
International Journal of Heat and Mass Transfer 198 (2022) 123399 

Contents lists available at ScienceDirect 

International Journal of Heat and Mass Transfer 

journal homepage: www.elsevier.com/locate/hmt 

Dropwise condensation reduces selectivity of sky-facing radiative 

cooling surfaces 

Eylul Simsek 

a , Jyotirmoy Mandal b , Aaswath P. Raman b , c , Laurent Pilon a , c , d , ∗

a Mechanical and Aerospace Engineering Department, University of California, Los Angeles, Los Angeles CA 90095-1597, USA 
b Department of Materials Science and Engineering, University of California, Los Angeles, Los Angeles CA 90095-1595, USA 
c California NanoSystems Institute, University of California, Los Angeles, Los Angeles, California 90095, USA 
d Institute of the Environment and Sustainability, University of California, Los Angeles, Los Angeles, California 90095, USA 

a r t i c l e i n f o 

Article history: 

Received 7 February 2022 

Revised 3 August 2022 

Accepted 28 August 2022 

Keywords: 

Dropwise condensation 

Radiative coolers 

Dew formation 

Selective LWIR emittance 

Broadband emittance 

a b s t r a c t 

Dew formation occurs frequently on radiative cooling surfaces used for cooling of buildings and for har- 

vesting atmospheric water as a result of dropwise condensation. The presence of these droplets can in 

turn alter the infrared emittance and performance of radiative cooling surfaces, in particular, selective 

emitters. This study experimentally investigates the impact of dropwise condensation on both the emit- 

tance and spectral selectivity of radiative cooling surfaces. Here, selective emitters supporting a large 

number of polydisperse acrylic droplets, as water droplet simulant, with contact angle ranging between 

39 ° and 62 ° and surface area coverage between 20% and 52% were prepared and characterized. Spec- 

tral characterization revealed that the spectral emittance of the radiative cooling surfaces increased and 

broadened significantly in the presence of droplets. This was attributed to the absorption by the droplets. 

The emittance inside the long-wavelength infrared (LWIR) atmospheric transparency window increased 

slightly while the emittance outside increased significantly with increasing droplet surface area coverage 

and contact angle. This loss in spectral selectivity resulted in heat gain from radiation exchanges out- 

side the LWIR, such that a given radiative cooling surface attained a higher temperature when covered 

with droplets. Dew formation may thus present important limitations on the performance achievable by 

selective emitters in radiative cooling applications. 

© 2022 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Passive radiative cooling is a natural phenomenon whereby sky- 

acing surfaces experience net radiative heat loss to the upper 

tmosphere and outer space due to a long-wavelength infrared 

LWIR) atmospheric transmission window between 8 and 13 μm. 

n recent years, there has been significant growth in research ef- 

orts to exploit this phenomenon since it offers a “zero-energy”

nd “zero-carbon” way to cool terrestrial objects [ 1 , 2 ]. Such a pas-

ive method of cooling is being explored as a potential solution 

o meet cooling needs at the building-scale [ 3 , 4 ] and even poten-

ially for geoengineering in order to combat climate change [5] . Ra- 

iative cooling of buildings can be achieved particularly via their 

ooftops for its advantageous view factor with the sky [6–8] . How- 

ver, rooftop radiative cooling surfaces often collect dew at night, 

ven in relatively arid regions [9] . Indeed, water droplets are com- 
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only observed condensing on a radiative cooling surface as its 

emperature falls below the dew point temperature of the sur- 

ounding air [10–12] , as illustrated in Fig. 1 . As such, radiative cool- 

ng surfaces can also be used for harvesting atmospheric water by 

ondensing atmospheric water vapor or fog [ 13 , 14 ]. Conversely, the 

resence of water droplets on radiative coolers may significantly 

lter the net infrared emittance of the radiative cooling surface and 

mpact its cooling performance. 

A widely acknowledged fact in radiative cooling research is that 

elective LWIR emitters, which preferentially emit their heat over 

avelengths where the atmosphere is least emissive can in prin- 

iple reach lower temperatures than a broadband emitter. This is 

ecause they can reduce non-LWIR radiative heat gain from the at- 

osphere [ 2 , 15 ]. Indeed, many recent works have emphasized the 

evelopment of selective emitters for large-area outdoor applica- 

ions [16] , including planetary cooling [17] . However, these studies 

o not account for ambient phenomena like fog or dew conden- 

ation on emitters. Water is both a near-infrared absorber and a 

roadband thermal emitter [18] . Thus, dropwise condensation may 
under the CC BY-NC-ND license 
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Fig. 1. Photograph illustrating dropwise water condensation on the selective radia- 

tive cooling surface investigated in this study. The lower right corner was wiped to 

better show the contrast. 
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Nomenclature 

A area (m 

2 ) 

d p droplet diameter ( μm) 

f A droplet surface area coverage (%) 

k absorption index 

m complex index of refraction, m = n + ik 

n refractive index 

R reflectance (%) 

RH relative humidity (%) 

T Temperature 

T nh normal-hemispherical transmittance 

T nn normal-normal transmittance 

x x coordinate of droplet center (mm) 

y y coordinate of droplet center (mm) 

Greek Symbols 

α Absorptance 

ε d total directional emittance 

ε n total normal emittance 

θ c droplet contact angle ( °) 
θ i angle ( °) 
λ wavelength (nm) 

σ standard deviation in droplet size distribution 

Subscription 

a refers to air 

d refers to droplet 

dh refers to directional-hemispherical 

LWIR refers to long-wavelength infrared 

nh refers to normal-hemispherical 

s refers to slab 

λ refers to spectral variables 

roaden the narrowband emittances of the selective emitter and 

educe their sub-ambient cooling power [2] and their supposed 

ooling benefits [ 16 , 17 ] over broadband emitters [8] . 

Trosseille et al. [19] . investigated experimentally the effect of 

ew formation on the total-hemispherical emittance of two differ- 

nt samples prepared to achieve high or low total normal emit- 

ance. The low emittance sample ( εn = 0.05) consisted of an alu- 

inum sheet whereas the high emittance sample ( εn = 0.88) con- 

isted of an aluminum sheet covered by a 250 μm thick polyvinyl 

hloride (PVC) sheet. Both samples were coated with a 6 μm thin 

lm of low-density polyethylene (LDPE) so that the contact an- 

le of water droplets on both samples was identical and equal to 
2 
5.9 ± 3.6 ° The experimental setup consisted of placing the sam- 

le on top of a copper block cooled with a Peltier element. An in- 

rared camera working between 7.5 and 14 μm took thermogra- 

hy images to estimate the changes in total emittance as a func- 

ion of time. At the beginning, both low and high emittance sam- 

les were dry and their emittance decreased slightly as they cooled 

own. As their temperature reached the dew point temperature of 

he surrounding air, dropwise condensation started and the sur- 

ace emittance increased over time. This was attributed to the in- 

rease in the droplet diameter d p and in the surface area cover- 

ge f A . Eventually, both substrates’ total-hemispherical emittance 

n reached a steady-state value slightly lower than the emissiv- 

ty of 0.98 corresponding to a semi-infinite layer of water. How- 

ver, droplet diameter and surface area coverage of the samples 

uring condensation as well as their spectral emittance were not 

eported. The study was complemented with a simple model for 

he total emissivity expressed as the sum of the emissivity of wa- 

er and substrate weighted by their respective surface area cover- 

ge and experiments measuring the mass of condensate accumu- 

ated over time on a broadband radiative cooling surface exchang- 

ng with a cold enclosure. All measurements were performed in- 

oor under controlled conditions (e.g., relative humidity, air, and 

ubstrate temperature). 

Yang et al. [20] . used the Monte Carlo Ray Tracing (MCRT) 

ethod to numerically investigate infrared radiation transfer 

hrough a 0.1 mm thick polydimethylsiloxane (PDMS) film covered 

ith water droplets. Monodisperse or polydisperse water droplets 

ere arranged either in hexagonally or randomly on the front side 

f the surface with a normal incident angle. The droplet diameter 

 p varied between 50 and 250 μm, contact angle θ c between 10 °
nd 180 °, and projected surface area f A between 5% and 90%. The 

ooling power of radiative cooling surfaces supporting droplets was 

alculated using the predicted transmittance. The authors recom- 

ended the use of superhydrophilic surfaces ( θ c = 10 °) to max- 

mize the cooling power. Note that PDMS is a broadband emitter 

nd that the numerical predictions were not validated against ex- 

erimental data. 

Unfortunately, to the best of our knowledge, the effects of drop- 

ise condensation on the spectral selectivity and temperature of 

adiative cooling surfaces in response to radiation exchange with 

he universe background radiation through the atmosphere remain 

nexplored to date, in particular under actual outdoor sky condi- 

ions. Yet, it represents a fundamental challenge and limitation that 

he development and deployment of selective radiative cooling sur- 

aces. 

The objective of this study is to experimentally investigate the 

ffect of dropwise condensation on the emittance, selectivity, and 

emperature of radiative cooling surfaces. To do so, a selective 

mitter recently proposed as a radiative cooling standard [21] sup- 

orting a large number of polydisperse acrylic droplets with differ- 

nt contact angles and surface area coverages were prepared and 

haracterized. The spectral directional-hemispherical reflectance of 

he samples was measured in the infrared part of the electromag- 

etic spectrum. Then, the total directional emittance, directional 

mittance inside and outside the atmospheric transparency win- 

ow of the dry and droplet-covered samples were calculated. Fi- 

ally, outdoor nighttime experiments were conducted to compare 

he temperature reached by the dry and droplet-covered radiative 

ooling surfaces. 

. Materials and methods 

.1. Sample preparation 

The reference radiative cooling surface used in this study con- 

isted of 60 μm-thick 3 M Scotch 

TM Long-Lasting (SLL) tape (3 M, 
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Fig. 2. Photograph of a reference sample supporting acrylic droplets with droplet mean contact angle θ̄c = 39 ° and surface area coverage (a) f A = 22% and (b) f A = 50%. 
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SA) on 20 μm-thick aluminum (Al) foil with a surface area of 

.5 × 2.5 cm 

2 . Samples were prepared by applying two layers of 

cotch tape manually onto the Al foil, with care taken to prevent 

he formation of air bubbles below and between the layers. A to- 

al of nine different samples with or without hydrophobic coat- 

ngs were prepared to achieve different droplet contact angles and 

rojected surface area coverages including (1) the reference sur- 

ace with droplet surface area coverage f A ranging between 0% 

nd 100% (Samples 1–5), (2) the reference surface coated with 

ommercial water-repellent spray paint (NeverWet TM , Rust-Oleum, 

SA) with f A ranging between 0% and 51% (Samples 6, 7A, 7B), and 

3) the reference surface coated with monolayer of perfluorinated 

ilane (tridecafluoro-1,1,2,2,-tetrahydrooctyl)trichlorosilane (Gelest, 

SA) with f A ranging between 0% and 52% (Samples 8, 9, 10A, 10B). 

he reference sample was used to represent the hydrophilic radia- 

ive cooling surface while NeverWet TM and perfluorinated silane 

oated samples were representatives of hydrophobic radiative cool- 

ng surfaces. 

Samples 6 and 7 were made by coating the reference surface 

ith water-repellent spray paint. First, NeverWet TM Step 1 Base 

oat (275,185) was sprayed directly on the sample surface and 

ried for one hour. Then, NeverWet TM Step 2 Top Coat (275,185) 

as sprayed again onto the surface of the sample and left to dry 

or 12 h. Samples 8, 9, 10A, and 10B were prepared by coating 

he reference surface with perfluorinated silane. To do so, samples 

ere placed inside a closed container with liquid perfluorinated 

ilane. The silane vaporized and reacted with hydroxyl groups (–

H) present on the cellulose acetate - the main group of the non- 

ticking side of the SLL tape - and formed a hydrophobic coating 

22] . 

Lastly, thousands of droplets made of acrylic polymer (Loctite 

A 349, Henkel Adhesives, USA) were deposited manually on the 

urface of the uncoated and coated samples. The tip of the nee- 

le of a syringe was used to deposit liquid acrylic droplets from 

he acrylic container onto the radiative cooling surfaces. This pro- 

edure was repeated until the desired droplet surface area cov- 

rage f A was achieved. After the deposition, acrylic droplets were 

ured with a UV lamp (Blak-Ray B-100A, Thermo Scientific Fisher, 

SA) emitting at a wavelength of 365 nm. Fig. 2 shows the pho- 

ograph of the reference sample supporting acrylic droplets with 

roplet mean contact angle θ̄ c = 39 ° and surface area coverage (a) 

 A = 22% (Sample 3) and (b) f A = 50% (Sample 5). In addition, Sam-

le 2 consisted of an acrylic film 300 μm in thickness deposited on 

he reference surface using a film applicator (EQ-Se-KTQ-150, MTI 

orporation, USA) to achieve a surface area coverage f A = 100% to 
3 
erve as a reference. Polymer droplets rather than water droplets 

ere used to eliminate any change in the droplet diameter and 

urface area coverage during the deposition and measurements 

aused by evaporation, rolling off, and/or merging of the droplets. 

s a result, the droplet size distribution and surface area coverage 

f each sample remained constant and could be thoroughly charac- 

erized. Acrylic droplets could serve as a simulant of water droplets 

n the basis that both acrylic and water are transparent in the vis- 

ble and near-infrared for wavelengths up to 1 μm and are broad- 

and thermal emitters in the infrared. Therefore, the optical effects 

aused by the presence of the acrylic droplets are expected to be 

hose of water droplets despite the difference in their refractive 

nd absorption indices. The validity of this approach is rigorously 

emonstrated in Section 3 . 

.2. Droplet characterization 

The contact angle of the acrylic droplets deposited on the 

ncoated and coated radiative cooling surfaces was measured 

ith a goniometer (VCA-30 0 0S, AST Products, USA). The mean 

roplet contact angle θ̄c was measured by averaging the con- 

act angle measurements for at least 5 droplets. The images of 

roplet-covered samples were captured with a camera and ana- 

yzed with ImageJ (National Institutes of Health, USA) to determine 

he droplet surface area coverage f A and the mean projected diam- 

ter d̄ p and standard deviation σ . 

.3. Infrared characterization 

A nitrogen-purged Fourier transform infrared (FTIR) spectrome- 

er (Nicolet TM iS50, Thermo Scientific Fischer, USA) equipped with 

n integrating sphere (Upward IntegratIR 

TM , PIKE Technologies, 

SA) was used to measure the spectral normal-hemispherical re- 

ectance R nh, λ of the dry and droplet-covered samples. The spec- 

ral directional-hemispherical reflectance R dh, λ of the samples were 

easured using a FTIR spectrometer (INVENIO®, Bruker) equipped 

ith a custom-made integrating sphere. For both measurements, a 

otassium bromide (KBr) beamsplitter and a liquid-nitrogen cooled 

ercury-cadmium-telluride (MCT) detector were used in the spec- 

ral range between 2 and 20 μm. Note that, the atmospheric trans- 

ission window between 16 and 22 μm may be transparent but 

nly for very low total precipitable atmospheric water levels, and 

ven then, its contribution to the radiative cooling is relatively 

mall [ 2 , 23 ]. Therefore, this spectral window was not taken into

onsideration in this study. 
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Fig. 3. Photographs of the (a) experimental setup and of (b) uncoated dry and droplet-covered radiative cooling surfaces. (c) Schematic of the setup used in the outdoor 

nighttime experiments. 
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Fig. 4. Schematic of a simulated horizontal semi-infinite opaque slab supporting 

polydisperse droplets on its front side. 
.3.1. Spectral directional emittance 

For opaque surfaces, the spectral directional emittance εd, λ is 

iven by Kirchhoff’s law expressed as [24] 

 d,λ = αd,λ = 1 − R dh,λ (1) 

here αd, λ is the spectral directional absorptance and R dh, λ is 

he directional-hemispherical reflectance. Note that, the directional 

pectral emittance in the normal direction θ i = 0 ° is equal to the 

ormal spectral emittance denoted by ε n, λ, i.e. ε d, λ( θ i = 0 °) = εn, λ.
4 
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Table 1 

Emittances of the simulated glass and aluminum substrates dry or covered 

with acrylic or water droplets with surface area coverage f A = 52% and 

projected diameter d̄ p ± σ = 412 ± 212 μm. 

Surface Droplet θ c ( °) εn (-) ε n,LWIR (-) 

Dry glass N/A N/A 0.91 0.87 

Droplet-covered glass Acrylic 30 0.93 0.91 

Droplet-covered glass Acrylic 60 0.94 0.92 

Droplet-covered glass Acrylic 90 0.94 0.92 

Droplet-covered glass Water 30 0.95 0.92 

Droplet-covered glass Water 60 0.95 0.93 

Droplet-covered glass Water 90 0.95 0.93 

Dry aluminum N/A N/A 0.01 0.01 

Droplet-covered aluminum Acrylic 30 0.37 0.45 

Droplet-covered aluminum Acrylic 60 0.47 0.49 

Droplet-covered aluminum Acrylic 90 0.46 0.47 

Droplet-covered aluminum Water 30 0.48 0.49 

Droplet-covered aluminum Water 60 0.49 0.49 

Droplet-covered aluminum Water 90 0.48 0.48 
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.3.2. Total directional emittance 

The total directional emittance εd can be calculated according 

o [24] 

 d = 

∫ ∞ 

0 ε d,λE b,λ( T o ) dλ

∫ ∞ 

0 E b,λ( T o ) dλ
≈

∫ 20 μm 

2 μm 

ε d,λE b,λ( T o ) dλ

∫ 20 μm 

2 μm 

E b,λ( T o ) dλ
(2) 

here E b, λ( T o ) is the blackbody spectral emissive power (in 

/m 

2 ·μm) at temperature T o = 296 K. The integrals in both the 

umerator and denominator of Eq. (2) were truncated to wave- 

engths between 2 - 20 μm as the samples were opaque in this 

pectral range. Here also, the total directional emittance εd in the 

ormal direction θ i = 0 ° is the total normal emittance denoted by 

n so that εd ( θ i = 0 °) = εn . 

.3.3. Directional emittance inside and outside the atmospheric 

indow 

The directional emittance εd,LWIR inside the atmospheric trans- 

arency window, defined by the wavelength range between 8 - 

3 μm [23] , was defined as [2] 

 d,LW IR = 

∫ 13 μm 

8 μm 

ε d,λE b,λ( T o ) dλ

∫ 13 μm 

8 μm 

E b,λ( T o ) dλ
. (3) 

imilarly, the directional emittance outside the atmospheric trans- 

arency window εd,non-LWIR can be expressed as [2] 

 d,non −LW IR = 

∫ 20 μm 

2 μm 

ε d,λE b,λ( T o ) dλ − ∫ 13 μm 

8 μm 

ε d,λE b,λ( T o ) dλ

∫ 20 μm 

2 μm 

E b,λ( T o ) dλ − ∫ 13 μm 

8 μm 

E b,λ( T o ) dλ
(4) 
t

Table 2 

Summary of the characteristics of the dry and acrylic droplet-c

Sample # Surface treatment θ̄c ( °) f A (%) 

1 None N/A 0 

2 None N/A 100 

3 None 39.0 ± 2.9 22 ± 5 

4 None 39.0 ± 2.9 40 ± 5 

5 None 39.0 ± 2.9 50 ± 5 

6 NeverWet TM 50.2 ± 1.4 0 

7A NeverWet TM 50.2 ± 1.4 40 ± 5 

7B NeverWet TM 50.2 ± 1.4 51 ± 5 

8 silane 62.3 ± 4.0 0 

9 silane 62.3 ± 4.0 20 ± 5 

10A silane 62.3 ± 4.0 40 ± 5 

10B silane 62.3 ± 4.0 52 ± 5 

5 
.4. Outdoor nighttime temperature measurements 

Outdoor nighttime experiments were conducted to assess the 

ffect of droplets on the temperature of the radiative cooling sur- 

ace under actual outdoor conditions. The experiments were per- 

ormed at night to prevent differences in solar absorptance of the 

ry and droplet-covered samples from interfering with any dif- 

erential cooling arising from the differential thermal emittance. 

ig. 3 (a) shows the experimental setup consisting of (i) dry and 

roplet covered samples used for outdoor experiments with a sur- 

ace area of A = 10 ×10 cm 

2 , (ii) a data logger (RDXL6SD-USB,

MEGA Engineering, USA) used to record the temporal evolution 

f the samples’ temperature, and (iii) a thermometer with ±1 °C 

ccuracy combined with a hygrometer with ±3% accuracy (TP59, 

hermoPro, USA) to measure the temperature and relative humid- 

ty ( RH ) of the ambient air. 

Two different samples, shown in Fig. 3 (b), were prepared for 

utdoor experiments including a dry and a droplet-covered sam- 

le with droplet contact angle θ̄c = 39 ° and surface area cover- 

ge f A = 52%. Samples were placed in an open-top Styrofoam cas- 

ng to ensure thermal insulation from the horizontal support, as 

chematically illustrated in Fig. 3 (c). In addition, the top surface 

f the casing was covered with a 10 μm thick infrared transpar- 

nt low-density poly(ethylene) (PE) film (see Figure S1 in Supple- 

entary Material) to limit convective heat transfer. A calibrated 

-type thermocouple (OMEGA Engineering, USA) with ±1 °C ac- 

uracy was placed at the bottom of the sample and sealed with 

hermal tape. All experiments were conducted at nighttime on the 

ooftop of a parking lot in Los Angeles, California so that horizon- 

al samples had an unobstructed view of the sky and on different 

onths (April 28, May 21, September 1, and October 12, 2021) with 

ifferent sky and humidity conditions to explore a wide range of 

ealistic situations. 

. Analysis 

In order to justify the use of acrylic droplets as a substitute for 

ater droplets in terms of optics and thermal emissions, two dif- 

erent approaches were followed. First, the spectral normal emis- 

ivities of a semi-infinite slab made from acrylic or water were cal- 

ulated and compared. Second, the spectral normal emittance of a 

lab supporting polydisperse acrylic or water droplets on its front 

ide was numerically predicted using the Monte Carlo ray-tracing 

MCRT) method previously developed [ 25 , 26 ] and experimentally 

alidated in the visible [27] and infrared [28] parts of the electro- 

agnetic spectrum. 

First, the normal spectral emissivity εn,s, λ of an optically smooth 

emi-infinite slabs made of acrylic or water was calculated us- 

ng Equation (S1). Figure S2 in Supplementary Materials compares 

he spectral normal emissivity εn, λ of acrylic and water for wave- 
overed radiative cooling samples used in this study. 

d̄ p ± σ ( μm) ε n (-) ε n,LWIR (-) ε n,non −LWIR (-) 

– 0.69 0.88 0.54 

300 (film) 0.95 0.96 0.94 

541 ± 158 0.74 0.89 0.62 

417 ± 163 0.79 0.90 0.69 

384 ± 166 0.81 0.91 0.72 

– 0.75 0.89 0.63 

711 ± 212 0.81 0.91 0.73 

575 ± 293 0.83 0.92 0.75 

– 0.71 0.88 0.57 

462 ± 137 0.76 0.90 0.66 

475 ± 196 0.81 0.91 0.73 

412 ± 212 0.84 0.93 0.77 
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Fig. 5. Spectral normal emittance εn, λ of (a, b, c) glass and (d, e, f) aluminum substrates dry or covered with water or acrylic droplets with f A = 52% and (a, d) θ c = 30 °, (b, 

e) θ c = 60 °, and (c, f) θ c = 90 °. 
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engths λ between 2.4 μm and 20 μm. It indicates that both wa- 

er and acrylic have large emissivity exceeding 0.93 across the 

pectral window considered. Water had a spectral emittance εn, λ

ithin 1–6% of that acrylic across this spectral window (see Fig- 

re S3 in Supplementary Materials). The total normal emissivities 

n of the water and acrylic were both large, similar, and equal to 

.97 and 0.96, respectively. In addition, the total normal emissivi- 

ies εn,LWIR inside the atmospheric transparency window of the wa- 

er and acrylic slabs were 0.99 and 0.96, respectively. In addition, 

he ratio of the total normal emissivity inside and outside the at- 

ospheric transparency window ( ε n,LWIR / ε n,non-LWIR ) for water and 

crylic were near unity, indicating that both water and acrylic are 

roadband emitters. 

Second, Fig. 4 shows the schematic of an opaque slab with a 

omplex refractive index m s, λ = n s, λ + i k s, λ supporting polydisperse 
6 
roplets on its front side with contact angle θ c , projected diameter 

 p , and complex refractive index m d, λ = n d, λ + i k d, λ. The droplet-

overed surface is exposed to collimated and normally incident in- 

rared radiation intensity I λ at wavelength λ. In order to simulate 

ealistic droplet size and surface area coverage f A , the projected 

iameter d p and coordinates ( x, y ) of 528 droplets deposited and 

haracterized on Sample 10B with f A = 52% were used in the nu- 

erical simulations. Two different surfaces were simulated namely 

oda-lime glass surface due to its high emissivity and aluminum 

urface due to its low emissivity [24] . The spectral refractive n s, λ

nd absorption k s, λ indices of the slab made from soda-lime glass 

nd aluminum were taken from Refs [ 29 , 30 ], respectively. Simi- 

arly, the spectral refractive n d, λ and absorption k d, λ indices of the 

roplets made from acrylic and water were taken from Refs [ 18,31 ], 

espectively (see Figure S4 in Supplementary Material). 
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Fig. 6. Spectral normal emittance εn, λ as a function of wavelength λ for dry sam- 

ple (Sample 1), sample covered with 300 mm thick acrylic film (Sample 2), and 

droplet-covered samples with (a) contact angle θ̄c = 39 ° and surface area coverage 

f A between 22% and 50% (Samples 3 - 5), (b) θ̄c = 50.2 ° and f A between 0% and 51% 

(Samples 6 - 7B), and (b) θ̄c = 62.3 ° and f A between 0% and 52% (Samples 8 - 10B). 
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Fig. 7. Spectral normal emittance εn, λ for (a) dry samples (Samples 1, 6, 8) and 

droplet-covered samples with contact angle θ̄c = 39 °, 50.2 °, and 62.3 ° and surface 

area coverage, (b) f A = 40% (Samples 4, 7A, and 10A), and (c) f A ≈ 51 ± 1% (Samples 

5, 7B, and 10B). 
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a

The normal-hemispherical reflectance R nh, λ of the opaque sub- 

trate supporting acrylic or water droplets on its front side was 

umerically predicted using the Monte Carlo ray-tracing (MCRT) 

ethod described in Ref [26] . The same assumptions were used 

ncluding (1) all interfaces were optically smooth such that Fres- 

el equation and Snell’s law were valid. (2) All droplets were cap- 

haped with identical contact angle θ c and constant curvature. 

3) The droplet size and slab dimensions were much larger than 

he wavelength λ of the infrared radiation I λ such that geomet- 

ic optics prevailed. Here, 10 6 photon bundles were used in each 

imulation to achieve numerical convergence. After determining 
7 
he normal-hemispherical reflectance R nh, λ, the spectral emittance 

n,s, λ of the droplet covered slabs was calculated from Eq. (1) . 

Fig. 5 shows the spectral normal emittance εn, λ of the soda- 

ime glass substrate dry or covered with acrylic or water droplets 

n their front side with contact angle (a) θ c = 30 °, (b) θ c = 60 °,
nd (c) θ c = 90 °, surface area coverage f A = 52%, and projected di- 

meter d̄ p ± σ = 412 ± 212 μm for wavelengths λ between 5 μm 

nd 20 μm. Figs. 5 (a) - 5(c) indicate that the emittance εn, λ of 
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Fig. 8. (a) Total normal emittance εn (b) normal emittance εn,LWIR inside the atmospheric transparency window, (c) normal emittance εn,non-LWIR outside the atmospheric 

transparency window, and (d) ratio of the emittance ε n,LWIR / ε n,non-LWIR as functions of surface area coverage f A for contact angles θ̄c = 39 °, 50.2 °, and 62.3 °. 
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he dry glass increased slightly in the presence of acrylic or water 

roplets. In addition, it shows that the glass surface had slightly 

arger emittance εn, λ when covered with water droplets than with 

crylic droplets for droplet contact angle θ c = 30 °. However, for 

c = 60 ° and 90 °, the emittances εn, λ of the glass surfaces support- 

ng water or acrylic droplets were nearly identical and fell within 

% of each other. This was due to the fact that absorption of the 

adiation by the acrylic droplets increased with increasing contact 

ngle θ c as the droplet volume increased. 

Fig. 5 also plots the spectral normal emittance εn, λ of the alu- 

inum substrate dry or supporting acrylic or water droplets on 

heir front side with (d) θ c = 30 °, (e) θ c = 60 °, and (f) θ c = 90 °,
 A = 52%, and d̄ p ± σ = 412 ± 212 μm for wavelengths λ be- 

ween 2 μm and 20 μm. These figures indicate that the emit- 

ance εn, λ of the dry aluminum increased drastically in the pres- 

nce of the strongly and broadband emitting acrylic or water 

roplets. It also indicates that aluminum had larger spectral emit- 

ance εn, λ when covered with water droplets than with acrylic 

roplets for θ c = 30 °. However, the differences in emittance εn, λ

ith acrylic or water droplets decreased with increasing contact 

ngle θ c . 

Table 1 summarizes the total normal emittance εn and the 

mittance εn,LWIR inside the atmospheric transparency window of 

he glass and aluminum substrates dry or covered with acrylic or 

ater droplets with contact angle θ c = 30 °, 60 °, 90 °, f A = 52%, and

 ̄p ± σ = 412 ± 212 μm. Overall, these results demonstrate that 

he effects caused by the presence of acrylic droplets on the spec- 

ral and total emittances of radiative cooling surfaces were similar 

o that of water droplets. Thus, acrylic droplets can be used as a 

imulant of water droplets in the infrared. 
8 
. Results and discussion 

.1. Sample characterization 

Table 2 summarizes the mean droplet contact angle θ̄c , pro- 

ected diameter d p , and surface area coverage f A of the dry and 

roplet-covered samples investigated in this study. The droplet 

ean contact angle was (i) θ̄c = 39.0 ± 2.9 ° for the uncoated refer- 

nce Samples 1–5, (ii) θ̄c = 50.2 ± 1.4 ° for Samples 6–7B coated 

ith NeverWet TM , and (iii) θ̄c = 62.3 ± 4.0 ° for Samples 8–10B 

oated with perfluorinated silane. The droplet contact angle mea- 

urements of the different samples are reported in Figure S5 in 

upplementary Materials. The droplet surface area coverage f A of 

he droplet-covered samples ranged between 20% and 52% while 

he droplet mean diameter ranged between 384 μm and 711 μm. 

uring dropwise condensation on a cold substrate, droplets feature 

 broad size distribution whose maximum falls within the reported 

ange of diameter of our experiments [ 24 , 32 , 33 ]. In addition, ex-

eriments on condensation on vertical windows [34] showed that 

he maximum surface area coverage was about 55% for a wide 

ange of contact angle due to droplet sliding under gravity and co- 

lescing. 

In addition, the droplet diameter was shown to have a negli- 

ible effect on the emittance of glass or aluminum substrate for 

urface coverage f A = 25% and 50%, and droplet contact angle and 

iameter in the range considered in this study (see Figure S6 in 

upplementary Material). This can be attributed to the fact that 

ufficiently large droplets could be treated as opaque in the in- 

rared. Note that for low droplet contact angles, the droplets were 

mall and semitransparent, and the emittance of the aluminum 
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Fig. 9. (a, b) Total directional emittance εd and (c, d) directional emittance in the atmospheric transparency window εd,LWIR as functions of angle θ i for dry and droplet- 

covered samples with θ̄c = 39 °and 62.3 ° and surface area coverage between f A = 0% and 52%. 
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ubstrate supporting droplets increased from 0.2 to 0.45 with in- 

reasing droplet diameter between 50 and 600 μm for f A = 50%. 

.2. Infrared characterization 

.2.1. Spectral normal emittance 

Fig. 6 plots the spectral normal emittance ε n,λ between 2 and 

0 μm for the dry radiative cooling surface (Sample 1), the sample 

overed with a 300 mm thick acrylic film (Sample 2), and acrylic 

roplet-covered samples with (a) θ̄c = 39 ° and f A = 22, 40, and 

0% (Samples 3, 4, 5), (b) θ̄c = 50.2 ° and f A = 0, 40, and 51% (Sam-

les 6, 7A, 7B), and (c) θ̄c = 62.3 ° and f A = 0, 20, 40, and 52%

Samples 8, 9, 10A, 10B). Fig. 6 (a) shows that the reference sam- 

le (Sample 1) had a high spectral normal emittance ε n,λ in the 

tmospheric transparency window (8 μm ≤ λ ≤ 13 μm) while 

t featured a lower emittance ε n,λ in the rest of the spectrum. It 

stablishes that the dry reference sample was a selective emitter. 

ig. 6 indicates that increasing the droplet surface area coverage 

 A increased the emittance ε n,λ for any given contact angle consid- 

red. This was attributed to the fact that the number of photons 

bsorbed by the acrylic droplets increased as the droplet surface 

rea coverage f A and the volume of droplets deposited increased. 

ote that the presence of droplets did not significantly increase the 

pectral normal emittance ε n,λ for wavelength λ between 7 and 

1 μm as the dry sample already featured a large emittance. In 

ddition, Fig. 6 (a) shows that for surface area coverage f A = 100% 

he spectral normal emittance ε n,λ was constant and approached 

nity for wavelengths λ ≥ 6 μm. 

Fig. 7 plots the spectral normal emittance ε n,λ as a function 

f wavelength λ for the dry and droplet-covered samples with 
9 
roplet contact angles θ̄c ranging from 39 ° to 62.3 ° and surface 

rea coverage (a) f A = 0% (Sample 1, 6, 8), (b) f A = 40% (Sample

, 7A, 10A), and (c) f A ≈51 ± 1% (Sample 4, 7B, 10B). Fig. 7 (a) in-

icates that the presence of silane coating did not affect signifi- 

antly the spectral normal emittance ε n,λ of the reference sample. 

y contrast, the spectral normal emittance ε n,λ of the reference 

ample increased for λ ≥ 13 μm when coated with NeverWet TM . 

oreover, Figs. 7 (b) and 7(c) indicate that, for a given surface area 

overage f A , the spectral normal emittance ε n,λ increased as the 

roplet contact angle θ̄c increased from 39 ° to 62.3 °. This was at- 

ributed to absorption by the droplets since the volume of the 

roplets increased with increasing contact angle θ̄c . 

.2.2. Total and LWIR normal emittance 

Fig. 8 plots the calculated (a) total normal emittance ε n , (b) nor- 

al emittance ε n, LW IR inside the atmospheric transparency win- 

ow, (c) normal emittance ε n, non −LW IR outside the atmospheric 

ransparency window, and (d) ratio of ε n, LW IR to ε n, non −LW IR as 

unctions of surface area coverage f A for dry sample (Sample 1), 

ample covered with 300 mm thick acrylic film (Sample 2), and 

roplet-covered samples with droplet contact angle θ̄c = 39 ° (Sam- 

les 3, 4), θ̄c = 50.2 ° (Samples 5, 6, 7A, 7B), and θ̄c = 62.3 °
Samples 8, 9, 10A, 10B). Fig. 8 (a) indicates that the total nor- 

al emittance ε n [ Eq. (2) for θ i = 0 °] increased almost linearly 

ith increasing droplet surface area coverage f A for all droplet con- 

act angles considered, as illustrated with the solid line connect- 

ng the emittance for Samples 1 and 2. This was attributed to 

he fact that absorption by the droplets increased with increasing 

urface area coverage f A . In addition, Fig. 8 (b) indicates that the 

mittance ε n, LW IR inside the atmospheric transparency window in- 
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Fig. 10. Temperature T as a function of time t of the dry (f A = 0%) and droplet-covered sample with contact angle θ̄c = 39 ° and f A = 52% at different days. 
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reased slightly in the presence of droplets from the already large 

mittance ε n, LW IR = 0.88 of the dry sample. Fig. 8 (c) shows that 

he normal emittance ε n, non −LW IR outside the atmospheric trans- 

arency window [ Eq. (4) for θ i = 0 °] increased significantly with 

ncreasing surface area coverage f A . Such an increase in ε n, non −LW IR 

s not desirable as it increases the absorption of radiation from the 

urrounding [2] . Table 2 summarizes the total normal emittance 

 n , the emittance ε n,LW IR inside and ε n,non −LW IR outside the atmo- 

pheric transparency window of the samples used in this study. 

Figs. 8 (a) and 8(b) also show that the presence of the 

everWet TM and silane coatings on dry samples ( f A = 0%) re- 

ulted in larger emittances ε n and ε n, LW IR than the uncoated ref- 

rence Sample 1 (see Table 2 ). This could be due to the fact that

he silane ( ̄θc = 62.3 ̊) and NeverWet TM ( ̄θc = 50.2 ̊) coatings ap-

lied on the samples are themselves either broadband emissive 

r may have an antireflection effect. Moreover, to evaluate the se- 

ectivity of the radiative emitters [35] , Fig. 8 (d) plots the ratio of

mittances inside and outside the atmospheric transparency win- 

ow [ ε n, LW IR /ε n,non −LW IR ]. It indicates that ε n, LW IR /ε n, non −LW IR de- 

reased due to the presence of droplets and reached unity for 

 A = 100%. 

.2.3. Total and LWIR directional emittances 

Fig. 9 shows the measured (a, b) total directional emittance 

 d and (c, d) directional emittance ε d,LW IR inside the atmospheric 

ransparency window as functions of angle θi for the dry and 

roplet-covered samples with (a, c) θ̄c = 39 ° and f A ranging from 

% to 50% (Sample 1, 3, 5) and (b, d) θ̄c = 62.3 ° and f A between 0%

nd 52% (Sample 8, 9, 10B). The spectral directional emittances ε d,λ

t angles θ i = 0 °, 20 °, 40 °, and 60 ° used to compute ε d and ε d,LW IR 

re reported in Figure S7 in Supplementary Materials. Figs. 9 (a) 

nd 9(b) indicate that the total directional emittance ε of the dry 
d 

10 
nd droplet-covered samples initially increased slightly with in- 

reasing angle θ i to reached a maximum around θ i = 40 °. These 

esults are qualitatively consistent with measurements reported by 

uang et al. [21] for the dry reference sample. This behavior can 

e attributed to two competing effects namely (i) the surface re- 

ectivity increased with increasing angle θ i and (ii) the emittance 

ncreased with angle θ i due to the increase in optical thickness 

f the emissive SLL tape. In addition, the total directional emit- 

ance ε d increased with increasing surface area coverage f A for all 

ngles θ i considered due to absorption by the droplets. However, 

igs. 9 (c) and 9(d) show that the directional emittance inside the 

tmospheric transparency window ε d,LW IR increased slightly in the 

resence of droplets as the reference sample had large ε d,LW IR even 

t larger angles. 

.3. Outdoor nighttime temperature measurements 

Fig. 10 shows the measured temperature T of the dry and 

roplet-covered samples as a function of time t for θ̄c = 39 ° and 

 A = 52% on (a) April 28, (b) May 21, (c) September 1, and (d) Oc-

ober 12, 2021. It confirms that the dry and droplet-covered sam- 

les had a lower temperature than the air due to radiative cool- 

ng under clear sky and partially cloudy conditions. However, un- 

er cloud coverage, the surface temperature was larger than that 

f air, as observed in Fig. 10 (b). This could be attributed to the fact

hat the clouds obstructed the view of the sky so that radiation 

xchanges occurred between the samples and the clouds that were 

armer than the clear sky, resulting in a higher surface tempera- 

ure. Moreover, Fig. 10 indicates that the dry sample had a system- 

tically lower temperature than the droplet-covered sample with a 

emperature difference up to 1.7 °C, as illustrated in Fig. 10 (d). 
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Fig. 11. Photograph of the selective emitter taped on a broadband emitter pa- 

per box, taken on a humid night in Los Angeles (September 28, 2021, 02:00 AM, 

T a = 16 °C, RH = 88%). 
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This can be attributed to the higher selectivity of the dry sam- 

le, which prevents undesirable heat gain from the relatively warm 

tmosphere. Although the dry sample was a selective emitter, it 

cted as a broadband emitter in the presence of the droplets, as 

reviously explained. In the absence of convective heat transfer 

nd solar irradiance, the steady-state temperature of the radiative 

ooling surface given by [24] 

 = 

(
αatm 

ε n 

G atm 

σ

)1 / 4 

. (5) 

Here, σ ( = 5.67 ×10 –8 W/m 

2 /K 

4 ) is the Stefan-Boltzmann con- 

tant and αatm 

is the total absorptance under irradiation G atm 

eaching the surface from the atmospheric emission. The latter is 

xpressed as 

 atm 

= σ T 4 sky (6) 

here T sky is the effective sky temperature ranging from 230 K 

o 285 K depending on the weather conditions [24] . The ratio of 

he total absorptance to the emittance ( αatm 

/ε n ) determines the 

emperature T of the radiative cooling surface and increases in 

resence of droplets, as explained earlier. Therefore, according to 

q. (5) , the temperature of the radiative cooling surface is expected 

o increase in the presence of condensed droplets. In fact, the ratio 

atm 

/ε n was measured as 0.86 and 0.94 for the dry and droplet- 

overed samples used in the outdoor experiments. 

.4. Effect of orientation and implications for buildings 

While this study has shown that dropwise condensation can af- 

ect the spectral properties of the radiative cooling surfaces to im- 

art a broadband emittance, the dew formation depends on several 

actors including the orientation of the surface [ 35 , 36 ]. Horizontal 

ky-facing radiative cooling surfaces can cool down to low temper- 

tures and collect more dew thanks to their orientation. On the 

ther hand, vertically-oriented radiative emitters, which are ex- 

osed to both the cold sky and the relatively warm earth, may not 

each sufficiently low temperatures for dew formation on the sur- 

ace or condensed droplets may roll-off due to gravity. This was 

xperimentally demonstrated by exposing horizontally and verti- 

ally oriented reference samples to the sky on a humid night in 

os Angeles. The photograph of Fig. 11 clearly shows that the hor- 

zontal section of the radiative cooling surface facing the sky was 

overed with condensed water droplets. However, negligible con- 

ensation was observed on the vertically oriented section of the 
11
adiative cooling surface, except for some droplets near the top, 

ven after being exposed to a humid environment for 2 h. 

For building envelopes, these results are important. It has been 

reviously shown that for cooling horizontal sky-facing surfaces 

ike roofs, broadband emitters are sufficient and that selective 

mitters do not offer a significant cooling benefit [8] . In showing 

hat dropwise condensation on horizontal emitters leads to broad- 

and emittance regardless of the emitter, our work shows that the 

ssumed benefits of selective emitters are even smaller when it 

omes to the largest application of radiative cooling – cooling roofs 

f buildings [ 2 , 16 , 17 , 23 ]. 

However, recently, it has been shown that for vertical build- 

ng facades experiencing broadband summertime terrestrial heat 

ains and wintertime losses, selective emitters can achieve sea- 

onal thermoregulation and energy savings [35] . Since dew forma- 

ion appears less likely on vertical surfaces even in exceptionally 

umid environments ( Fig. 11 ), the thermoregulatory benefits of se- 

ective emitters will likely persist in both humid and dry operat- 

ng conditions. In cases when dew may still form on vertical sur- 

aces, hydrophobic coatings which are spectrally selective and un- 

ikely to impact the optical selectivity ( Fig. 7 (a)) [ 37 , 38 ], can be

sed to inhibit condensation and aid its runoff. This is the case 

f the commercially available silicone-based hydrophobic coating 

everwet TM , as illustrated in Figures S8 and S9 in Supplementary 

aterials. 

.5. Implications for dew harvesting technologies 

Since a selective emittance can achieve lower sub-ambient tem- 

erature and greater cooling power at sub-ambient temperatures 

han a broadband emitter [ 2 , 23 ], it is likelier not only to cool be-

ow the dew point but also to enable faster dew formation. As the 

resent study demonstrated, dropwise condensation on radiative 

oolers can limit both benefits. Thus, to maximize dew harvest- 

ng using a selective emitter, f A must be kept to a minimum. This 

an be achieved by limiting dew formation to the bottom surface 

f the selective emitter either by using physical barriers to con- 

ensation or by making the sky-facing side hydrophobic, as pre- 

iously discussed [ 37 , 38 ]. Note that this recommendation differs 

rom that made in the literature but for broadband emitting sur- 

aces [ 19 , 20 , 39 ]. 

. Conclusion 

This study elucidated a central, and thus far overlooked, chal- 

enge facing radiative cooling: the effect of dropwise condensa- 

ion on the emittance and selectivity of radiative cooling surfaces. 

adiative cooling surfaces with and without hydrophobic coatings 

ere covered with acrylic droplets with surface area coverage f A 
etween 0 and 52% and mean contact angle θ̄c between 39 ° and 

2 ° Droplets were found to significantly increase the spectral nor- 

al emittance ε n,λ of the radiative cooling surfaces with increasing 

roplet surface area coverage f A and droplet contact angle θ̄c , par- 

icularly outside the atmospheric transparency window, due to ab- 

orption by the droplets. Overall, the presence of droplets changed 

he radiatively selective surface into a broadband emitter. In ad- 

ition, outdoor nighttime experiments showed that the temper- 

ture of the radiative cooling surface increased in the presence 

f droplets due to the undesirable heat gain from the relatively 

arm atmosphere. These results establish that dropwise condensa- 

ion can significantly reduce the infrared selectivity and associated 

ooling performance under real operating conditions. The conclu- 

ions of this study did not contradict the previous findings [ 19 , 20 ].

nstead, it extends the discussion further to selective radiative 

ooling surfaces. Therefore, our study has large implications for ra- 

iative cooling of building envelopes and dew-harvesting technolo- 
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