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SUMMARY
Inspired by the fog-collecting abilities of the Namib Desert beetle, researchers have developed wettability-
engineered surfaces for fog collection. However, these approaches fall short in arid regions where fog is
absent. To address these challenges, we developed a dual-sided structure based on radiative cooling.
The radiation cooling material on the upper surface can achieve energy free cooling. The lower surface is
a pattern with heterogeneous wettability, composed of wedge-shaped and conical structures, which can
achieve rapid droplet accumulation and directional transport. The radiation cooling material adjusted by
spectrum can achieve a temperature difference of up to 14.2�C, enabling the composite material to achieve
amaximumwater collection efficiency of 602.5 g$m-2$h-1 under RH of 80%conditions. This study provides an
effective solution to alleviate water scarcity in arid regions.
INTRODUCTION

The shortage of freshwater resources has always been a global

problem, and according to statistics, about 4 billion people are

currently suffering from serious water shortages, especially in

arid areas.1–4 To address this global water crisis, desalination

and wastewater treatment have emerged as effective solu-

tions.5,6 However, technical challenges, substantial investment

costs, and concerns, such as excessive energy use or ineffec-

tive water extraction in arid, low-humidity areas impede the

widespread adoption of these methods.7,8 Since the discovery

that the Namib Desert beetle,9 which borders the Atlantic

Ocean, collects moisture in arid environments through its

wax-free hydrophilic bumps and wax-coated hydrophobic de-

pressions on its back, several bioinspired materials and water-

harvesting systems have been proposed.10–14 These designs

explore the effects of wettability gradients and nanostructure

gradients on droplet movement in detail.15–17 While certain

strategies enable the autonomous transport of droplets, the

small size of individual water-harvesting units limits their ability

to achieve high collection volumes. Micro- and nanoscale

structures are difficult to optimize for both droplet accumula-

tion and transportation, requiring larger, more macro-scale

structures to achieve significant water collection.18,19 In addi-

tion, many regions are located inland, characterized by arid

conditions, and the infrequent occurrence of fog. Even at night,

the relative humidity remains low, rendering this fog-harvesting
iScience 28, 111746, Febru
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method ineffective in addressing the water scarcity challenges

faced by these areas.

In the search for water collection methods tailored to the char-

acteristics of these regions, atmospheric water harvesting (AWH)

based on passive daytime radiative cooling (PDRC) has emerged

as a promising and viable solution. Reports suggest that approx-

imately 10% of the world’s freshwater resources exist as atmo-

spheric water vapor, approximately 12,900 trillion liters of water,

6 times the total volume of the world’s rivers, and that substantial

amounts of water vapor are present in the atmosphere, even in

arid areas such as deserts and mountains.20,21 The AWH based

on PDRC22–24 uses cooling materials to emit infrared radiation

into low-temperature outer space (3 K) through a transparent

window (8–13 mm) to cool thematerial surface from ambient tem-

perature to dew point temperature, thereby condensing and col-

lectingmoisture in the atmosphere.25–27 The principle is shown in

Figure 1.

In the study of AWH based on PDRC, Xu28 investigated the

synergistic effect of light-transmitting radiatively cooled mem-

branes to enable a hybrid water cooler to reduce the temperature

of condensate during the daytime, with an eventual all-day water

production of up to 3654 g m�2$day�1, i.e., 152.25 g m�2$h�1.

Al-Khaya29 mimicked the structure of the desert beetle dorsal

bulge to prepare a heterogeneous wettability pattern, and the

highest final water collection of 78 g m�2$h�1was obtained at

an RH of 95%, an ambient temperature of 22�C, and a post-cool-

ing temperature of 10�C. Xi30 investigated atmospheric water
ary 21, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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Figure 1. The relevant schematic diagram

of the technical principles of PDRC and

AWH

(A) The solar spectrum and atmospheric window

spectrum.

(B) Schematic diagram of radiation cooling tech-

nology.

(C) Schematic diagram of AWH based on PDRC.
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harvesting based on radiative cooling during night time and the

results showed that the water collection rate was 44 g m�2$h�1.

Li31 investigated air water harvesting using low temperature pro-

vided by radiative cooling during night time. The results showed

that when the RH was 95% and the temperature difference be-

tween the ambient temperature and the cooling plate was

10�C, the highest water collection rate of 46.4 g m�2$h�1 was

finally obtained. It is evident that current atmospheric water har-

vesting systems based on radiative cooling suffer from low

collection efficiency and limited water yield. Moreover, there

has been relatively little exploration of their applicability in arid re-

gions with low relative humidity.

Here, based on the inspiration of bionic, we have designed

four patterns with high water collection efficiency and directional

droplet transportation function for the water collection side of

PDRC-AWH by simple spraying method, which are wedge,

tree, sunflower, and crown. Each pattern consists of a wedge

shape with a 10� tip angle to create a Laplace pressure differ-

ence, which, combined with a hydrophilic half-cone handle,

strongly enhances the droplet collection rate. In addition, by

incorporating dielectric nanomaterials, we adjusted the low

emissivity of the radiative cooling material PDMS, enabling a

maximum nighttime temperature drop of 14.2�C. This cooling ef-

fect allows thematerial to reach the dew point in Gansu’s arid re-

gions during nighttime conditions (ambient temperature of 20�C–
25�C, RH 50%–80%), providing a low-temperature guarantee for

the water collection side. Ultimately, experimental results

demonstrated that, under an ambient temperature of 24�C and
2 iScience 28, 111746, February 21, 2025
RH of 80%, the sunflower achieved the

highest condensation rate, reaching

602.5 g m�2$h�1. This method offers a

feasible solution for water collection in

arid, low-humidity regions.

RESULTS

Fabrication
This study presents a passive radiative

cooling structure featuring heterowetting.

Figure 2A details the fabrication process.

Initially, a 4 cm3 4 cm3 0.5 mm Al sheet

substrate is ultrasonically cleaned and

air-dried for subsequent use. Next, nano-

particles are mixed in alcohol at a prede-

fined ratio and volume fraction, homoge-

nized for 15 min with an ultrasonic

homogenizer, and evenly sprayed onto

the Al plate. After the alcohol evaporates,
the Al plate is positioned on a film scraper. PDMS colloid is

applied to a thickness of 150 mm, cured in a 100�C oven for 1

h, and then cooled to room temperature. The substrate is then

turned over and sprayed with a pattern with a heterogeneous

wetting design. Finally, the material is heated in a 180�C oven

for 5 min to finalize the preparation. Figure 2B displays an SEM

image of the final radiative cooling material.

Passive radiative cooling
PDMS exhibits remarkable infrared emissivity within the atmo-

spheric window bands. However, its emissivity encounters

troughs at the 8�8.5, 10.5�11.7, and 12.3�13 mmwavelengths,

which diminishes the overall average emissivity of the material.

Si3N4, Al2O3, and ZnO, possessing strong emissivity within these

specific PDMS trough regions, can be utilized to compensate for

these deficiencies. By incorporating nanoparticles of Si3N4,

Al2O3, and ZnO, which provide complementary emissive proper-

ties, it is possible to adjust the emissivity troughs of PDMS and

enhance the overall emissivity of the film. In the experiment,

nanoparticles of 50 nm diameter were mixed into 150 mm-thick

PDMS at mass fractions of 1%, 3%, and 5%, and the emissivity

was tested (results shown in Figure 3A). The findings indicated

that the addition of these nanoparticles effectively elevated the

emissivity troughs of PDMS, but the emissivity did not increase

linearly with higher nanoparticle concentrations. Instead, the

overall emissivity reached its peak when the mass fraction of

all three nanoparticles was at 3%, achieving an average emissiv-

ity of 94.15%, which is a 7.59% improvement over pure PDMS.



Figure 2. Preparation of the proposed atmospheric water collection material based on radiative cooling

(A) Schematic of the material preparation process.

(B) SEM image of the radiative cooling material.
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This lack of a linear correlation is attributed to the fact that while

the nanoparticles help to adjust the emissivity troughs, PDMS

naturally exhibits higher emissivity in other spectral bands,

causing excessive nanoparticle incorporation to diminish the

overall emissivity. In addition, incorporating an Al sheet with

94% reflectance as a substrate is essential for achieving solar

reflection. This can enhance the cooling effect of the material

(see Figure 3B). Figure 3C presents a schematic of the outdoor

experimental setup. The device was covered with 400 mm thick

polyethylene film to minimize convective heat transfer and air

conduction, with its exterior encased in foam boards insulated

with cotton.

Figure 3D depicts the temperature reduction achieved through

outdoor radiative cooling during daytime and nighttime, respec-

tively. The experimental results show that, on August 17th, a

clear day in summer, PDRC could lower the temperature of the

covered object by up to 20.6�C under direct sunlight. And on

clear nights, the proposed cooling material could lower the

base surface temperature by as much as 14.2�C below the

ambient temperature. In summary, the cooling effect of radiative

cooling materials is superior. The RH of the ambient and solar

irradiance during the experiment is shown in Figure 3E. The

cooling effect of radiation cooling will provide low-temperature

conditions for atmospheric water collection work. Subsequent

experiments will focus on studying the effects of different tem-

perature, humidity, and wind speed conditions on the water

collection efficiency of different patterns under this temperature

drop, as well as achieving the function of moving liquid titration

on materials. Considering the unstable outdoor weather condi-

tions, excessive wind speed and rainy or cloudy days can greatly

cause experimental errors. Therefore, the subsequent water

collection experiment will be completed in a temperature and hu-

midity control box.
Collecting droplets using hetero-wettability sunflower-
like structures
The atmospheric water harvesting mechanism, combined with

passive radiation cooling, is illustrated in Figures 4A and 4B.

On the basis of the low temperature conditions provided by radi-

ation cooling, the surface temperature of the material reaches
the dew point temperature, causing water vapor in the atmo-

sphere to condense, thereby achieving atmospheric water har-

vesting based on radiation cooling. Figure 4C depicts the dew

point temperature under different environmental temperatures

and relative humidities. From the figure, it is evident that relative

humidity has a significant impact on the dew point; under the

same conditions, the higher the RH, the higher the dew point

temperature, making moisture condensation easier. Gansu is

an arid region of northwest China, with rolling hills and little water

(see Figure 4D). Nighttime temperatures typically range from

18�C to 25�C during summer and fall, with RH between 50%

and 80%. Under such conditions, a temperature difference of

12�C between the cooling material and the ambient air is suffi-

cient for the material’s surface to reach the dew point, thus

causing condensation of atmospheric moisture. However, for

subsequent atmospheric water harvesting, a well-designed

structure and heterogeneous wettability arrangement will greatly

influence the water harvesting efficiency of the material.

Namib beetles32 can expedite the condensation and collection

of atmospheric moisture more swiftly by virtue of the hetero-

structured wettability of their elytral sheaths. Spider silk exploits

spindle knots and heterogeneity of joints to drive directional

movement of water droplets,27 akin to how cactus spines direct

water from the tip to the base.33 These phenomena fundamen-

tally rely on the surface free energy gradient34 and the Laplace

pressure gradient,35 enabling directional liquid transport.

Wedge and cone geometries are traditional designs for direc-

tional water collection. A Laplace pressure gradient, which

serves as the driving force, enables directional droplet transport.

On the wedge, the droplet transport state will vary from 1 to 3

processes (Figure 4E). In states 1 and 2, the droplet stretches

and is propelled by the Laplace pressure, until it halts in state

3. Equation 1 calculates the Laplace pressure difference

throughout this process.

P1 � glg

�
R1;P2 � glg

�
R2

DP � glgð1=R1 � 1=R2Þ> 0
(Equation 1)

where glg is the liquid-gas interface tension and P1 and P2 are the

Laplace pressures at the tip and base, respectively. DP
iScience 28, 111746, February 21, 2025 3



Figure 3. Performance of the radiative cooling material cooling

(A) Impact of different mass fractions of mixed nanoparticles on the emissivity of the PDMS.

(B) Reflectance of Al in the solar radiation wavelength range.

(C) Experimental setup for outdoor radiative cooling tests.

(D) Outdoor PDRC experiments.

(E) Ambient relative humidity and solar irradiance during the experiment.
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represents the Laplace pressure difference between P1 and P2.

This process occurs when R1 > R2 and persists until the droplet

reaches state 3, where it stops.

The curvature gradient of the conical shape generates a Lap-

lace pressure difference affecting the water droplet, as ex-

pressed in Equation 2 (Figure 4E).

DP = �
Z R1

R2

2g

ðR+R0Þ2
sin bdz (Equation 2)

where R is the local radius, R0 is the droplet radius, b is the half

vertex angle, and z is the integral variable along the diameter at

the tip. The Laplace pressure difference induced by the geomet-

ric shape is fundamentally, because R1 is less than R2, the Lap-

lace pressure in the high-curvature region (R1) is greater than the

Laplace pressure in the low-curvature region (R2). This imbal-

ance in the internal Laplace pressure drives the transport of

the droplet from the tip to the tail.

To maximize the condensation rate, the developed design in-

corporates a wedge-shaped pattern that is effective in creating a

Laplace pressure difference. Initially, condensation experiments

were conducted using base patterns with varying wedge angles

to assess the impact of the wedge angle on the droplet transport
4 iScience 28, 111746, February 21, 2025
rate. In these experiments, the wedges were hydrophilic, while

their surroundings were coated with a hydrophobic material.

The hydrophilic angle was measured to be 75.38�, and the hy-

drophobic angle was 145.37�, as depicted in Figure 4F.

Finding an optimal wedge tip angle is essential to avoid both

excessively large angles, which could cause droplets to prema-

turely transition into the ‘‘free state’’, and excessively small an-

gles, which could reduce the driving force because of the mini-

mal difference between R1 and R2. Accordingly, experiments

with tip angles of 5�, 10�, and 15� were conducted to observe

the droplet movement over 25 s, as shown in Figure 4G. The

experimental results show that for droplets of identical size, a

15� tip angle results in the fastest initial movement, and a 5� tip
angle leads to the quickest movement during the middle stage,

whereas in the final stage, droplets are accelerated and travel

the farthest distance with a 10� tip angle compared to the other

two conditions. These phenomena can be explained as follows.

A 15� tip angle initially creates a strong Laplace pressure differ-

ence, leading to rapid movement. However, with increasing

distance, this large tip angle causes the droplet to prematurely

transition into the free state. With a 5� tip angle, the droplet en-

compasses most of the tip because of the small initial angle, re-

sulting in a minimal difference between R1 and R2, a small Lap-

lace pressure difference, and slow initial movement. As the



Figure 4. Atmospheric water harvesting technology based on PDRC
(A) Schematic of atmospheric water collection based on radiative cooling.

(B) Cooling and condensation processes of moisture in air.

(C) The corresponding dew point temperature under different ambient temperature and RH.

(D) Landform of Gansu arid area.

(E) Formation of a Laplace pressure gradient.

(F) Heterogeneous wettability contact angles.

(G) Influence of different tip angles on the droplet displacement distance.
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droplet travels farther, however, the increasing Laplace pressure

difference gradually causes it to accelerate. In contrast, a 10� tip
angle ensures consistent displacement, ultimately enabling the

droplet to cover the greatest distance. Thus, a 10� tip angle

was chosen for the wedge-shaped structures in subsequent

designs.
DISCUSSION

After the selection of the 10� wedge-shaped tip angle was final-

ized, four patterns are designed, which are sunflower shape,

crown shape, tree shape, and wedge shape, as shown in Fig-

ure 5A. Subsequently, water collection experiments were carried
iScience 28, 111746, February 21, 2025 5
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out on the four patterns. In these models, the regions adorned

with patterns exhibit hydrophilicity, while the white areas denote

hydrophobicity, as illustrated in Figure 5B. Comparative experi-

ments to assess condensation variations across the patterns

were carried out at an ambient temperature of 24�C, with a

14�C temperature difference between the cooling and ambient

conditions, and 80% RH, as shown in Figure 5B. The results

showed that the sunflower pattern achieved the highest water

collection rate of 457.5 g m�2$h�1, significantly outperforming

others. The crown, tree and wedges pattern followed, with

collection rates of 328.5 g m�2$h�1, 285 and 178.5 g m�2$h�1,

respectively. Overall, the water collection efficiency of these het-

erogeneous wetting patterns is considerable.

Among the four patternswithwedges, the sunflower andcrown

patterns have higher condensation rates than the wedges and

tree patterns because their short, dense wedge distribution pro-

vides an effective Laplace pressure difference for droplet move-

ment, which allows for faster andwider water collection, acceler-

ated condensation to form larger droplets, and faster separation.

In contrast, the longerwedges in the array’swedge pattern cause

more droplets to enter the ‘‘free state’’, which reduces the

condensation rate. The water collection rate of the sunflower

pattern is superior to that of the crown pattern because of the

wider hydrophilic region of the sunflower pattern. In addition,

the sunflower pattern also exhibits an instantaneous conver-

gence phenomenon of droplets, as shown in Figure 5C (Video

S1), when there are enough tiny droplets on the hydrophilic

wedge, it will rapidly shrink and coalesce within a very short

time interval (0.03 s), which provides more intuitive evidence for

the heightened water-capturing rate of the sunflower pattern,

making the sunflower pattern thebest choice forwater collection.

A hydrophilic half-cone handle was further introduced into the

sunflower pattern to facilitate directional droplet transport. This

design allows the droplets to move along the handle and disen-

gage at the end of the handle for easier droplet collection.

Furthermore, the hydrophilic nature of the handle enhances its

ability to capture moisture from the air for condensation, trans-

port, and collection. Figure 5D compares the water collection

rates of the sunflower pattern and the version with the added

handle. The experiment was performed at an ambient tempera-

ture of 24�C andwith a 14�C temperature difference between the

cooling and ambient conditions. The results show that the water

collection rate increases with increasing RH and that the handle-

equipped pattern achieves a 24% greater maximum rate than

the handle-less sunflower pattern.

In addition, the effect of wind speed on the rate of water har-

vesting was investigated. The summer wind direction in North-

west of Gansu is mostly from the southeast, and the wind speed

is about 1.2–1.7 m/s in most cases on sunny days. Here, the wa-

ter harvesting experiment results of sunflower patterns with han-

dles were studied under three different wind speeds and relative

humidities of 1 m/s, 1.5 m/s, and 2 m/s, as shown in Figure 5E.

The results show that in the initial stage (RH = 50%), the smaller

the wind speed the highest rate of water collection on the pattern

surface. Thereafter, as the RH increases, the water collection

rate increases with the wind speed. This is because, under low

RH conditions, the higher the wind speed, the easier it is to evap-

orate the micro droplets on the surface of the water-collecting
6 iScience 28, 111746, February 21, 2025
material, resulting in a lower water-collection rate at high wind

speeds. However, with the increase of RH, the high wind speed

makes the moisture attach to the water-collecting surface more

quickly, which accelerates thewater collection. As for the droplet

evaporation at high wind speeds, although it will continue, it can

no longer cause too much impact under the influence of high hu-

midity and high attachment speeds. Therefore, among the three

wind speeds set, the water collection rate will increase as the

relative humidity and wind speed continue to increase. And the

highest water collection efficiency of 648.5 g m�2$h�1was

achieved at a wind speed of 2 m/s. Considering the local wind

speed factor, the relevant experiments are still carried out at a

wind speed of 1.5 m/s in the following experiments.

Figures 5F–5Hdisplay the experimental results for different RH

and temperature differences, respectively. The experimental re-

sults indicate that the water collection rate increases with the in-

crease of relative humidity at a certain temperature difference.

Especially when the RH exceeds 70%, the water collection

rate significantly increases. When the RH is 80%, the maximum

water collection rates under three temperature differences are

351.25, 477.5, and 602.5 g m�2$h�1, respectively, indicating a

significant enhancement in water collection capacity. Figure 5I

compares thewater collection rates of the handle-equipped sun-

flower pattern and the unpatterned Al substrate across varying

temperature differentials at RH = 80%. The results show that

the water collection efficiency of the sunflower pattern with

handle is 3.8 times higher than that of the normal Al plate.

Conclusion
This paper demonstrates a radiative cooling based atmospheric

water harvesting effort for efficient cooling and water harvesting

transport. We employ nanoparticles to modulate the emission

spectrum of PDMS material, the average infrared emissivity is

increased by 7.59%. This cooling material can achieve a

maximum temperature reduction of 20.6�C on sunny summer

days, and at night, the temperature difference can reach up to

14.2�C, providing a low-temperature environment conducive to

the condensation of water from the atmosphere. In addition, a

sunflower-inspired pattern was designed and combined with

heterogeneous wettability to enhance droplet condensation

rates and directional transport capabilities. The wedge pattern

with a tip angle of 10� maximizes droplet displacement, and

the addition of hydrophilic conical handles ensures directional

transport of the droplets, achieving a maximum water collection

rate of 602.5 g m�2$h�1, which is 3.8 times higher than that of or-

dinary Al plates. Especially at a wind speed of 2 m/s, the sun-

flower pattern structure with handles significantly improves wa-

ter collection efficiency, reaching up to 648.5 g m�2$h�1. This

study provides a feasible solution to alleviate water scarcity in

arid regions.

While atmospheric water harvesting via radiative cooling holds

promise, it faces several challenges that demand further

research. First, climate factors significantly affect the cooling

performance of PDRC, as seen from the experimental findings.

Cloud cover and high humidity decrease the transparency in

the atmospheric window, reducing the cooling efficiency of

PDRC. Thus, deploying this technology in high-humidity urban

and coastal areas presents challenges, necessitating further



Figure 5. Atmospheric water harvesting performance based on radiative cooling
(A) Different sunflower patterns.

(B) Cooling and condensation processes of moisture in air.

(C) The instant collection of droplets on the surface of a sunflower pattern.

(D) Comparison of water collection rate between sunflower pattern and sunflower pattern after adding handle.

(E) Effect of wind speed on water collection rate.

(F) Water collection rates at a temperature difference of 12�C between the cooling temperature and the environmental temperature.

(G) Water collection rates at a temperature difference of 13�C.
(H) Water collection rates at a temperature difference of 14�C.
(I) Comparison of water collection rates between the sunflower pattern at RH = 80% and an unpatterned Al plate at different temperature differences.
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study. Second, the cooling materials used need to maintain

physical, optical, and chemical stability. PDRC materials, which

are used outdoors, must retain their performance after exposure

to wind and sunlight. In addition, an important issue for PDRC

materials is that outdoor exposure leads to the accumulation

of dust and dirt on their surfaces, which can significantly affect

their cooling performance. Consequently, atmospheric water

harvesting via radiative cooling presents both many opportu-

nities and many challenges. It also calls for more persistent

and collective efforts to develop a sustainable pathway for

more efficient air water harvesting in arid regions.
Limitations of the study
Radiative cooling based on atmospheric water collection has

certain limitations. First, the high efficiency of PDRC depends

on clear weather, cloudy and high humidity weather condi-

tions will reduce the transparency of the atmospheric win-

dow, thus affecting the cooling efficiency of PDRC. Secondly,

long-term outdoor work may lead to the accumulation of dust

and dirt on the surface of the material or affect the physical

and chemical stability of the material, and also affect the

cooling performance and water collection efficiency of the

material.
iScience 28, 111746, February 21, 2025 7
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Prepolymer Hangzhou Weisichuang

Technology Co., LTD

CAS:9016-00-6

Fluorosilicon modified silica Dongguan Zhongke Lingchuang

Technology Co., LTD

N/A

Al2O3 Beijing Jia Anheng Technology Co., LTD CAS:1344-28-1

Si3N4 Beijing Jia Anheng Technology Co., LTD CAS:12033-89-5

ZnO Beijing Jia Anheng Technology Co., LTD CAS:1314-13-2
METHOD DETAILS

Preparation method points to note
1 When preparing PDMS film, it is necessary to mix prepolymer A and prepolymer B at a ratio of 10:1, and then stir fully for 20min

before preparing the film

2 During material preparation, both the radiative cooling side and the atmospheric water harvesting side require spraying tech-

niques. It is crucial to adjust the spray gun’s pressure to 4 MPa and maintain a spraying distance of 30 cm from the Al substrate

to ensure an even application of nanoparticles and hydrophilic/hydrophobic materials. In addition, when spraying the patterned

structures on the water-harvesting side, the template must be securely affixed to the Al substrate to prevent any irregularities in

the pattern formation.

This section provides additional information on the derivation of radiation cooling principles, dew point, surface wettability, and

heat transfer coefficient.

Passive radiative cooling principles
As an environmentally friendly technology, a radiative emitter can radiate thermal energy to the cold higher sky through atmospheric

transparency windows spontaneously. The net cooling power Pcool can be calculated by subtracting various heat gains from the at-

mosphere by radiation (Patm), from the Sun by radiation (Psun), and from the ambient environment through conduction and convection

(Pcond+conv), from the emitted radiative power (Prad). The fundamental equations are listed below, where A is the area,
R
dU =

2p
R p

2

0 dq sin q is the angular integration over a hemisphere, and IBBðT ; lÞ = 2hc2=l5

expðhc=lKbTÞ� 1 is the spectral radiation of a black body

with temperature T. h, Kb, c, and l are the Planck’s constant, the Boltzmann constant, speed of light and wavelength.

Radiation emitted by the cooler:

PradðTÞ = A

Z
dU cos q

Z N

l = 0

IBBðT;lÞεðl; qÞdl (Equation 3)

Radiation received from the atmosphere:

PatmðTambÞ = A

Z
dU cos q

Z N

l = 0

IBBðTamb;lÞεatmðl; qÞεðl; qÞdl (Equation 4)

Radiation received from the Sun:

Psun = A

Z N

l = 0

IAM1:5ðlÞεðl; qsunÞdl (Equation 5)

Heat flux received from the ambient through conduction and convection:

Pcond+convðT ;TambÞ = AhcðTamb � TÞ (Equation 6)

Net cooling power:

PcoolðTÞ = PradðTÞ � PatmðTambÞ � Psun � Pcond+convðT ; TambÞ (Equation 7)
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Cooling power (Pcool) and cooling temperature (Tcool) are usually the two indexes to evaluate the effectiveness of a cooler. Pcool,max

is to describe the maximum cooling power at the initial state when there is not yet cooling. Tcool is defined as Tcool = Tamb - T and its

maximum (Tcool,max) is achieved when Pcool reaches its minimum.

The atmosphere has high transmittance for thewavelength of 8–13 mm, and sometimes for 2.5–5, 16–22 mm. 8–13 mm is considered

the main atmospheric window because it matches the peak of thermal infrared emitted from the earth’s surfaces with a temperature

of about 300 K.

Temperature below the dew point
Sub-cooling is the condition where the water vapor has a temperature below its dew point temperature. As shown in Figure 4B, the

atmosphere has a lowRH in the initial state. To achieve condensation, for a given ambient vapor pressure (i.e., absolute humidity), RH

should be increased to reach the saturation condition. A cooling source is necessary for the nearby atmosphere vapor of ambient air

temperature to reduce to the corresponding required dew point temperature. As a result, one of the requirements of achieving

condensation is the maximum cooling temperature (Tcool,max) should be large enough to reach dew point temperature, i.e. Tcool,max

R Tamb-Td.p. z 20 3 (1- RH).

Surface wettability
Surfacewettability is defined as the tendency of one fluid to spread on or adhere to a solid surface in the presence of other immiscible

fluids. Surface wettability, depending on surface chemical compositions and topographic structures, is always characterized by the

contact angle, governed by Young’s equation cosq=(gsv-gsl)/glv, where q is the contact angle, and gsv, gsl, and glv are the surface

tensions between solid-vapor, solid-liquid, and liquid-vapor, respectively. A surface is classified as hydrophilic when its static con-

tact angle is less than 90�, hydrophobic when it is between 90� and 150�, and superhydrophobic when it exceeds 150�.

Heat transfer coefficient (HTC)
Heat transfer coefficient (HTC) is defined as h = Q/A/(TN-Ts), where Q is the heat transfer rate, A is the area, and TN and Ts are tem-

peratures of water vapor and condensing surface. During condensation heat transfer, the overall heat flux includes the condensation

heat flux and sensible heat flux. When the panel was operated with low sub-cooling, the condensation heat flux occupies less than

one-third of the overall cooling capacity in buildings with radiative cooling.

QUANTIFICATION AND STATISTICAL ANALYSIS

There are no quantification or statistical analyses to include in this study.
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