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A P P L I E D  S C I E N C E S  A N D  E N G I N E E R I N G

A tandem radiative/evaporative cooler for  
weather-insensitive and high-performance daytime 
passive cooling
Jinlei Li1†, Xueyang Wang1†, Dong Liang1†, Ning Xu1†, Bin Zhu1*, Wei Li2, Pengcheng Yao1, 
Yi Jiang1, Xinzhe Min1, Zhengzong Huang3, Shining Zhu1, Shanhui Fan4*, Jia Zhu1*

Radiative cooling and evaporative cooling with low carbon footprint are regarded as promising passive cooling 
strategies. However, the intrinsic limits of continuous water supply with complex systems for evaporative cooling, 
and restricted cooling power as well as the strict requirement of weather conditions for radiative cooling, hinder 
the scale of their practical applications. Here, we propose a tandem passive cooler composed of bilayer polymer 
that enables dual-functional passive cooling of radiation and evaporation. Specifically, the high reflectivity to 
sunlight and mid-infrared emissivity of this polymer film allows excellent radiative cooling performance, and its 
good atmospheric water harvesting property of underlayer ensures self-supply of water and high evaporative 
cooling power. Consequently, this tandem passive cooler overcomes the fundamental difficulties of radiative 
cooling and evaporative cooling and shows the applicability under various conditions of weather/climate. It is 
expected that this design can expand the practical application domain of passive cooling.

INTRODUCTION
The rapid global industrialization and population boom trigger 
huge demands for cooling, from buildings, vehicles, electronics, to 
human beings (1–3). It also amplifies the energy consumption and 
related environmental impacts of the traditional vapor compression 
cooling technique (1, 4, 5). Therefore, there is an urgent need for 
developing daytime passive cooling technologies, which are more 
eco-friendly. To address this need, evaporative cooling has been ex-
tensively studied and deployed (6, 7). A cooling power density of 
~320 W m−2 (at 30°C, calculated in text S1) can be achieved using 
evaporative cooling based on pure water. The key limitation of stan-
dard evaporative cooling is that it demands an external continuous 
supply of pure water, which not only adds significant complexity to 
the systems (8) but also is seriously limited because of local geo-
graphic factors and global water crisis (9).

In the past years, as an alternative technique for passive cooling, 
daytime radiative cooling has also attracted much attention (10–17). 
A variety of remarkable subambient daytime radiative cooling designs, 
such as photonic structures (11), hybrid metamaterial films (18, 19), 
cooling wood (20), and polymer structural materials (21–27), have 
been demonstrated with cooling power (at ambient temperature) 
reaching 40 to 110 W m−2 on a clear day (15, 16). However, the ra-
diative cooling power is limited to a theoretical value (~150 W m−2). 

Moreover, the practical radiative cooling performance is heavily 
dependent on the good weather/climate with a clear sky (28).

Here, we propose and demonstrate a tandem radiative/evaporative 
(TRE) cooling system that seeks to overcome these fundamental 
difficulties of evaporative and radiative cooling as outlined above. At 
nighttime, the system uses radiative cooling to assist water harvest 
from the atmosphere and to store the water in a polymer matrix. At 
the daytime, the system simultaneously performs both radiative cool-
ing and evaporative cooling under direct sunlight. Unlike conven-
tional evaporative cooling technology, our system creates its own 
water supply and realizes good cooling performance. In addition, un-
like the standard radiative cooling techniques, our system achieves far 
higher power density and, moreover, can operate effectively over a 
much wider range of atmospheric conditions. We therefore realize 
high-performing and weather-insensitive passive cooling even in the 
scenario where the traditional evaporative or radiative cooling devices 
cannot work well.

RESULTS
Design principle of the TER cooling system
To discuss our system, we first briefly review some of the basic con-
cepts and limitations of both daytime radiative cooling and evapo-
rative cooling. Daytime radiative cooling requires strong radiative 
heat dissipation to the cold outer space (3 K) through the atmo-
spheric transparency window (8 to 13 m), and strong reflection or 
backscattering of incident sunlight. The heat transfer process also 
includes incident atmospheric thermal radiation and nonradiative 
heat exchange due to convection and conduction with ambient. The 
net cooling power (PR) therefore can be expressed as

	​​ P​ R​​  =  (​P​ rad​​ − ​P​ amb​​ ) − ​P​ sun​​ − ​P​ conv+cond​​​	 (1)

in which Prad and Pamb denote radiative power from a radiative cool-
er and absorbed ambient radiation, respectively. Psun is the power of 
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absorbed sunlight. Pconv + cond is the loss of cooling power due to 
convection and conduction.

Assuming that we maximize the radiative energy out to the outer 
space and minimize the sunlight input and nonradiative heat exchange, 
the theoretically maximal cooling power (at ambient temperature) is 
limited to below 150 W m−2 (28). Meanwhile, high humidity or cloud 
can lead to the decrease in or even close of the atmospheric transparency 
window, therefore resulting in a significant increase in Pamb because 
of the increase in the atmospheric emissivity amb, and hence reduc-
tion in the cooling power PR (Fig. 1A, see text S1 for detailed analysis).

Compared with daytime radiative cooling, an evaporative cool-
ing system with pure water can achieve a higher cooling power den-
sity of ~320 W m−2 (at 30°C, calculated in text S1). However, the 
complex system designs (for example, water pump, water purifica-
tion, antifouling, and cooling tower) and high initial cost seriously 
hinder its wide applications (29). Besides, its large and continuous 
consumption of water is another concern, especially for broad 
water-stressed regions.

To overcome the limitations of both daytime radiative cooling 
and evaporative cooling, here we consider a TRE cooling system. 

The cooling power of such a tandem system can be theoretically 
calculated as follows

	​​ P​ TRE​​  =  (​P​ rad​​ − ​P​ amb​​ ) − ​P​ sun​​ − ​P​ conv+cond​​ + ​H​ ev​​ ​m​​ • ​​	 (2)

where Hev is the enthalpy of water evaporation. ​​m​​ • ​​ denotes the evap-
oration rate of water. In terms of cooling power density, such a tan-
dem system can outperform both standard daytime radiative cooling 
systems and evaporative cooling systems over a broad range of 
working temperatures (see Fig. 1B, text S1, and fig. S1 for more de-
tails). Assuming an ambient temperature of 30°C as an example, the 
cooling power of tandem cooling system can reach up to ~470 W m−2, 
as compared to that of radiative cooling (~150 W m−2) and evapora-
tive cooling (with pure water) system (~320 W m−2).

Here, it is noteworthy that there have emerged a few experimen-
tal attempts trying to integrate the advantages of evaporative and 
radiative cooling in the past year (30–32). However, so far, superior 
cooling performance than the single radiative cooling has not been 
demonstrated. To fully realize the potential of tandem evaporative/
radiative cooling systems, there are several fundamental challenges 

Fig. 1. Comparisons of traditional radiative cooling, evaporative cooling, and the TRE cooling. (A) Radiative cooling power (at 30°C) as a function of atmospheric 
emissivity. The cooling power has a theoretical limit and seriously depends on the atmospheric emissivity, which unavoidably increases with cloud cover and humidity. 
(B) Theoretical cooling power of the TRE cooling, evaporative cooling (from pure water), and radiative cooling. (C) Water absorption for sunlight and consequential 
decline in radiative cooling power (at 30°C). A thin layer of water (several millimeters) will result in a complete disappearance of hard-won radiative cooling power. 
(D) Schematic of the TRE cooling design that consists of the cellulose acetate (CA) fibrous network and poly(vinyl alcohol) (PVA)–CaCl2 hydrogel materials. The CA fibrous 
network reflects sunlight and radiates energy out. The PVA-CaCl2 hydrogel captures moisture from the ambient during the night and stores the liquefied water for day-
time evaporative cooling. Photo credit of (A): N.X., Nanjing University.
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that need to be overcome, which were largely neglected in the pre-
vious works (30–32). First of all, water, as is typically used for evap-
orative cooling, has high absorption of sunlight, especially in the 
near-infrared (NIR) wavelength (33). Such absorption compromises 
the passive cooling performance. To quantify such an effect, we did 
a calculation based on the standard AM 1.5G solar spectrum and 
refractive index distribution of water in (34). The result suggests 
that water with a thickness of only 5 mm will absorb 18.6% power of 
sunlight, which, if we assume a sunlight intensity of 1 kW m−2, 
translates to an absorbed power density of 186 W m−2 (Fig. 1C). 
Such absorbed solar power exceeds the maximum theoretical cool-
ing power of a radiative cooler at ambient temperature, severely 
diminishing the radiative cooling performance. Secondly, the tandem 
system, including evaporative cooling elements, needs to provide a 
supply of water. In recent years, there emerge some ingenious ma-
terials designs that can realize water self-supply by rain (heavily 
weather dependent) or moisture harvesting to support evaporative 
cooling (35–38), but their cooling performances still have much 
room for further improvement and should undesirably decline rap-
idly under strong sunlight as demonstrated below.

Here, we propose a tandem design based on a cellulose acetate 
(CA) fibrous network atop a poly(vinyl alcohol) (PVA)–CaCl2 hy-
drogel underlayer (Fig. 1D). The top layer of the CA fibrous network 
reflects sunlight effectively. Meanwhile, the multiple molecular 
vibration modes of CA and PVA endow this tandem design with a 
high mid-infrared emission, especially in the transparency window 
of the atmosphere. In addition, the underlayer PVA-CaCl2 hydrogel 
can spontaneously harvest moisture from ambient during the night 
due to radiative cooling of the structure in the nighttime. The har-
vested water can then be used for the purpose of evaporative cool-
ing during the daytime. The top porous CA fibrous network with 
good hydrophobicity does not affect water adsorption/desorption 
and ensures that the adsorbed water is suppressed beneath the film 
and only stored in the PVA-CaCl2 hydrogel, avoiding the intrinsic 
sunlight absorption of water. Therefore, weather-insensitive and 
high-performance passive cooling can be realized through this tandem 
design. The atmospheric water capture property of the hydrogel 
underlayer eliminates the requirement for continuous additional 
water supply as in traditional evaporative cooling, which not only 
effectively overcomes the difficulties of mismatched huge cooling 
demand and limited or even scarce water supply in many places (9) 
but also significantly broadens the sphere of application of such a 
technique (decoupling the reliance on municipal water, rainwater, or 
other surface water sources that require pump and collection device).

Material characterizations
We have applied a freeze-drying/electrostatic-spinning synthesis 
method (see details in Materials and Methods), which has shown 
potential for scaling up (39, 40), to realize the aforementioned 
tandem evaporative/radiative cooling design. Figure 2A shows the 
front (top) and side views (bottom) of the obtained tandem design. 
The snowy white color of the top CA fibrous network illustrates the 
effective scattering of visible light, which can be attributed to the 
structure of randomly stacked nanofibers with a diameter size dis-
tribution of around 0.5 to 0.85 m (Fig. 2B). As corroborated by the 
calculated scattering efficiency of the CA nanofiber as a function of 
diameter size across the solar spectrum using the Mie theory (de-
tailed in text S2), such a diameter distribution leads to effective and 
strong scattering for the wavelength range of 300 to 1000  nm 

(Fig. 2C) where sunlight has intense spectral emissive power (Fig. 2C). 
Combining with the high intrinsic emissivity of CA-PVA (details 
shown below), this design potentially enables good radiative cool-
ing performance under sunlight. Notably, the as-prepared CA fibrous 
network has good ultraviolet (UV) stability under outdoor exposure 
as shown in fig. S2, which can be further enhanced via molecular 
modification (figs. S3 and S4). Such UV stability is highly desirable 
for practical applications.

The microstructure of the PVA-CaCl2 hydrogel is presented in 
Fig. 2D. The structure features many micropores with a mean pore 
diameter of ~1 m, providing massive pathways for moisture har-
vest and water evaporation. The moisture adsorption capacities of 
the PVA-CaCl2 hydrogel reach 0.6, 2.5, 3.5, and 5.1 kg m−2 at 40, 60, 
80, and 98% relative humidity (tested at 25°C), respectively (Fig. 2E 
and fig. S5), over 12 hours (during nighttime from 9:00 p.m. to 
9:00 a.m.). It is clear that the PVA-CaCl2 hydrogel is more suitable for 
areas with a relative humidity of >60% at night but has limited 
capacity for adsorbing sufficient water to sustain the daytime evap-
orative cooling in the regions with a low relative humidity at night 
(<55%; see fig. S5). It is expected that by combining the develop-
ment of atmospheric water capturing materials (41–43), the appli-
cable humidity range and capacity of moisture adsorption of this 
TRE design (especially in the areas with a low relative humidity at 
night) can be further improved, thus providing more water to sup-
port daytime evaporative cooling. It is also crucial to evaluate the 
water evaporation of the PVA-CaCl2 hydrogel under different rela-
tive humidities. From Fig. 2F and fig. S6, we find that the mean 
evaporation rate (in a unit of kg m−2 hour−1) under a high relative 
humidity of up to 98% (at 25°C) resembles that under a relative 
humidity of 40% (only ~25% relatively smaller). The moisture ad-
sorption results clearly ensure that our TRE cooler enables a good 
evaporative cooling performance under broad ranges of relative 
humidities/climates.

Given the strong NIR absorption of water, it is crucial to make 
the CA fibrous network atop hydrophobic and vapor permeable, 
which can permit penetration of vapor from the ambient and evap-
oration from underlayer PVA-CaCl2 hydrogel. Thus, the adsorbed 
water is confined only within the PVA-CaCl2 hydrogel, which min-
imizes its absorption of sunlight. Therefore, the vapor permeability 
and hydrophobicity of the CA fibrous network play key roles for the 
TRE cooler to achieve the excellent dual-functional cooling perfor-
mance of radiation and evaporation. Figure 2G shows that the water 
desorption rate of the PVA-CaCl2 hydrogel (0.605 kg m−2 hour−1) is 
nearly uninfluenced after being covered with the CA fibrous network 
(0.599 kg m−2 hour−1; see Materials and Methods for experimental 
details), verifying that the CA fibrous network has excellent vapor/
moisture transmission, ideal for the evaporative cooling perform
ance of the TRE cooler. In addition, the large water contact angle 
(131°) of the CA fibrous network (Fig. 2G, inset) confirms its good 
hydrophobicity, which avoids vapor adsorption of the CA fibrous 
network, not affecting the radiative cooling performance of the 
TRE cooler.

As a result, the average reflectivity of the TRE cooler after mois-
ture adsorption in the sunlight wavelength (0.3 to 2.5 m) still reaches 
0.93, similar to that before moisture adsorption (0.95) (Fig. 2H, left 
axis, before the break). In contrast, the reflectivity of PVA-CaCl2 hy-
drogel decreases significantly from 0.94 to 0.78 after moisture ad-
sorption (fig. S7), because of the strong absorption of sunlight from 
water. In addition, the mid-infrared emissive spectrum in Fig. 2H 
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(right, after the break) clearly shows that the TRE cooler is highly 
emissive in the atmospheric transparent window of 8 to 13 m (0.94). 
It is mainly attributed to the multiple vibration modes of CA and 
PVA molecules of C─OH, C─O, and C─O─C (20, 24). Combining 
strong sunlight reflectivity, high mid-infrared emissivity, and good 
atmospheric water harvesting property, this TRE cooler shows its po-
tential for excellent daytime passive cooling performance.

Subambient cooling performance
To experimentally verify the passive cooling performance of the 
TRE cooler, we performed an outdoor measurement of the tem-
perature via the setups shown in Fig. 3A on both clear and cloudy 
days (Fig.  3B). Here, a radiative cooler (or a TRE cooler without 
evaporative cooling function) is set as the control group. In Fig. 3C, 
we monitored the temperature profiles of the two coolers via thermo-
couples on a clear day, with a mean sunlight intensity of ~700 W m−2 

and an averaged ambient temperature of ~35°C (the relative humidity 
during measurement is shown in fig. S8). Achieving subambient tem-
perature (TAmbient – TSample) is an important indicator to evaluate the 
cooling performance of a passive cooler. It is observed that the TRE 
cooler enables a mean subambient cooling temperature of about 10°C, 
which is 8°C colder than that of the radiative cooler (Fig. 3D).

Besides the excellent subambient cooling performance of the TRE 
cooler on a clear day, we also measured its cooling performance on a 
cloudy day. As clouds block the atmospheric window, it is very diffi-
cult for the radiative cooler to achieve a subambient cooling effect. 
As expected, it is found that the temperature of the radiative cooler is 
~3.7°C higher than that of the ambient (Fig. 3, E and F). In contrast, 
the TRE cooler still keeps ~2.7°C below ambient temperature, equiv-
alently 6.4°C below that of the radiative cooler. The results above 
clearly illustrate that our designed TRE cooler can realize weather-
insensitive subambient passive cooling performance.

Fig. 2. Characterizations of the TRE cooler. (A) Photographs of the front (top) and side (bottom) views for the TRE cooler. (B) Scanning electron microscopy (SEM) image 
of the top CA fibrous network. (C) Optical modeling reveals the reflective and scattering effects of the CA fibers. The color bar denotes scattering efficiency (scattering 
cross section divided by size). (D) SEM image of the bottom PVA-CaCl2 hydrogel. The microporous structure provides abundant moisture/vapor paths for moisture cap-
ture and water evaporation. (E and F) Moisture adsorption (at 25°C) and desorption (at 50°C) curves of the PVA-CaCl2 hydrogel over time under varied relative humidities 
(RH), respectively. (G) Water desorption curves of PVA-CaCl2 hydrogel without and with the CA fibrous network. The left right and top bottom axis scales are kept the 
same. The similar water desorption rates confirm the good moisture/vapor permeability of the CA fibrous network. Inset: Contact angle of 131° for the CA fibrous network, 
suggesting that it is hydrophobic. (H) Sunlight reflectivity (left axis, before the break) and mid-infrared emissivity (right axis, after the break) spectrums of the TRE cooler 
before and after moisture adsorption. Photo credit of (A): X.W., Nanjing University.
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We subsequently monitor the cooling power at ambient tem-
perature for both coolers, as it is another common and crucial fac-
tor to evaluate/compare the cooling performance. From Fig.  3 
(G and H), we find that the cooling power for a conventional radia-
tive cooler (the CA fibrous network, similarly hereinafter) is around 
100 W m−2, under a peak sunlight power of ~980 W m−2 and at an 
ambient temperature/relative humidity of ~35°C/33%. This value is 
consistent with the results reported in most literatures (17–25). In 
contrast, the cooling power realized by the TRE cooler (up to 200 to 
240 W m−2) is nearly twice as much as that of the radiative cooler 
and also larger than the power density from evaporative cooling 
(~100 to 140 W m−2; the power difference between TRE cooler and 
radiative cooler according to Eq. 2, hereafter the same). It should be 
noted that the relatively low cooling power enabled by the moisture 
desorption from the PVA-CaCl2 hydrogel than by evaporation of 
pure water in Fig. 1B is attributed to the stronger chemical bonding 
between CaCl2 and water molecule than that between water mole-
cules, which is also consisting with previous findings (36, 38).

Cooling performance at temperatures above ambient
For many practical applications, such as mobile communication 
stations, vehicles, and condensers of air conditioning, it is often re-
quired to cool devices with higher temperatures. Therefore, we also 
measured the cooling performances of the TRE cooler for a surface 
with a high temperature of ≥50°C. We adopt test setups that are 
similar to the one shown in Fig. 3A. What is different is that a Kapton 
heater with a temperature feedback circuit (namely, the thermostat 
in Fig. 4A) is introduced beneath the coolers to simulate a hot de-
vice with a constant heating load (temperature/power) (20, 21).

The cooling performance of the TRE cooler is also examined under 
various weather and working conditions. As shown in Fig. 4 (B and C), 
under a solar power of 725 to 1036 W m−2 on a clear day (see fig. 
S9A for ambient conditions), the TRE cooler at 50°C presents a maxi-
mum cooling power of ~700 W m−2 and a mean cooling power of 
~500 W m−2. In contrast, the cooling power from convectional radia-
tive cooling and evaporative cooling are mere ~200 and ~300 W m−2 
(corresponding to the previously reported values of stand-alone 

Fig. 3. Subambient cooling performance of the TRE cooler. (A) Sectional schematic of the experimental setup used to demonstrate the cooling performance. The 
polyethylene (PE) film, windshield, and foam are used to minimize the impact of the surroundings. The holes on PE film are designed for vapor escape. (B) Cooling perform
ances both on a clear day and a cloudy day are tested. Photographs of the clear (left) and cloudy (right) day during the performance tests. The orange lines highlight 
samples. (C to F) Cooling performance during (C and D) a clear day and (E and F) a cloudy day, respectively. (C and E) Environmental conditions (power of sunlight and 
ambient temperature) and temperature profiles of the two coolers. (D and F) Subambient cooling temperature (TAmbient – TSample) of the two coolers. The TRE cooler ex-
hibits superior cooling performances for both clear and cloudy days, compared to the radiative cooler. (G) Ambient conditions of the cooling power test in (H). (H) Com-
parison in cooling power between a TRE cooler and a conventional radiative cooler. Photo credit of (B): D.L., Nanjing University.
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evaporative cooling, summarized in table S1), respectively, both 
much smaller than those of the TRE cooling. Following the cooling 
power measurement, we monitor the temperature of the two cool-
ers on a clear day with a heating power of ~200 W m−2. As presented 
in Fig. 4 (D and E), the mean temperatures of the TRE and radiative 
coolers are ~38° and ~60°C under a solar irradiation of ~850 W m−2 
(with ambient conditions shown in fig. S9B), respectively. The cool-
ing temperature of the TRE cooler is even ~20°C below that of the 
conventional radiative cooler.

On a cloudy day, the TRE cooler also exhibits high cooling per-
formance. It is clear from Fig. 4 (F and G) that the cooling power of 
the radiative cooler at 50°C on a cloudy day with a mean sunlight 
intensity of ~500 W m−2 (the ambient conditions are shown in fig. 
S9C) is around 200 W m−2, benefiting from the weak sunlight input. 
In contrast, the TRE cooler still realizes a mean cooling power of 
~500 W m−2. It illustrates that the power of evaporative cooling 
still maintains around 300 W m−2. We also continuously measured 
the cooling temperature of the two coolers with a heating load of 
~200 W m−2 over three successive cloudy days (the sunlight power 
and relative humidity are shown in fig. S10). It is found that the TRE 
cooler consistently exhibits better cooling performance compared 
to the radiative cooler (Fig. 4H).

The cooling performance of TRE cooler on a rainy day is also 
studied. The experimental setup in Fig. 4A can be adapted conve-
niently to suit the rainy days, as shown in fig. S11. This setup 
not only protects the TRE cooler from the damage by rains but also 
enables it to perform cooling even on rainy days. It is found that the 
TRE cooler realizes ~6.5°C temperature reduction compared with 
the radiative cooler. Besides, we also compare the cooling perform
ance of the TRE cooler with a typical and traditional evaporative 
cooling method (evaporation from a wet white textile without the 
capability of moisture harvesting), and the cooling capacity of our 
TRE cooler is more than twice as large as that of the white textile 
(fig. S12). Even compared with most of the stand-alone evaporative 
cooling devices (without radiative cooling) based on atmospheric 
water harvesting reported before (table S1), our designed TRE cool-
er also shows better cooling performance. This is attributed to our 
tandem design that can collaboratively exploit the advantages of 
radiative cooling and evaporative cooling.

Cooling performance in different climates
To examine the universal applicability of our TRE cooler under var-
ious markedly different climate conditions, the cooling perform
ances of the TRE and radiative coolers are measured at three different 

Fig. 4. Cooling performance of the TRE cooler for objects with above-ambient temperature. (A) Schematic of the test setup. The thermostat is used to simulate a hot 
device with a specified heating temperature or power. (B) Power of incident sunlight and (C) cooling power of the TRE and radiative coolers at 50°C on a clear day. The 
cooling power of the TRE cooler is more than twice as much as that of the radiative cooler. (D) Power of incident sunlight and (E) temperature profiles of the TRE and ra-
diative cooler with a heating load of ~200 W m−2 on a clear day. The temperature of the TRE cooler is >15°C lower than that of the radiative cooler. (F) Power of incident 
sunlight and (G) cooling power of the TRE and radiative coolers at 50°C on a cloudy day. (H) Long-term temperature profiles of the TRE and radiative coolers with a heat-
ing load of ~200 W m−2 on a cloudy day. Blue and gray shaded areas denote cloudy daytime and nighttime, respectively. The TRE cooler performs much better cooling 
and has excellent cooling stability.
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locations over thousands of kilometers apart (see fig. S13) in typical 
arid, subhumid, and humid climates (Fig. 5, A to C). According to 
the maps of the climate zone of China and global average yearly 
humidity, these three climate zones represent the typical global hu-
midity conditions and covers over 70% of the land area on Earth. It 
is found that the cooling power (Fig.  5,  D  to  F, top) of the TRE 
cooler is ~100 W m−2 larger than that of the radiative cooler and is 
~150 W m−2 larger than that from evaporative cooling, for all cli-
mate types. Our temperature tests (Fig. 5, D to F, bottom) show that 
the TRE cooler is more than 7°C lower than that of the radiative 
cooler [the ambient conditions during measurements are presented 
in Fig.  5  (A  to  C) in white font and detailed in figs. S14 to S16]. 
These results consistently suggest that our TRE cooler shows broad 
applicability under very different climate conditions.

We also present a daylong working of the TRE cooler in the sub-
humid climate (Fig. 5G). It harvests moisture from 6:00 p.m. to next 
10:00 a.m. and performs cooling from 10:00 a.m. to 6:00 p.m. The 

results show that the PVA-CaCl2 hydrogel adsorbs ~1.28 kg m−2 of 
water, adequately supporting that the TRE cooler continually per-
forms high cooling performance (Fig. 5G and fig. S17 for compari-
sons in cooling power). Our limited cycling tests in figs. S18 and S19 
also prove that such higher cooling performance enabled by the TRE 
cooler is stable. In the future, we can borrow the design principle of 
hydrogels in chemical science [see, e.g., (44, 45)] to system study 
and/or improve the durability of our device to make it robust enough 
in practical applications.

DISCUSSION
In summary, we demonstrate a tandem passive cooler composed of 
bilayer polymer materials, simultaneously realizing dual-functional 
passive cooling of radiation and evaporation. It overcomes the fun-
damental difficulties of standard evaporative cooling that requires 
continuous water supply and conventional radiative cooling that 

Fig. 5. Cooling performances in different climates. (A to C) Photographs show the measurements of cooling performances in the (A) arid, (B) subhumid, and (C) humid 
climates, respectively. The ambient conditions during the cooling performance tests are written in white font. TAmb and RH represent ambient temperature and relative 
humidity, respectively (hereinafter inclusive). Scale bars, 20 cm. (D to F) According cooling power (top) and temperature under a thermal load (bottom) in the (D) arid, 
(E) subhumid, and (F) humid climates, respectively. In all the typical climate types on Earth, the TRE cooler realizes much better cooling performance compared with the 
radiative cooler. (G) Daylong working of the TRE cooler in the subhumid climate. The TRE cooler harvests moisture from 6:00 p.m. to next 10:00 a.m. and performs cooling 
from 10:00 a.m. to 6:00 p.m. The PVA-CaCl2 hydrogel captures 1.28 kg m−2 of water. The temperatures of the two coolers under a thermal load of ~200 W m−2 show that 
the TRE cooler enables continuously better cooling than the conventional radiative cooler throughout the entire period. Photo credit of (A) to (C): J.L. and X.W., Nanjing 
University.
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has limited power density and specific weather/climate requirements. 
The TRE cooler also outperforms most stand-alone evaporative 
cooling devices that are designed to harvest atmospheric water to 
enable self-supply of water in cooling performance and more than 
doubles the cooling power compared with conventional radiative 
cooling. Moreover, such a TRE cooler can be versatilely applied 
over broad scenarios with different weather conditions, climates, 
and working temperatures. Our calculation shows that there still 
exists vast potential in improving its cooling performance (fig. S20 
and text S1). With more elaborate material and system designs in 
the future, we expect that this TRE design holds great promise for a 
broad range of applications, including building, outdoor electronic 
devices, vehicles, power plants, air conditioning, and so on.

MATERIALS AND METHODS
Preparation of the TRE cooler
The CA fibrous network was fabricated via electrospinning. Ace-
tone and dimethyl formamide were mixed by a volume ratio of 1:4. 
Then, 17 weight % (wt %) of CA powder was dissolved in the mix-
ture to form a clear solution. The electrospinning was done with a 
tip-to-collector distance of 15 cm, a voltage difference of ~18 kV, 
and a mass flow rate of 0.4 ml hour−1. The PVA-CaCl2 hydrogel was 
prepared by successive processes of gelation, freeze-drying, and 
loading moisture absorbent. First, PVA was dissolved in deionized 
(DI) water with a mass ratio of 1:9 at 98°C. Then, alumina nanopar-
ticles (20 wt % of PVA) were added to the dispersion to increase the 
mechanical strength of the final hydrogel. Subsequently, glutaralde-
hyde (1.4% volume of DI water, 50 wt %) and HCl (0.6% volume of 
DI water, 1.2 M) were added to the solution as an initiator and 
cross-linking agent, respectively. The PVA gel was frozen at −45°C 
and then thawed in DI water at a temperature of 25°C. The freezing-
thawing process was repeated three times. The PVA hydrogel was 
then freeze-dried at −45°C. Last, the as-prepared PVA hydrogel was 
immersed in a CaCl2 aqueous solution (50 wt %) to load the hydro-
gel with moisture absorbent of CaCl2. The as-prepared CA fibrous 
network and PVA-CaCl2 hydrogel were assembled together to form 
the TRE cooler.

Material characterizations of the TRE cooler
The microimages of the CA fibrous network and the PVA-CaCl2 
hydrogel were captured by scanning electron microscopy (SEM; 
MIRA3, TESCAN). The test of moisture adsorption/desorption of 
the PVA-CaCl2 hydrogel was carried out in a constant temperature 
and humidity chamber (THP-50, ZHIHE). We refer to the previous 
work (26) to monitor the water desorption curves of the PVA-CaCl2 
hydrogel without and with the CA fibrous network, therefore eval-
uating the moisture/vapor permeability for the CA fibrous network. 
Figure S21 shows a schematic of the test device. The PVA-CaCl2 
hydrogel with/without the CA fibrous network was placed on a 
Kapton heater with a temperature setpoint of ~50°C (realized by 
a temperature feedback circuit). The environment condition was 
controlled to have a temperature of ~25°C and a relative humidity 
of ~70% via the constant temperature and humidity chamber. The 
reduced mass of the PVA-CaCl2 hydrogel with/without the CA fi-
brous network was measured periodically (with a time interval of 
~10 min) and was divided by the area (5 × 5 cm2) of the PVA-CaCl2 
hydrogel to obtain the desorption curves. A UV-visible NIR spec-
trophotometer (UV-360, SHIMADZU) equipped with an integrating 

sphere (ISR-310) was used to measure the sunlight reflectivity spec-
trum of samples. The mid-infrared emissivity spectrum was mea-
sured with a Fourier transform infrared spectrophotometer (Nicolet 
iS50R, Thermo Fisher Scientific) equipped with an integrating sphere 
(4P-GPS-020-SL, Pike).

Cooling performance test
The heating load, a constant temperature or power, was applied by 
a Kapton heater with a temperature feedback circuit. The cooling 
temperature was monitored by K-type thermocouples. The heating 
loads for the temperature tests in the arid, subhumid, and humid 
climates are controlled to be ~130, ~200, and ~200 W m−2, respec-
tively. The cooling power was obtained by monitoring the heating 
power of the Kapton heater by a power meter (66205, Chroma), a 
mature method repeatedly used in literatures (18, 20, 21). The sun-
light power was measured by a solar radiation meter (TBQ) or a 
portable solar power meter (1333R, TES). The thermocouples used 
for testing the ambient temperature were placed beneath the poly-
ethylene film. The ambient relative humidity was monitored by a 
temperature and humidity recorder in a shelter (Tuolaisi Co. Ltd.) 
or a portable device (COS-03-5, Shandong Renke Control Technol-
ogy Co. Ltd.). The test sites of cooling power for Figs.  3H and 5E, 
Figs. 4, (C and G) and 5F, and Fig. 5D are western Guanzhong Plain 
(in Shaanxi Province, China), Nanjing (in Jiangsu Province, China), 
and Ulan Buh Desert (in Inner Mongolia, China), respectively. The 
TRE cooler underwent a whole night of moisture adsorption before 
performing the daytime cooling. The relative humidities of the am-
bient during moisture adsorption are ~98% for Figs. 3 and 4 and are 
shown in figs. S14 to 16 for Fig. 5.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq0411
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