Accelerating vapor condensation with daytime radiative
cooling
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Evolution has produced many ingenious surviving techniques for animals living in extreme
arid environment. One of them is to produce water from thin air. Darkling beetles in the
Namib desert collect water droplets and generate dew from the moisture-rich breeze blown
in from the Atlantic. The key to dew generation is the color of beetle body, which sheds
thermal energy efficiently and functions as a cooling source for water condensation. However,
this fascinating water-generation technique only works around dawn before the sun gets its
full strength, after which the black surface quickly heats up by sunlight absorption and
becomes an evaporator instead of a condenser. Inspired by Namib beetles, we develop passive
radiative condensers that take zero energy input and create dew water at the room
temperature. To overcome the challenge faced by beetles, we designed the thermal radiators
to reflect solar radiation while efficiently dissipating heat through radiation so that water
can be efficiently condensed under sunlight.

Introduction
Energy and clean water are global challenges that are intertwined in a rather unfavorable way:
even in areas where water is available, energy may not be available to clean water for human use(1,
2). Decoupling the energy and water can bring substantial benefits to billions of people living in
areas where the lack of energy limits the access to clean water(3). In this context, there has been
strong interest in developing passive clean water technology that does not actively consume energy.
Solar clean water technology is particularly promising because solar energy is abundant and widely
accessible. The solar still, which uses sunlight to evaporate and purify water, has a long history(4–
6). Recently, advances in nanoscale engineering has substantially improved its effectiveness (7).
Much progress has been made to reduce the cost of solar absorber(8) and to improve the
evaporation efficiency (9, 10). Related to solar still, sunlight has been used to harvest atmospheric
vapor by evaporating vapor collected in a porous metal-organic framework(11).
These solar water purification technologies involve two energy sources: a heating source for
evaporation and a cooling source for condensation. Most recent works have focused on using
sunlight as efficient heating sources(7–10), where the one-sun evaporation efficiency is already
approaching the theoretical limit of ~ 1.6 L m-2 hour-1(12). On the other hand, the equally important
condensation efficiency has been mostly neglected. Most previous research in condensation has
focused on surface hydrophilicity(13), which does not address the fundamental issue of cooling.
As we will show, passive cooling sources including convection and conduction could not prove
sufficient cooling power. Its power is lower than the heating power of sunlight. The difference
results in mismatched evaporation and condensation rates, which consequently pins the water
production rate to a rate much less than the theoretical limit(6).
Here we exploit the universe as the free coldness reservoir for water condensation. We access the
coldness of the universe via radiative energy exchange(14) made possible by the atmospherictransparency window in mid-infrared spectral range from 8 to13 µm. This cooling source is used
by beetles to condense water from air at nighttime(15). Recently, Fan et. al showed that subambient cooling can be realized even during the daytime(16). Building upon these work, we show
a daytime radiative condenser. Compared to traditional passive condensers, it offers the following
key advantages: first, the daytime radiative condenser provides effective condensation for vapor
at ambient temperature when conduction and convection fail to condense water. Secondly,
compared to traditional radiative condensers(13, 17, 18) our condenser can function even in the
presence of sunlight, which is essential to be used in solar still systems that mainly operate during
daytime. Lastly, when used for solar still, it provides substantial cooling power that can more than
double the condensation rate. The resulting condensation rate can match the evaporation rate to
realize efficient phase-change water cleaning/production systems.

Results
Water vapor condenses when its temperature drops below the dew point. For the case of Namib
beetles(15), the vapor in air is at ambient temperature, and the dew point is slightly lower than the
ambient temperature. The cooling can only be provided by thermal radiation because the
conduction and convection would work against cooling below ambient temperature. The black

body of the beetles emits infrared radiation strongly around the atmospheric-transparency window
(8-13 µm). In this spectral region, the atmosphere is transparent and does not emit back to the
beetle. Only radiation from the universe emits back to the beetle, but it carries very little thermal
energy because of its low temperature of 3 K. Consequently, the Namib beetle can passively
dissipate heat through the atmospheric-transparency window to the universe, cooling down itself
below the dew point. This cooling mechanism has been commercialized to build radiative dew
water condensers, which can produce water at rates(17, 18) of 0.03~0.06 L m-2 hour-1 when
assuming 10 hours of working time at night.
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Figure 1. Pictures of (a) darkling beetle and (b) our artificial beetle. Both were placed under direct sunlight, with 90%
~95% humidity air blowing towards them at the same speed. The darkling beetle does not condense vapor due to its
absorption of sunlight. In contrast, our artificial beetle reflects most of the sunlight as indicated by its shining surface.
It condenses water vapor during daytime and generates dew water. (c) Thermal radiation channels and emissivity
spectra of blackbody (black), sub-ambient radiative emitter (blue) considered in Ref [14] and radiative condenser (red).
The spectrum of environment radiation is divided into four channels - the solar channel (0.3~4 µm), the universe
channel (8~13 µm) and the atmospheric channels (4~8 µm and >13 µm). The dot (cross) indicates that the emitter has
the corresponding channel open (close) for heat exchange. The heating and cooling power density of the emitters are
plotted as orange and blue bars, respectively. The blackbody has all channels open and receives more heat than it can
radiate under sunlight. The sub-ambient radiative emitter has only the universe channel open. It receives lowest heat
but also radiates much least amount of heat. The radiative condenser only closes the solar channel and radiates much
more heat than it receives. (d) Condensation power of the emitters operating at different temperatures. The ambient

temperature is fixed at 20 oC. The blackbody (black) has zero condensation power. The radiative condenser (red) has
much more condensation power than the sub-ambient radiative emitter (blue).

Both the Namib beetle and commercial dew condensers only work before sun is at full strength.
As the sun rises, the heat absorbed due to sunlight radiation(12) reaches 1000 W m-2, much stronger
than the radiative cooling power. As a result, no cooling can be achieved at daytime. By spectrally
engineering the absorptivity, one can block the absorption of sunlight in the visible and near-IR
regions while maintaining excellent thermal radiation in the mid-IR regions(16, 19). By preventing
solar absorption, such a condenser can be made to work during both the day and night. Figure 1
shows two artificial beetles under direct sunlight. The black one mimics the natural black beetle
than condenses vapor around dawn. The other one (Fig. 1b) reflects most of the sunlight but emits
efficiently outside the solar spectrum. When vapor at ambient temperature flows through both
“beetles” during daytime, the black beetle does not condense water vapor due to its absorption of
sunlight. In contrast, visible water droplets can be seen on our daytime condensing beetle.
Now we explain the design principle of the radiative condenser. The key is to spectrally engineer
radiative surface to enable or disable specific heat exchange channels with the environment. The
spectrum of the environment radiation can be divided into four segments as shown in Fig. 1c. In
the wavelength range 0.3 to 4 µm, the incoming radiation is dominated by the solar radiation. The
incoming heat power flux in this channel is around 1000 Wm-2. From 4 to 8 µm, it is dominated
by atmospheric radiation. For an ambient temperature of 20 oC, its power is 50 Wm-2. From 8~13
µm, the only incoming radiation is from the universe under clear sky, which is about 40 W m-2.
Beyond 13 µm, incoming radiation is again dominated by atmospheric radiation, carrying a power
of 130 W m-2. The radiation power flux in these channels are calculated as 𝑞𝑞 =
𝜆𝜆
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∫ 𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∫𝜆𝜆 𝑑𝑑𝑑𝑑 𝐼𝐼𝐵𝐵𝐵𝐵 ( 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 , 𝜆𝜆)𝜖𝜖𝑎𝑎𝑎𝑎𝑎𝑎 (𝜆𝜆, 𝜃𝜃) , where 𝐼𝐼𝐵𝐵𝐵𝐵 ( 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 , 𝜆𝜆) is the spectral irradiance of a
1

blackbody at ambient temperature 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 . The angle dependent emissivity of atmosphere is given
by(20) 𝜖𝜖𝑎𝑎𝑎𝑎𝑎𝑎 (𝜆𝜆, 𝜃𝜃) = 1 − 𝑡𝑡(𝜆𝜆)1/ cos 𝜃𝜃 , where 𝑡𝑡(λ) is the atmospheric transmittance in the zenith
direction(21).

A blackbody has all four channels open for heat exchange as shown in Fig. 1c. Because of the
strong solar radiation, it receives more radiative heat than it can radiate. A blackbody has no
cooling power, even for vapor at 100 oC (Fig. 1d). Daytime sub-ambient radiative emitter as
considered in (16, 19) is realized by closing all channels except for the universe. The radiation
heat received is substantially reduced, to as low as 40 W m-2, allowing cooling well below ambient
temperature(22). However, as it closes most of the radiative channels, the amount of the heat it can
radiate is also reduced. This design is sub-optimal for a radiative condenser. Our radiative
condensers only close the solar channel and leave the atmospheric channels completely open as
shown in Fig. 1c. This design is undesirable for sub-ambient cooling(23). However, the vapor
created by in most water application is at or above the ambient when an open atmospheric channel
can substantially contribute to cooling. As shown in Fig. 1d, radiative condensers (red line) more
than double the cooling power when compared to sub-ambient radiative emitters (red line) at most
vapor temperatures of practical relevance.

(a)

(c)

Convective condenser

Tamb=20 oC
Convection

Dashed: hc=3 Wm-2k-1
Solid: hc=10 Wm-2k-1

ive

r

se

en

d
on

c

t
dia

(b)

Ra

Radiative condenser
Radiation
Convection

Figure 2. (a) and (b) Schematic of convective passive condenser (a) and radiative passive condenser (b). The
convective condenser dissipates heat through only convection, and the radiative condenser dissipates heat through
both convection and radiation. (c) Theoretically calculated condensation rates of connective (black) and radiative
condenser (red). The ambient temperature is fixed at 20 oC and the relative humidity of input air flow is fixed at 100%.

Next, we discuss the application of daytime radiative condenser in solar still systems. We
developed a theoretical model to calculate the steady-state condensation rates. The details of the
theoretical model are available in Section 1 of Supplementary Materials.
Water vapor created by sunlight absorption can condense through natural convection (Fig. 2a)
because the vapor temperature 𝑇𝑇𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 is often above the ambient temperature 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 . The cooling
power can be calculated as 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≅ ℎ𝑐𝑐 (𝑇𝑇𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 ), where ℎ𝑐𝑐 is the convective heat transfer
coefficient. ℎ𝑐𝑐 depends on the wind speed at the surface of the condenser, which usually ranges
from 3 to 10 Wm−2 K −1 for wind speed from 0 to 10 mph without considering surface
friction(24). The condensation rate can be calculated from the cooling power as 𝑊𝑊𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 =
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 /∆𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 , where ∆𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 2.26 × 106 𝐽𝐽 𝑘𝑘𝑘𝑘−1 is the latent heat from vapor to liquid. Even in
the situation most favorable for convection cooling, e.g. vapor at 100 oC temperature and with a
wind speed of 10 mph (black solid curve in Fig. 2b), the condensation rate is only 1.3 L m-2 hour1
. This rate is below the limit of one-sun vapor generation rate(12) of 1.6 L m-2 hour-1. The situation
became much worse when there is no wind (black dashed curve in Fig. 2b). In most practical
situation, the vapor temperature is well below 100 oC. For instance, the temperature of water vapor
in the solar still in Ref. [8]., which was demonstrated to have the highest solar-to-thermal efficiency,
is only 40 oC. At such low temperature, the theoretical upper bounds of the condensation rates of
convective condenser are less than 0.1 𝐿𝐿 𝑚𝑚−2 ℎ𝑜𝑜𝑜𝑜𝑟𝑟 −1. Such low condensation rate becomes the
bottleneck of water production in solar-based water technologies. Daytime radiative condenser can
effectively improve the condensation rate across all temperature range. Even at low temperature,
e.g. 40 oC., the condensation rates without wind are enhanced by more than 4 times, to 0.44
𝐿𝐿 𝑚𝑚−2 ℎ𝑜𝑜𝑜𝑜𝑟𝑟 −1. At high temperatures, e.g. 100 oC, the condensation rate almost doubles, reaching
2.5 L m-2 hour-1, well above the limit of solar evaporation rate. Such high condensation rate will
help to increase vapor-pressure gradient inside a solar still, facilitating the evaporation process.

We now describe the experimental realization of radiative condensers. Figure 3a shows the
schematic of the radiator designed to approach the near-ideal condenser spectrum (black dashed
line). It consists of layers of polydimethylsiloxane (PDMS) and silver (Ag) and an aluminum (Al)
substrate, with thickness of 100 µm, 150 nm and 1 mm, respectively. The radiation mainly arises
from the PDMS layer, which has a near-unity emissivity for wavelengths longer than 4.5 µm due
to Si–O and Si–C bond vibrations(25). PDMS is transparent to sunlight, which can be reflected by
the underneath Ag layer. The Al substrate is chosen because of its high thermal conductivity. The
width and length of the condensation region are 25 cm and 20 cm, respectively. The emissivity of
the structure is characterized using Fourier transform infrared spectroscopy and the measured
emissivity spectrum is shown in Fig. 3a. Our daytime radiative condenser reflects almost 96% of
the solar radiation (0.3~4 µm) and emits efficiently in mid-IR region (>4 µm). We then place the
radiator inside an insulating box made from polystyrene as shown in Fig. 3b. The external surface
of the insulating box is covered with aluminized foil tape to prevent solar heating. A low-density
polystyrene film covers the opening of the insulating box to reduce convective heat losses.
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Figure 3. Experimental design of daytime radiative condenser. (a) Schematic of the daytime radiative emitter and
measured emissivity spectrum. The emitter consists of a 100 µm thick layer of PDMS, a 150 nm thick layer of silver
and a 1 mm thick aluminum plate. (b) Experimental setup of the daytime radiative condenser. The emitter is placed
inside an insulating polystyrene box. The opening of the insulating box is covered by a thin polyethylene film and the
external surface of the box is covered by aluminized foil tape. (c) Daytime cooling power under direct sunlight. The
temperature of the condenser is about 8 oC lower than the ambient temperature throughout the day.

To characterize the cooling power of our radiative condenser under direct sunlight, we placed it
on a roof facing the sky. The temperature of the condenser is measured by attaching a
thermocouple at center of the backside of the condenser with conductive tape. The temperature of
the ambient air is measured by placing a thermocouple inside a weather shield to avoid sunlight
and wind. The measurement was performed on a sunny day with clear sky from 07:00 to 19:00.
Figure 3c shows the temperature of the condenser (red curve) and the ambient air (black curve),
as well as the calculated cooling power (blue curve). The temperature of the condenser is about 8
o
C lower than the ambient temperature throughout the day, which is similar to that of existing subambient radiative emitters(16, 19).
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Figure 4. (a) Left: front-side pictures of condensers used for measurement. A blackbody and commercial condenser
are used for comparison. Right: Outdoor experimental setup. The condensers are placed on top floor of a parking ramp
under direct sunlight. (b) Real-time condensation rates of our daytime radiative condenser (red line), commercial

radiative condenser (blue line) and blackbody radiative condenser (black line). The measurement was performed from
March 10th to 11th. Here for simplicity, we only plot data recorded during daytime on March 10th. The blackbody had
zero condensation rate due to absorption of sunlight. The commercial condenser initially had non-zero condensation
rate in the morning as absorbs less sunlight, but eventually stropped to work around noon, i.e. condensation rate
dropped to zero. Our daytime condenser always had non-zero condensation rate during the daytime. (c) Pictures of
the condensing surface for each condenser at noon, March 11th. Visible water droplets can only be seen on our daytime
radiative condenser. (d) Daily water productions measured at two different days. The picture on the right shows a
visual comparison between the amount of water produced by our device and the commercial nighttime condenser.

Next, we show day-time condensation for vapor at ambient temperature. At this temperature,
traditional passive cooling mechanisms such as conduction and convection are completely
ineffective.
Two additional condensers were used for comparison: one blackbody emitter and one commercial
nighttime radiative condenser(26) as shown in Fig. 4a. The blackbody emitter made of graphite is
coated an Al plate with the same dimensions with our radiative condenser. The commercial
condenser consists a white low-density polyethylene foil, with 5% volume of TiO2 nanoparticles
(diameter 0.19 µm) and 5% volume of BaSO4 nanoparticles (diameter 0.8 µm). This material is a
standard material for nighttime radiative condensation recommended by the International
Organization for Dew Utilization(13, 27). As we will show below, it does not condense roomtemperature vapor under sunlight. We also attached the commercial condenser to an Al plate with
the same dimensions with our radiative condenser. In addition to those condensers, a reference
device consists of a plain Al plate was used to measure the ambient temperature and humidity of
the input air flow.
All condensers were then placed on a roof facing the sky. Humified air with a relative humidity of
90%~95% was pumped into all condensers at a constant rate of 𝑉𝑉𝑖𝑖𝑖𝑖 = 0.9 𝑚𝑚3 ℎ𝑜𝑜𝑜𝑜𝑜𝑜 −1 . The vapor
is filtered through water trap to ensure no water droplet is contained in the vapor entering the
cooling chamber. We then performed day-to-night measurements in March of 2018. The
temperature 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 and relative humidity 𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜 of the output air flow were measured by directly
attaching a temperature and relative humidity probe at the output outlet. The amount of water
contained in the output air flow then was directly obtained as 𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜 𝑃𝑃(𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 )𝑉𝑉𝑖𝑖𝑖𝑖 𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 /𝑅𝑅,
where 𝑃𝑃(𝑇𝑇) is the vapor pressure at temperature 𝑇𝑇, 𝑅𝑅 is the ideal gas constant and 𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 is the
molar mass of water. The vapor pressure 𝑃𝑃(𝑇𝑇) was calculated using Buck equation(28). The
condensation rate then was obtained as 𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = (𝑚𝑚𝑖𝑖𝑖𝑖 − 𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜 )/Acond , where 𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the
amount of water contained in the input air flow and 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the area of the condensers. The overall
water production of the condensers was further obtained by measuring the weight change of the
condensers.
Figure 4b shows a typical measurement during daytime. The blackbody absorbs almost all the
sunlight and does not condense vapor as indicated by its zero-condensation rate (black curve). The
commercial condenser absorbs less sunlight. It condensed vapor in the morning when sunlight was
weak. As sunlight got its full strength around noon, the condensation rate of the commercial
condenser (blue curve) also dropped to zero. In contrast, our daytime condenser continued to
condense water vapor even at noon. Figure 4c shows pictures of the back surface of the condensers
before sunset. The vapor flows below the condensing surface. Water droplets can be seen on the

back surface of our daytime radiative condenser. The water production over day-to-night periods
further confirms the daytime condensation of our daytime condenser. As shown in Fig. 4d, the
water production of our daytime radiative condenser is almost twice that of the commercial
condenser. On the other hand, the water production of the blackbody condenser was almost zero
because the water condenses at night is evaporated during daytime.
A radiative condenser can also be designed to be transparent to solar radiation. Such a radiative
condenser provides similar condensation performance and can be directly integrated with existing
solar stills. An example of transparent radiative condenser is given in Section 2 of Supplementary
Materials.
In conclusion, we show that daytime radiative condenser can significantly accelerate the
condensation of vapor. We experimentally demonstrated water condensation of ambienttemperature vapor under sunlight. Such effective water condensation cannot be realized by either
conventional radiative condensers, or natural convention condensers. By extending the operation
to daytime, the radiative condenser could be very useful for solar-based clean-water technologies.
In these passive system, the cooling power is generally lower than the solar heating power, creating
the imbalance of evaporation and condensation rates. The imbalance consequently decreases the
overall water production rate. Daytime radiative condensers provide much-needed passive cooling
source to effective remove the imbalance, paving the way to highly efficient solar still systems.
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Supplementary Materials
Section 1. Steady-state model of passive condensation systems
We developed a steady-state model to calculate the condensation rate of passive condensation
systems. Below we will describe it in detail.
As we discussed in the manuscript, the major cooling sources in passive condensers that operate
without additional energy input are convection and radiation. The convective cooling flux 𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
and radiative cooling flux 𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟 are given by
𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) = ℎ𝑐𝑐 (𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 )

𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟 (𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) = � 𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 �

+∞

0

𝑑𝑑𝑑𝑑 𝐼𝐼𝐵𝐵𝐵𝐵 (𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 , 𝜆𝜆)𝜖𝜖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝜆𝜆, 𝜃𝜃)

(1)
(2)

Here ℎ𝑐𝑐 is the convective heat transfer coefficient, 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 are the temperature of the
condenser and the surrounding environment, respectively. 𝐼𝐼𝐵𝐵𝐵𝐵 (𝑇𝑇, 𝜆𝜆) is the spectral intensity of a
blackbody at temperature T. 𝜖𝜖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝜆𝜆, 𝜃𝜃) is the spectral emissivity of the condenser.
The major heating sources are the solar radiation and atmospheric radiation, whose heating flux
are given by
𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = � 𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 �

𝑞𝑞𝑎𝑎𝑎𝑎𝑎𝑎 = � 𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 �

+∞

0

+∞

0

𝑑𝑑𝑑𝑑 𝐼𝐼𝐴𝐴𝐴𝐴1.5 ( 𝜆𝜆)𝜖𝜖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝜆𝜆, 𝜃𝜃)

𝑑𝑑𝑑𝑑 𝐼𝐼𝐵𝐵𝐵𝐵 ( 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 , 𝜆𝜆)𝜖𝜖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝜆𝜆, 𝜃𝜃)𝜖𝜖𝑎𝑎𝑎𝑎𝑎𝑎 (𝜆𝜆, 𝜃𝜃)

(3)
(4)

Here 𝐼𝐼𝐴𝐴𝐴𝐴1.5 ( 𝜆𝜆) are the AM1.5 solar spectral irradiance. We assume the atmosphere is at ambient
temperature throughout our calculation. The angle dependent emissivity of atmosphere is given by(1)
𝜖𝜖𝑎𝑎𝑎𝑎𝑎𝑎 (𝜆𝜆, 𝜃𝜃) = 1 − 𝑡𝑡(𝜆𝜆)1/ cos 𝜃𝜃 , where 𝑡𝑡(λ) is the atmospheric transmittance in the zenith
direction(2).
As humidified air with a temperature of 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and a humidity of 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 flows through the
condenser, it’s cooled down and the vapor pressure drops. Condensation occurs when the vapor
pressure reaches the saturation vapor pressure. We approximated the saturation vapor pressure
𝑃𝑃(𝑇𝑇) at temperature T using the Buck equation(3)
𝑃𝑃(𝑇𝑇) = 611.21 exp ��18.678 −

𝑇𝑇 − 273.15 𝑇𝑇 − 273.15
��
��
234.5
𝑇𝑇 − 16.01

(5)

The amount of heat flux required for condensation of vapor and cooling down the input air flow
are the given by

𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑃𝑃(𝑇𝑇𝑖𝑖𝑖𝑖 ) 𝑃𝑃(𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 )
𝑞𝑞𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) = 𝑢𝑢∆𝑣𝑣𝑣𝑣𝑣𝑣 �
−
�
𝑅𝑅𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑅𝑅𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑞𝑞𝑎𝑎𝑎𝑎𝑎𝑎 (𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) = 𝐶𝐶𝑉𝑉,𝑎𝑎𝑎𝑎𝑎𝑎 𝑢𝑢(𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑇𝑇𝑖𝑖𝑖𝑖 )

(6)

(7)

where 𝑢𝑢 is the speed of the input air flow at the air-condenser interface and R is the ideal gas
constant. The latent heat from vapor to liquid water is given by ∆𝑣𝑣𝑣𝑣𝑣𝑣 = 40.63 kJ/mol and 𝐶𝐶𝑉𝑉,𝑎𝑎𝑎𝑎𝑎𝑎 is
the specific heat capacity of air at constant volume.
At steady state, the whole system reaches thermal equilibrium, which satisfies
𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) + 𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟 (𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) − 𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑞𝑞𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑞𝑞𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) + 𝑞𝑞𝑎𝑎𝑎𝑎𝑎𝑎 (𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 )

(8)

By solving Eq. 8, we obtain the working temperature of the condenser 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 , which depends on
the input humidity 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 and air flow rate 𝑢𝑢. The condensation rate of the condenser then can
be calculated as
𝑊𝑊𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 =

where 𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 is the molar mass of water.

𝑞𝑞𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝑀𝑀
∆𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

(9)

To validate our theoretical model, we predict the condensation rate of our condenser based on
measured 𝑇𝑇𝑖𝑖𝑖𝑖 , 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 and 𝐻𝐻𝑖𝑖𝑖𝑖 , and compare it to the measurement. The measurement was
performed from March 10th to 11th. The input air flow rate 𝑢𝑢 = 0.025 𝑚𝑚/𝑠𝑠. The convective heat
transfer coefficient ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is taken to be 6 𝑊𝑊𝑚𝑚−2 𝐾𝐾 −1 . The results are plotted in Fig. S1. The
predicted condensates (red curve) fits the measurement (black curve) very well. Here for simplicity,
we consider nighttime condensation where the solar radiation is completely suppressed, i.e.
𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 0.

Figure S1. The theoretically predicated condensation rates (red) fits the experimental measurements (black) very well.

Section 2. Transparent daytime radiative condenser
Here we propose a simple design of transparent daytime radiative condenser that can be readily
implemented in existing solar stills. As shown in Fig. S2a, the transparent radiative condenser
consists of a thin layer of PDMS on top of glass, with a thickness of 100 µm. Figure S2b shows
the transmission (red curve) and emissivity (black curve) spectra of the PDMS-glass condenser. It
barely affects the solar evaporation rates as more than 93% of solar radiation can pass through it.
More importantly, it still emits efficiently with a near-unity emissivity in the mid-IR region. As a
result, it has similar radiative condensing performance as the daytime radiative condenser
described in Fig. 4 in the manuscript.

(b)

(a)

Transmission
PDMS (100 μm)

Emissivity

Glass

Water
Solar absorber
Figure S2. Transparent radiative condenser. (a) The transparent condenser can be readily implemented in existing
solar stills. It consists of a layer of PDMS with a thickness of 100 µm, on top of a glass substrate. (b) Transmission
(red) and emissivity (black) spectra.
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