heat flux measurements and thermal transmission properties by 
means of the guarded-hot-plate), the thermal conductivity of the coating system was measured using a guarded hot plate (GHP) 
apparatus (GHP 456 Titan®, Netzsch Analyzing & Testing, Germany). The accuracy was ±2 %.

3.3. Rooftop measurements of the cooling effect

As shown in Fig. 1, four self-developed galvanised steel silos on the rooftops of model buildings located in Longquanyi District, 
Chengdu, China, were employed to illustrate the cooling effect of the SDRC coating and its faster heat dissipation during the night.

For each silo, the height of the cone part was 0.2 m, and the diameter and height of the cylinder part were 0.8 m and 1.25 m, 
respectively. One galvanised silo placed on the roof of a concrete model building was painted with the HE coating, and an unpainted 
silo on the roof of the middle model building was used as the control. Additionally, two galvanised silos on the roof of the third model 
building were insulated with 10-cm-thick polyurethane (PU), and one silo was also coated with the HE coating. As shown in Figs. 1 and 
10-cm-thick polystyrene boards were placed between the rooftops and four silos to minimise thermal conductivity.

3.4. Cooling performance measurements for buildings

As shown in Fig. 2a–d, two single-story brick bungalows, located in the countryside of Dengzhou City, Henan Province, China, were 
deliberately selected to show the substantial cooling effect of the SSC-HE coating. The dimension of each bungalow was 12 m long ×
5.5 m wide × 3.0 m high. Each room contained a glass window (1.4 m wide × 1.5 m high) and a wooden door (0.9 m wide × 2.4 m 
high). The thickness of the brick walls and prefabricated concrete roofs was 24 and 20 cm, respectively. While the roof and walls of one 
bungalow were painted with the SSC-HE coating, the walls of the control bungalow were painted with a common white coating and the 
concrete roof was unpainted. During the testing period, the rooms of two bungalows were closed.

3.5. Cooling performance measurements for chemical pipelines

As can be seen in Fig. 3, two identical carbon steel-based pipelines, installed on the fertilizer production line in Yinchuan, the 
Ningxia Hui Autonomous Region, were chosen to compare the cooling effect of the SSC-HE coating with other thermal management 
solutions such as the most commonly used spray water and sunshade. To this end, one pipeline was painted with the SSC-HE coating 
and exposed to the sky (Fig. 3a), whereas the other unpainted pipeline was positioned under the colour-coated steel sheet roofing and 
constantly cooled with spray water (Fig. 3b). For the sake of safety, the surfaces temperatures of the pipelines were measured using an 
infrared thermometer instead of online measurements which generally require electricity and internet.

3.6. Long-term real-world cooling performance measurements

To determine the long-term sub-ambient cooling effect of the HE coating, we purposely selected a distributed TBS (Fig. 4) located in 
Ziyang, Sichuan Province, China. The HE primer and SSC topcoat were applied to the base station. The photographs of the base station 
were taken on September 29, 2021 after it was painted with the SSC-HE coating for one month (Fig. 4a and b). After the applications of 
the coatings for one year, the appearance of the base station was recorded again on August 28, 2022 (Fig. 4c). Concurrently, the 
temperatures of the ambient air and the top surface of the battery cabinet were constantly monitored and recorded.

Fig. 2. Photographs of (a) the thermometer screen, (b) panorama and front (c) views of a SSC-HE-coated and (d) a white control brick bungalows.
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Fig. 3. Photographs of carbon steel-based chemical pipelines with (a) and without (b) the SSC-HE coating.

Fig. 4. Photographs of a SSC-HE-coated distributed TBS taken on September 29, 2021 (a and b) and August 28, 2022 (c).

Fig. 5. Photographs of stainless steel milk tanks with and without the HE coating. Heat dissipation measurements were performed in (a) open and 
(b) adiabatic environments.
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3.7. Outdoor and indoor measurements of heat dissipation rates

As shown in Fig. 5, two stainless steel milk-storage tanks placed on top of 10-cm-thick polystyrene boards were applied to 
demonstrate the SDRC effects of the HE coating and its heat dissipation rate relative to stainless steel in an open environment and the 
heat dissipation rate inside the building at night (Fig. 5a). Furthermore, the two tanks were individually placed into two insulated 
boxes composed of 10-cm-thick polystyrene boards (Fig. 5b) to test the heat dissipation rates in adiabatic environments.

3.8. Measurements of heaters

Two concrete-based model single-story buildings with one door were constructed using pre-fabricated concrete structure (Fig. 6a). 
The dimension of each building was 2.2 m long × 1.6 m wide × 1.6 m high. The thickness of walls and roofs of the buildings was 8 cm. 
In addition, each model building contained a glass door (1.5 m long × 0.8 m wide).

Three identical electric oil heaters were individually painted with the HE coating and commercially available aluminium and black 
coatings (Fig. 6b). The maximum output power of the heaters was 2200 W. While the HE-coated heater was consistently placed inside 
the left model building and used as a reference, the other two were successively placed in the middle of the other model building to 
compare the heating rates of the model buildings and the heat dissipation rates of the heaters.

3.9. Instrumentation

Sufficient digital temperature–humidity sensors and negative temperature coefficient (NTC) metal-clad thermistors were employed 
to record the temperatures of the ambient air, silos, milk storage tanks, electric oil heaters, and interior room of the model buildings. 
The accuracy of temperature sensors was ±0.1 ◦C.

To test the top and roof surface temperatures of the silos, buildings and the battery cabinet of the distributed TBS, the temper
ature–humidity sensors were fixed to the tops of the substrates. For the SSC-HE-coated substrates, the upper surfaces of the temper
ature sensors were covered with the SSC-HE coating. To measure the interior air temperatures of the silos and buildings, sensors were 
suspended at the centre of the silos and buildings.

To measure the temperatures of the milk storage tanks’ top surface, temperature–humidity sensors were fixed on the tops of the 
tanks, and the sensor on the HE-coated tank was covered with the HE coating. The sensors were immersed in water to measure the 
temperatures inside the tanks.

To measure room temperatures of the model buildings, NTC thermistors were installed in the centres of the rooms.
In addition, a pyranometer (MS-802, EKO Instruments, Hague, Netherlands) and a temperature sensor fixed in a thermometer 

screen were used to measure the solar irradiance and temperature of ambient air, respectively. The accuracy was ±10 W/m2.
Additionally, digital electricity meters were employed to measure the power consumption of the electric oil heaters.

4. Results

4.1. Optical properties of the SSC-HE coating

The thermal properties of a material are mainly determined by its optical features in the solar (0.25–2.5 μm) and infrared (>2.5 μm) 
regions. Therefore, the spectral reflectance and emissivity in the infrared region between 2.5 and 24 μm for the SSC-HE coating were 
first characterised, and the results are presented in Fig. 7. The computed solar reflectance and emissivity in the atmospheric trans
parency window (8–14 μm) of the SSC-HE coating were 0.985 and 0.991, respectively.

Fig. 6. Photographs of concrete model buildings (a) and electric oil heaters (b) pained with the HE, aluminium and black coatings.
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4.2. Emissivity for different materials

As shown in Eqs. (2) and (3), the emissivity determines the thermal properties of a material. The measured overall emissivity values 
and those in the atmospheric transparency window for the galvanised steel, stainless steel, and aluminium, black, and SSC-HE coatings 
are summarised in Table 1. As expected, the emissivities of the metals were low. Additionally, as indicated in Table 1, the emissivities 
of the different coatings increased in the following sequence: ε aluminium paint < ε black paint < εSSC-HE coating.

4.3. Cooling effect of the SSC-HE coating on well-insulated silos

In addition to the infrared emissivity, another intrinsic metrics determining the thermal properties of a material is its thermal 
conductivity. The thermal conductivity of the SSC-HE coating was 0.11 Wm− 1K− 1, which was much higher than that of the PU 
insulation (0.02 Wm− 1K− 1). Moreover, the overall dry coating thickness of the SSC-HE coating system was no thicker than 500 μm. 

Fig. 7. Absorptivity/Emissivity of the SSC-HE coating measured in the solar and infrared regions.

Table 1 
Overall emissivities and those in the atmospheric transparency window for the 
galvanised steel, stainless steel, and aluminium, black, and HE coatings.

Samples Emissivity

8–14 μm Overall

Galvanised steel 0.070 0.040
Stainless steel 0.120 0.130
Aluminium paint 0.780 0.650
Black paint 0.860 0.880
SSC-HE coating 0.991 0.920

Fig. 8. Temperature data for galvanised model silos with different thermal properties from 7 to September 9, 2023: (a) temperatures of ambient air, 
top surfaces of the control, SSC-HE-coated and PU-insulated silos; (b) temperatures of ambient air and the interior air of the control, SSC-HE-coated 
and PU-insulated silos.
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Therefore, the cooling effect of a SSC-HE-coated structure exposed to a daylight sky is mainly determined by its solar reflectance and 
infrared emissivity rather than the thermal conductivity.

Fig. 8 shows the top surface and interior air temperatures of galvanised steel silos with different thermal properties relative to the 
ambient air temperature from 7 to September 9, 2023. As shown in Fig. 8a, the top surface temperatures of the galvanised-steel-based 
silo coated with the SSC-HE coating was consistently below the ambient air temperature, indicating prominent SDRC effects. In 
contrast, the top surface temperatures of the galvanised-steel-based coating was higher than the ambient air temperature during the 
daytime and below the ambient air temperature at night. At noon on September 9, 2023, when the maximum ambient air temperature 
was 35.2 ◦C, the maximum top surface temperature of the SSC-HE-coated silo was 1.6 ◦C below the ambient air temperature, and it was 
30.9 ◦C lower than that of the control.

During the daytime, the top surface temperatures of the PU-insulated silo was lower compared to that of the control. It is widely 
accepted that the surface temperature of a material at night is determined by its emissivity. As indicated in Table 1, the overall 
emissivity and that in the wavelength range of 8–14 μm for the galvanised steel were much lower than those of the HE coating. 
Therefore, during the night, although the surface temperatures of the galvanised steel and PU-insulated silos were also below the 
ambient air temperature, they were still higher than that of the HE-coated silo.

As shown in Fig. 8b, in the absence of PU insulation, the HE coating with a consistent sub-ambient surface temperature would 
subsequently cool the attached galvanised steel structures and interiors through heat transfer to a steady state sub-ambient temper
ature over time, resulting in the desired system-wide cooling during day and night [2,36,43]. In the presence of 10-cm-thick PU 
insulation, the SSC-HE coating further reduced the interior air temperature of the silo. However, the interior temperatures of the 
PU-insulated silo were above the ambient air temperature during the late afternoon and night because of the insulation effect of the PU. 
Although the interior temperature of the PU-insulated silo was lower than that of the SSC-HE-coated silo at midday, the maximum 
value of the former in the late afternoon was higher than that of the latter in the early afternoon. On September 9, 2023, when the 
maximum ambient air temperature was 35.2 ◦C at midday, the maximum interior temperatures of the HE-coated silo was 2.2 ◦C lower 
than the ambient air temperature. In contrast, the maximum interior air temperatures of the control and PU-insulated silo were 0.1 ◦C 
and 16.2 ◦C above the ambient air temperature, respectively. Accordingly, applying the SSC-HE coating reduced the interior air 
temperature of silo by 18.4 ◦C.

To study the SDRC effect of the SSC-HE coating on a well-insulated structure, we added a new silo with 10-cm-thick PU insulation 
interlay and painted it with the SSC-HE coating. Fig. 9 shows the weather, temperatures of the top surface and interior air of galvanised 
steel silos with different thermal properties against the ambient air temperature from 31 May to June 2, 2024. Under weather con
ditions indicated in Fig. 9a, the top surface temperatures of both the galvanised-steel-based and PU-insulated silos coated with the SSC- 
HE paint were consistently lower than the ambient air temperature, with the latter being nearly identical to the former, indicating 

Fig. 9. (a) Solar irradiation and relative humidity from 31 May to June 3, 2024. (b)Temperatures of ambient air and top surface of the galvannized 
steel-based, PU-insulated, SSC-HE-coated and both PU-insulated and SSC-HE-coated model silos. (c) Temperautes of ambient air and interior air of 
galvanised steel-based, SSC-HE-coated and both PU-insulated and SSC-HE-coated model silos.
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prominent SDRC effects. In contrast, the surface temperatures of the galvanised-steel-based and PU-insulated silos without the SSC-HE 
coating were substantially higher than the ambient air temperature under direct sunlight and below the ambient air temperature 
during the night. At noon on May 31, 2024, when the maximum temperature of ambient air was 34.3 ◦C, the maximum cooling effect of 
the SSC-HE coating on the galvanised silo was 3.5 ◦C below the temperature of ambient air, and the top surface temperature of the SSC- 
HE-coated silo was 31.5 ◦C lower than that of the counterpart. Concurrently, the maximum temperature reduction of the silo that was 
painted with the SSC-HE coating and insulated with PU was 3.2 ◦C below the ambient air temperature, and its top surface temperature 
was reduced by 30.7 ◦C as compared to the PU-insulated silo (Fig. 9b).

As shown in Fig. 9c, in the absence of PU insulation, the interior air temperature of the SSC-HE-coated silo was consistently below 
that of the ambient air. In the presence of 10-cm-thick PU insulation, the SSC-HE coating further decreased the interior air temperature 
of the silo. However, the interior air temperatures of the PU-insulated silo and the silo with SSC-HE coating and PU insulation were 
above that of the ambient air during the late afternoon and night because of the insulation effect of the PU. On May 31, 2024, when the 
maximum ambient air temperature and solar irradiation were 34.3 ◦C and 963.8 W/m2 (Fig. 9a) at midday, respectively, the maximum 
interior air temperatures of the SSC-HE-coated silo with and without PU insulation were 5.7 ◦C and 0.9 ◦C lower than the ambient air 
temperature, respectively. In contrast, the maximum interior air temperatures of the control and PU-insulated silo without the SSC-HE 
coating were 17.2 ◦C and 1.2 ◦C above the ambient air temperature, respectively. Accordingly, applying the SSC-HE coating reduced 
the interior air temperature of silos with and without PU insulation by 6.9 ◦C and 22.9 ◦C, respectively. In terms of cooling, the SSC-HE 
coating was more effective than the 10-cm-thick PU, except at midday. Additionally, even in the presence of 10-cm-thick PU insulation, 
the HE coating still exhibited a pronounced cooling effect.

4.4. Sub-ambient coolindg effect for brick bungalows

As mentioned above, both the roof surface and room temperatures of SSC-HE-coated concrete and carbon steel-based prefabricated 
houses showed remarkable sub-ambient cooling effect [34,35]. In addition to these two types of buildings, brick bungalows are 
probably the most common civilian houses in the countryside in the north of China. Therefore, the SSC-HE coating was applied to a 
brick bungalow and the cooling effect was investigated.

Fig. 10 shows the temperatures of the ambient air, roof surface and room interior air of the SSC-HE-coated and control brick 
bungalows. As shown in Fig. 10a, during five consecutive sunny days in the early autumn 2023, while the concrete roof surface 
temperature of the control bungalow was much higher than the ambient air temperature, the SSC-HC-coated roof surface temperature 
was constantly below the ambient air temperature, showing distinguished sub-ambient cooling effect day and night. On September 1, 
2021 when the naximum ambient air temperature was 37.7 ◦C,the SSC-HE-coated roof surface temperature was 34.3 ◦C, which was 3.4 
and 40.8 ◦C lower than the ambient air and the control concrete roof surface temperatures, respectively.

As a consequence of the thermal conduction and convection, the room interior air temperature of the SSC-HE coated bungalow 
showed sub-ambient cooling effect during the daytime. Because of the heat preservation effect of the building envelope, the roon 
temperatures of both the SSC-HE coated and control bangalow were above the ambient air temperature (Fig. 10b). On September 1, 
2023, the maximum room interior air temperature of the SSC-HE-coated bungalow was 26.6 ◦C, which was 11.1 and 10.2 ◦C lower 
than the maximum ambient air (37.7 ◦C) and control (36.8 ◦C)temperatures, respectively. During the remaining four days, the 
maximum room interior air temperature of the SSC-HE-coated bungalow was lower than 28.0 ◦C. Obviously, the cooling performance 
of the SSC-HE coating could nearly meet the higher requirements of the thermal managements of buildings in summer.

4.5. Comparison of cooling effects with sunshade and spray water

Currently, sunshade and spray water are commonly employed to protect chemical pipelines and oil storage tanks from overheat 
resulted from the solar irradiation in summer. As shown in Video S1, the measured surface temperature of the SSC-HE-coated pipeline 
was 34 ◦C, which was 7 ◦C lower than that of the unpainted pipeline (41 ◦C). Note that the unpainted pipeline was not only under the 

Fig. 10. Temperature data for brick bungalows from 1 to September 5, 2023: (a) temperatures of ambient air, roof surfaces of the control and SSC- 
HE-coated brick bungalows; (b) temperatures of ambient air and the room interior air of the control and SSC-HE-coated bungalows.
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sunshade but also constantly sprayed water. Apparently, the cooling effect of the SSC-HE coating was better than the combination of 
the sunshade and spray water. After all, the extremely high solar reflectance of 0.985 and overall infrared emissivity of 0.92 of the SSC- 
HE coating enabled the surface temperature of the coated pipeline to be constantly lower than the ambient air temperature, whereas 
the sunshade and spray water could only allow the surface temperature of the pipeline to be at most identical with the ambient air 
temperature.

4.6. Long-term sub-ambient cooling effect under real working conditions

For a super-cool surface with sub-ambient temperature, extensive dew formation is unavoidable and dewdrops precipitate dirt [7], 
resulting in the attenuation of the solar reflectance and thus the loss of the sub-ambient cooling. To protect the HE-coated surface from 
contamination, the SSC coating was introduced as the topcoat. Fig. 11 shows the solar irradiance and temperatures of the ambient air 
and top surface for a SSC-HE-coated distributed TBS after it was painted for one and twelve months.

On clear sunny days in September 2021 and August 2022, the top surface temperatures of the battery cabinet were consistently 
lower than the ambient air temperature, showing typical sub-ambient cooling effect. On September 19, 2021 when the maximum solar 
irradiance was 770 W/m2, the sub-ambient cooling effect of the coating was 5.3 ◦C (Fig. 11a). On August 22, 2022 when the maximum 
solar irradiance was 766 W/m2, the sub-ambient temperature reduction of the coating was 5.1 ◦C. Apparently, the attenuation of the 
sub-ambient cooling effect is negligible. Additionally, as shown in Fig. 4, the distributed TBS was still spotless even after one year 
because of the presence of the SSC topcoat.

4.7. Heat dissipation rate of the HE coating

Freshly squeezed milk has a temperature of approximately 38 ◦C, which is the most appropriate temperature for microbial growth. 
However, in grasslands, milking generally starts at 8 a.m. and is sustained for a period of time, during which the ambient temperature 
rapidly rises, resulting in a continuous temperature increase of the milk.

Fig. 12a shows the temperatures of ambient air and top surfaces of the unpainted milk storage tank and that pained with the SSC-HE 
coating. While the moderate solar reflectance and ultralow emissivity of the stainless steel ensured the top surface temperature of the 
unpainted milk storage tank was always above the ambient air temperature throughout the day, the extremely high solar reflectance 
and emissivity of the SSC-HE coating enabled the coated tank to show prominent sub-ambient cooling effects during the day and night.

Fig. 12b presents the time dependence of the temperatures of the ambient air and top surfaces of the two milk storage tanks filled 
with water at 40 ◦C. As indicated in Fig. 12b, the top surface temperature of the SSC-HE-coated tank was initially above the ambient 
temperature because of the addition of the hot water, and it subsequently dropped below the ambient air temperature. In contrast, the 
top surface temperature of the control tank continuously increased to the maximum value of 53.9 ◦C, which was substantially higher 
than the maximum ambient air temperature of 33.8 ◦C and was 21.6 ◦C higher than the maximum top surface temperature of the SSC- 
HE-coated tank (32.3 ◦C).

Consequently, while the temperature of the water inside the control tank primarily decreased and eventually increased to 40.6 ◦C at 
noon, the temperature of water in the SSC-HE-coated tank continually decreased to 31.9 ◦C, yielding a temperature decrease of 8.7 ◦C 
(Fig. 12c). The heat dissipation effect of the SSC-HE coating during the daytime is thus immediately obvious. The excellent daytime 
heat dissipation capacity of the SSC-HE coating can be attributed to both its high solar reflectance and high emissivity.

The concept of emissivity in the atmospheric transparency window generally misleads one into the belief that surface materials can 
maximally dissipate heat only when placed outdoors. To demonstrate the contribution of emissivity to heat dissipation and radiative 
cooling, we placed the two milk storage tanks mentioned above in a building and tested the heat dissipation rate in the evening. The 
results are presented in Fig. 13. Unexpectedly, while the temperature of the hot water inside the SSC-HE-coated tank deceased from 
58.7 ◦C to 20.7 ◦C, that inside the control tank decreased more slowly from 58.9 ◦C to 27.7 ◦C in the same time, resulting in a final 
temperature difference of 7 ◦C. This new result indicates that facing the sky may not necessarily be a prerequisite for a surface material 
to maximally dissipate heat.

Fig. 11. (a) Solar irradiation, ambient air and top surface temperatures for the battery cabinet of a SSC-HE-coated distributed TBS during the testing 
period from (a) 19 to September 21, 2021 and (b) 20 to August 22, 2022.
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To validate the above theory, we placed the two milk-storage tanks in two insulated boxes to test the heat dissipation rates, and the 
results are shown in Fig. 14. Under adiabatic conditions, compared with the control tank, the temperature of water in the SSC-HE- 
coated tank decreased more rapidly from the same initial temperature of 88.8 ◦C to a final temperature of 34.8 ◦C, which was 
12.4 ◦C lower than that of the water in the control tank.

These observations demonstrate that a surface material with higher emissivity must necessarily show a better heat dissipation 
effect, which is not only independent of the environment in which the material is located, but also independent of the solar reflectivity 
of the material. SSC-HE coatings can be applied to many objects and locations to meet the cooling and heat dissipation requirements of 
users.

Fig. 12. Temperature data for stainless steel milk storage tanks: (a) temperatures of ambient air and top surface s of the control and SSC-HE-coated 
tanks from 16 to September 17, 2023; (b) temperatures of ambient air and top surface of the control and SSC-HE-coated tanks measured on 
September 14, 2023; (c) temperatures of ambient air and water inside the control and HE-coated tanks measured on September 14, 2023.

Fig. 13. Comparison of the heat dissipation rates of the stainless steel milk storage tanks in the indoor environment, showing the time dependence 
of the water temperatures inside the control and SSC-HE-coated stainless steel milk tanks.
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4.8. Applications to heating radiators

Inspired by the above experimental results, we applied the HE coating to an electric oil heater and investigated its potential to 
improve the thermal comfort and conserve the heating energy consumption of a building. To this end, we first calibrated the room 
temperatures of two identical model buildings; the results are presented in Fig. 15a. As can be seen in Fig. 15a, the two curves nearly 
overlap. Within experimental error, the room temperatures of the two model buildings were identical.

First, we investigated the heating effects of the HE- and aluminium-coated electric oil heaters. Maintaining identical room tem
peratures of the two model buildings (Fig. 15b), we measured the accumulated electricity consumption of the HE- and aluminium- 
coated heaters installed in the two model buildings; the results are presented in Fig. 15c. Here, we define the heating energy effi
ciency (HEE) as the percentage ratio of the heating energy consumption (HEC) difference between the heater with lower emissivity 
(HEC1) and the HE-coated heater (HEC2) to HEC1, as follows: 

HEE=
HEC1 − HEC2

HEC1
× 100% (1a) 

As shown in Fig. 15c, the HE-coated heater consumed 0.4 kW h less heating power, yielding an HEE of 5.9 %.
Subsequently, two electric oil heaters were operated for a period of time at an identical maximum output power of 2200 W, and the 

power consumption of the heaters and the room temperature were measured; the results are shown in Fig. 15d and e, respectively. 
Under nearly identical power consumptions (Fig. 15d), the room temperature of the model building with the HE-coated electric oil 
heater increased faster, and the equilibrium temperature was higher than that of the model building with the aluminium-coated heater 
(Fig. 15e). The average equilibrium temperature of the model building with the HE-coated heater was 2.1 ◦C higher than that of the 
counterpart building.

Subsequently, we determined and compared the heating effects of the heaters painted with HE and black coatings. The results are 
presented in Fig. 16. As shown in Fig. 16a, under an identical room temperature setting, the model building with the HE-coated heater 
reached the equilibrium room temperature earlier (by 111 min) than the model building with the black heater. The HE-coated heater 
consumed 0.4 kW h less heating power than the black heater under identical room temperature settings, generating an HEE of 4.4 % 
(Fig. 16b).

While employing two electric oil heaters to heat the model buildings at maximum output power for several hours, we measured the 
heating power consumption of the two heaters and the room temperatures of the model buildings. The results are presented in Fig. 16c 
and d. Under identical heating power consumption levels (Fig. 16c), the model building with the HE-coated heater reached an average 
equilibrium temperature that was 1.9 ◦C higher than that of the model building with the black heater (Fig. 16d). Because the difference 
in emissivity between the HE and the black coating (0.04) was smaller than that between the HE and the aluminium coating (0.27), the 
heating energy efficiency of the HE-coated heater relative to the black heater (4.4 %) was smaller than that of the HE-coated heater 
relative to the aluminium-coated heater (5.9 %). Thus, the average equilibrium temperature difference of the model buildings in the 
former case (1.9 ◦C) was lower than that in the latter case (2.1 ◦C).

5. Discussion

As indicated in Table 1, the infrared emissivity and the emissivity in the atmospheric transparency window of the SSC-HE coating 
were 0.92 and 0.991, respectively, which were much higher than those of galvanised steel (0.04 and 0.07) and stainless steel (0.13 and 
0.12). Therefore, at night, the surface and interior air temperatures of the SSC-HE-coated galvanised steel silo and SSC-HE-coated PU- 
insulated galvanised steel silo were lower than those of their corresponding counterparts. Moreover, compared with the stainless steel 

Fig. 14. Comparison of the heat dissipation rates of stainless steel milk storage tanks under adiabatic conditions, showing the time dependence of 
the water temperature in the control and SSC-HE-coated stainless steel milk tanks.
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milk storage tank, the HE-coated milk storage tank showed better heat dissipation performance owing to the much higher infrared 
emissivity of the SSC-HE coating.

To explain the better heating effect of the HE-coated electric oil heater relative to the black heater, we measured the surface 
temperatures of these two heaters under identical room temperature settings on February 1, 2024 and identical maximum output 
power consumptions on February 4, 2024, and the results are shown in Fig. 17. As can be seen in Fig. 17a, the average equilibrium 
surface temperature of the HE-coated and black heaters were nearly identical on February 1, 2024 when the room temperatures of two 
model buildings were identical. As can be seen from Fig. 17b, the average equilibrium surface temperature of the HE-coated heat was 
9.0 ◦C higher than that of the black heater on February 4, 2024 when the two heater worked at the identical maximum output power. 
According to Eq. (3), as compared to the black heater, at the same surface temperature of the heaters, the HE-coated heater released 
heat faster than the black one did; at the same maximum output power, more heat from the HE-coated heater was lost and transferred 
to the surrounding environment, which resulted in a higher equilibrium temperature of the model building.

As shown above, the SSC-HE coating can effectively decrease the surface and interior air temperatures of the system during day and 
night. Therefore, it has been widely applied to buildings for thermal comfort or cooling energy efficiency in summer, grain warehouses 

Fig. 15. (a) Comparison of the room temperatures of the control and testing model buildings from 23 to April 24, 2024. (b) Room temperatures of 
concrete model buildings with aluminium- and HE-coated electric oil heaters on January 25, 2024. (c) Accumulated power consumptions of 
aluminium- and HE-coated electric oil heaters on January 25, 2024. (d) Accumulated power consumptions of aluminium- and HE-coated electric oil 
heaters on January 24, 2024. (e) Room temperatures of concrete model buildings with aluminium- and HE-coated electric oil heaters on January 
24, 2024.
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for low-temperature storage of grains, oil and gas storage tanks for storage safety and energy savings, and telecommunications and 
power facilities for operation safety and cooling energy conservation.

Because the HE coating can also reduce the temperature of the attached structure at night regardless of its location, it has great 
potential for use in mechanical and electronic equipment, heat sinks, and condensers for heat dissipation. Additionally, the HE coating 
can be utilised in different types of heaters to improve thermal comfort and reduce heating energy consumption in winter. In other 
words, without any external energy input, the HE coating can be employed to reduce both cooling and heating energy consumption.

6. Conclusions

The experimental results presented above allowed us to draw the following conclusions can be summarised.
In terms of cooling, the SSC-HE coating was more effective than 10-cm-thick polyurethane except at midday. The maximum interior 

air temperature of the SSC-HE-coated silo could be 2.3 ◦C lower than that of the PU-insulated silo.

Fig. 16. Power consumption and temperature data: (a) room temperatures of concrete model buildings with black and HE-coated electric oil heaters 
on January 30, 2024; (b) accumulative power consumptions of the black and HE-coated electric oil heaters on January 30, 2024; (c) accumulative 
power consumptions of the black and HE-coated electric oil heaters on February 2, 2024; (d) room temperatures of concrete model buildings with 
black and HE-coated electric oil heaters on February 2, 2024.

Fig. 17. Temperature data on 1 (a) and 4 (b) February 2024: surface temperatures of the black and HE-coated electric oil heaters.
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When applied to a well-insulated system such as a metal silo with 10-cm-thick PU insulation, the SSC-HE coating still exhibited 
remarkable daytime radiative cooling effect of 3.2 ◦C below the ambient air temperature. On a clear summer sunny day with the 
maximum ambient air temperature of 34.3 ◦C, the SSC-HE coating decreased the interior air temperature of the PU-insulated silo by as 
much as 6.9 ◦C; and the interior air temperature of the SSC-HE-coated and PU-insulated silo was 22.9 ◦C lower than that of the 
counterpart.

For brick bungalows, the SSC-HE coating significantly reduced the roof surface and room interior air temperatures and enabled 
them to be below the ambient air temperature, showing remarkable sub-ambient cooling effects. The room interior air temperature 
could be reduced by 11.1 ◦C. Moreover, compared with the sunshade and spray water, the SSC-HE coating showed better cooling effect. 
In addition, the introduction of SSC topcoat endowed the HE coating with superomniphobic self-cleaning property. After the outdoor 
exposure for one year, the battery cabinet of the SSC-HE-coated TBS was still stainless and the sub-ambient cooling effects did not 
attenuate.

When applied to metal containers and equipment, the SSC-HE coating exhibited excellent heat dissipation effects during the day 
and night, regardless of the facility location. Under adiabatic conditions, relative to an open environment, the SSC-HE-coated metal 
facilities dissipated heat more efficiently.

When utilised in heaters, HE coating could facilitate heat transfer, increase the equilibrium room temperature, improve the thermal 
comfort of buildings, and reduce the heating energy consumption. Relative to the aluminium- and black paint-coated electric oil 
heaters, the HEE of the HE-coated heater was 5.9 % and 4.4 %, respectively.

In a word, the HE coating can be employed to reduce both the cooling and heating energy consumption of buildings.
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