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GRAPHICAL ABSTRACT 

 

ABSTRACT 

Passive daytime radiative cooling has proven to be a promising technology which 

allows objects to cool down by shedding heat to space, acting as a large thermal sink. 

However, the end equilibrium temperature of a radiative sky cooler (RSC) is limited by 

the parasitic heat fluxes. Operating RSC in vacuum suppresses the convective heat fluxes, 

but realizing commercial deep sub-ambient RSC system is rather challenging due to system 

complexity and sub-component material constraints. In this work, the behavior of the 

RSC under varying pressure and sub-component system parameters like thermal 

conductivity of medium and holder and back reflectors is studied. An analytical model is 



 

 

developed taking these parameters as input to analyze and predict RSC performance. A 

spectrally selective RSC with silver back reflector and polysilazane polymer as emitter 

having emissivity of 0.85 in the atmospheric window is fabricated to study its deep sub-

ambient cooling performance. Through sequential measurements done under controlled 

environment using liquid nitrogen as cryogenic heat sink, the influence of individual 

parasitic heat fluxes on the RSC under variable pressure is comprehensively investigated. 

A sub-ambient cooling of 10°C under ambient pressure, and 33 °C at a decreased pressure 

of 1.63 × 10-3 Pa was achieved. The experimental results are in good agreement with our 

modeled prediction. Subjected on intended usage and desired cooling performance from 

the RSC system, a rational design of sub-components and operational pressure regimes 

can be suggested from this study. We believe that these findings have multiple practical 

implications for designing future deep sub-ambient RSC systems and explores scopes for 

optimization. 

Keywords- passive daytime radiative cooling, spectrally selective emitters, polysilazane, 

polymer-derived coating, thin photonic emitters 

NOMENCLATURE 

FTIR Fourier Transform Infrared 

h Coefficient of heat absorption (Wm-2K-1) 

I Spectral irradiance 

k Thermal conductivity (Wm-1K-1) 

l Length (cm) 

LN Liquid Nitrogen 

MIR Mid-Infrared 

N Number of Shields 

NIR Near-Infrared 

Nu Nusselt Number 

P Pressure (Pa) 



 

 

Q Heat Flux (Wm-2) 

r Reflectivity 

ŕ Ratio 

Ra Rayleigh Number 

RSC Radiative Sky Cooler 

T Temperature (°C) 

UV Ultraviolet 

Vis Visual 

Subscripts 

a Ambient 

air Air 

atm Atmospheric  

BB Blackbody 

black-alu Black Aluminum 

c Collective 

cool Cooling 

exp Experimental 

gap Air gap 

holder Holder 

LN Liquid Nitrogen 

mod Modeled 

parasitic Parasitic 

rad Radiative 

s Sample 

shield Shield 

sun Sun 

zenith Zenith 



 

 

Greek letters 

α Absorptivity 

Δ Delta (difference) 

ε Emissivity 

θ Angle 

λ Wavelength 

σ Stefan-Boltzmann Constant 

τ Transmissivity 

 

1 INTRODUCTION 

The coldness and vastness of outer space (~3 K) provides an ideal sustainable heat 

sink for terrestrial heat sources to radiatively transfer its heat to space. The earth’s 

atmosphere, being optically transparent in the solar spectrum and also in mid-infrared 

wavelengths of 8‒13 µm, allows an object to passively cool down through this wavelength 

channel. Passive daytime radiative cooling structures make use of this technique to cool 

itself without the requirement of external energy supply.[1] Since the ground breaking first 

demonstration of passive daytime radiative cooling by Raman et.al., considerable advances 

have been made to realize and explore the potential of passive daytime radiative cooler.[2] 

Challenges like building highly solar reflective and Mid-infrared (MIR) emissive structures, 

angular dependence emission, long term stability, mechanical stability, scalability and 

recyclability are being tackled with innovative new materials and designs.[3–12] Numerous 

broad band and selective emitters have been identified which could be used for daytime 

radiative cooling applications.[13–23]  

It is now established that radiative sky coolers (RSCs), with selective emitters are better 

suited to achieve sub-ambient cooling since they have low downward heat absorption 

from atmosphere and surroundings.[1,2,18,24–26] Although, outdoor performance of 

RSCs are seldom comparable due to its strong dependence on location, atmosphere and 

geographical parameters.[27,28] Therefore, several studies have also focused on 



 

 

repeatability aspects and standardizing experimental methods to better understand and 

compare the performances of the RSC’s using indoor setups.[3,13,29–31] Convective and 

conductive cooling losses from the spectrally selective RSC to surrounding ambient air is 

largely accountable for restricting RSCs achieving deep sub-ambient cooling.[32–35] A 

proposed way is to operate the RSC in vacuum, which will suppress these fluxes.[36–41] 

However, due to challenges with build complexity, stringent material selection for sub-

components like cover-shield and reflector-shield along with increased capital costs 

compared to passive cooling scheme, a commercial deep sub-ambient RSC system is yet 

to be realized.[36,39] Moreover, the influence and evolution of the performance of RSC 

due the individual parasitic loss components, such as convection, conduction and 

radiation from its adjacent environment under variable pressure regimes has not been 

demonstrated so far. 

In this work, we study and illustrate the influence of relevant parasitic heat flux 

components on the deep sub-ambient performance of an RSC under variable pressure 

scenarios. A numerical heat transfer model was previously developed to analyze and 

predict the performance of RSCs and was experimentally validated with outdoor 

measurements.[42] This model was expanded to take shielding parameters (number and 

reflectivity of shields), pressure, thermal conductivity of medium and holder as input for 

sub-component design. The influence of these parameters on the end equilibrium 

temperature of the RSC under different pressure regimes is comprehensively studied. A 

spectrally selective bi-layer RSC was prepared, where a silicon oxycarbonitride planar 

polymer emitter derived from polysilazane precursor was applied on a silver reflector. 

Compared to previous studies conducted outdoor under vacuum, we carried out a 

sequence of indoor measurements using Liquid Nitrogen (LN) as a cryogenic heat sink, 

to analyze the thermal behavior of the RSC under controlled environment.[36–38] Using 

the analytical model, the impact of individual parasitic losses was analyzed and the 

predictive performance behavior of an RSC with varying sub-component system 

parameters was demonstrated. We identified three operational pressure regimes by 

evaluating the behavior. A conservative design with suitable sub-component material 



 

 

parameters for a conceivable deep sub-ambient cooler system was suggested based on 

RSC performance in those regimes.  

2 MATERIALS & METHODS 

2.1 RSC device fabrication 

A thin layer of Silver (300 nm) was evaporated through electron beam deposition in 

(DREVA LAB 450, VTD, Germany) on polished aluminum plates (Alanod GmbH & Co. 

KG, Germany) to form the back-reflector layer. A solution of Durazane 1800 (Merck 

KGaA) as precursor polysilazane polymer with Di-n-butyl ether (Fisher Scientific GmbH, 

Germany) was prepared in 50 % wt./wt. ratio for dip coating. Dip coating was carried out 

at a withdrawal speed of 1 meter per minute, using an in-house built dip coater. The wet 

coating was cured in a convection oven at 180 °C for 1 hr. The cured samples were then 

further cut to size fit for carrying out the experiment and analysis. The reflector layer for 

the cone and radiation shields were prepared by evaporating 200 nm of Silver on Kapton 

tape (3MTM Polyimide Film Tape 5413). 

2.2 Optical characterization of RSC 

Spectral reflectivity of the sample in the solar spectrum range of 250‒2500 nm was 

measured using a spectrometer (Agilent Cary 5000) with an integrating sphere. 

Hemispherical reflectivity and transmissivity in the range of 2.5‒25 µm was measured with 

a FTIR spectrometer (Bruker Vertex 80 V) using a gold integrating sphere. The measured 

hemispherical reflectance in the UV‒Vis‒NIR‒MIR range from the RSC is presented in 

Figure 1 (a). Angular spectral reflectivity of the sample in between 30° and 80° and in 

spectral range of 2.5‒25 µm was measured using a separate FTIR spectrometer 

(PerkinElmer Spectrum 400) with a VeeMAX II accessory from Pike Technology. The 

Optical model of the complete RSC structure was prepared in Coating Designer 

(Scout/CODE) software by W. Theiss and was validated with experimental data.[42]  

2.3 Cryogenic vacuum experiment 



 

 

2.3.1 Indoor experimental setup 

In general, the indoor setup consists of a vacuum chamber which holds the RSC 

physically connected to a polyimide holder, a MIR transparent ZnSe cover glass, radiative 

shields to negate parasitic radiation from the vacuum chamber walls, concentrator 

reflector cone to direct the outgoing radiation to a cryogenic LN tank acting as a heat sink. 

The layout of the experimental setup and details about the arrangement and spacing of 

the setup is shown in Figure 2 (a). Calibrated Class-A Pt100 sensors (M222 PT100, 

Heraeus Sensor Technology GmbH, Germany) with 4-wire configuration were used to 

measure the temperature of the sample and at multiple points, inside and outside the 

vacuum chamber. A Raspberry Pi 4b was programmed to read the temperature 

measurements and store them into a database (InfluxDB) and relay the real time 

measurements during the experiment (Grafana Labs) for remote access, supervision and 

rectification if required.[43] The pressure inside the chamber was measured with a 

calibrated cold cathode Pirani (PKR 251, Pfeiffer Vacuum GmbH, Germany). A ZnSe 

glass (TOPAG Lasertechnik GmbH, Germany) with anti-reflective coating on both 

surfaces was used as a convective shield and cover window. The window had a diameter 

of 50.8 mm and a thickness of 5 mm and was capable to withstand pressure difference as 

high as 105 Pa. The insulated holder for liquid Nitrogen (LN) was lined with matte black 

Aluminum foil (BKF12, Thorlabs GmbH, Germany) of ε=0.9 in the MIR range, acting as 

a cold broadband absorber material. To maximize the viewing angle of the RSC to the 

cold blackbody instead of the slightly warmer walls of the LN container we used a 

reflective cone (for dimensions refer to Supplementary Figure S5 and Supplementary Text 

5) which was then attached to the outside of the chamber.  

Ten circular shields of 60 mm diameter each were cut out from the Aluminum plates 

(Alanod GmbH & Co. KG, Germany) to be used as radiator shields. Since the aluminum 

plates had rough surfaces, adhesive Kapton tape was applied on both surfaces of the discs 

and silver was evaporated on them to make them specular reflective. A threaded 

polyamide rod of 10 mm diameter was used to hold the shields in place and screwed to 

the top blind flange. The RSC structure was affixed on the threaded rod using a small 

piece of double sided Kapton tape, so that the structure could hang from the rod upside 



 

 

down. A gap of 6 mm was left behind in between the RSC structure and the ZnSe window. 

A turbo pump (HiPace 80, Pfeiffer Vacuum GmbH, Germany) which could reach 10-6 Pa 

complimented by an auxiliary pre-vacuum diaphragm pump (MVP 015-2, Pfeiffer 

Vacuum GmbH, Germany) was utilized for high vacuum conditions. A scroll pump 

(HiScroll 12, Pfeiffer Vacuum GmbH, Germany) and a rotary vane pump (Duo 10M, 

Pfeiffer Vacuum GmbH, Germany) were also employed for the intermediate pressure 

ranges. Based on the operational ranges of each pump and its individual control 

mechanism, one or more than one pumps were run simultaneously to achieve the required 

pressure and stability.  

2.3.2 Measurement fit and error calculation 

For all experimental measurements, a minimum time span of 30 minutes was 

considered for the stable zone (highlighted in yellow in Figure 3). As for the figure of 

merit, we considered both the slope of the fit line and the mean ΔTexp to ascertain that 

each measurement set could be used for further consideration. It was ensured that the 

difference between maximum ΔTexp and mean ΔTexp was minimal, thereby ascertaining 

that the observed maximum ΔTexp point was not a fluke. Additionally, the low slope of 

the ΔTexp linear fit line would mean that the sample was able to achieve the end equilibrium 

temperature. It was warranted that the maximum ΔTexp point (denoted by the vertical 

dashed black line) does not approach the outer bounds of stable zone, in which case it 

would mean that not enough time was provided for the system to reach equilibrium 

temperature or it has overshoot it. All datapoints are then consolidated and presented in 

Figure 4 (a). The error in pressure measurement by the Pirani gauge and the deviation of 

pressure as observed in the stable zone for each ΔTexp datapoint were considered for X 

axis (as shown by markers in Figure 4 (a)). Although minimal, the inaccuracy of the Pt100 

sensors and the DAQ were also considered for the Y axis markers. The pressure zones 

are then categorized as ambient pressure regime (101 ‒ 105 Pa), transient regime (10-1 ‒ 101 

Pa) and low-pressure regime (below 10-1 Pa). 

2.4 Analytical modeling of cooling performance 



 

 

2.4.1 Physical parameters for heat transfer modeling 

The analytical model was implemented in python with suggestions taken from the 

wpthermal package [44]. The calculation of the net cooling flux from the structure was 

done using the below formula: 

Q
cool

= Q
rad
(Ts)-Qatm

(Tatm)-Qparasitic
(Ta,Ts)- QLN

(TLN) || {Q
sun
} Eq. 1 

where Qcool is the total cooling flux from the sample. The equilibrium temperature of the 

RSC is reached when the Qcool reaches zero. Qrad is the radiative heat flux from the sample 

at temperature (Ts) and can be described as:  

Q
rad

= 2π∫ ∫ IBB(Ts,λ)
∞

0

sin(θ)cos(θ)εs(λ,θ)dλdθ

π
2

0

 

Eq. 2 

where IBB(Ts, λ) is the spectral irradiance of a blackbody at temperature Ts, εs(λ,θ) is the 

spectral emissivity of the structure at λ wavelength and θ angle. Qatm is the incoming 

radiative flux component from the atmosphere with temperature Tatm, and can be 

described as: 

Q
atm

= 2π∫ sin(θ)cos(θ)dθ

π
2

0

∫ IBB(Tatm,λ)
∞

0

εs(λ,θ)εatm(λ,θ)dλ 

Eq. 3 

where εatm(λ,θ) is the directional atmospheric spectral emissivity, and εatm(λ,θ) =1- t(λ)
1

cosθ, 

with t(λ) being the atmospheric transmittance at zenith. Since the distance between the 

sample and the LN black body was quite small but under open air conditions, the 

atmosphere transmittance spectra for Sub-Arctic Winter was considered. QLN is radiative 

heat flux that the LN sink radiates at temperature TLN = -197 °C to the RSC respectively 

and can be calculated as below: 

Q
LN

= 2π∫ ∫ IBB(TLN,λ)
∞

0

sin(θ)cos(θ)εblack alu(λ,θ)dλdθ

π
2

0

 

Eq. 4 



 

 

where εblack-alu(λ,θ) is the spectral emissivity of the black aluminum. Qsun is the heat flux 

absorbed by the sample from suns irradiation and can be calculated as below: 

Q
sun

= ∫ IAM1.5(λ)
∞

0

ε(λ,θsun)dλ×cos(θzenith) 
Eq. 5  

where IAM1.5(λ) is the reference solar irradiance AM1.5G and ε(λ,θsun) is the absorptivity 

in the solar spectrum. For the indoor experiment Qsun was neglected, whereas for 

estimating the cooling potential in Figure 1, the Qsun instead of QLN was used. Qparasitic is 

the collective parasitic heat flux component absorbed by the sample from its immediate 

environment which is at ambient temperature Ta. However, for the in-depth analysis of 

the parasitic components and to understand the impact of Qparasitic on an RSC, we examine 

it in further details. The collective parasitic component of the heat flux is described as 

below:[36,38] 

Q
parasitic

= hc× (Ta- Ts)  Eq. 6 

where hc is the collective coefficient of parasitic absorption. Furthermore, hc is an 

aggregation of multiple individual phenomenon and it can be better understood from the 

below equation: 

hc= hair+ hholder+ hshield Eq. 7 

where hair is the coefficient for air conduction, hholder is the conduction through the holder 

with which the cooler has physical contact and hshield is the coefficient of radiation from 

the backside of the cooler. Individual heat flux contributions are designated as Qair, Qholder 

and Qshield respectively. hholder can be expressed as: 

hholder= ŕ
kholder

lholder

 
Eq. 8 

where kholder is the thermal conductivity of the holder, lholder is the length of the holder and 

ŕ is the ratio of the contact area of the holder to the bottom surface area of the cooler. 

hshield can be expressed as: [45–48] 



 

 

hshield= 
4εshieldσTshield

3

(N+1)(2-εshield)
 

Eq. 9 

where εshield is the average emissivity of the shield calculated by measuring the average 

reflectivity of the shield (rshield), σ is Stefan-Boltzmann constant, Tshield is the average 

temperature of the shields and N is the number of shields. Ultimately hair can be expressed 

as: [49] 

hair= 
kair

lgap

 
Eq. 10 

Where kair is the thermal conductivity of air at chosen air pressure and lgap is the distance 

between the cooler and the window or convective cover. The enclosure setup resembles 

a horizontal cavity with heated bottom and cooled upper surface with a tilt angle 

=0°.[45,50] In this configuration, the heat flow is dominated by conduction since the 

calculated Rayleigh number (Ra) for the enclosure was well below the critical Ra. It 

corelates to Nusselt number (Nu), which is the ratio of convective heat transfer to pure 

heat conduction, being 1.[50] This is primarily because of the small lgap and relatively low 

∆T. It is known that thermal conductivity of air decreases with pressure. The thermal 

conductivity of air as a function of pressure and temperature for an enclosed system can 

be reasonably approximated as below:[51–53] 

kair=
kair-atm

1+7.657×10-5(
Ta

P×lgap
)
 

Eq. 11 

where kair is the thermal conductivity of the air at the desired pressure P, kair-atm is the 

thermal conductivity of air at atmospheric pressure and at ambient temperature Ta. The 

impact of the ZnSe window was also taken into consideration for the analytical modelling. 

Since the ZnSe window is partially transparent (See Supplementary Figure S2) in the 

infrared region, an adaptive equation was considered based on the transfer matrix method 

as shown in Supplementary Text 2.  



 

 

2.4.2 Error margin in analytical model 

Even though Ta varied between 20 to 25 °C during the multiple days of experiment, 

the instantaneous Ta is inherently used for ΔTexp datapoints (green filled circles in Figure 

4 (a)). However, the ΔTmod calculated using our analytical model had to accommodate for 

a number of changing material and environmental parameters due to the long duration of 

the experiment. The average shield temperature (Tshield) was calculated using the formulae 

(Ta+Ts)/2.[45,46] The worst-case scenario for ΔTmod is when Tshield is high (i.e. small ∆T) 

and vice versa. Both the best- and worst-case values of Tshield were taken into consideration 

in the model. Variation in the emissivity of the shields (εshield) due to minor degradation of 

the reflection of the Ag on top of the shield was also considered. The modest temperature 

variation of the heat sink submerged in liquid nitrogen (TLN, for details refer to 

Supplementary Figure S4) was also taken into consideration. Hence, the orange line (as 

shown in Figure 4) or lower ΔTmod represents the worst-case scenario and the upper ΔTmod, 

the best-case scenario. 

3 RESULTS & DISCUSSION 

3.1 Modeling cooling performance based on optical properties of RSC 

 



 

 

Figure 1. a) Measured reflection spectra of the spectrally selective RSC layer stack in between 0.2 to 25 µm. The 

AM1.5 solar spectra and the modelled atmospheric transmission spectra shown in the background in orange and 

sky-blue respectively. The violet fraction of the AM1.5 spectra illustrates the absorbed solar flux by the RSC under 

full irradiance, b) expected outdoor performance of the device showing the equilibrium temperature calculated by 

our analytical model, c) expected temperature difference (ΔTmod = Ts-Ta) as a function of the collective coefficient 

of parasitic absorption (hc), d) variation of the thermal conductivity of air with varying pressure. 

The optical properties of the polysilazane emitter RSC structure across the wide 

electromagnetic wavelength ultraviolet (UV) to Mid-infrared (MIR) range is shown in 

Figure 1 (a). The modelled angular dependency of the emissivity spectra is shown in 

Supplementary Figure S1. The thin emitter layer (4.22 µm as shown in Supplementary 

Figure S1) with the underlying Ag reflector film has a strong solar reflectivity (96.8%) in 

the UV‒Visible region (0.3‒2.5 µm). The RSC stack also exhibits high emissivity (ε= 0.85) 

in the MIR region, in particular between 8 and 13 µm. These absorption troughs are due 

to the characteristics bond vibrations of Si‒O‒Si, Si‒N‒Si and Si‒C arising from the 

SiCNO polymer chain of the polysilazane emitter and align exceedingly well with the 

atmospheric transmittance window.[42,54] Although the experiment was carried indoors, 

using a polysilazane emitter RSC structure provides us the desired spectrally selective 

emissivity, which then allow us to approach the limits of radiative sky cooling while having 

little interaction with the atmosphere.[26,42,55–58]  

An analytical model was developed which takes these spectral characteristics of the 

RSC along with atmospheric parameters as input and solves the energy balance equations 

(See Materials & Methods Section 2.4.1) to predict the cooling flux and RSC temperature. 

A hypothetical outdoor scenario, considering a mid-latitude clear summer mid-day with 

760 Wm-2 solar irradiance, in Oldenburg, Germany, with an ambient temperature of 27 

°C was considered for this analysis and is presented in Figure 1(b). The RSC can generate 

a cooling flux of 75.5 Wm-2. We predict a decent temperature drop (ΔTmod = Ts-Ta) of ~6 

°C when the collective coefficient of parasitic absorption (hc) was considered to be 10 

Wm-2K-1. As we can see the same RSC can cool down ~10 °C below ambient for hc = 5 

Wm-2K-1 and even to 30.4 °C below ambient at hc→0 Wm-2K-1 conditions, resembling 

vacuum. The equilibrium temperature is reached when cooling flux from the RSC 



 

 

becomes zero. The evolution of the ΔTmod with variation of hc for our RSC structure is 

plotted in Figure 1(c) along with the three points discussed in Figure 1(b) for clarity. We 

can infer that modulating the collective coefficient of parasitic absorption of the emitter 

is a crucial parameter to increase the cooling benefit for applications where large ΔT is 

desired. In practice, decreasing air pressure will increase the mean free path of air 

molecules, thereby decreasing the thermal conductivity of air (kair) and ultimately the 

collective coefficient of parasitic absorption (hc).[36] This effect of pressure on kair is 

shown in the graph in Figure 1(d).[51–53] A strong dependency of the RSC end 

equilibrium temperature with the changing kair is expected. Furthermore, to study the 

impact of the parasitic heat fluxes on an RSC structure, we recognized that the analytical 

model should be adopted to consider air pressure and parameters related to sub-

components such as backside shielding and RSC holder as input parameters. 

3.2 Results from Cryogenic experiment 

To verify our analytical findings experimentally, a variable vacuum setup with a 

cryogenic LN bath as heat sink was constructed (as shown in Figure 2). The heat flux in 

and out of the RSC are marked using arrows in Figure 2 (a). A thermal resistance diagram 

is provided for the setup in Supplementary Section 3.  

 

Figure 2. a) Layout of the experimental setup where the radiative cooler is placed inside a vacuum chamber while 

facing the LN heat sink. The dimensions of the cryogenic setup are mentioned which were taken into consideration 

for the analytical model. The individual heat flux components from the RSC are marked with arrows, b) 

photograph of the indoor experimental setup.  



 

 

  Sub-component parameters like thermal conductivity of the holder (kholder), number 

of shields (N) and reflectivity of shields (rshield) along with kair are directly responsible for 

the Qholder, Qshield and Qair heat fluxes. These parameters were incorporated into our 

analytical model to study the evolution of RSC performance. The experimentally observed 

RSC performance is presented below. 

 

Figure 3. Experimental measurements of the RSC structure from the vacuum setup under a) normal atmospheric 

pressure and b) under 1.63×10-3 Pa. The top graphs in a) and b) shows the temperature measurements from the 

sample, ambient and ZnSe window and air pressure. The bottom graphs show the temperature difference between 

ambient and sample (ΔTexp) along with the maximum ΔTexp position inside the stable zone (highlighted in yellow). 

The maximum ΔTexp at pressure P, mean ΔTexp (inside the stable zone) and the slope of the linear fit line (of ΔTexp) 

are annotated in the graphs. 

Figure 3 shows two sets of temperature measurements under a) ambient pressure 

and b) under high vacuum. The temperature of the sample (Ts), adjacent ambient (Ta) next 

to the experimental setup and the ZnSe window are shown in the topmost plots in Figure 

3. As shown, all sensors besides the one measuring the sample temperature, registered 

only a small variability during the experiment. This implies that the vacuum chamber is 

convectively isolated from underlying cold LN sink. The sample temperature significantly 

drops after it was able to view the cold LN and the lowest equilibrium temperature is 

reached after few hours. To better visualize the cooling effect, the difference ΔTexp = Ta-

Ts is plotted in the lower graph. The time span during which both pressure and 



 

 

temperature were sufficiently stable is highlighted in yellow. We ensured that this stable 

zone was at least 30 mins in duration in order to provide the sample and the setup enough 

time to accomplish equilibrium for every pressure measurement. The maximum 

temperature drop (ΔTexp) inside the stable zone is highlighted by the vertical dashed black 

line. As can be seen in Figure 3 (a) the max ΔTexp observed for the sample at 7.58 × 104 

Pa is 9.9 °C. Whereas in Figure 3 (b) the sample reaches an equilibrium temperature of 

33.5 °C when the setup was under a pressure of 1.63 × 10-3 Pa. Since the experiment was 

carried out inside a fume hood and in a controlled environment, the ambient temperature 

stayed quite consistent at ~21 °C in both cases. A linear fit (purple line) of the ΔTexp plot 

and mean of ΔTexp was established inside the stable zone. Details about the fit is provided 

in Materials & Methods Section 2.3.2. A low slope of the fit-line and low difference 

between mean ΔTexp and maximum ΔTexp provide a combined quantitative figure of merit 

to ensure end equilibrium temperature is reached. In total, 18 sets of measurements in the 

range of 10-4−105Pa were considered for further analysis and the compiled results are 

shown in Figure 4. The above-mentioned criteria (figure of merit) were carefully adopted 

for all the below presented results. The measurement sets that did not fit the above criteria 

were repeated for consideration.  

3.3 Validating analytical model with experimental results 

 

Figure 4. a) Experimental temperature difference (ΔTexp=Ta-Ts) is plotted as green filled circles and as a function 

of pressure. The error in pressure and temperature measurements are expressed by the error bars. Upper and lower 

(ΔTmod) from the analytical model is plotted alongside. The collective coefficient of parasitic absorption, hc 

(corresponding to the lower ΔTmod in orange) as a function of varying pressure is plotted in pink. b) The parasitic 

heat flux components from an RSC at different pressure as per our analytical model are plotted in the bar chart. 



 

 

The expected upper ΔTmod limit as per our analytical mode is plotted on the right Y axis for reference. The 

individual parasitic fluxes are labeled alongside each bar as per the color-coding. 

Figure 4(a) shows the consolidated temperature differences between ambient and 

sample (ΔTexp= Ta-Ts) from the experiments plotted as a function of pressure. The red 

markers on each experimental dataset designate the measurement error margins in 

pressure and temperature (as described in Materials & Methods Section 2.3.2). After 

solving the heat flux equations, the upper and lower equilibrium temperature (ΔTmod= Ta-

Ts) of the RSC was calculated and is plotted as the blue and orange line respectively. Using 

the dimension of the experimental setup, material parameters and air pressure taken as 

input, the hc for our experimental setup was computed and is plotted in Figure 4(a) as well 

(right axis). The input parameters for upper and lower limit of ΔTmod is described in 

Materials & Methods Section 2.4.2 and an annotated figure is provided in the 

Supplementary Figure S3. As can be observed, the prepared analytical model agrees very 

well with the measured data points in Figure 4(a). The hc values are predominantly 

influenced by the change in thermal conductivity of the air with reduced pressure, as is 

evident when compared to the inset graph of Figure 1(d). We can see that under 

atmospheric pressure the sample is about 10 °C colder than the environment. In this 

ambient pressure regime (101 ‒ 105 Pa) the hc remains almost unchanged in between 4 ‒ 

5.4 Wm-2K-1, thereby allowing for a negligible ΔTmod increase. Within the transient regime 

(10-1 Pa ‒ 101 Pa) the hc acutely decreases by ~93%, facilitating a significant rise in ΔTmod. 

However, at low-pressure regimes (below 10-1 Pa) the hc change is again nominal along 

with the ΔTmod reaching a plateau.  

To better understand this RSC behavior, we plotted the modelled parasitic flux 

components (Qair, Qholder, Qshield) with decreasing pressure in Figure 4(b). Qair losses is 

understood to be dependent on external equipment (i.e. vacuum pumps), thermal 

conductivity of the gas and the gap between the RSC and the window. We only see a 

11.3% decrease of Qair losses when the pressure is decreased from 104 ‒ 10 Pa. The 

parasitic losses due to air conduction are fairly significant (Figure 4 (b)) as the mean free 

path of the air molecules is smaller than the distance between the sample and the ZnSe 



 

 

window. As we keep decreasing the pressure to around 0.1 Pa, the mean free path of the 

air molecules increases thus decreasing the thermal conductivity of the air (Figure 1 (d) 

inset). As expected, we also see a big improvement in the performance of the RSC in this 

region, because the Qair losses decreases by more than 90% when the pressure is decreased 

from 10 Pa to 0.1 Pa (transition regime) while ΔTmod almost increases by a factor of three 

in this region. At 10 Pa the individual flux components from the RSC contributes to Qair 

= 92.8%, Qholder= 4.8%, Qshield = 2.4% of total losses, whereas at 0.1 Pa these losses adjust 

to Qair = 31.4%, Qholder= 45.2%, Qshield = 23.4% of the total parasitic heat flux. The 

converse behavior of Qholder and Qshield loss with decrease in pressure can be explained by 

their conductive and radiative properties respectively. Both their contribution increases 

with the increase in the temperature difference between the sample and the holder or 

shields. The lack of experimental points in around 0.1 Pa can be explained by the difficulty 

we faced controlling this pressure for long enough periods with our pumps. A saturation 

of ΔTmod was observed for pressures below 0.1 Pa (low-pressure regimes) as Qair losses are 

now irrelevant and Qholder, Qshield also reaches their maximum. After validating our 

analytical model with experimental results, we can further look into the details about 

optimization potential and design conditions for future applications of RSCs.  

3.4 Performance prediction of RSC under variable pressure 

The presented results in Figure 4(b) demonstrated that the heat fluxes related to the 

holder (Qholder) and shield (Qshield) gains prominence at transient and low-pressure regimes. 

We now focus on them as they are also the immediate system design parameters for a 

deep sub-ambient RSC system. Hence, the variation of shield reflectivity (rshield), the 

number of shields (N) and holder thermal conductivity (kholder) on RSC performance were 

studied. 



 

 

 

Figure 5. Predicted performance of a spectrally selective RSC as a function of pressure for various scenarios. 

Equilibrium modelled temperature (ΔTmod) plot and heat map is presented where a) the average reflectivity of the 

shields (rshield) is kept constant and number of shields (N) is varied, b) N is kept constant and rshield is varied, c) rshield 

and N kept constant and the thermal conductivity of the holder (kholder) is varied. The ΔTmod represented in color 

for the heat map where each varying design component of the left plot (y-axis parameter) is presented on the right 

contour plot with P varying from 102 Pa to 10-4 Pa. 

The predicted pressure dependent performance of the spectrally selective RSC for 

varying design parameters are displayed in Figure 5. From Figure 4 (b), it is evident that 

Qshield and Qholder fluxes have little impact on the RSC performance compared to Qair at 

above 102 Pa. Therefore, the contour plots focus on the behavior of RSC in the transition 

and low-pressure regimes as the radiative and conductive fluxes of the RSC with the 

enclosure is amplified. For this analysis the temperature of the blackbody sink was kept 

fixed at -197°C and both shield temperature and ambient temperature were assumed to 



 

 

be 21 °C, which is representative of predictive performance of the RSC at nighttime. The 

parasitic heat fluxes Qshield and Qholder for the individual cases (Figure 5 a‒c) are presented 

in Supplementary Figure S6 for reference and comparison. 

Figure 5 (a) considers the scenario where the number of shields is varied while 

keeping rshield to be constant at 0.80. The result suggests that having 1 shield compared to 

10, decreases the ΔTmod by almost 4 °C at low-pressure regimes. The Qshield flux is almost 

5 times higher for the instance with N=1 compared to N=10 at low pressure regime (see 

Supplementary Figure S6). The right contour plot shows the expected ΔTmod for N varying 

between 1 and 10, where the ΔTmod is denoted as color and the red lines denote the ΔTmod 

contour lines. The result suggests that 2–4 shields are sufficient to achieve a deep sub-

ambient cooling of more than 30 °C at low-pressure regimes. Although multiple ΔTmod 

contour lines pass through the transient regime, it is still possible to achieve ΔTmod of 

above 25 °C with 2-4 shields. A rational system design should consider smallest N possible 

keeping system complexity at check.  

Figure 5 (b) presents the scenario where the rshield is varied while keeping the number 

of shields constant (N=10). It can be noticed that increasing the reflectivity of the shield 

from 0.1 to 1 increases the end equilibrium temperature by ~6 °C at low-pressure regimes. 

For the case of low shield reflectivity (rshield = 0.1), the Qshield rises by about three times 

when pressure is decreased from 104 to 10-2 Pa (see Supplementary Figure S6). The 

contour plot asserts the fact that rshield ≥ 0.4 would be required to achieve ΔTmod > 30 °C 

at transient regime (10-1 Pa) and at the expense of using 10 shields. However, considering 

the fact that highly specular reflective materials are available on the market, a conservative 

value of rshield≥0.8 can be constituted as rational, which would then allow us to use less 

shields to achieve a ΔTmod ≥ 25°C. 

Thus far, we used the actual thermal conductivity value of the threaded polyamide 

rod (kholder= 0.25 Wm-1K-1) for our analysis. In order to understand the influence of a 

holder in physical contact with the cooler on the RSC itself, we considered a scenario 

(Figure 5 (c)) with an increased thermal conductivity (worst case scenario) of a 

hypothetical holder (kholder = 2.5 Wm-1K-1). The number of shields (N) and average 



 

 

reflectivity of shields (rshield) was kept constant. We see that the increase in the kholder value 

causes significant decrease in the ΔTmod at ambient pressure regime and a dramatic 

decrease for pressures below 1 Pa. Below this pressure, the largest contribution of the 

parasitic flux occurs due to an increase in Qholder whereas the influence of Qshield although 

present is now significantly suppressed in contrast (see Supplementary Figure S6). From 

the contour plot, it becomes apparent that the blue regions only lie in low-pressure regimes 

and with kholder ≤ 0.5 Wm-1K-1. However, in the transient regime a kholder ≤ 0.5 Wm-1K-1 

would facilitate attaining ΔTmod ≥ 27 °C. It is to be noted that for this part of the analysis 

the geometry of the holder, i.e. the area ratio (as explained in Materials & Methods Section 

2.4.1) is kept constant and only the effect of changed thermal conductivity is examined 

(kholder). Although, it is equally important to keep the area ratio as small as possible if a 

better ΔTmod is to be achieved which would facilitate for a lower hholder. Since various 

insulator materials (kholder ≤ 0.5 Wm-1K-1) are available for selection, a judicious design of 

a holder should be straightforward. 

3.5 Towards a rational deep-sub ambient RSC system 

All these parasitic losses taken into consideration, are directly responsible for the 

behavior and end equilibrium temperature of the RSC. Excluding the heat fluxes from the 

medium (Qair), the RSC also needs to be adequately shielded from the backside radiation 

and isolated physically for minimal conductive losses. These sub-component system 

parameters can constitute as tuning parameters to extract the best ΔT performance out 

from the RSC. Evidently, it also indicates towards the stringent optical and material 

requirements for sub-components that will be required to achieve the highest ΔT from 

RSCs. The model provides compelling evidence that the RSC performance in the 

transition and low-pressure regimes are much more dominated by the sub-component 

design parameters (see Supplementary Figure S7). A conservative configuration with 1‒2 

shields, rshield = 0.9 and kholder= 0.25 Wm-1K-1 is foreseeable, considering achievable cooling 

of more than 25 °C in transient and low-pressure regime, availability of materials and build 

complexity (Supplementary Figure S7). Shielding done with reflective Aluminum and 

insulating holders made out of Polyamide or Teflon would fit these sub-component design 



 

 

criteria and can be considered plausible material choices for sub-components. A high 

vacuum (less than 10-2 Pa) might provide the highest ΔT, but would require turbo and 

pre-vacuum pumps running on demand. Whereas, a vacuum quality of 100 to 10-2 Pa can 

be easily achieved with enclosed systems. Although, in this transient regime, a constant 

pressure needs to be maintained, due to transit of multiple ΔT contour lines (as seen in 

Figure 5) or we can expect a decrease in ΔT performance. Interestingly, in this pressure 

range the Qair component of the parasitic losses is minimized to be almost negligible 

(Figure 4) and we can still achieve more than 25 °C cooling with a selective RSC. Even 

though the experiment was done indoors, the performance of an RSC outdoors would be 

comparable only by considering the Qsun losses instead of QLN. Although not considered 

as an immediate environment, the construction of the concentrator cone also has a 

significant impact on the ΔT.[36,37,59,60] The impact of having a better cone is explained 

in Supplementary Text 5. Using these understanding we can also suggest that enclosing 

the RSC in an argon environment could have beneficial effects on its performance at 

ambient pressure regimes, due to Argon’s lower thermal conductivity and therefore lower 

parasitic conductive loss from the gaseous medium (see Supplementary Figure S9).  

4 CONCLUSION 

In conclusion, we quantitatively demonstrate for the first time the behavior and 

impact of conductive, convective and radiative parasitic losses on a spectrally selective 

RSC at various pressures and how they limit the cooling performance. A spectrally 

selective RSC with bi-layer structure was fabricated using a simple dip coated polysilazane 

polymer emitter on a silver mirror having a weighted solar reflectivity of 97% and MIR 

emissivity of 85% in the spectral range of 8‒13µm. An experimental setup was prepared 

in which the RSC’s cooling performance was measured under varying air pressure or hc 

values while using LN as a thermal sink. A ΔTexp of ~10 °C was observed under 

atmospheric pressure. A steep increase in ΔT was observed when pressure was decreased 

from 101 to 10-1 Pa, ultimately reaching the higher ΔTexp=~33 °C plateau at 10-3 Pa. A 

numerical heat transfer model was developed, which takes pressure, thermal conductivity 

of medium and other sub-component system parameters as input. The model was 



 

 

validated with our experimental results and shows good fidelity. More than 90% of the 

Qair parasitic loss is already eliminated by decreasing air pressure to 10-1 Pa, causing a three-

fold increase in ΔT. In contrast, the combined Qholder + Qshield losses from the RSC doubled 

for the same pressure reduction due to increasing ΔT. Therefore, the RSC also needs to 

be thermally well isolated and radiatively shielded (from backside) from its chamber in 

order to achieve deep sub-ambient temperatures. These parasitic heat flux losses can be 

restrained by smart selection of thermally isolating RSC holders, having highly reflective 

and multiple shields as system-design parameters. The predictive nighttime performance 

behavior of an RSC under different pressure regimes with varying sub-component system 

parameter was demonstrated. A conservative design of sub-components, expected to 

provide a generous ΔT > 25 °C at transient and low-pressure zones, was suggested with 

1-2 shields, rshield = 0.9 and kholder = 0.25 Wm-1K-1 based on material availability and 

expected build complexity. This study establishes a general guideline to rational designing 

of a deep sub ambient radiative cooling system using various sub-components and 

defining operational pressure regimes. Based on intended usage and desired ΔT from a 

prospective RSC system and availability of materials, the sub-component material 

parameters can be chosen. If desired, one could consider specific heat transfer fluids based 

on thermal conductivity values in Figure 5 (b) and speculate expected cooling performance 

from a system with heat transfer fluids. These findings would also allow us to find or 

synthesize new materials for cover-window able to sustain appropriate pressures, back-

reflectors, contemplate designs, predict and fine-tune system performance that can lower 

the parasitic losses for better ΔT. We believe our results open up new scopes and design 

considerations for building deep sub-ambient radiative cooling systems.  
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