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ABSTRACT OF THE DISSERTATION

Controlling Thermal Emission: Fundamental Mechanisms and

Applications to Water and Energy Technologies

by

Xin Huang
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2023

Professor Aaswath P. Raman, Chair

Thermal radiation provides radiative access to all heat sources, with the sun representing
the most important renewable energy resource and the universe representing the ultimate heat sink.
Thermal radiation could have many applications such as solar energy harvesting and radiative
cooling. In our quest to utilize various thermodynamic resources including both heat sources and
heat sinks, the ability to control thermal radiation plays a fundamentally important role. Here, we
will take advantage of the emerging tools at the intersection of photonic materials and
metamaterials, thermal science and energy applications, namely coupled-mode theory to tailor the
thermal radiation behaviors from multiple arbitrary numbers of resonators, radiative cooling for

freezing desalination and radiative cooling atmosphere water harvesting.
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Chapter 1: Introduction

Broad spectrum electromagnetic waves interact with the materials around us every
day. All matter with an absolute temperature above zero emits thermal radiation, ranging from the
cold universe at a temperature of 3 K to the sun at 6000 K. Therefore, thermal radiation provides
radiative access to all heat sources, with the sun representing the most important renewable energy
resource and the universe representing the ultimate heat sink.

One important application that can make use of thermal radiation is desalination. With
increasing water scarcity there is now a significant push to find more efficient and low-cost ways
to generate fresh water from seawater or other non potable water sources. At the same time, many
industrial processes, including oil and gas production and (in particular fracking) produce saline
wastewater that require desalination. The most commonly used thermal desalination method is
solar desalination which uses the sun as the heat source to achieve water and salt separation through
an evaporation-condensation cycle. However, weather conditions and solar insolation in general
mean that this approach is only viable during the day and at certain times of the year. Here, by
contrast, we focus on the cold side of the thermal process with another phase change that can also
enable desalination: the freeze-melt cycle. In particular, we use the ultimate heat sink, outer space,
through radiative cooling to enable this behavior.

Atmospheric water harvesting is emerging as an important approach for potable water
generation, particularly in dry landlocked places. However, the high energy costs associated with
condensation and capture of water vapor remains a big challenge. In this context, exploiting
passive radiative cooling to condense water vapor has attracted much attention with the advantage
of cooling down the water vapor below dew point passively without active energy input. However,

maximizing the efficiency of condensation and collection of dew on the radiative cooling surface



remains a challenge, with most condensed water typically requiring mechanical means of
collection. Here, we create and demonstrate a slippery hydrophilic radiative cooling surface
(SRCs) that through its high infrared emissivity, enables effective sub-ambient cooling, and
through its surface wettability characteristics optimizes both the condensation and collection of
the water.

In our quest to utilize various thermodynamic resources including both heat sources and
heat sinks, the ability to control thermal radiation plays a fundamentally important role.
Conventional thermal emitters have a set of common characteristics: the emitted radiation is
typically incoherent, broadband, un-polarized, and the emission pattern is near-isotropic.
However, over the past 20 years, with the development of nanophotonics, it has been shown that
coherent, narrowband, polarized and directional thermal radiation is in principle possible. One
particular class of device is the metamaterial absorber which finds a wide variety of practical
applications including selective thermal emitters', wavelength-tunable microbolometers?, and
refractive index sensing®. In many applications such as solar energy harvesting and radiative
cooling, however, broadband yet spectrally selective absorption or emission is required. Since the
mechanism of metamaterial absorbers is based on the strong electromagnetic resonance in the
periodic structure, the bandwidth of this resonant absorption is narrow by nature*. But this raises
a basic question of whether such a tradeoff is a fundamental limit, or whether the thermal emission
spectrum from these nanostructures can be arbitrarily engineered. Here, we will probe these
questions through theoretical analysis as well as a numerical study, with the goal of developing
first-principles strategies for constructing arbitrary thermal spectra.

In this thesis, we will take advantage of the emerging tools at the intersection of photonic

materials and metamaterials, thermal science and energy applications, namely coupled-mode



theory to tailor the thermal radiation behaviors from multiple arbitrary numbers of resonators,

radiative cooling for freezing desalination and atmospheric water harvesting.



Chapter 2: Temporal coupled-mode theory for thermal
emission from multiple arbitrarily-coupled resonators

2.1 Introduction

Thermal emission is a fundamental physical process whose control is essential for a broad
range of imaging, sensing and energy technologies. Conventional thermal emitters are typically
incoherent, broadband, unpolarized and lack directionality. Over the last two decades, a range of
photonic strategies have by contrast shown that it is indeed possible to create narrowband,
polarized and/or directional thermal emitters'"®. The spectral characteristics of thermal emission in
particular have been sculpted through a range of nanophotonic approaches including metallic

11-16

nanoantennas’ '°, photonic crystals!'!"'® and semiconductor nanorods'’. Tailoring the frequency

and bandwidth response of emitted thermal radiation using nanophotonic strategies has in turn

proved critical for improved performance in many emerging applications, including

13, 18-23 24-30 t31—34

thermophotovoltaics , radiative cooling™~" and thermal managemen

Conventional strategies to achieve an arbitrary degree of control over spectral selectivity
for a thermal emitter rely on either numerical optimization or exploiting known electromagnetic
mode behavior in conventional photonic systems. In this context, a resonance based approach to
understanding thermal emission spectra in a more systematic way. Temporal coupled-mode

35,36

theory in particular is a widely-used semi-analytical method that has been shown to provide

excellent approximations and physical insight into the behavior of a range of resonance- and mode-
driven nanophotonic structures and devices®’*2,
Recently, temporal coupled mode theory for singe-mode thermal emitters was developed

to analytically model the thermal emission from such an emitter with high accuracy®’. Further

work has extended this coupled-mode theory to include coupling between multiple identical



resonant thermal emitters, and shown that thermal emission decreases with increasing number of
identical thermal emitters in analogy to quantum superradiance effects**. As a semi-analytical
model, coupled-mode theory is able to offer deeper insight on the effect of material and structural
parameters and the resulting spectral nature of their thermal emission, an insight that simulations
alone cannot offer. However, prior work has been limited to describing a constrained set of thermal
emitters due to the resonators being identical in character. For many practical scenarios, highly
complex and selective thermal emission spectra with multiple frequency peaks and varying
bandwidths are desirable, but difficult to achieve with single-mode resonators, and more generally
are challenging to elucidate. One particularly promising mechanism to achieving complex thermal
emission spectra is to consider systems supporting multiple arbitrary resonators’!® which may
additionally couple or hybridize with each other, thereby enhancing or suppressing thermal
emission with several degrees of potential freedom to control the resulting spectral response. Such
a scenario, while intriguing, is however challenging to model analytically and can require many
complex and slow simulations. A universal theoretical framework for understanding the full range
of complex coupling, and resulting thermal emission that may be possible in multi-resonant
photonic structures is currently lacking, but could enable deeper insights into the behavior of such
structures and enable more rapid design of their arrangements.

In this Letter we introduce an extended temporal coupled-mode theory framework to derive
an analytical formalism to model thermal emission from an arbitrary number of resonators which
can arbitrarily couple to each other. We validate the theory against simulation-based calculations
of thermal emission from a range of physically realizable systems. We first demonstrate the
coupled-mode theory’s accuracy for multiple two-dimensional slit resonators, where the dielectric

permittivity of each slit can vary, along with the distance between each slit, thereby altering both



the real and imaginary part of the coupling coefficient. We also demonstrate the coupled-mode
theory’s capabilities with a three slit system, highlighting how both subradiant enhancement and
superradiant suppression of thermal emission can be selectively engineered at different frequencies.
Finally, we demonstrate the accuracy of the coupled-mode theory in predicting the thermal
emission spectra of supercell three-dimensional metal-dielectric-metal resonators for a range of
inter-resonator distances. Collectively, our results offer a general theoretical framework capable
of taking the response of individual resonators and using them to determine their complex spectral

response when integrated and hybridized with each other.

2.2 Results and Discussion

Extended coupled-mode theory

We first develop an extended temporal coupled-mode theory capable of describing the
collective thermal emission from N different emitters that are coupled to each other with varying
degrees of strength. Each resonant emitter is assumed to have an amplitude a = (a4, a,, ..., ay)’.
The energy stored inside an emitter may decay through three pathways. The first pathway is
through intrinsic absorption which is represented by the intrinsic decay rate Iy =
diag(Yo1, Yoz, - Yon)- The second is to decay to the external free space channels, which is
described by the external decay rate I, = diag(Ve1, Ve, - Yen)- The third is through coupling

with other resonators, which is expressed by a complex coupling coefficient matrix K defined as

0 Kiz + P12  Kyn-1) T PBiv-1) Kin + BN
Ka1 + 1821 0 r Kyn-1) T Ban-1) Koy + By
\K(N—l)l +iBv-11 Kw-12 tBw-12 0 Kn-1n T iﬁ(N—l)N/
Kn1 + Byt Knz + iBn2 = Knv-1) T Bnw-1) 0

(1)



.To capture arbitrary coupling between resonating elements, we define x as the real part of
the coupling coefficient, which in our context can capture scenarios such as variable distance
between resonators, and f which is the imaginary part of the coupling strength, and captures
the phase difference between resonators. In the framework of the fluctuation- dissipation
theorem, the absorption process is balanced by a random thermal excitation source n. With
all these considerations, the dynamic equations for resonance amplitudes can be written in the

following form:
% = (jQo — Tp — T.)a + /2Tyn — Ka (2)

where Qy = diag (w4, w,, ... wy) describes the resonant frequency of each resonator. We can

explicitly calculate a(w) in the frequency domain,

We normalize the amplitude so that the mode energy is given by |a|2. Here we have
introduced a noise source vector n in Eq. (1), to compensate for the intrinsic resonator loss
and maintain thermal equilibrium *. Following the fluctuation-dissipation theorem this noise

source is defined by a correlation function (See Supplementary Information):

1

(n*(w)n(w")) = —60(w,T)5(w — ') 4)
Where O(w,T) = hhTw The total power emitted as thermal radiation, (P), can then be
ekT -1

calculated as
(P(t)) = 2T {a’ (Da(®)) = 2T, [)" dw [ dw'e (=" (w)a@)) ()
Solving for the power spectral density of thermal emission we find that

OOD AL, (((w — Do) + Ty + T, + K)"1)2T, (6)

P(w) = 2Nm




Here, as in conventional expositions of temporal coupled mode theory for multi-port systems,
we assume that each resonances can decay into every other port in the system, described by a

total value d; and encompassed by a coupling matrix D:

di1 diz div-1) din
dyq dy; dan-1) don
p=| : )
dv-11 dw-12 - dw-npw-1) dw-1)n
dny dyz = dyw-p dnn

By energy conservation the total coupling matrix D bounds the values of the coupling coefficients

to each relevant channel (see Supplementary Information):

2(T+T,+K)=D"D (8)
Eq. (6) is a key result of this paper and provides a general expression for thermal emission from N
resonators that are coupled to each other arbitrarily. To elucidate the power of this result, we first

write analytical forms for small N scenarios of typical interest, beginning with the N=1 scenarios

where coupling is not relevant:

P(a)) — 0(w,T) 4Yo01Ye1 (9)

21 (w—w1)?2+(Yo1+Ve1)?

This expression is simply a standard Lorentzian form of power emitted due to a single resonance
previously derived in Ref. 43. For two resonators (N = 2), however, we must include complex
coupling terms x;; + if; for generality. This results in the following expression for the radiated

power:

P(w) = 0(w,T) (4Y01Ve1a%+4791]’02'€%2+4V31Y02ﬁ%2_80—'2’€12)/31\/701V02 +
4m (araz—(K12+1B12) (K21 +if21))?
4}’e2V020‘%+4Ve2V01K%1+4YeZYo1,3221—8“1K21Ye2\/Vo1Y02 (10)

(ayaz—(K12+1B12) (K21 +iB21))?

Here for convenience we have introduced variables «; defined as:



aj = i(w— w;) + Vo + Vej
x12 and k21 are the real parts of the coupling term determined by the spatial distance between
the resonances, while the complex terms f12 and f21 describe the phase mismatch between
resonances. Due to energy conservation, a two resonator system is constrained by Eq. (8),

resulting in the following expression:

COS(GlZ - 611) + lSlTl(912 - 911) + COS(GZZ - 021) + lSlTl(@zz - 621)

2K12+2j P12
= 11
VWo1+Ye1) Vo2 +Vez) ( )

Here, 6; is the phase angle of dij. As in conventional coupled-mode theory, this energy
conservation relation extends to arbitrary numbers of resonators and fundamentally links the
various coupling terms external to each resonator: coupling to neighboring resonators or to
free space. In the two resonator case, we can first consider the scenario when the two
resonators are spatially closed each other. In this case, as the two resonators move closer and
closer, 812 will be getting closer to 811 and 621 will be getting closer to 622. Therefore, cos(612
—611) is near 1 and sin(612 —611) is near 0, and the total thermal emission peak power is
strongly driven by the real part of the coupling coefficients. When the two resonators are
physically far away from each other, as 012 and 621 is small, the coupling strength is
determined by the phase angle of 11 and 6. If 611 and 622 closes to 7/2, the total thermal
emission peak is mainly determined by the imaginary portion of the coupling strength which
encodes phase mismatch. If 011 and 622 closes to 0, the total thermal emission peak power is
strongly driven by the real part of the coupling coefficients. More generally, the behavior of
each resonant peak in an arbitrary multiple-resonance system is determined by both real and

imaginary parts of the coupling coefficients.



Numerical results

To validate the extended couple-mode theory developed above, we consider an
exemplary system consisting of multiple narrow dielectric slits of arbitrary permittivity which
are introduced into a perfect electric conductor (PEC) layer, as shown in Fig. 1(a). In the
system, the optical fields are confined in the slit and can couple with each other. This
system is an extension of the slit resonator system considered in Ref. [44] which consider
multiple identical resonators that were sufficiently close to each other to enable near-field
coupling.

We first consider the two resonator (two dielectric slit) scenario and demonstrate how the

a)
Air Ye1 Ye2
d
R e 2
PEC 79 7'9 PEC
PEC
b) , : : : : : : c) : :
——d=1690 nm | —— £=0.000145 |
=1 d=800nm | 0.25 #=0.00015
E 20 d=400 nm x=0.000185
= 0.2
K]
§15‘ =
=
@ 20.15
g 5
fut 10 b b ~—
o
K]
E = / 1 0.05} /
\_ /D J \
0.6315 0.632 0.6325 0.633 0.6335 0.634 0.6345 0.6315 0.632 0.6325 0.633 0.6335 0.634 0.6345
w (2wc/a) w (2mc/a)

Figure 1. The effect of varying distance between dissimilar resonators. a) The structure of
resonant emitters consisting of two slits in two PEC slabs. The length and width of the slit are 1.4

um and Snm, respectively. They are filled with two different emissive materials with a
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dielectric constant of ¢, = 12.5 4+ 0.001i and &, = 12.53 + 0.001i. b) FDFD-simulated
spectra of emission cross section for two resonant emitters with a distance of 400 nm, 800
nm and 1690 nm, separately. ¢c) Coupled mode theory thermal emission power prediction
for two different emitters with a coupling strength of k = 0.000145, k = 0.00015, k =

0.000185

Coupled-mode theory accurately predicts the effect of varying distance between
dissimilar resonators, as well as differing permittivities at a fixed separation distance. In
this scenario, the slits are 1.4 um wide, and 5 nm long, and contain dielectric media with
permittivities & = 12.5+ 0.001i and &, = 12.53 + 0.001i{ respectively. Since the
permittivity of each slit is different the system supports resonances at slightly different
frequencies, w; and w, as can be seen in Fig. 1(b). We then calculate the emission cross
section of this system using the finite-difference frequency domain method for different
values of the slit separation distance d as shown in Fig. 1(b). Simulations reveal a notable
behavior as we decrease the distance between two resonators: the resonator with lower dielectric
permittivity sees a large enhancement in its total associated emission while a large decrease
for the resonator with higher permittivity is observed.

We next model the same system using the extended coupled-mode theory and
compare its predictions to the FDFD simulations. By defining a purely real inter-resonator
coupling constant, x and examining a range of its values we are able to systematically replicate
the trend observed in Fig. 1(b) in Fig. 1(c) remarkably well. In particular, as the two resonators
are moved closer, the real part of the coupling strength further increases. This in turn

influences the internal coupling coefficients yo1 and yo2 and external coupling coefficients ye1

11



and y.2 due to energy conservation. As detailed in the Supplementary Information, further

increasing the real part of coupling constant will need to increase

\/ (Vo1 + Ye1) Yoz + Vez) thereby resulting in a decrease of the lower frequency peak, and an
increase of the higher frequency peak. The exact same behavior is observed in the FDFD
simulations, with a small variation in resonance frequency the only notable difference. This result
suggests that once coupling coefficients have been established for a particular multi-resonator
system of interest, the temporal coupled-mode theory can be used as a rapid simulator of thermal
emission from the class of nanophotonic structures being examined.

Next, we examine the effect of changing the permittivity in one of the two dielectric
slits at a fixed, large distance d = 800 nm (Fig. 2(a)). As the permittivity of one of the slits
is changed, the imaginary part of inter-resonator coupling coefficient, f changes due to phase
difference between each resonator. Since the resonators are far apart, we expect minimal
contribution from the real part of the coupling coefficient x. In our system, we maintain the
permittivity of €; as 12.5+0.0017 and change the permittivity of &, to 12.5008+0.001;,
12.53 + 0.0017, and 12.55 + 0.001: respectively. FDFD simulations shown in Fig. 2(b)
highlight that as &2 changes the emission peak associated with resonator 2 increases first,
reaching a peak at Ae = 0.03 but then decreasing as &2 is further increased. We explore the
same system using coupled-mode theory in Fig. 2(c) and find a range of § values which result
in exactly the same behavior observed in the FDFD simulations, further demonstrating the
utility of this coupled-mode theory model. Indeed, we emphasize that a purely real coupling
coefficient would be insufficient to capture the scenarios shown here. Referring back to Eq.
(11) we observe that as the sin(f) term purely influences f it thereby encodes the phase

difference between the resonators, which peaks at § = 7/2 which corresponds to a particular f

12



value depending on the strengths of the internal coupling coefficients yo and external coupling
coefficients of the resonances ye.
To highlight the generality and flexibility of the developed coupled-mode theory we

now examine a more complex systems involving three dielectric slits separated by some

arbitrary
a)
Ail’ ye1 Yez
d
—
PEC Y@ PEC 7@ PEC

b) c)

14+ Ae=0.0008 T 0.2r 4=0.00001 T
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c L
S0} 0.15
9 =
o i)
@D gl 8|2
g ° o
) 3 01}
O 6 &
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S |
34 0.05}
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0.6315 0.632 0.6325 0.633 0.6335 0.634 0.6345 0.6315 0.632 0.6325 0.633 0.6335 0.634 0.6345

w (2rcla) w (2rcla)

Figure 2. The effect of changing permittivity in one of the two dielectric slits at a fixed, large
distance. a) the structure of resonant emitters consisting of two slits in two PEC slabs. The length
and width of slit are 1.4 pm wide, and 5 nm, respectively. They are filled with two different
dielectric materials with non-zero emissivity that are separated by a constant distance d = 800 nm.
b) FDFD-simulated spectra of emission cross section for two resonant emitters. The dielectric

constant difference of Ag; = 0.0008, Ag, = 0.03 and Ag; = 0.05 separately. ¢) Coupled mode

13



theory thermal emission power prediction for two different emitters with a different imaginary

coupling strength of § = 0.00001, 8 = 0.0002, 8 = 0.00015.
pling g

distance in a finite thickness PEC slab, and filled with dielectric materials of arbitrary
permittivity, as is shown in Fig. 3(a). We consider the scenario where the first and third
resonators have the same permittivity &1 = &3 = 12.5 + 0.0017 while the middle resonator
has a slightly different permittivity of &2 = 12.53 + 0.001:. In Fig. 3(b), we compare the
emission cross section as simulated by FDFD for this three slit resonator systems against a
two resonator only system with &1 = 12.5 + 0.0017 and &2 = 12.53 + 0.0017 and without &3.
Remarkably, we observe that the addition of the third resonator suppresses the lower
frequency peak (associated with &1 and €3) while greatly enhancing the emission peak associated
with the middle resonator (with permittivity &2). Coupling between the resonators 1 and 3
results in a super-radiant suppression of emission analogous to that observed in Ref.[44] for
the lower frequency peak. However, coupling between resonator 2 and its neighbors results in
a dramatic sub-radiant enhancement in its thermal emission peak. We can model both the
baseline two resonator, and the more complex three resonator system using the coupled-mode
theory and find that it replicates the result observed in the full-wave electromagnetic
simulation, as is shown in Fig. 3(c¢). Our results, in addition to highlighting the capabilities
of the coupled-mode theory, show a new mechanism to develop high power, narrow

bandwidth thermal emitters through inter-resonator coupling.
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Figure 3. Comparison between two resonant emitters system and three resonant
emitters system. a) The structure of resonant emitters consisting of three slits in three
PEC slabs. The length and width of the slit are 1.4 um and 5 nm, respectively. They are
filled with three emissive materials. b) FDFD-simulated spectra of emission cross section
for two resonators with a permittivity e1 = 12.5 + 0.0011 and &2 = 12.53+0.0011, and for a
three resonant emitter scenario where the dielectric permittivities are &1 = 12.5 + 0.0014,
& = 12.53 + 0.0017 and &3 = 12.5 + 0.001i. ¢) Coupled mode theory thermal emission
power prediction for both the two resonator and three resonator scenarios, showing strong

alignment with the numerical simulations of b)

Finally, we demonstrate the ability of the coupled-mode theory to accurately model

15



thermal emission from complex, three-dimensional nanophotonic structures. In particular we
consider complex supercells of metal-insulator-metal (MIM) metasurfaces™* featuring cross-
shaped resonators made of two different noble metals, schematically shown in Fig. 4(a). The
structures have /2 rotational symmetry and consist of three layers. The top layer consists
of a pair of gold metasurface elements, and a pair of silver metasurface elements with arms
lengths of /1 =2.5 um, [>=2.1 ym, and arm widths w1 =0.6 yum , w2 = 0.4 um respectively,
with a thickness of 0.1 um. The permittivities of both silver and gold are modeled with a Drude
fit that is accurate to the long-wave infrared target wavelength range *. The metasurfaces lie atop
a 0.2 um Al2O3 layer whose permittivity is defined in our wavelength region of interest with a
Drude-Lorentz model € = g»— 6/0* — iwy — w?), with ex=2.228, o = 0.008385(2xc/a), y
= 0.04(27c/a), and wo = 0.08(2xc/a), where a = 1 um. The bottom layer is assumed to be

gold as well at a thickness of 0.2 um. We performed full-field

a)

L = — =

d

w, $ $w,

c) d)
06 06

Sirﬁulalion d=1'.2 pm Simulation d=0.4 m Simulation d=0.2 xm
——CMT £=0.0016 (27c/a)

—— CMT k=0 ——CMT £=5.31"10"* (2cla)

0.12 0.13 0.14 0.15 0.16 0.12 0.13 0.14 0.15 0.16 0.12 0.13 0.14 0.15 0.16
w (2rcla) w (2rc/a) w (2rcla)
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Figure 4. Couple-mode theory predictions vs. full-field simulations of a complex
supercell metasurface. a) Geometry of the supercell metasurface architecture evaluated.
The metasurface elements have dimensions of /1 =2.5 ym, /> =2.1 um, and w1 = 0.6 yum ,
w2 = 0.4 um respectively, with a layer thickness of 0.1 ym. The central layer is Al2O3 with
thickness 0.2 um while the bottom layer is gold with thickness of 0.2 um. b) Simulation
thermal emission power when d=1.2 ym versus analytical coupled-mode theory prediction
when x=0. c¢) Simulation thermal emission power when d=0.4 um versus analytical coupled-
mode theory prediction when x=5.31x 10~*(2zc/a). d) Simulation thermal emission power

when d=0.2 ym versus analytical coupled-mode theory prediction when x=0.0016 (2zc/a)

electromagnetic simulations of a range of MIM supercell metasurfaces where the distance
between the resonators in each supercell is modified, in analogy to the scenario explored in
Fig. 1 in a two-dimensional systems. We simulated each geometry across both polarizations
and all angles of incidence to calculate the total spectral hemispherical emittance. Given the
four-fold symmetry of the supercells, to find the total emitted power we integrate the incident

angle 0 from 0 to #/2 at 7/12 step and the azimuth angle ¢ from 0 to n/4 with 7/12 steps:

fozn :/2 £(A,0,9)cosOsinfdOd¢

e(d) =
“4) fozn f;r/z cosOsinfdode

(12)

As shown in Fig. 4(b-d), the simulations show that the supercell structure supports two non-
degenerate modes at w1=0.131 (2zc/a) and w2=0.143 (2zc/a). We then use the coupled- mode
theory to fit each resonator’s intrinsic decay rate and external decay rate by simulating its

hemispherical emittance with a single resonator model, finding yo1 = 0.0019 (27c/a), yo2
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= 0.0017 (2zc/a), ye1 = 0.0038 (2zc/a), and ye= 0.0030 (2zc/a). As the distance d is
varied, the numerically simulated total hemispherical emittance is then compared against the
coupled-mode theory predictions and shows remarkably strong agreement, as can be seen in
Fig. 4(b-d) for a range of resonator distances. Our results highlight a powerful capability
enabled by the coupled-mode theory framework in the context of thermal emission from such
complex supercell systems: simulating the response of each metasurface resonator in a
periodic configuration provides sufficient information to rapidly model the behavior of
complex arrangements of metasurface resonators through the use of the complex coupling

coefficients K.

2.3 Conclusions

In conclusion, we have developed a coupled mode theory that accurately models
thermal emission from complex photonic structures composed of multiple resonators that can
be arbitrarily coupled to each other. We demonstrated that the coupled-mode theory
accurately models anomalous, complex behavior such as combined sub- and super-radiant
thermal emission in a single nanophotonic structure, as well as the response of supercell three-
dimensional MIM metasurface thermal emitters. Furthermore, the coupled mode theory
provides accurate predictions while taking far less time than full-field simulations which takes
hours to simulate*®, and in the process provides physical insight into the original of the
complex spectral behavior that can result. Although we only fit our theoretical framework
using regular nanophotonic systems, this theory also implies that, once intrinsic decay rate,
external decay rate and coupling coefficients for a particular multi-resonator system of interest

have been determined, the temporal coupled-mode theory can be utilized as a quick simulator
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of thermal emission from the class of complex nanophotonic structures under consideration.
As a semi-analytical model, it can provide deeper insight into the effect of material and
structural characteristics on the spectral nature of their thermal emission, which simulations
alone cannot provide. One can thus imagine building libraries of individual resonator responses
which can then rapidly be assessed for their integration into coupled arrangements based on
the developed coupled-mode theory. As demands on the complexity of the spectral response
of thermal photonic emitters grow, such a framework may prove critical to further enhance

and rapidly model their capabilities.

2.4 Supporting Information

Proof of 2(Ty + I, + K) = D*D
The energy is in the resonators varies as

d(a*a) _ da*

da . .
= T at a+E =at(-iQy-Ty—T.—K)a+a*(iQy—-Ty—T,— K)a=

—2a" T+, +K)a (1)
Because the entire system, including the resonator and the ports, is energy efficient, the

decaying of the resonance amplitudes is solely related to the generation of the outgoing waves.

Hence

d(ata)

—agtD+
p” a*D"Da 2)

Here we assume that all the resonance in the cavity can decay into all the ports. D is the

coupling matrix with all the ports
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di1 dq2 div-1) din
dyq dy; dyiv-1) don

D = : : 3)
dv-11 dw-12  dw-pw-1) dw-1)n
dn1 Ao o dN(N—l) dyn
Therefore, we have
2(Tp+T.,+ K)=D*D 4)

We consider a resonator system with two resonances and two physical ports, as an example

of the general theory. (), describes the resonant frequency of each resonator.

_(w; O
o = ( 0 wz) ®)
[y describe the intrinsic decay rate,
_ (Yo O
To = ( 0 Voz) ©)

and I, describe the external decay rate,

=5 ) g

The two emitters couple with each other and complex coupling matrix K is defined as

_ ( 0 K12 +jb12)

. 8
K21 + jbaq 0 ®)

K1, 1s the real part of coupling strength, determined by the spatial distance between the
resonators and b;, is the imaginary part of coupling strength, representing the phase

difference. Here we assume that all the resonance in the cavity can decay into all the ports and
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D id the coupling matrix with all the ports

d d
D= ( 11 12) 9
dyy dyy ©)

By applying our general energy conservation equation shown in Eq.(4) into two resonators

system, we can get:

( dz, +d3, di1dq, + d21d22> _ (2()’01 + Ve1) 2K12 ) (10)

dypdiq + dydy, dz, +d3, 2K31 2(Yoz +Ve2)

By solving the Eq.(10), we can have
ldy1] = d21] = Vo1 + Ver (11)
|di2| = |d22] = Yoz + Vez (12)

3 3 . . 2K +2jb12
0., — jO,) + 0,7 — jO31) = = 13
exp(jb1, — jO11) + exp(j62; — jO21) V(o1 +Ye1) Vo2 +Vez) (13)
o .. 2K12+2jb12
COS(912 - 611) + lSlTl(@lZ - 011) + COS(@ZZ - 621) + lSlTl(@zz - 021) = \/(Y()1+]/21)(V02+y22)

(14)
Expression for the three resonator (N=3) scenario

For three resonators (N=3), if we only include the real part of coupling terms k;;, the radiated

power is expressed as follows:

@((A),T) 1 2
P(w) = X [4Vo1Ver (a3 — K3pK3)% +
6 (A1Ax03—A1K32Ko3—Ko1K1203+K13K21K32+K31K12K23)? [ 01Fe1l*273 32723

4¥o2Ver (@103 — Ki3k31)* + 4Vo3Vez @10y — Kp1k12)? + 4Vo2Ve1 (Kisksy — Kipa3)? +
4¥o3Ve1 (K12Ko3 — K1302)% 4 4V01Ver (KazKag — Kp103)? + 4Yo3Ven (Ka1kiz — Kyzay)? +

4Y01Ve3(Ka1k32 — K310(2)2 + 4Y02Ve3 (1231 — K32a1)2 (15)
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Here for convenience we have introduced variables «; defined as:

a]-=i(w—wj)+y0j+yej (16)

Proof of (n*(w)n(w")) = ﬁ(&)(a), Té(w— ")

We assume that the noise source is stationary and that each resonator has the same thermal

noise. We can thus define a correlation function in terms of a response [43]:
(n"(w)n(w)) = S(w)d(w — ") (17)

If we then express the time-domain norm of the amplitudes in terms of their frequency domain
counterparts, we can then use the expression for n above and the main coupled-mode theory

expression in Eq. (3) of the main article to find:
(@ ®a®) = [, do [," do'e 7@~ a" (w)a(w)) = [, dw [," do'((j(© — ) +

Ip + K)™)22MS()8(w — @) = [, do((j (@ — Qo) + T + K)?2T, S(w) (18)

If we assume that the noise source is sufficiently broadband S(w) in the integrand above can
then be replaced, without loss of generality, by S({€,)). This then allows us to solve for the

integral, where we find that
(a"(t)a(t)) = 2ZNmS((Lo)) (19)
At thermal equilibrium the modal amplitudes must relate to the Planck term as:
(a*(H)a(t)) = 0((Q),T) (20)

Comparing Egs. (19) and (20), we have S({(Qy)) = ﬁ@«ﬂo); T). However, since this

derivation can be carried out for resonances at any arbitrary resonant frequency(£,),we have
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S(w) = ﬁ@(a),T).
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Chapter 3: Low-cost scalable radiative cooling material

3.1 Introduction

Passive radiative cooling, which involves net heat loss from terrestrial objects to the cold
of outer space through long wavelength infrared (LWIR, A ~8-13 um) transmission windows of
the atmosphere, is a zero-energy, zero-carbon method of cooling objects under the sky. In recent
years, it has been increasingly explored' !> as an alternative or complement to active cooling

14-16

methods for a range of applications, including cooling buildings'®, harvesting dew and

thermoelectric power generation!”. A variety of materials and designs, ranging from photonic

19-21 22,23

architectures'® to scalable polymer films'®~!, paints and composites?* have been created for
radiative cooling. These materials and designs are capable of efficient radiative cooling and are
typically suited to specific applications. However, simplicity of design, and ease of application
remain a major research endeavor — both for scientific and large-scale use. Low cost radiative
coolers®® have attracted much attention recently with the possibility of greatly expanding the scope
of radiative cooling’s deployment.

In this chapter, we demonstrate an easily fabricable and efficient radiative cooling design
made using household materials. The radiative cooler, which can be made from scotch tape and
aluminum foil and has excellent infrared optical characteristics for radiative cooling: selective
LWIR emittance ( &;y;z, emittance in the 8-13 um (LWIR) wavelength range) of 0.87 at near-
normal incidence and hemispherical selective LWIR emittance of 0.83. Furthermore it is flexible,
robust, scalable and low-cost. The total broadband emittance €z of scotch tape is 0.68 at near-
normal incidence and its hemispherical broadband emittance is 0.63. The back aluminum foil

yields a modest weighted solar reflectance at 0.83. If silver is used as a back-reflector, the design’s

high solar reflectance (Rsolar~0.95) makes it capable of daytime radiative cooling as well. We
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experimentally demonstrate a sub-ambient cooling by 11 °C at night with a convection shield, and
daytime cooling performance with a 2 °C drop under a solar illumination of 965Wm without one.
Given that the design has high optical performance, and is created using standard commercially
available materials, we argue that this makes it attractive as a convenient and reproducible standard
— both for designs that require a generic radiative cooling component for their operation, and as a
control for radiative cooling experiment. In that regard, its high LWIR emittance, along with the

modest  directional LWIR selectivity at near normal incidence, defined as

grwir(near normal incidence)

of 1.28, and hemispherical LWIR selectivity, defined as

egp(near normal incidence)

£ hemispherical
LWIR( ' 14 / )0f1.32.
epp(hemispherical)

The intermediate nature of its selectivity may also make it useful as a

reference threshold between broadband and selective radiative coolers. Towards these ends, we
provide extensive optical characterization for the radiative cooling research community to use as

a reference.

3.2 Results and Discussion

We investigated scotch-tape based radiative cooling designs because of their readily
reproducible optical performance, which arises from their standardized material constituents. To
achieve passive radiative cooling, a radiative cooling design should have a high emittance ¢ in the
LWIR atmospheric transmission window (A~8-13 um), and a high Rsolar for sub-ambient cooling
during the day. In that regard, certain variants of scotch tapes, which comprise acrylic adhesive on
a polypropylene film, are intuitive choices (Fig. 1A). Both acrylic and polypropene have chemical
bonds which absorb, and hence radiate heat in the LWIR wavelengths, which can be lose to space
(Fig. 1B). A lack of highly emissive chemical bonds in the non-LWIR thermal wavelengths makes

sufficiently thin films of both materials selectively LWIR emissive. The 3M Long Lasting Scotch
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Tape, which we propose for use here, combines both these properties in a standardized and
reproducible manner.

As an infrared reflector for the scotch tape, we use commercial aluminum foil, which,
regardless of the commercial source, has minimal variation in LWIR reflectance. A design
comprising 2 layers of tape on aluminum foil has spectral reflectance shown in Fig. 1C for near-
normal incidence. The ultra-wide bandwidth spectral measurements were taken using a Perkin
Elmar Lambda 950 spectrophotometer and a directional selectivity of 1.28, and a modest Rsolar of
0.83. If sputter-coated silver is used instead of aluminum, the solar reflectance rises to 0.95 (Fig.
1C).

The optical performance we highlight here, even without considering the simplicity of the
design, is noteworthy in two ways. First, the scotch-tape based design combines a moderately
selective infrared emittance with a reasonably high, near-normal eLwir. This makes it useful as a
night time radiative cooler, and while not a sub-ambient radiative cooling design under strong
sunlight, a point of reference nonetheless for experiments involving other radiative coolers.
Secondly, when backed with sputter-coated silver, its solar reflectance (0.95) is sufficiently high
for daytime radiative cooling under most meteorological conditions (Fig. 1C). The optical
parameters of this radiative cooler design are thus quite good, and rank highly among known

designs.
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Figure 1. A) Photo of silvered scotch tape. Two-layer scotch tape is coated with silver on the

bottom. B) Schematic of the scotch tape radiative cooler with aluminum. C) Reflectance of

silvered scotch tape and aluminized scotch tape at 15° incident angle.

A more detailed picture of the scotch tape’s radiative capabilities is revealed by the

hemispherical emittance (Fig. 2A) derived from angular measurements (Fig. 2B) of reflectance at

15° to 84° using a Harrick Reflectance measurement accessory coupled with an FTIR (Bruker

Invenio-R), and averaged using Eq. (1).
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We observe that scotch tape has a hemispherical emittance in the LWIR atmospheric
window that is high (0.83) and selective. It is difficult for us to compare the performance directly
with similar polymer films in the literature as data is scarce. However, we note that it compares
favorably with the hemispherical emittance of a highly scalable polymer based radiative cooler
(~0.80) proposed by Angus and Gentle'’, and that of our reproduction of metallized polyvinyl
chloride (0.73), which was the first polymeric radiative cooler demonstrated by Trombe?! (Fig.
2A). The €1z of scotch tape persists at high angles, as shown in Fig. 2(C), which enables it to
lose heat through the spatial extent of the LWIR window, which only closes near the horizontal.

We also investigate the scotch tape’s performance relative to notable broadband emitter
and selective emitters in the literature (Fig. 2D). The &;,;z of scotch tape at near normal incidence
is 0.87, which is fairly high, while its directional selectivity at near normal incidence is 1.28, which
appears to fall between highly selective!®?! and broadband designs.>!*2? It should be noted here
that the performances compared are for near-normal emittances. Further data is provided in an

online archive.?®
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Figure 2. (A) Spectral reflectance R(A)=1—¢&(4) of the silvered scotch-tape radiative cooler,
presented alongside that of metallized PVC proposed by Trombe. (B) Emittance of the silvered
scotch-tape radiative cooler from 15° to 84° (C) Angular emittance (=1-Reflectance) of the two

designs in Fig. 2A. (D) eLwir and 7 of silvered scotch-tape radiative cooler compared against

notable designs in the literature®!8-22.27:28,
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The optical parameters, which are suitable for radiative cooling, lead to good radiative
cooling performance during both day and night. Daytime performance of scotch tape is
demonstrated by exposing it directly under the sun in Los Angeles, California on Mar 27th, 2021,
as is shown in Fig. 3(A). The scotch tape can maintain a 2-3 °C temperature drop compared with
the ambient air temperature under 965 W/m? solar radiation. We also demonstrate the nighttime
performance of the scotch tape in Los Angeles, California on Jan 20th, 2021 by exposing it to the
sky during night-time hours and testing its performance compared with the broadband thermal
emitter, double-layer white paper. As shown in the temperature data of Fig. 3(B), immediately
after the scotch tape is exposed to the environment (20:26 local time in Fig. 3(B)), its temperature
drops to approximately 11 °C below the measured ambient air temperature. Compared with the
white paper, which is a broadband emitter with an emittance of ~0.9, the scotch tape is 1 °C cooler
despite its lower hemispherical emittance, because of its LWIR selectivity that reduces parasitic

heat gain form the atmosphere.

A
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Date: March 27th, 2021 = 308 Double-layer white paper
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gl 4 o 16 S\
2 214}
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28 ] 8t
27 FMWW 6
13:18 13:29 13:40 13:51 14:02 20:26 20:36 20:46 20:56 21:06
Time of day Time of night

33



Figure 3. A) Measurement of the silvered scotch tape’s temperature(blue) against ambient air
temperature (green) on a clear day in Los Angeles, California, USA , March 27th, 2021. Solar
radiation: 965 W/m?

B) Measurement of the silvered scotch tape’s temperature (blue) and double-layer white paper’s
temperature (pink) against ambient air temperature (green) on a clear night in Los Angeles,

California, USA, January 20th, 2021.

3.3 Conclusions

To summarize, we have characterized and demonstrated the optical performance of a
scotch tape-based radiative cooler, which can be deployed at scale for passive cooling applications.
With the scotch tape and aluminum foil, it can have a 11 °C temperature drop compared with
ambient temperature during night, which makes it useful for cooling down the objects and
generating electricity using this temperature difference. A large temperature drop can be achieved
by having good insulation. The silvered scotch tape can be used for daytime cooling with a 2-3 °C
temperature drop, which could make it a good candidate for applications requiring modest cooling
below the ambient.

Unlike other approaches to making radiative coolers, which require new or expensive
materials and fabrication techniques, scotch tape can be directly applied on the aluminum foil at
low cost. Furthermore, the mass production and wide availability of scotch tape makes it a reliable
standard as a thermal emitter, and coupling it with commercial aluminum foil or vapor deposited
silver makes it into a reproducible radiative cooler that could be used to standardize outdoor

radiative cooling experiments. This stands in contrast to other commonly used radiative cooling
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polymers like PDMS,*?° which are efficient radiative coolers but are hard to coat or otherwise

apply in a reproducible manner. Therefore, we propose that:

1. It can be used as a standard reference radiative cooler — with the aluminized version being
sufficient as a generic radiative cooling standard, and the silvered version being a standard
for sub-ambient daytime applications. The low cost and easy fabrication of such a standard
could allow it to easily be used by researchers and practitioners as a control in outdoor
experiments. It should be noted that while the aluminized version can be made using
standard commercial materials and is thus highly reproducible, the silvered variant’s solar
reflectance may depend on the silver deposition process, and requires a high quality,
optically thick (>200 nm) coating.

2. Because there currently exist no clear boundaries delineating selective and broadband
thermal emitters, we propose that the scotch tape radiative cooler could serve as a threshold
of selectivity. Materials with selective emittance ratios higher than that of scotch tape can
be considered at the selective thermal emitters, while others as broadband thermal
emitters.

3. It can be used as an easily fabricable radiative cooler for investigations where a radiative
cooling material itself is not central to the study. Potential examples of this include
thermoelectricity generation, dew collection or desalination using radiative cooling, where
metallized scotch tape can be used as a cooling component.

Towards these ends, we have shown the full spectrum ranging from 0.3 um to 30 um for silvered
and aluminized scotch tapes, and angular emittances for 15° to 84° for use as a reference. The data,

which, to our knowledge, represents the most extensive characterization of a radiative cooler, is
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publicly available online.**! The data can also be used for theoretical simulations of radiative
coolers. With radiative cooling emerging as an important frontier for research, we hope that this
work can offer a potential standard control for other radiative coolers and radiative cooling

experiments.
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Chapter 4: Atmosphere modelling for radiative cooling
potential

4.1 Introduction

In recent years, radiative cooling has seen growing scientific and commercial interest for
applications ranging from the passive cooling of buildings to geoengineering. The process, which
involves a spontaneous heat loss from terrestrial objects to the atmosphere and outer space by
radiation of heat (and reflection of incident sunlight) through the atmospheric transmission
windows, has a zero-energy, zero-carbon functionality and a net cooling effect on the environment
!, Precisely how much cooling occurs for a given surface depends strongly on meteorological
conditions. For instance, the cooling potential, which is defined as the difference between the
radiance from a sky-facing radiative cooler and the downwelling atmospheric irradiance under
clear skies, can vary between ~0-150 Wm™ depending on the ambient temperature and total

precipitable water (TPW) content?.

Given this large variability, accurate determination of radiative cooling potentials is crucial
for validating the performance of radiative coolers, informing industry on the geographical scope
of designs like cool-roof paints®, and potentially the best geographic regions for radiative cooling
approaches for geoengineering®*. Research over the years has yielded a range of atmospheric
models that can be used to calculate radiative cooling potentials accounting for various factors
such as humidity, topography, cloud cover and altitude'->"'2. However, standard models used today
to calculate radiative cooling potentials or cooling power are often used beyond their scope,
leading to systematic errors. The most prevalent example of this is the transmittance-based cosine
approximation, widely used to model radiative cooling potentials under clear skies, particularly of

materials with strong spectral and angular selectivity in their emissivity.
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In this chapter, we elucidate the source of the errors in atmospheric radiance calculations
that use the transmittance-based cosine approximation, and demonstrate its underestimation of
radiative cooling potential due to its simplified accounting of the irradiance from greenhouse gases
where the atmosphere is transparent. Comparative analysis against the MODTRAN atmospheric
hemispherical irradiance model shows that the transmittance-based cosine approximation yields a
significantly higher downwelling atmospheric irradiance and thus cooling potentials that are lower
by 6-24 Wm™ under typical operating conditions, which is 10-23% more than the approximation
itself. To address this, we apply a temperature correction that accounts for the high elevations and
thus low temperatures of greenhouse gases, namely water vapor, carbon dioxide and ozone, which
allows a net heat transfer to them from the earth’s surface. This reduces the underestimation of the
cooling potential to 0.1-6%, while retaining the useful angular resolution of the transmittance-
based cosine approximation, which the MODTRAN hemispherical irradiance model does not
provide. Our results suggest that recently constructed maps of radiative cooling potentials may
require corrections. Moreover, they indicate that the common use of the uncorrected transmittance-
based cosine approximation to verify experimental demonstrations of radiative cooling could be

leading to an overestimation of performance of radiative cooling designs across the literature.

4.2 Results and Discussion
Atmospheric Irradiance and the Transmittance-based Cosine Approximation

Due to its constituent greenhouse gases that are intrinsically absorptive or emissive in the
thermal wavelengths, the atmosphere radiates heat towards the earth’s surface. The difference
between this irradiance I,;,, and the blackbody radiance Igzg (T,,,p) at the ambient air temperature

(Tamp) close to the ground is what is typically defined as the cooling potential or cooling power

41



Peooting The cooling potential arises primarily within the long-wavelength infrared (LWIR, 8-13
um) atmospheric transmission window, where the low intrinsic absorption of water vapor lowers
I,tm» and reveals the cold upper reaches of the atmosphere and the cold space beyond, allowing

for heat radiated upwards from the ground to be lost.

While the calculation of the blackbody irradiance is straightforward, it is more challenging
to calculate I,;,,, which needs to account for, at the very least, the spectral properties of greenhouse
gases, their distributions along the height of the atmosphere, and variations in temperature across
heights. A long history of work on this topic has yielded a number of useful theoretical models for
calculating I;,,, each of which is reasonably accurate within its scope of use!>"*8, For instance,
when using a spectrally flat emitter (gray- or black-body), simple correlations have been shown to
be very accurate in predicting downwelling atmospheric irradiance®. However, for many radiative
cooling calculations, spectrally and angularly resolved sky irradiance is often required since
radiative cooling surfaces can present highly spectrally and angularly selective emissivity. Models
which yield the level of detail needed for such calculations are comparatively rare'>!>. One model,
which has achieved almost universal use in recent radiative cooling literature is the transmittance-

based cosine approximation'-!4+%°

, which was first used as part of a more comprehensive model by
Granqvist in 1981, This model assumes that the irradiance of the atmosphere originates from the

greenhouse gases water vapor, carbon dioxide and ozone, and calculates the spectral, angular sky

irradiance based on an effective spectral angular emittance as follows:

Iatm(ef A Tamb) = gatm(e, A Tamb) “Igp (9, A Tamb) (1)
where
Eatm(O, A4, Tymp) =1 — [1 — €4tm(0, 4, Tamb)]l/cose )
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Here, €44, 1s the effective emittance of the atmosphere, 0 is the angle measured from the zenith
and A is the wavelength. As stated by Granqvist, implicit in this model is Kirchhoff’s Law, which

states that at thermal equilibrium:

gatm(e: A= aatm(er N=1- Tarm(6,4) 3)

Where @, (0,1) is the spectral, directional absorptance of the atmosphere.
Taem (6, 4) is the spectral, directional transmittance, and is calculated based on the zenith-ward

value 744, (0, 4) using the cosine approximation:

1
Tatm (0: /1) = Tatm (O: A)m 4)

The hemispherical irradiance I,;,, can be calculated by hemispherical integration of the angular

values from (1), and in turn yields Peoo1ing=Igs — latm-

Issues with the Transmittance-based Cosine Approximation

While the model provides a reasonable estimate of I, (8, 4), a crucial point to note is
that in using Kirchhoff’s law and equation (3), it implicitly assumes that the atmosphere is a
homogenous entity at thermal equilibrium!. In reality, it is a complex, semi-transparent structure
whose temperature decreases with height. Where the atmosphere is particularly transparent, the
colder upper reaches of the atmosphere are apparent from the ground, which enables heat loss not
only through the atmosphere, but also to it (Fig. 1A), a fact that is not accounted for by the

transmittance-based approximation.

The case for ozone, illustrates this well. It is first important to note that the overwhelming

majority of ozone occurs in frigid 10-40 km heights of the stratosphere, in what is known as the
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ozone layer. Consequently, any downwelling irradiance outside the LWIR window from ozone is
masked by the highly absorptive water vapor and COz in the troposphere. In the LWIR window,
however, the transparency of the atmosphere reveals the ozone layer and outer space beyond. This
means that some of the radiance from the earth’s surface is absorbed by the ozone, and much of
its intrinsic radiance at ~ 9.5 um reaches the earth. However, because of the low temperature of
the ozone layer, which can be ~70°C lower than T,,,;, at altitudes where ozone concentration peaks
in the summer, and ~40°C lower in the winter’’, it radiates far less towards the ground than it
absorbs from the latter. In other words, a net heat loss occurs from the surface to the ozone layer,
and the assumption of a thermally homogeneous atmosphere no longer holds (Fig. 1A). This is not
captured by Equation (3), which implicitly assumes the ozone layer to be at Ty,,p, leading the
downwelling irradiance from ozone to be incorrectly equal to the fraction of Igg (Tymp) absorbed
by it. Consequently, heat loss to the ozone layer is not registered, I,;,, is overestimated, and
Pcooting 18 underestimated, as is shown in Fig. 1B. This is also evident when one compares the
hemispherical emittance calculated by MODTRAN with I, calculated using the transmittance-
based cosine approximation. The difference due to the ozone effect alone is about 5-18.5 Wm™
depending on the atmosphere type and temperature, which is a significant 6-21% of the net cooling

potential predicted by the transmittance-based cosine approximation.
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Figure 1. A) Conceptual framework for traditional atmospheric thermal radiation against real case
atmospheric thermal radiation. The photograph®! was used under the Creative Commons-CC-BY-
NC-ND 2.0 License. B) The spectral hemispherical atmospheric irradiance of the transmittance-

based approximation and that from MODTRAN,

A similar effect occurs for water vapor and carbon dioxide, which we consider collectively
in this analysis. The two gases are well mixed throughout the atmosphere, and a majority of their
downwelling irradiance arises from within ~10° m depths of the atmosphere near the earth’s
surface outside the LWIR window (which is at ~T,,;), and within 2 km of the earth’s surface (or
within ~ 12 °C of T,,;,p) in the LWIR. The resulting temperature differences are far less than that
for ozone. Consequently, the transmittance-based approximation is largely correct outside the
LWIR window where the atmosphere is opaque, and shows a lower underestimation of P.y4jing
than seen for ozone at individual LWIR wavelengths (Fig. 1B). However, unlike for ozone, the
underestimation occurs over a much broader bandwidth — across the LWIR and for dry

atmospheres, across the 16-20 um wavelengths, which adds to a significant total when integrated.
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It should be noted that Granqvist explicitly proposed the transmittance-based cosine approximation
for use with a box model for calculating the radiative cooling powers of SiO films on metal. Since
the irradiance from ozone and absorptance/emittance of SiO films have little overlap, and the SiO
film has a narrowband emittance, such a choice is justifiable in that context. However, the
approximation has since been used to calculate radiative cooling potentials of ideal emitters and
cooling powers of radiative coolers with different spectral emittances, leading both to a systematic
underestimation of the cooling potential, and relative to it, an overestimation of the performance'*
2. The MODTRAN hemispherical emittance, which is more accurate, should ideally be used
instead. Indeed, Granqvist used a similar model in a later work®. However, because publicly
available versions of MODTRAN contain no angle resolved information®%>2, to date, it has mostly
been used for ideal emitters or real ones with ultra-wide angle emittances®’. Furthermore, given
the widespread use of the transmittance-based model in the radiative cooling community, it may
be expedient for researchers to use a modified version of the model that provides the flexibility
needed to accurately model spectrally and angularly-selective radiative coolers. Towards that end,
in the subsequent section, we propose a correction to the transmittance-based cosine approximation

that reduces the systematic overestimation of the ozone’s irradiance, while retaining the

necessarily angular resolution of the model.

Temperature-Corrections of the Transmittance-based Model

Although the publicly-accessible MODTRAN hemispherical irradiance model provides a
highly accurate estimate of the cooling potential, it does not contain angle-resolved information,
which is crucial for calculating the performance of typical radiative coolers whose emittances can

1,15,34,35

vary considerably with angle , and which the transmittance-based cosine approximation

provides. Therefore, here we propose a correction that retains the mathematical fundamentals of
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the original model, but corrects for the overestimation of the irradiance from greenhouse gases. To
do so, the lower effective temperatures of the ozone layer, and water vapor+CO: in the LWIR,
which allow for heat loss from the terrestrial environment, must be taken into account. The ozone
layer is kilometers thick, and CO2 and water vapor are distributed throughout the atmosphere,
which means that their radiative contributions are determined by a temperature distribution along
their height. However, we can simplify calculations assuming that the irradiance of the i™ gaseous
component arises from a specific combination of its emittance &; and effective temperature T;. The
irradiance I, can then be separated into two contributions, one for ozone, which is distributed

high in the atmosphere, and one for CO2 +water vapor, which is distributed throughout, as follows:

Iatm (0: A) = &ozone (Qr /1) X IBB (Tozoner /1) + Erest (9' /1) X IBB (Trest; /1) (5)

The directional emittances ¢; (8, A)of each component is calculated using Equations 2-4, using
their transmittance instead of 74;,,. The transmittance 7, 0f water vapor+COz2, which effectively
occur below the ozone layer, is calculated using MODTRAN by setting the atmospheric ozone

concentration to zero. The transmittance of ozone is calculated as follows:

Tozone(0, 1) = Taem (68, 4)/ Trest (6, 1) (6)

As mentioned earlier, for the transmittance-based cosine model, it is reasonable to assume that the
effective temperature of water vapor+CO:2 where it is highly absorptive is the ambient temperature
T,mp, and the effective temperature of the completely masked ozone layer beyond is 0 K. It thus
remains to calculate the effective temperature Ty, 0Of the ozone layer in the LWIR, and T4 of
water vapor and COz2 in the LWIR and in the 16-20 pum range. To do so, we first obtain from
MODTRAN the effective hemispherical irradiance of CO2 and water vapor I, (i.e. without

ozone), and that of the ozone layer, I,,,,. by subtracting I,..;; from the hemispherical irradiance
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of the whole atmosphere (I,;,,). In parallel, we also calculate the hemispherical emittance of water
vapor+CO2, and the ozone layer from the directional values &€,,5:(4,0) and €p,one(4,0)

calculated earlier. We then solve for T; (1) using the equation:

hc

-1
L) = &) fozn JE2hc?A7® (e’“‘BTi(’D — 1) cosOsin@ dOde (7)

Plots of Ty.s: and T one are presented in Fig. 2 for the six MODTRAN standard atmospheres, US
standard, Tropical, Midlatitude summer, Midlatitude winter, Subarctic summer and Subarctic
winter in Fig. 2. As shown, the effective temperatures of the gaseous components are drastically
lower than T,,;, with AT(lambda) being 50-100°C for ozone and 5-20°C for water vapor+COz2,

which the traditional transmittance-based model does not capture.
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Figure 2. AT, o, and AT, for the six MODTRAN standard atmospheres: Tropical, Midlatitude

summer, Midlatitude winter, US 1976 Standard Atmosphere, Subarctic summer, Subarctic winter.
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Equation 5, along with Equations 2-4, yields the directional irradiance, which in turn can be used
to calculate the hemispherical irradiance ( Iy, ) that corrects the overestimation of the
transmittance-based model. As an illustration, we present the resulting hemispherical sky
irradiances I, for the six MODTRAN standard atmospheres against the respective MODTRAN
and transmission-model outputs (Fig. 3). As expected, the corrected transmission-based I, is far
closer to the MODTRAN irradiance than the original transmission-based approximation. More
importantly, our method maintains its closeness to the MODTRAN model when the temperature
Tamp 1s changed. Fig. 4 shows the cooling potential Peyoing = Igg(Tamp) — latm of the traditional
transmission-based model, the corrected model we propose, and the MODTRAN irradiances of
versions of the standard atmospheres at different temperatures. The values of I, are calculated
using Ty.mp for the traditional transmission-based model, using T, and AT in Fig. 2 (assuming
that AT is unaffected by T,,,p) for the corrected model, and by scaling the irradiances of the
standard atmosphere by the blackbody spectra corresponding to Ty,,,;, for the MODTRAN model.
As shown in Fig. 4, the relative to the MODTRAN model, the traditional approximation
underestimates the cooling potential of radiative coolers by 6 to 24 Wm or 12 to 29 % depending
on the temperature and atmosphere type. The underestimations are large, particularly for high
values of I;;,. Our corrected model, by comparison, is within 1-8 Wm™? or 0.1-7 % of the
MODTRAN model, irrespective of the temperature, and the different total precipitable water and
other greenhouse gas levels represented by the different atmospheres. The corrected transmission-
based model thus provides an accurate irradiance relative to MODTRAN, while also providing

angle-resolved irradiance values that the traditional transmission-based model provides.

It should be noted that the transmittance-based model, and the correction we propose, are

intended for clear, cloudless skies. This is sufficient for validating experimental performances of
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radiative coolers, as such experiments are usually performed under clear skies. However, the
effects of clouds are important as well, particularly for mapping global average radiative cooling
potentials. We note here our model can in principle be modified to account for clouds — which are
essentially finite layers of condensed water vapor with high absorption across the thermal and
LWIR wavelengths — similarly to how it accounted for the ozone layer in Equation 5. Doing so
requires information about the thickness and type of clouds (e.g., thin cirrus vs thick cumulus),
their heights (which could be estimated from the dew point temperatures and atmospheric lapse
rates), their coverage and view angle from the perspective of the radiative cooler. However, that is
beyond the scope of the present study, since the angle-resolved and spectrally resolved irradiances,
which are the unique yields of the transmittance-based model, varies continuously as clouds move.
In that case, the hemispherical irradiance becomes more important, and models which output it
may be better suited. A number of such models, which take into account factors like cloud cover,

topography and altitude exist in the literature®®!0-12:36.37

, and could be used in conjunction with
satellite imagery of cloud covers and their calculated transmittances®, as well as radiometric

characterization of clouds®***’ to calculate downwelling atmospheric irradiances. It should be noted

that if the cloud cover is uniform and near-full, the motion of individual clouds has little impact
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and they behave as a layer, in which case our model can be conveniently used.
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Figure 3. Spectral hemispherical atmospheric irradiance I,;,, for the transmittance-based model

and our corrected model for the standard MODTRAN atmospheres.

4.3 Conclusions

Two results stand out from our analysis. From a computational standpoint, our results
indicate that a higher cooling power can be achieved by radiative coolers than is calculated using
the traditional transmittance-based model under clear skies. This adds to their promise for cooling
at local and global scales, with ~20% greater cooling potentials possible for some atmospheres.
However, our results also suggest that except in rare cases, experimentally demonstrated radiative
coolers perform less well relative to what is theoretically possible than usually thought. One reason
for this could be that such radiative coolers often have their near-normal emittances reported and

used in radiative cooling calculations, rather than their true hemispherical emittance, which may
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require full angularly-resolved measurements. Since hemispherical emittances are usually
considerably lower than the near-normal emittances typically reported #!, this could explain why

this mismatch has not been previously noted.
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Figure 4. Maximum cooling potential ( Pcoo1ing = Ipg(Tamp) — latm ) calculated using the
traditional transmittance-based model, the corrected model and MODTRAN for the six standard
atmospheric profiles, but with T,,,; varied from 262 to 332 K. Dots indicate the calculated data,
and the lines indicate fits with R>>0.99. Equations for the fits are provided. The data at low
temperatures for the Tropical, Midlatitude Summer and Subarctic summer atmospheric profiles
should be used with caution because at such temperatures, the atmosphere does not typically hold

the high TPW levels that characterize the standard cases.
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Table 1. Analytical expressions of the Pcyong corrections between the MODTRAN,

transmittance-based and corrected models.

Sub-
Midlatitud |Midlatitude US 1976 Arctic Sub-Arctic

AP oo1ing|Tropical |e Summer [Winter Standard Summer (Winter

0.0011T2- - - 0.0008T2- |-
PmopTrAN [0.57T+72. 10.0012T%-  0.002T%+0.15T- |0.0005T?+0.32T|0.385T+4 {0.0007T>+0.49T
-Pcorrected |7 0.6T+72.6 (32.7 -53.32 5 -82.2

- - 0.0005T2- |-

Pmoptran [0.001T2-  0.0009T%- [0.001T%+0.767T|0.0001T?+0.29T|0.071T- |0.002T?>+1.39T-
-PTraditional [0.4T+41.9 10.31T+26.1|-127.2 -59.8 7.9 214.8

Given the above implications of our work, we believe that it may be useful to contextualize
prior works which used the transmittance-based model, and that future works should account for
the underestimation of the theoretical radiative cooling potential by the traditional transmittance-
based model. Towards that end, we have provided analytical expressions of the cooling potentials
for the different MODTRAN atmospheres as a function of temperature, as well as analytical
expressions of AP,,4ing between the MODTRAN, transmittance-based and corrected models, in
Table 1. Additionally, we have also made numerical data for the zenith-ward transmittances and
AT; for different model atmospheres, which can be used with our method to calculate angular and
hemispherical emittances, publicly available*>*}. We hope that these resources will be useful to

researchers modelling atmospheric irradiances for radiative cooling applications.
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Chapter S: Passive freezing desalination driven by radiative

cooling

5.1 Introduction

Freshwater scarcity is expected to grow with rising temperatures this century, a challenge
that will be compounded by growth in demand for water worldwide!. Only 1.5% of water on Earth
is fresh water, with 96.5% of total water on Earth instead in the ocean as salt water’. Desalination
has thus become an important method for the production of fresh water with daily desalination
capacity estimated as 95.37 million m?/day at the end of 2018°, twice the rate of global water
production in 2008* In addition to fresh water generation, remediating industrial saline waste

7

streams from sources such as oil and gas facilities®’ as well as brine waste from seawater

desalination plants® is essential to mitigate the threats they pose to human health’ and the

environment '’

. Conventional membrane-based desalination processes are widely deployed but
require significant energy inputs'! '3, Collectively, most desalination systems deployed today need
a substantial amount of energy, and thus lie at the heart of the nexus between energy and water
use.

Thermal desalination has been actively explored for decades as a mechanism to
complement reverse osmosis-based systems and is today a commonly used method for desalinating
high salinity waters and brines. Thermal desalination entails the evaporation of salt water and its
condensation into pure water, with typical thermal desalination systems also demanding large
energy inputs typically driven by non-renewable fuels'*!”. One notable exception is solar

18,19

desalination *"”, which exploits a renewable source of energy, and in the past decade has seen

substantial advancement in systems enabled by solar-driven interfacial evaporation®>!. Although
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much work has gone into developing high-performance materials and high-efficiency system

designs®-3?

, solar desalination’s need for high solar insolation has placed limits on its applicability
in many geographic regions. Furthermore, the use of evaporation, a high-temperature phase change,
introduces additional operational costs due to scaling and corrosion.

Here, we focus on an alternate phase change that can also enable thermal desalination:
freezing. Freezing desalination exploits the fact that when water is crystallized to ice, salt will
separate from the ice crystals which will be pure water. Compared to evaporation, the energy
needed for the phase change can be reduced by 75% to 90% as the latent heat of fusion of ice is
334 kJ/kg, while the heat of evaporation of water is 2256 kJ/kg at 100°C*. Experiments in the
17th and 18th centuries demonstrated fresh water generation through the freezing of sea ice’*3>.
In the modern era, freezing desalination has remained an active topic of research inquiry with
considerable focus on improving its efficiency*®*2. Despite substantial early work on freezing
desalination in the 1960s, commercialization of the technology has been hampered due to the
substantial energy input needed for the freezing process®. If freezing desalination were possible
to enable passively, however, its viability as a technology might be dramatically enhanced.
Moreover, it could complement existing thermal evaporative desalination methods, including solar
desalination.

Given this context, we are motivated by recent breakthroughs in passive radiative

cooling**

wherein sky-facing surfaces radiate their heat as thermal radiation, some of which
effectively escapes to the cold of space through an atmospheric window in the long-wave infrared
part of the electromagnetic spectrum between 8—13 um. To passively reach temperatures

substantially below the ambient, as one would need for freezing, it is well understood that thermal

emitters that selectively emit within the atmospheric window will outperform broadband
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emitters** . Prior work has shown that with a selective emitter and a vacuum system to minimize
non-radiative heat gain a maximal reduction of 42 °C relative to the ambient is achievable®.
Because of its cooling performance below ambient temperature, radiative coolers have also been
used to obtain dew from atmosphere*. In the context of desalination, a single observational study
in 1974 claimed that a natural freezing process resulted in desalination in open pools of salt water
in the Atacama desert in Chile, where both evaporative and radiative cooling nominally resulted
in freezing desalination®’. However, this work did not provide any quantitative data with respect
to the salinity levels of the water generated, and the overall efficiency of the process. Since that
early work, no further attempts have been made at enabling a passive thermal desalination process
using freezing. Recent advances in optimizing radiative cooling materials and systems however
raise the intriguing possibility that this passive cooling mechanism could enable a compelling
technological capability for thermal desalination.

In this chapter, we conceptually develop, and experimentally demonstrate passive freezing
desalination driven by radiative cooling. Furthermore, we develop and validate models against our
experimental results and use them to predict expected performance in a range of climate zones.
We also use these models to determine the thermodynamic limits of performance of this approach
to desalination. Collectively, our work shows that passive freezing desalination can be both

competitive and complementary to solar desalination, and other thermal desalination approaches.
5.2 Results and Discussion

Conceptual Overview
Figure 1A shows the overall concept of the radiative cooling-driven freezing desalination
process we propose. A sky-facing radiative cooler passively freezes the saltwater and ice, which

in turn separate, with remaining higher salinity brine sinking because of its higher density. The
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generated ice can then be melted into pure water. Figure 1B shows the specific steps in the radiative
cooling-driven freezing desalination process. After freezing the salt water by thermal contact with
the radiative cooling surface, the ice and the brine are mechanically separated through a simple
filter. In practice, the remaining ice will have saltwater pockets trapped within it. Thus, following
standard processing techniques for freezing desalination, we wash the generated ice particles with

a small volume of pure water. The remaining high-purity ice is then melted to obtain fresh water.

B
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4 —» lce mixture * Salt molecule
.+ _ * Freezing¥ _ . | .7
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— . ° . -+ Brine
5e® o 0 n o 0% 0,08 s 0, *
- % etenie:
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Figure 1: (A) Conceptual framework of the radiative cooling freezing desalination process. The
ice forms inside the salt water because of the coldness of the radiative cooler and separates with
the brine. (B) Detailed schematic of a single stage freezing desalination process, including

freezing, separating, washing and melting.

We now examine the basic heat transfer mechanisms at play here to understand the

potential of this passive approach to desalination. Consider a radiative cooler of area A at
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temperature 7. When the radiative cooler is exposed to the night sky, it is subject to downwelling
atmospheric thermal irradiance (corresponding to ambient air temperature T,,,;) as well as non-
radiative heat exchange to its surroundings. The net cooling power P achievable by the radiative

cooler is given by:

Pnet(T) - Pmd( 7) - Patm(Tamb) B Pcon.d+c0nv ()
In Eq. (1) the power radiated out by the radiative cooling surface is
P (1) = A [dQcos(0) fo dir(1.2) £(2.0) @)
5 . . 2he? 1 .
Here f dQ =2m { 2 is the angular integral over a hemisphere. IBB(T A) = e 0 ’“(sr)_l is the

spectral radiance of a blackbody at temperature 7, where % is Planck’s constant, kg is the

Boltzmann constant, ¢ is the speed of light and A is the wavelength.

afm( amb) - AfdQCO.S(H)_{; d;JBB(Tamb’;L)S(;L’H)Em‘muqe) (3)
is the absorbed downwelling atmospheric irradiance over long-wave infrared wavelengths. The
atmospheric emittance &, (4) is calculated from g, (4) using the MODTRAN Web
Application for different weather conditions, as shown in the Supplementary section. Finally, heat
gained due to conduction and convection P.,,44c0ny €an be expressed based on a combined

effective heat transfer coefficient h, as
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Pcond +c(mv(T’Tamb) = Ahc(Tamb B T) (4)

A selective thermal emitter will have high emittance within the atmospheric window (8-
13 um) and low emittance elsewhere. For below-ambient cooling (i.e., 7' < T,,,p), @ broadband
thermal emitter stands to gain more heat from thermal radiation outside the atmospheric window
than it loses through thermal emission within the window, potentially resulting in negative cooling
power and limiting the lowest temperature achievable. By contrast, a selective emitter allows us
to maximize P,,..(T) at sub-ambient temperatures and thereby achieve a lower temperature, which
is essential for freezing desalination.

At the onset of freezing, the maximum ice generation rate that can be formed from simple
thermodynamic considerations alone can be understood by equating the net cooling power P,,,; at

that temperature to v, the ice generation rate of salt water and Hy the enthalpy of fusion of water

(334 kJ/kg):

Pm(T) =v M ; (5)

To illustrate the potential of radiative cooling-driven desalination, we calculate and show in Figure
S1 the maximum ice generation rate per second at a temperature of -2°C for a range of air
temperatures and relative humidity conditions assuming an ideal selective emitter. While this is
meant to be a first-order thermodynamic approximation, it does indicate the potential of radiative
cooling to enable meaningful ice generation for a range of weather conditions. In a full

implementation of such a system, to enable truly passive operation, the radiative cooling surface
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will further be responsible for cooling the saline solution to the onset of freezing, and the kinetics
of the freezing process will determine the nature of crystallization. We explore this in further detail

as part of our experimental implementation and detailed modeling in this paper.

Experimental Implementation

We experimentally demonstrated passive freezing desalination driven by radiative cooling
using a custom-built apparatus shown in Figure 2A. The radiative cooling surface is made of a
low-cost acrylic polymer (3M Scotch tape®') coated with silver, which is then affixed to a polished
aluminum cold plate which contains two tubes for water. The plate and radiative cooling surface
are placed inside a polystyrene box which is covered with Aluminized mylar both inside and
outside to minimize its own emittance. Two clear 12.5-um polyethylene films are placed above
the sample at a distance of 7 cm as an infrared-transparent windshield to enable effective, yet low-
cost insulation. Hemispherical emissivity measurements of the radiative cooling surface show that
it possesses a selective thermal emittance with high emittance in the atmospheric window (Figure

2B).

65



Low-density
polyethylene

-

o o o
» o ©

Hemispherical Emissivity

©
)

/7' ~ Air pocket
Aluminized Mylar / y

~
\ Radiative cooler
Polystyrene foam

Aluminum cold plate

o

5 10 15 20 25
Wavelength (um)

o

Figure 2: Experimental apparatus and conditions: (A) Three-dimensional schematic of the
radiative cooling apparatus. A cold plate with two tubes is used to place the salt water in thermal
contact with the radiative cooling surface, while the rest of the apparatus is designed to minimize

conductive and convective heat exchange to the cooler. (B) Hemispherical emissivity
measurement of the low-cost acrylic polymer used as the radiative cooling surface in the
experiment. C Photo of the setup and its surroundings in Big Bear Lake, CA, USA. The

apparatus can be seen at bottom during daylight hours. Experiments were conducted at night.

We demonstrated the performance of the radiative cooling desalination device in two
overnight experiments at Big Bear Lake, California (photo of the environment is shown in Figure
2C), by exposing it to the sky during night-time hours and testing its performance. In the first
experiment, the tubes in the cold plate were filled with 30 mL of salt water at 37.3 g/L,
approximately the salinity of seawater. As shown in the temperature data of Figure 3A,
immediately after the cooler is exposed to the environment (shortly before 22:30 local time in
Figure 3A), its temperature drops to approximately 8°C below the measured ambient air
temperature. The temperature of the saltwater reaches -6.2°C around 00:40 at which point it rises

rapidly to -2.98°C, a signature of the onset of freezing. The temperature of the forming ice/water
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slurry then slowly drops to -4.5°C during the crystallization process. Through multiple lab
experiments we determined that this temperature range resulted in approximately 75%
crystallization in our setup, a crystallization level previously shown to be optimal for freezing
desalination®®. At this point, we removed the ice/water and brine mixture from the tube and
mechanically separate the ice and brine using a simple paper filtration system and use 3.5 mL of
fresh water to wash the formed ice crystals to remove the attached brine on the surface of the ice
crystal. 19 mL of water with a salinity of 8.99 g/L is obtained after melting the ice crystals, as
shown in Figure 3C.

We then re-inserted the partially desalinated water from the first stage back into the tube
of the cold plate and repeated the previous steps for a second stage of freezing desalination. As
shown in the temperature data of Figure 3B, after the cooler is exposed to the environment (at
03:07 local time in Figure 3B), its temperature drops to around -5°C at 04:00 and immediately
rises to -1.35°C because of the lower salinity of the salt water. We repeated the separation process
and used 2.5 mL of fresh water to wash the formed ice crystals. After the second stage’s
desalination process, we finally obtained 15 mL with a salinity of 1.88 g/L (Figure 3C)
representing a 50% recovery rate from the 30 mL salt water initially introduced into the system.
We note that the wash water used in both stages rapidly flows past the ice and in this
implementation contributes negligibly to the finally measured output water from the system which

is determined by melting the remaining ice.
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Figure 3: (A) First stage measurement of the salt water (37.3g/L) temperature (blue) against
ambient air temperature (orange) on a clear night in Big Bear Lake, California, USA. The water
temperature immediately drops below ambient once exposed to the sky and increases from -
6.2°C to -2.98 °C at the onset of freezing. (B) Second stage measure of the first stage's saltwater
temperature (blue) vs. ambient air temperature (orange). The water temperature drops to -5.01 °C
and then rises to -1.35 °C at freezing onset. (C) Salinity measurements of the two desalination
stages. The salinity of water drops from 37.3 g/L to 8.99 g/L after the first stage witha 11 mL
water loss and from 8.99 g/L to 1.88 g/L at the second stage with a 4 mL water loss. (D) First
stage measurement of the lower salinity input saltwater (17.5 g/L) temperature (blue) vs. ambient
air temperature (orange) on a clear night at the Big Bear Lake test site. The water temperature
immediately drops below ambient once exposed to the sky and increases from -3.5°C to 1.1 °C at
the onset of freezing. (E) Second stage measurement of the saltwater temperature (blue) vs.

ambient air temperature (orange). The water temperature drops to -2.2 °C and then rises to
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1.65 °C at freezing onset. (F) Salinity measurements after each desalination stage. The salinity of
water drops from 17.5 g/L to 5.2 g/L at the first stage with an 8 mL water loss and from 5.2 g/L.

to 0.7 g/L at the second stage with a 4 mL water loss.

To explore the effect of initial input salinity, in a second experiment we demonstrated the
performance of the radiative cooling desalination device for lower salinity input water. In this
experiment, the tubes in the cold plate were filled with 34 mL of salt water at 17.5 g/L input salinity.
As shown in the temperature data of Figure 3D, immediately after the cooler is exposed to the
environment (at 21:30 local time), its temperature drops to approximately 13°C below the
measured ambient air temperature, a deep sub-ambient cooling effect enabled by the selective
thermal emitter. The temperature of the saltwater reaches -3.5°C at around 01:10 at which point it
rises rapidly to 1.1°C at freezing onset. The temperature of the forming ice/water slurry then slowly
drops to -1.2°C during the crystallization process. As in the previous experiment, we mechanically
separated the ice and brine and used 3.5 mL of fresh water to wash the formed ice crystals to
remove the attached brine on the surface of the ice crystal. 26 mL of water with a salinity of 5.2
g/L is obtained after melting the ice crystals, as shown in Figure 3F. We next re-inserted the 26 ml
of 5.2 g/L salinity saltwater back into the tube of the cold plate and repeated the previous steps for
a second desalination stage. As shown in the temperature data of Figure 3E, after the cooler is
exposed to the environment (at 03:00 local time in Figure 3E), its temperature drops to around -
2°C at 03:45 and immediately rises to 2°C because of the lower salinity of the salt water. We then
repeated the separation process and use 2.5 mL of fresh water to wash the ice crystals. After the

second stage’s desalination process, we finally obtained 22 mL of water at a salinity of 0.7 g/L
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(Figure 3F) representing a 65% recovery rate from the 34 mL salt water initially introduced into
the system.

After the first stage of the desalination process in these experiments the salinity of saltwater
decreases 70-75% while there is also 8-11 mL water loss. Previous work has shown that in freezing
desalination systems the removal efficiency decreases as the residual liquid volume reduces due
to the difficulty of maintaining regular contact between the liquid and solid phases®. Freezing in
general can further cause impurities to be trapped inside ice crystals relative to the fraction of the
solution that remains unfrozen. This in turn can result in lower separation efficiency of the salt-
water solution’3, There is thus a compromise between water loss and the purity of water obtained
that we believe can be further optimized in future work. Finally, we note that the pump for the
mechanical separation process used here consumes about 30 J during the desalination process. This
corresponds to less than 0.5% of the total energy that would otherwise be needed to freeze 19 ml
of salt water. This energy consumption is thus negligible relative to the effective energy savings

made possible by the passive radiative cooling process.

Modeling and validation

We next developed a theoretical model for the developed freezing desalination system,
validated it against the experimental measurements and then used it to predict the net freshwater
yield of both current and future improved radiative-cooling freezing desalination systems in a
range of climate zones. Given input environmental conditions (air temperature and dew point), as
well as the mass of water in the system, the model first predicts the cooling curve for water in the

radiative cooling apparatus (see Supplementary Information for details). In Figure 4A, the model’s
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prediction for the temperature of the saltwater at an input salinity of 37.3 g/L for a range of non-
radiative coefficients of heat exchange is compared against the first stage experimental data in
Figure 4A and the second stage in Figure 4B, showing excellent agreement. The temperatures of
saltwater for the lower input salinity experiment (17.5 g/L) for both stages are also simulated by
the model, and shown in Figure 4Cand 4D, also showing excellent agreement. The model then
uses this information, as well as phenomenologically derived assumptions about when freezing
onset occurs, and the associated temperature rise of the saline solution, to predict a range of
expected freshwater production rates for a particular set of operating conditions (see
Supplementary Information). The model’s predicted range of freshwater production is shown in
Figure 4E and is validated against the values obtained experimentally showing excellent overall

agreement.
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Figure 4: (A) Model predictions (gray) vs. experimentally measured (blue) saltwater

(37.3 g/L concentration) during the first stage, showing excellent agreement. The gray

regions denote model uncertainty associated with the coefficient of non-radiative heat
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exchange which is modeled in a range of potential values. (B) Model predictions (gray)
vs. experimentally measured (blue) saltwater (37.3 g/L concentration) during the second
stage, also showing good agreement. (C) Model predictions (gray) vs. experimentally
measured (blue) saltwater (17.5 g/L concentration) during the first stage, showing
excellent agreement. (D) Model predictions (gray) vs. experimentally measured (blue)
saltwater (17.5 g/L concentration) during the second stage, also showing good agreement.
(E) Modeled total freshwater production from saltwater vs. experimentally yielded
quantities. (F) Modeled total freshwater production using the experimental apparatus for
different input salinities given weather conditions during experiments at the Big Bear

Lake test site, and assuming the use of up to three consecutive stages.

We next used the validated model to predict the nightly freshwater output of our apparatus
for different input and output salinities under the same set of environmental conditions as our
experiments. First, we note that the higher the salinity of input saltwater, the harder it will be for
it to freeze, as it will have to reach lower supercooling temperatures, as shown in Figure S3.
Furthermore, higher salinities can necessitate multiple stages of freezing and washing, as
demonstrated in our experiments. Using our experimental implementation as a phenomenological
baseline for the values of the input and output salinities achievable for experimental stage (with a
maximum of four stages total set as an upper limit), we show in Figure S5 the expected number of
desalination stages needed as a function of input salinity. The model demonstrates that, given our
apparatus and test environmental conditions, it takes at most three stages to desalinate freshwater
from higher salinity water (37.3+ g/L), and takes fewer stages for lower input salinities. For

seawater desalination (input salinity of 35 g/L), based on the current implementation (current cold
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plate, radiative cooling material and apparatus insulation) the performance of this system at
different ambient temperatures and relative humidities is shown in Figure 5A. In this model, we
assume that there is no supercooling resulting in freezing onset as prior works has shown that
supercooling can be avoided by adding a nucleation agent or increasing the roughness of the
nucleation surface>*-¢-60,

Finally, to explore the performance limits of radiative cooling-driven freezing desalination,
we further apply our model on an idealized freezing desalination system. We assume in this model
that the mass of the cold plate is negligible, that the radiative cooling surface is under vacuum, that
the radiative cooler is an ideal selective thermal emitter (with unity emissivity between 8-13 um
and 0 at other wavelengths), that the convective shield has perfect transmittance and that there is
no supercooling resulting in freezing onset exactly at the freezing point of 35 g/L salt water (-2 °C).
The performance predictions under these assumptions for different ambient temperatures and
relative humidities is shown in Figure 5B. For the ideal case, as much as 0.9 L/m*h freshwater
can be generated using this method, which compares favorably with common solar desalination
production values of 0.3-0.7 L/m*h under the standard one Sun illumination condition

(1 kW/m?)%1-6% but is lower than the theoretical limit of hourly averaged production values for a

multi-stage solar desalination system, 10 L/m*/h!>2!,
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Figure 5: (A) Model prediction of the amount of water produced hourly by radiative cooling
freezing desalination assuming the current experimental implementation for different relative
humidity and ambient temperatures. (B) Single-state thermodynamic limit of hourly water
production by radiative cooling freezing desalination for different relative humidity and ambient
temperatures. (C) Prediction of average daily water production each month of the current
experimental implementation using typical meteorological year (TMY3) weather data for cities
located in five different climate zones. (D) Single-state thermodynamic limit of average daily

water production each month for the same cities located in five different climate zones.
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To further explore the viability of this approach to desalination, we apply our model using
typical meteorological year (TMY3) data for cities in five different climate zones: dry, temperate,
continental, Mediterranean, and highland climates. We then calculate the amount of water
produced by radiative cooling freezing desalination daily based on both the current experimental
implementation in Figure 5C, as well as the production from the ideal passive radiative cooling-
driven freezing desalination system in Figure 5D. In all cases we consider solar energy absorption
by the radiative cooler based on its current solar reflectivity. Overall, with this desalination
approach we observe the highest production during non-summer months when solar irradiance and
ambient temperatures are cooler in all climate zones. However, as shown in Figure 5D, with further
improvements meaningful production can occur during low solar irradiance hours in the summer
as well. As can be seen in Table S2 of the Supplementary Information, the dry and highland climate
zones are optimal climate zones due to many hours of relatively cooler air temperatures and lower
relative humidities. However, in winter months with relatively solar irradiance, this approach may
outperform solar desalination-based approaches.

While Figure 5 examines the system’s performance in terms of production capacity, the
rates shown here must be compared against system costs. As a preliminary effort to that end, we
developed a first order levelized cost of water (LCW) analysis for the passive freezing desalination
system and benchmarked it against LCW ranges for other desalination methods. As shown in
Figure S6, production rates of 2-5 L/m?/day, achievable with the system as it would currently
performs in range of climate zones (Figure 5C), could yield LCW in the range $1.5 — $0.75/m?,
competitive with solar desalination today®*. We note that with the theoretical limits of performance
shown in Figure 5D, Figure S6 indicates that LCW could be achieved that would be competitive

with membrane desalination systems in a range of climate zones. The current implementation’s
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costs are driven by small-volume manufacturing of the cold plate used, as well as sub-optimal
performance due to non-ideal infrared selectivity as well as supercooling. Improvements on both
these fronts are possible with increased manufacturing scale, as well as through further
advancements in selective radiative coolers. While this is a preliminary estimate, the results do
highlight the potential of this approach to desalination, given the simplicity of the system’s
components and low-temperature operation relative to alternate thermal desalination approaches
that rely on evaporation. For climate zones with relatively low solar irradiance during large
fractions of the year, radiative cooling-driven desalination may represent a compelling renewable
thermal desalination approach, including to remediate saline wastewater in industrial, and oil and

gas facilities.
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5.3 Conclusions

To summarize, we have highlighted the remarkable possibility and potential of desalinating
salt water by radiative cooling-driven freezing desalination. Unlike membrane desalination, our
approach is passive and can in principle work for water of any salinity level. Compared with solar
desalination, our approach overcomes both challenges associated with evaporative desalination,
including corrosion related to high temperature operation, and makes freezing desalination more
attractive from an energy input perspective. While a potentially competitive technology in its own
right, we emphasize that radiative cooling-driven freezing desalination could be combined with
solar desalination to realize year-round, 24 hour a day passive thermal desalination for the first
time. The low-salinity water generated by this method could also serve as a preliminary stage for
conventional membrane-based desalination to overcome the high pressures that can be
encountered when desalinating high-salinity input streams. While radiative cooling has emerged
in recent years as an important frontier for research in energy challenges, this work highlights the
important contributions that harnessing the thermodynamic resource of the cold of space could

play for water challenges we face this century.

5.4 Supporting Information

1. Experimental Methods
Temperature measurements

Desalination experiments were performed on a flat surface in Big Bear Lake, California,
in late June 2020 and 2021. The apparatus containing the radiative cooler consists of a 2-inch-thick
polystyrene foam covered by a layer of aluminized Mylar. A polished, custom-fabricated

aluminum cold plate is on the bottom of the box and the radiative cooler is placed on the top of it.

78



Two layers of 12.5 um low-density polyethylene film is then used to seal the top of the box and
serve as an infrared-transparent shield. This design, schematically represented in Figure 2A,
creates a well-sealed air pocket around the sample, which provides the well insulation.

The tube was inserted by a thermocouple with +0.25 °C accuracy sealed by wax, connected
to a data logger (Omega-OM-USB-TC). Ambient air temperature is measured by another
thermocouple with accuracy with free air flow near the sample, but outside the air pocket around

the sample.

Salinity measurements

The ice and brine were poured into a vacuum filtration system, which includes 500 ml filter
flask, 9 cm porcelain buchner funnel, 9 cm filter paper, pre-drilled rubber stopper and 3/8 in
vacuum tubing with a 1/4 in adapter sleeve as well as a 1 W vacuum pump for 15 s. The solid ice
particles cannot pass through the filter medium and are washed by 3.5 ml pure water. After washing,
the ice crystals were transferred into a beaker. Once the ice melted completely, its salinity was

measured using a LCD salinity meter (Grainger) with an accuracy of +2%.

Spectral characterization of the radiative cooler

The hemispherical emissivity of the radiative cooler is measured by a Bruker Invenio-R
FTIR spectrometer and is shown in Figure 2B. Emissivity is measured by angular reflectance
measurements from 0° to 80 with integrating sphere and averaged using Eq. (6). We observe strong

thermal emissivity in the atmospheric window between 8§ um and 13 pm.

m

[T [ e, -0 9)os0)sinto)aoag
e (6)
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fznf 2 cos(0)sin(0)dode
0 0
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Typical water output in different cities

To access the temperature data for different cities, we use the TMY 3 data from EnergyPlus,
a widely used temperature resource. We use average hourly ambient temperature of different cities
in a typical month provided by the TMY3 temperature file and assume the ambient temperature is
constant during each hour segment. The amount of water produced by radiative cooling freezing
desalination on a daily basis based on the current experiment implementation and the ideal

conditions are shown in Figure 5(C,D).

2. First-Order Thermodynamic Model

Figure S1 shows the maximum ice generation rate per second at a temperature of -2°C
(freezing point of 35 g/L salt water) from a first-order thermodynamic calculation. The calculations
are performed for a range of air temperatures and relative humidities in clear sky conditions
assuming an ideal selective emitter with unity emissivity between 8 and 13 microns, and zero
elsewhere, and no non-radiative heat exchange (vacuum insulation). Expected freezing output
limits range from 0.06 to 0.24 g/m?-s freshwater, with meaningful generation accessible at air

temperatures as high as 15-20°C.
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Figure S1. First-order thermodynamic prediction for the water production rate at the freezing
point for 35g/L by radiative cooling freezing desalination at ideal case for different relative

humidity and ambient temperatures.

3. Heat-Transfer Model of Experiment

The atmospheric emittance €am calculated from Isy(A). For this calculation, we used
weather and location date to model Isky(4) using the MODTRAN Web Application. Parameters
used for the modelling included location, time and total precipitable water (TPW) in the
atmosphere. For the experiment at Big Bear Lake on June 30th, 2020, the TPW is 11mm and the
altitude was 7400 ft. For the experiment on May 28th, 2021, the TPW is 7.5mm. A clear, cloudless
sky was observed and assumed for the model.

Heat-transfer simulations were performed in order to better understand convective and
conductive loss mechanisms in the experiment, and to quantify Pcond+conv and /e as defined in Eq.

(4). The model simulates the experimental setup in three dimensions with four objects: a thin
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radiator, two layers of 12.5 um low-density polyethylene, surrounding air and the supporting
polystyrene block as is shown in Figure S2A. We define the air temperature and the conductive
properties of all objects and the value of the heat flux Pou that is leaving the radiator, allowing us
to infer Pcond+conv according to the radiator’s temperature 7. The outside boundaries of the system
(shown at the top of Figure S2A are set to the air temperature. The simulation handles the fluid
mechanics in the air pocket and the conduction in the polystyrene block and the radiator in order
to determine the steady-state temperature 7 of the sample for each value of Pout. At the steady-state
temperature, Pout = Pcond+conv = Ahc(Tamb — T). The result of this simulation is shown in Figure S2B
as the blue line, whose slope is the simulation’s prediction of the non-radiative heat transfer
coefficient /c. By linear regression we find a value of ic = 2.5 W m 2 K™! which is within the range

between 2-4 W/m?/K in the theoretical model in Figure 4 grey region and fits the observed data

very well.
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Figure S2. (A) A numerical (finite-element) heat transfer simulation of the apparatus and
radiative cooler yields a temperature distribution within the geometry that takes into account

non-radiative heat exchange in the apparatus. (B) The simulation calculation for Pcond+conv as a
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function of Tsample — Tambicnt (blue line) yields a value of .= 2.5 W m 2 K!, which is within the
range between 2-4 W/m*/K in our theoretical model to compare against experimental data in

Figure 4 grey region.

We propose a theoretical model to explain the water temperature curve. Before freezing
occurs, because of the high heat conductivity of aluminum as 205 W/m K and small thermal mass
of salt water as 30 g, it’s reasonable to assume that there is no heat loss between the cold plate and
the salt water, so the saltwater and cold plate can be considered as a whole. Then the radiative

power Prad can be expressed as follows:

Ppee At = (mAlCAl + msCs) AT (7)

Here mai and ms are the mass of the cold plate and saltwater and Cai and Cs are the heat
capacity of aluminum plate and saltwater. Pnet can be calculated from Equation (1) with the air
transfer coefficient he within the range of 2-4 W/ m*/K. The mass of cold plate and saltwater is
410 g and 30 g separately. To fit the curve, we assume that the initial temperature of the radiative
cooler is the same as the ambient temperature measured during the experiment and we choose AT
equals =0.01 K each time and calculate time step At to cool down for this small temperature drop
according to Eq. (7). Then we use the corresponding experimental ambient temperature after each
time step as the input ambient temperature for the next AT drop to calculate the new time step At.
By progressing through these time steps, we model the temperature drop corresponding to time as
is shown in the Figure 4 grey regions, which fits very well with the experimental value. After the

transition point, new ice particles will form. This formation process can be expressed as follows:
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Pret At — S X Hp At = (my; X Cyy +mg X C;) AT (8)

The rate of mass transferred from liquid to solid (S) depends upon the nucleation rate Sy, the

mass of the single crystal Sm according to the relationship.'*

S = S5uSm )
where Si is the nucleation rate given as®
= BTb gy (AT
Sp = - exp(Tb(Tf_Tb)z), T, <Tf. (10)

Here Tb is the bulk water temperature, Tr is the freezing temperature of brine used, R is the ideal
gas constant, h is Planck’s constant and A is an empirical constant which may be calculated by
assuming that Sn=1 at nucleation. Further assuming that the crystals are spherical, the mass of
single crystal is obtained from
Sm = 4nrp,/3 (11)

where ps is the density of ice, 15 is the average diameter of the single ice crystal and we assume it
equals half of the final crystal size, » = 0.5 D).

The rate of change of diameter D, of a single crystal relates with the difference between

the temperature 7; of the ice/liquid interface and temperature 75 of the bulk liquid,

Dy _ G
at Dy

(T; = Tp) (12)

where G is the rate constant defined according to driving force ratio Ex as
G =0.6129 x 1078E,. (13)
Ex is dependent on salt concentration Wi of the bulk liquid according to

E.=1/1+77W,;/(1 — W)} (14)
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Finally, The ice/liquid interface temperature Ti is defined in terms of the liquid bulk temperature
and the driving force ratio using
Ti= Ty —Tp)Ex + Ty (15)
To fit the curve, we discretize the temperature decrease as AT = 0.01 K and calculate the
time step At needed to cool down for this temperature drop according to Eq. (8). The rate of mass
formation S can be calculated from Egs. (9-15). We then use the corresponding experimental
ambient temperature after each time step as the input ambient temperature for the next AT drop to
calculate the new time step 4¢. Using this approach, we can iteratively model the temperature drop
corresponding to time as is shown in the grey regions of Figure 4, which map well to the

experimentally measured values.

4. Supercooling temperatures at different salinities

To phenomenologically assess the degree of supercooling one can expect in our apparatus
during freezing as a function of input salinity, we conducted a controlled lab experiment of the
apparatus whereby the supercooling temperature of saltwater was measured for different input
salinities. The results, shown in Figure S3, highlight that the supercooling temperature is observed
to be roughly linear function as a function of salinity over the salinities and temperature range of
interest and relevance to our experiments. This then allows us to establish an expected

supercooling temperature and freezing onset temperature for our model.
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Figure S3. Measured supercooling temperatures for different input salinities during the freezing

desalination process in our apparatus.

S. Desalination steps to get freshwater for different initial input salinity
Figure S4 shows the final freshwater production after one stage desalination process

according to different initial input salinity. The higher initial salinity, after one stage desalination

process, the higher final salinity as well as lower water production rate.
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Figure S4. Simulated freshwater production after one stage desalination process according to

different initial input salinity
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Figure SS. Flow chart showing the decision flow in the developed model to determine the

number of radiative cooling freezing desalination stages needed for a given initial input salinity

87



Figure S5 shows the radiative cooling freezing desalination stages according to different
initial input salinity. Figure 4F uses this flowchart to calculate the amount of freshwater production
based on different initial input salinity. For input salinities close to seawater, it may take three
stages to get freshwater based on our current implementation. Lower salinity of initial saltwater

may require only one or two stages.

6. Levelized cost of water (LCW) analysis

To explore the economic factor of this method, we performed a preliminary levelized cost
of water (LCW) analysis based on the current implementation of the radiative cooling freezing
desalination system. The following general formulas are applied to calculate the LCW of the

proposed passive freezing desalination system®

OM,; + F,
Co+I2 Ty
LEW (§/m?) = —— W,
=t @ +i)"

Here Co represents the capital cost, OM: represents annual cost (including chemical and
overhead), Fi represents the decommissioning cost and Wt is the water production. We assume that
the project / product lifetime is 25 years, and the interest rate of financing(it) is assumed to be 3%
and for simplicity we assume no decommissioning cost (F: = 0).

We calculate a capital cost of $10.7/m?. As inputs we include aluminum foil from Walmart
(item 550050985) at $0.5/m?, 3M Scotch tape from Walmart (item 565092890) at $0.1/m? and
low-density polyethylene from Walmart (item 551257829) at $0.1/m*. We obtained the cold plate

with from a vendor in China at a cost of $10 /m?. This estimate is highly conservative as it assumes

88



as raw costs the price of components at low volumes from consumer retailers. The annual
operational cost is calculated a value of $0.821 /m? This includes electricity costs of
$0.011/m?/year, filter cost at 0.81 $/m*/year. Filter is made from 3d printer PLA filament from
Amazon (item PLA175RBLK). For the current water production of 3.3 L/day/m?, the LCW cost

is $1.19/m>, as is shown in table S1, which is price compatible with solar desalination at 0.8-1.5

$/m3. 4
Capital cost (Co) Annual cost (OM;)
interest
) Radiative | Low-density
rate(i) Metal plate with tube | Electricity Filter
cooler polyethylene
3% $0.6/m’ $0.1 /m? $10/m? $0.011/m* | $0.81/m?

Table S1. Inputs for levelized cost of water (LCW) estimate for our radiative cooling freezing

desalination system

Figure S6 shows LCW estimates from the seawater by radiative cooling freezing
desalination method against different daily production rate. For a constant cost of desalination
system, the higher production rate, the lower LCW we can get. The current LCW cost of the
radiative cooling freezing system is $1.19/m?, which is comparable with solar desalination and

reverse osmosis. With improved performance, including those identified in the calculations for
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Figure 5B and 5D, and economies of scale, this approach holds the potential to compare favorably

with both thermal and membrane desalination systems.
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Figure S6. Levelized cost of water (LCW) estimates of radiative cooling drive freezing
desalination for different production rates. The results indicate that, based on current
performance, the system holds the potential to compete favorably with solar desalination with
further improvements may also compare well with membrane desalination in the climate zones

identified in Figure 5D.

7. Potential water production in different climates in a vacuum system

For seawater desalination with initial input salinity at 35 g/L, based on the current
implementation, which is current cold plate, scotch tape as the emitter, no supercooling as well as

vacuum system achieved in other literature’, the performance of this system at different ambient
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temperatures and relative humidities is shown in Figure S7A. The amount of water produced by

radiative cooling freezing desalination on a daily basis based on the same assumptions from

January to December for the cities of five different climate zones are shown in Figure S7B.
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Figure S7. (A) Prediction of the amount of water produced by radiative cooling freezing

desalination in the scenario where the non-radiative heat transfer coefficient is maximally

suppressed (hc=0) for different relative humidity and ambient temperatures. (B) Prediction of the

amount of water with this method for the cities of five different climate zones in the potential

real case when the non-radiative heat transfer coefficient hc=0.

8. Annual average daily water production for different climate zones

The annual average daily water production at different initial input salinity with radiative

cooling freezing desalination method for the identified cities in five different climate zones is

shown in Table S2. The dry climate and highland climate are notably the best weather conditions

for this method as it has the highest annual average daily production compared with other weather
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conditions. However, with further improvements in the system, performance and associated LCW

(Figure S6) may be competitive across all the climate zones shown.

Temperat (Continenta
Initial e- I-New [Mediterranea| Highland
Salinity Climate zone Dry-Reno| Shanghai | York n-LA -Denver
Ideal annual average 11.21 11.57
35g/L daily production L/m*> |5.03L/m?| 7.8 L/m* | 3.9 L/m? L/m?
Real annual average daily 2.27
35g/L production 2 L/m? |0.43 L/m?|1.16 L/m?| 0 L/m? L/m?
Ideal annual average 12.9
17.5 g/L daily production 12.4 L/m?|5.93 L/m?| 9 L/m? 5 L/m? L/m?
Real annual average daily 2.77
17.5 g/L production 2.57 L/m?|0.65 L/m?| 1.4L/m* | 0.2 L/m? L/m?

9.

Table S2. Prediction of annual average daily water production with passive freezing

desalination for the cities of five different climate zones.

Potential ways to further improve water quality
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Prior work has shown the washing process applied post crystallization to enhance crystal
quality. Besides the washing method, which we implemented, a sweating process has also been
shown to be an effective post treatment method to remove brine trapped within ice crystals.®’
Mandri et al. investigated the sweating process through one cycle of indirect freezing desalination®.
It was observed that salinity of the saline solution was substantially reduced from 35 g/kg to

0.5 g/kg at 0 °C post optimization of the freezing condition and sweating step.

Addition of ice seeds to induce nucleation was also applied to enhance product quality as
well as achieve better control over nucleation. Without ice seed, the water usually has a
supercooling state, which is beneficial to form dendritic ice crystals. At the end of the supercooling
stage, greater impurities get trapped between dendritic ice crystals, which in turn, imply lower
quality of water’. Addition of ice seed will terminate the supercooling state immediately and ice
crystals are formed shortly.'®!! Scientists have introduced ice seed for the freezing desalination

process to avoid supercooling and increase water quality.!®!1%13

10. Transmittance of polyethylene film used

Multi-layer insulation to improve cooling performance has been widely used in radiative
cooling experiments where there is a deep sub-ambient temperature regime one is trying to reach.
In this regime, the insulation benefits of two layers (a reduced non-radiative coefficient of heat
exchange) can outweigh the transmission loss due to additional layers of PE. This was observed
in Trombe’s'* original demonstrations (1967) which employed this form of multi-layer insulation.

Two layers of PE films will form an air pocket which will provide better thermal insulation
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compared with single layer PE film. As is shown in Figure S8A, the infrared transmittance of PE
film towards the zenith is ~92%, with two layers bringing it down to approximately 84%. For our
application, the advantage of providing well thermal insulation will outweigh its effects
influencing the infrared transmittance, causing a higher cooling power compared with the single
layer PE film. As is shown in Figure S8B, we calculate the net cooling power vs. temperature for
a selective radiative cooler beneath a single layer of LDPE and one under two layers of LDPE. As
expected, at temperatures near the air temperature, a single layer of LDPE is superior as the loss
in IR transmittance is more important than any gain in conductive or convective isolation. However,
as one proceeds to lower sub-ambient temperatures, the benefit of the reduced coefficient of
conductive and convective heat exchange results in net cooling power of the two-layer LDPE
window outperforming that of the single-layer LDPE configuration. This begins within a few °C

below ambient and is even more important as one reaches lower temperatures.

A B
1 r T

80 ——Single-layer LDPE
N —— Double-layer LDPE

0.8 g 70+

5:60 3

L o}
0.6 = 50|

—Single-layer LDPE

Transmittance toward zenith
S
o

g
0.4 —— Double-layer LDPE =
703 30 1
O Ambient temperature: 283 K
0.2 %20t P ]
pd
10+
0 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 276 278 280 282
Wavelength(um) Radiative cooler temperature (K)

Figure S8. (A) Experimentally measured transmittance of single and double-layer 12.5 um-thick

polyethylene films used in our experiments at zenith (0° angle of incidence). (B) Net radiative
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cooling power vs. radiative cooling temperature for a selective radiative cooler beneath a single

layer of LDPE and one under two layers of LDPE
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Chapter 6: High-efficiency dew condensation and collection

using hydrophilic radiative cooling surfaces

6.1 Introduction

Water scarcity is one of the most challenging issues facing humankind this century. Over
fifty percent of the global population faces a shortage of water today, with that number expected
to reach two-thirds by 2025'2. Although desalination can facilitate the use of sea water, landlocked
places are unable to take advantage of this approach to fresh water generation. Atmospheric water
harvesting has thus attracted great attention for potable freshwater generation because of its ease
of access and the large amount of freshwater resources accessible in our atmosphere>.

Current atmospheric water harvesting methods are typically based on refrigeration,
exploiting a cooled surface to cool the air below dew point powered by electricity®>. However,
because of the large enthalpy of condensation, active cooling methods impose large electricity
requirements which are unfavorable from both a cost and carbon emissions point of view. Instead
of cooling the surface to increase the local relative humidity (RH), a significant body of research
has explored atmospheric water harvesting materials with the ability to extract water vapor from

911 and zeolites'>'*. However, the

air spontaneously such as hygroscopic materials®® , silica gels
fundamental challenge remains in the high energy consumption to release the water because of the
high affinity between the water and the harvesting material. Metal organic framework (MOF)-

15717 were demonstrated to take up water at a relatively low RH and release water

based materials
with small temperature increase through tailored material modifications. However, most viable

MOFs have been challenging to synthesize on a commercial scale, limiting their potential for large-
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scale, cost-effective water production. Furthermore, the long-term stability through cycling, as
well as shaping/processing of MOFs are important limitations to future practical applications’.
With a view towards overcoming the energy constraints associated with condensing
atmospheric water vapor, and building on developments in passive radiative cooling'®*?’, dew
condensation on radiatively-cooled surfaces has been investigated in recent years'®!?. In this
approach, sky-facing surfaces radiate their heat as thermal radiation into cold space through an
atmospheric window in the long-wave infrared part of the electromagnetic spectrum between 8—
13 um. The cooling effect cools down the surface to below the dew point thereby facilitating
condensation. Due to its underlying mechanism, passive condensation can in principle be achieved
in a broad range of weather conditions. Recently, through proper spectral engineering, a range of
high emittance radiative cooling materials?>?>283% have been demonstrated, including a low-cost,
high emittance radiative cooler that experimentally achieved a 11 °C temperature drop®.
Although dew condensation through radiative cooling has been experimentally
explored®!*? with a range of materials chosen for their optical properties, comparatively little
attention has been paid to the surface properties of the radiative cooling surface to facilitate both
condensation and collection of generated water. For condensation applications, the water droplet
usually attaches on the surface and requires active energy to remove it. Engineering surfaces with
water nucleation and removal attracted much attention. Recent work used a hydrophilic Al foil as
the condenser to increase the condensation efficiency??. However strong adhesion between water
and the Al foil surface makes it challenging to collect the condensed water, necessitating a
weighing approach to infer the actual water condensed. For highly saturated vapors (relative
humidities > 95%), another recent paper demonstrated the utility of superhydrophobic coatings®*

which can achieve self-removal of harvested dew through its strongly repelling water
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characteristics. While intriguing, these recent works focused on condensing vapor from a separate
source, typically involving high relative humidities in the introduced water vapor. By contrast, for
atmospheric water generation, the surface requires both high water condensation efficiency as well
as high water removal efficiency, which previous works have not demonstrated. Indeed,
hydrophilic surfaces will typically have a high condensation rate while hydrophobic surfaces can
facilitate high water removal efficiency. A potential solution to this challenge lies in the recent

development of slippery liquid-infused porous surfaces (SLIPS)*>#

consisting of a film of
lubricating liquid locked in place by a micro/nanoporous substrate because of capillary action.
Although SLIPS have shown exceptional high water condensation efficiency and water collection
efficiency at the same time, in the context of water harvesting they have only been used for fog
harvesting.

In this chapter, we experimentally demonstrate high-efficiency atmospheric water
harvesting driven by hydrophilic slippery radiative cooling surface (SRCs) with water nucleation
and removal functions. We fabricate a hydrophilic slippery radiative cooling surface by
incorporating the hydroxy PDMS-25 oil into the hierarchically porous poly(vinylidene fluoride-
co- hexafluoropropene(P(VdF-HFP). To further increase the water collection efficiency, we
optimize our system with a vertical surface, allowing water collection on both sides of the surface.
We experimentally demonstrate that we collected 25 g/m? atmospheric water over 6h of outdoor
nighttime testing at RH of 65% and as high as 45 g/m*h water at RH of 95% with extraordinarily
high efficiency, nearing the thermodynamic limit. Our results suggest that dew condensation via

radiative cooling, in addition to being of scientific interest, may in fact emerge as a practical

technology for water harvesting.
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6.2 Results and Discussion

System design and working principle

Conventional approaches to dew condensation enabled by radiative cooling have utilized
a flat or tilted sky-facing surface. However, in addition to condensing the water, collection has not
been optimized, with droplets typically remaining immobile on the surface and manually collected
at the end of a fixed time period. We thus introduce multi-functional hydrophilic slippery radiative
cooling surfaces (SRCs). By radiatively cooling themselves, the SRCs passively cools down below
the ambient air around the surfaces, which in turn, leads to condensation on the surfaces. The
hydrophilic nature of the surface promotes water condensation, while its slippery nature optimizes
collection by facilitating the immediate removal of condensed droplets (Fig. 1A).

Fig. 1B presents the specific steps involved in making the slippery radiative cooling surface.
We first create a precursor solution of P(VdF-HFP) (polymer) and water (non-solvent) in acetone
based on a phase-inversion process?’ to create a hierarchically porous polymer. We then place the
film on a substrate and let it dry in the open air. The acetone evaporates quickly, causing the
P(VdF-HFP) to phase-separate from the water, forming micro- and nanodroplets. After the water
further evaporates, the porous P(VdF-HFP) coating is created, as is shown in Fig 2A. Finally,
hydroxy-terminated PDMS oil was impregnated into the porous P(VdF-HFP) surface. The sample
was subsequently placed in a vacuum desiccator overnight to make sure that the PDMS oil spread

uniformly on the whole substrate through capillary wicking, with excess oil removed by gravity.
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Figure 1: Design of the multi-functional hydrophilic slippery radiative cooling surfaces. (A)
Working principle of atmospheric water harvesting process with slippery radiative cooling surface.
B) Schematics showing the fabrication of hydrophilic SRCs by infiltrating a porous solid with

lubricating film.

The nucleation process was not considered in the design of the first liquid-infused surfaces,
which were created to reduce pinning forces and produce super-liquid repellency by using non-
polar liquid, such as ketones®>. Although SLIPS attracts much attention, hydrophobic but not
hydrophilic oil lubricants such as silicone oil*!, Krytox oil**** are widely used. To increase

nucleation, hydrophilic hydroxy-terminated PDMS oil on porous P(VdF-HFP) was used for the
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hydrophilic SRCs, attracting water vapor condense on the liquid surface. Because of the minimized
pinning force, condensed droplets are shed from a vertical surface when they reach a particular
diameter. To test this effect, besides hydrophilic SRCs, we also fabricated three other reference
radiative cooling materials: hydrophobic SRCs made of hydrophobic PDMS oil on porous P(VdF-
HFP) slippery surface, hydrophobic porous P(VdF-HFP) as well as a hydrophilic cellulose acetate
sheet. As is shown in Fig 2C, the measured static contact angle ranges from 105° for the
hydrophobic porous P(VAF-HFP) and 65° for the hydrophilic SRCs. The contact angles of the
hydrophobic SRCs and the hydrophilic cellulose acetate sheet are 95° and 70° respectively. We
further measured the hemispherical emittance of the four samples using a Fourier-transform-based
Spectrometer equipped with an integrating sphere. As is shown in Fig 2B, all of them have an
exceptionally high hemispherical emittance, ranging from 0.93-0.97. On hydrophilic SRCs, rapid
droplet coalescence can efficiently increase the droplet volume over time, favoring fast droplet
removal by gravitation.

To assess condensation behavior in a controlled environment, four samples were attached
on the same thermal electric cooler with 5°C below dew point with the results shown in Fig 2D.
For a normal hydrophobic P(VdF-HFP) and hydrophilic cellulose surface, the water droplet pins
to the surface, leading to many tiny droplets. For the hydrophobic SRCs, the droplets are very
mobile, resulting in dynamic coalescence, however droplet nucleation is limited due to the
hydrophobic nature of the surface. There are numerous nucleation sites on the hydrophilic SRCs,
and the droplets are quite mobile, which makes the maximum droplet size of the hydrophilic SRCs

orders of magnitude larger than the other three samples.
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Figure 2: Comparison of four samples, hydrophobic material, hydrophilic material, hydrophobic
SRCs, hydrophilic SRCs. A) SEM image of P(VdF-HFP) showing the porous features B)
Measured emittance of four samples. C) Measured contact angle of four samples D) Imaged water

condensation performance of four samples.
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We next quantified the atmospheric water collecting performance of the SRCs, comparing
their performance against the other reference materials. We performed outdoor experiments for
these four samples with a custom-built apparatus as is shown in Fig. 3A. The samples were
mounted vertically with a plastic holder to allow water vapor condensed on both sides of the
surface to be collected by gravity. This is an important design development that allows for the
practical utilization of these surfaces, as no manual removal of water is needed. Two Mylar mirrors,
at a 45° angle relative to the ground, reflect the thermal radiation of the radiative cooler to the sky,
facilitating radiative cooling. We demonstrated the performance of the atmospheric water
collecting at a test site at the University of California, Los Angeles, (location shown in Fig. 3B),
by putting these four samples into Fig. 3A apparatus during night-time hours and testing its
performance.

As shown in the temperature data of Fig. 3C, immediately after the samples are exposed to
the environment, all of them drop to approximately 4-6°C below ambient temperature. Compared
with the other three samples, the hydrophilic SRCs is 0.5~1 °C higher than the other three samples
because of the larger condensation latent from higher condensation rate on the surface. This can
be further explained by Fig. 4D, which summarizes the final yield of these four samples. For
hydrophobic P(VdF-HFP) and hydrophilic cellulose acetate, the water droplet pins to the surface,
leading to near zero collection during this 6 h period. We use a napkin to mechanically wipe the
surface and measure the weight difference before and after to get the condensation yield. For
hydrophobic and hydrophilic SRCs, the condensed water droplet drops by gravity and we

successfully collected them with the bottom container without any other mechanical force. For
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humidity ranges from 62% to 74%, we finally collect 0.5 ml water with a 0.02 m? radiative cooling
surface in 6 hours. Another experiment is carried out at a different weather with relative humidity
ranging from 68% to 87%. The temperature of these four samples is shown in Fig. 3E. Because of
a more humid weather condition, they drop 3-5 °C below ambient temperature, which is less than
the first experiment. However, because of the humid weather, more available water vapor around
the radiative cooler leads to a larger yield, as is shown in Fig. 3F. For hydrophobic P(VdF-HFP)
and hydrophilic cellulose acetate, although more water droplets form on the surface, the pinning
effect still prevents them dropping to the bottom container. Therefore, for hydrophobic P(VdF-
HFP) and hydrophilic cellulose acetate, the result in Fig. 3F shows the condensation yield which
comes from the weight difference of the napkin before and after mechanically wiping the surface.
Overall hydrophilic SRCs has the largest collection yield of 1.5 ml at this weather condition in 6

hours.
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Figure 3: A) Three-dimensional schematic of the radiative cooling apparatus. B) Photo of the
setup and its surroundings in University of California, CA, USA. Experiments were conducted at
night. C) Measurements of temperature of four samples, including hydrophobic, hydrophilic,
hydrophobic SRCs and hydrophilic SRCs against ambient temperature on a clear night at

University of California on 01/03/2022. D) Experimental collection results of four samples,
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including hydrophobic, hydrophilic, hydrophobic SRCs and hydrophilic SRCs. E) Measurements
of temperature of four samples against ambient temperature on a clear night at University of

California on 01/04/2022. F) Experimental collection results of four samples

Heat transfer coefficient is another important parameter affecting the atmospheric water
collection using radiative cooling method. A smaller heat transfer coefficient leads to a colder
radiative cooling surface because of the smaller heat loss to the environment. The cooler surface
could condense water vapor in a dryer environment. However, the insufficient water vapor
surrounding the radiative cooler causes less condensation forming on the surface. Therefore, there
is an optimal heat transfer coefficient for atmospheric water collection driven by radiative cooling.
To test this effect, we prepare three identical hydrophilic SRCs surfaces with the apparatus in Fig.
3A. As is shown in Fig. 4A, one sample directly contacting with ambient air without any cover,
one sample encapsulated with the low density polyethylene (LDPE), and one sample partially
encapsulated with LDPE with randomly making some holes on the LDPE layer. The temperature
of these three setups is shown in Fig. 4B. Because of the smallest heat transfer coefficient, the
sample fully closed with LDPE has the lowest temperature, but it nearly collects little amount of
water shown in Fig. 4C. For the largest heat transfer coefficient, which is the sample directly
contacting with air, although plenty of water vapor near the surface, the higher surface temperature
limits its atmospheric water collection. As is shown in Fig. 4C, the highest atmospheric water
collection comes from the partially open setup with the heat transfer coefficient closer to the ideal

heat transfer coefficient.
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Figure 4: A) Schematic of the experiment apparatus with three different setups, sample exposed
to air directly, sample sealed with low density polyethylene film, and sample partially sealed with
low density polyethylene film. B) Measurements of temperature of hydrophilic SRCs with three
different setups against ambient temperature on a clear night at University of California on
01/05/2022. C) Experimental water collection results of three samples with the different set up in

Fig A.

We develop a theoretical model for radiative cooling atmospheric water harvesting to

predict the freshwater yield. According to the relevant energy balance equation, we have that:
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Qlatent = Qcondenser (Tcondenser) - Qatm (Tambient,RH) —h (Tambient - Tcondenser) (1)

where Q ondenser represents the thermal radiation emitted from the condenser and Q¢
represents the absorbed downwelling atmospheric irradiance over long-wave infrared wavelengths.
h is the air heat transfer coefficient due to conduction and convection.

For the second constraint, we use Lewis and Hofmann's analyses. We develop a universal

expression by simultaneously analyzing heat and mass transport,
h
Qlatent = (Le)n ; [RH X PHZO(Tambient) - PHZO(Tcondenser)] (2)

where Q¢ is the Lewis number, y is the psychrometric constant (67 PaK™! at 20 °C) and Py o 18

the saturation vapor pressure. Solving Eqns.(1) and (2), we can obtain Q;,¢ens. And then the dew

harvesting rate m' can be calculated by

I __ Qlatent
mo=="= 3)

where AH is the evaporation latent heat per unit mass.

Experimental atmospheric water collection results of these four samples at different
relative humidity are shown in Fig. 5A. As might be intuitively expected, increasing relative
humidity favors the atmospheric water harvesting yield. We next calculated the theoretical limit at
different relative humidity while keeping constant ambient temperature and optimal heat transfer
coefficient. We can see that the water collection by our hydrophilic radiative cooling slippery
surface is substantially larger than the other three samples and it closes to the theoretical limit. One

advantage of our sample is that the hydrophilic oil surface attracts water vapor condensing on the
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surface because of larger numbers of nucleation sites. Besides, the slippery surface will favor fast

droplet removal by gravitation once the water droplet reaches a critical size. Furthermore, the fast

droplet removal will recover the nucleation sites covered by the liquid droplet and increase

condensation efficiency. Fig. 5B shows the freshwater atmospheric water production with the

theoretical model against experiment at different heat transfer coefficients. At a specific ambient

and relative humidity, there is an optimal heat transfer coefficient to maximize atmospheric water

collection. A typical open system has the heat transfer coefficient from 7 Wm2K™! to 11 Wm2K"

!, a closed system has the heat transfer coefficient from 0 Wm?2K™! to 1 Wm™2K"! and a partially

open system has the heat transfer coefficient from 2 Wm2K! to 6 Wm?K™!. From Fig. 5, we can

see that our hydrophilic radiative cooling slippery surface substantially advances the state of art

and we could also increase atmospheric water harvesting yield by adjusting the thermal system.
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6.3 Conclusions

To summarize, we have highlighted the remarkable performance of atmospheric water
collecting performance using the hydrophilic SRCs. Compared with other atmospheric water
harvesting methods, our approach is passive and can maintain high water condensation efficiency
as well as advanced water self-removal property. Furthermore, we emphasize that we could push
this technology to the theoretical thermodynamic limit by parameterizing the ambient heat transfer
coefficient. While radiative cooling has emerged as an important field for research in energy
challenges in recent years, this work emphasizes the critical role that exploiting the thermodynamic

resource of space cold could have in addressing the water challenges we face this century.

6.4 Supporting Information
Fabricating the hydrophilic slippery radiative cooling surface (SRCs)

Arkema's P(VdF-HFP) (Kynar Flex 2801) was first dissolved in acetone, then water was
added to form a 1:8:1 mass ratio P(VdF-HFP)-acetone-water precursor solution. The precursor
solution was then painted onto an aluminum plate to achieve the desired coating thickness. Oil-
infused samples were created by utilizing the following process to infuse silicone oils with various
viscosities to the surface. First of all, an appropriate amount of oil was spread to the surface and
the whole surface was inside a vacuum chamber overnight. Then the excess oil was then removed
from the surface followed by vertical placement of the surface for one day to ensure a thin oil layer

over the surface.

Spectral characterization of the radiative cooler
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The hemispherical emittance of the samples are measured by a Bruker Invenio-R FTIR
spectrometer, and is shown in Fig 2B. Emittance is measured by angular reflectance measurements
from 0° to 80 with integrating sphere and averaged using Eq. (6). We observe strong thermal
emittance in the atmospheric window between 8 pm and 13 pm.

ST [T g 0(A0,p)cosOsinfddde
& =

fozn f;r/z cosfsinfdod¢

(6)

Temperature and relative humidity measurements

Atmospheric water harvesting experiments were performed on the top floor in Bolter hall,
University of California, Los Angeles. The apparatus containing the vertical samples were stabled
by a plastic framework built by 3D printing. Two aluminized mylar mirrors were put on each side
of the samples, as is shown in Fig 3A.

The sample surfaces were attached by a thermocouple with £0.25 °C accuracy, connected
to a data logger (Omega-OM-USB-TC). Ambient air temperature is measured by another
thermocouple with accuracy with free air flow near the sample. The relative humidity was

measured by Elitech RC-51H PDF humidity data logger with 5% accuracy.

Contact angle measurement
A standard contact angle goniometer was used to measure the contact angle and surface
tension at room temperature. By using 5 uL droplets on the test platform, all of the contact angle

values were averaged from at least 5 separate measurements.

SEM Imaging
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The SEM image of the samples are measured by Meas SEM - Hitachi S4700 and is shown

in Fig 2A. 10 nm gold layer is deposited on the surface before SEM characterization.
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Figure S1: A) Measurements of temperature of four samples, including hydrophobic, hydrophilic,
hydrophobic SRCs and hydrophilic SRCs against ambient temperature on a clear night at
University of California on 12/05/2021. B) Experimental collection results of four samples,
including hydrophobic, hydrophilic, hydrophobic SRCs and hydrophilic SRCs. C) Measurements
of temperature of four samples against ambient temperature on a clear night at University of
California on 12/20/2021. D) Experimental collection results of four samples. E) Measurements
of temperature of four samples against ambient temperature on a clear night at University of

California on 01/06/2022. F) Experimental collection results of four samples

To quantify the atmospheric water collecting performance, we perform more outdoor
experiments for these four samples in the Bolter hall roof of University of California, Los Angles
with a custom-built apparatus as is shown in Fig 3A. The samples were mounted vertically with a
plastic holder to allow water vapor condensed on both sides of the surface. Two Mylar mirrors,
standing 45° away from the ground, reflect the thermal radiation of the radiative cooler into space.
As shown in the temperature data of Fig S1 A, immediately after the samples are exposed to the
environment, all of them drop to approximately 4-6°C below ambient temperature. Compared with
the other three samples, the hydrophilic SRCs is 0.2 °C higher than the other three samples because
of the larger condensation latent from higher condensation rate on the surface. This can be further
explained by Fig S1 B, which summarizes the final yield of these four samples. For hydrophobic
P(VdAF-HFP) and hydrophilic cellulose acetate, the water droplet pins to the surface, leading to
near zero collection during this 6h period. We use a napkin to mechanically wipe the surface and
measure the weight difference before and after to get the nucleation yield. For hydrophobic and

hydrophilic SRCs, the condensed water droplet drops by gravity and we successfully collected
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them with the bottom container without any other mechanical force. For humidity ranges from
94% to 99%, we finally collect 4.5 ml water with 0.02 m? hydrophobic SRCs and 5.5 ml water
with hydrophilic SRCs in 6 hours. Although the relative humidity is high tonight, the inversion
layer on the sky leads to high radiative cooling power while maintaining high relative humidity.
Another experiment is carried out at a different weather with relative humidity ranging from 65%
to 90%. The temperature of these four samples is shown in Fig. S1 C. For this weather condition,
they drop 5-6 °C below ambient temperature. However, because of the humid weather, more
available water vapor around the radiative cooler leads to a larger yield, as is shown in Fig S1 D.
We didn’t collect any water for the hydrophobic and hydrophilic sample and the nucleation rate
shown in the figure was measured by the weight difference of the napkin mechanically wiping the
surface. We finally collect 1.2 ml water with 0.02 m*> hydrophobic SRCs and 2.5 ml water with
hydrophilic SRCs in 6 hours. For a high humidity weather, which is from 85% to 100%, the
temperature data of the four samples are shown in Fig S1 E. Because of the high humidity weather,
the temperature only drops 1-2°C below ambient temperature. Even close to dew formation, the
droplet forming on the surfaces didn’t drop and we measured the weight difference by wiping the
surface. We finally collect 2.8 ml water with 0.02 m? hydrophobic SRCs and 4.6 ml water with

hydrophilic SRCs in 6 hours.
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Figure S2: A) Measurements of relative humidity (RH) on a clear night at University of California
on 12/05/2021, shown for Fig S1A. B) Measurements of relative humidity (RH) on a clear night
at University of California on 12/20/2021, shown for Fig S1C. C) Measurements of relative
humidity (RH) on a clear night at University of California on 01/03/2022, shown for Fig 3C. D)
Measurements of relative humidity (RH) on a clear night at University of California on 01/04/2022,
shown for Fig 3D. E) Measurements of relative humidity (RH) on a clear night at University of
California on 01/05/2022, shown for Fig 4B. F) Measurements of relative humidity (RH) on a clear

night at University of California on 01/06/2022, shown for Fig S1E.
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