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a b s t r a c t 

Sky radiative cooling has showcased great potential for passive refrigeration without extra energy consumption, 

while its cooling power and efficiency are confined by Kirchhoff’s law, that is, the emissivity is equal to the 

absorptivity. The recent development of thermal nonreciprocity that breaks the limitations of Kirchhoff’s law, 

especially in a broadband manner, makes nonreciprocal radiative cooling (NRC) possible. However, as there 

are few reports on NRC either theoretically or experimentally, it is necessary to evaluate the feasibility and 

worthiness of developing NRC. Here, we discussed the effects of NRC at around room temperature (298.15 K) 

from three perspectives: ideal selective radiators, non-selective radiators, and colored radiators, which are the 

current primary radiative coolers. Counterintuitively, we found that introducing thermal nonreciprocity barely 

improves sky radiative cooling, and only in the atmospheric window (8–13 μm) even leads to a negative gain. 

The current findings break the intuition of NRC and offer a negative proof for the development of NRC devices. 
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. Introduction 

Sky radiative cooling (RC) has garnered increasing attention in

oth academics and industry as an emerging zero-energy input cool-

ng technology that continuously radiates thermal energy into the low-

emperature outer space mainly through the atmospheric window (8–

3 μm), thereby reducing the temperature of objects passively [ 1 , 2 ]. RC

as broad application prospects in many fields, such as thermal man-

gement and building energy conservation [ 3 , 4 ], just to name a few.

o achieve sky RC, various materials and structures have been pro-

osed, such as photonic crystals [ 5 ], films [ 6 ], coating [ 7 ], wood [ 8 ],

eramics [ 9 ], fibers [ 10 ], metasurfaces [ 11 ], and metamaterials [ 12 ],

nd most of them regulate the reflectivity and emissivity spectra such

s to achieve high reflectivity in the solar band and high emissivity in

he atmospheric window, which is the basic rule for spectral regula-

ion for sky RC, as shown in Fig. 1 a. At present, two types of radia-

ive coolers have been extensively discussed: one with high emissivity

cross the entire mid-infrared band (Non-Selective), and the other with

elective high emissivity only within the atmospheric window (Selec-

ive) [ 12 ]. With a wider emission bandwidth, the former emits more

nergy but suffers from more atmosphere absorption than the latter due

o the equal absorptivity and emissivity according to Kirchhoff’s law
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 13 ]. Such an equal relationship between absorptivity and emissivity,

 ( 𝜃, 𝜆) = 𝛼( 𝜃, 𝜆) , as described by Kirchhoff’s law, is also called the re-

iprocal principle of thermal radiation, which results in inevitable ther-

al absorption from the environment and kind of deteriorates the RC

erformance. 

Fortunately, such severe requirements of Kirchhoff’s law can be bro-

en by experimentally applying magneto-optical (MO) material or Weyl

emimetal without violating the laws of thermodynamics [ 14–24 ], i.e.,

 ( 𝜃, 𝜆) ≠ 𝛼( 𝜃, 𝜆) . Such thermal nonreciprocity affirmatively provides a

ew degree of freedom in thermal radiation control and enables more

exible regulation technologies in thermal energy management. For ex-

mple, the conventional reciprocal single-junction photovoltaic (PV) ef-

ciency limit is the Shockley–Queisser limit (33% for single-junction

ilicon PV cell) [ 25 , 26 ]. To break this limit, the configuration of multi-

unction reciprocal PV cells has been proposed, but the maximum effi-

iency can only approach the multicolor limit of 86.8% due to the reci-

rocity. The introduction of thermal nonreciprocal can further break the

fficiency limit of PV cells, reaching the Landsberg limit of 93.3% [ 27 ].

n addition, thermal nonreciprocity has also shown a positive role in

olar thermal photovoltaics [ 28 ] and thermal photovoltaics [ 29 ]. 

As both sky RC and thermal nonreciprocity are fundamentally and

echnologically important [ 30–32 ], there is an open question: will ther-
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Fig. 1. Schematics of (a) reciprocal and (b) nonreciprocal RC. For reciprocal radiative cooler, external radiation and atmospheric environment absorption are 

carried out in hemispherical space. For nonreciprocal radiative cooler, in the nonreciprocal band, there is only half of the external radiation and half of the atmospheric 

absorption when є ( 𝜃) = 1 and 𝛼( 𝜃) = 0 . 
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al nonreciprocity improve RC performance just like in the PV field?

ntuitionally, thermal nonreciprocity helps the improvement of sky RC

ue to the decrease of atmospheric absorption. However, due to the

echanism of thermal nonreciprocity and energy conservation princi-

le [ 33 ], є ( 𝜃) = 1 and 𝛼( 𝜃) = 0 , as shown in Fig. S1, can be achieved

nly within one-half of the incident angle range, while є (− 𝜃) = 0 and

(− 𝜃) = 1 will be caused at the other half of the incident angle range. As

 result, it is difficult to draw a direct conclusion of whether or not ther-

al non-reciprocity will benefit RC. As far as we know, few studies are

ocusing on the comprehensive evaluation of the benefit of combining

hermal nonreciprocity and sky RC. 

In this work, we introduce the concept of thermal nonreciprocity

nto the ideal selective radiator (SR), non-selective radiator (NSR), and

ven colored radiator (CR) respectively, and discuss how thermal non-

eciprocity affects the sky RC in different nonreciprocal bands. Detailed

RC modeling and discussion of the sky RC performance with and with-

ut thermal nonreciprocity are presented. 

. Theoretical calculation model of radiative cooling 

The radiator has an area A and a temperature Te , facing the sky

n the normal direction towards the zenith. In addition, the complex

nvironment of the cooler is simplified, only considering the standard

un and breeze environment. With such a setup, its net cooling power

net can be described as [ 5 , 34 ] 

net (𝑇e ) = 𝑃rad (𝑇e ) − 𝑃atm (𝑇amb ) − 𝑃solar − 𝑃cond+conv (𝑇e ) (1)

here Prad is the power emitted from the radiator, Patm 

is the input

ower from the atmosphere absorbed by the radiator, Psolar is the inci-

ent solar power absorbed by the radiator, and the power of the non-

adiative heat transfer due to the conductive and convective is described

y the Pcond + conv . Te and Tamb are the temperature of the radiator and

he ambient air, respectively. Prad is given by 

rad (𝑇e ) = 𝐴∫ 𝑑Ω∫
∞

0 
𝐼𝐵𝐵 (𝑇e , 𝜆)є ( 𝜆, 𝜃) cos 𝜃𝑑𝜆 (2)

here 𝜖 ( 𝜆, 𝜃) is the emissivity of the radiator at wavelength 𝜆 and

ngle 𝜃. ∫ 𝑑Ω = ∫ 𝜋∕2 
0 𝑑𝜃 sin 𝜃 ∫ 2 𝜋

0 𝑑𝜑 is the solid angle integration over

 hemisphere and IBB ( Te , 𝜆) is the spectral radiance of a blackbody at

emperature Te and wavelength 𝜆, which is given by the Planck’s law: 

𝐵𝐵 ( 𝜆, 𝑇e ) =
2ℎ𝑃 𝑐2 

𝜆5 
1 

exp (ℎ𝑃 𝑐∕𝜆𝑘𝐵 𝑇e ) − 1 
(3)

here hP is Planck’s constant, kB is Boltzmann constant and c is the speed

f light. The input power from the atmosphere radiation in Eq. 1 is given

y 

atm (𝑇amb ) = 𝐴∫ 𝑑Ω∫
∞
𝐼𝐵𝐵 (𝑇amb , 𝜆) 𝛼( 𝜆, 𝜃)є atm ( 𝜆, 𝜃) cos 𝜃𝑑𝜆 (4)
0 
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here 𝛼 ( 𝜆, 𝜃) is the absorption of the radiator at wavelength 𝜆 and

ngle 𝜃. 𝜖atm 

( 𝜆, 𝜃) is the emissivity of the atmosphere, which can be

alculated as: є atm ( 𝜆, 𝜃) = 1 − 𝜏( 𝜆) 1∕ cos 𝜃 , here 𝜏 ( 𝜆) is the transmittance

f the atmosphere in the zenith direction. The input solar power is given

y 

solar = 𝐴 ⋅ 𝐺 ∫
∞

0 
є ( 𝜆, 0)𝐼𝐴𝑀1 . 5 ( 𝜆) ∕∫

∞

0 
𝐼𝐴𝑀1 . 5 ( 𝜆) 𝑑𝜆 (5) 

here IAM.15 ( 𝜆) is the standard AM 1.5 spectrum of solar radiation, and

 is the total solar irradiance at 1 KW/m2 . The Pcond + conv is given by 

cond+conv = 𝐴 ⋅ ℎ (𝑇amb − 𝑇e ) (6)

here h is a non-radiative heat transfer coefficient that combines the

ffective conductive and convective heat exchange. 

For the nonreciprocal radiator in Fig. 1 b, when the incidence angle is

°, there is no nonreciprocity phenomenon, so the introduction of non-

eciprocity does not affect the input solar power and the power of the

on-radiative heat transfer, but only affects the power emitted from the

adiator and the absorbed power from the atmosphere. Here, consider-

ng the nonreciprocal band from 𝜆1 to 𝜆2 , the power emitted from the

adiator under the thermal nonreciprocity PN-rad is given by 

N−rad (𝑇e ) =
1 
2 
𝑃rad (𝑇e ) =

𝐴 

2 ∫ 𝑑Ω∫
𝜆2 

𝜆1 

𝐼𝐵𝐵 (𝑇e , 𝜆)є ( 𝜆, 𝜃) cos 𝜃𝑑𝜆. (7)

The input power from the atmosphere radiation under the thermal

onreciprocity PN-atm 

is given by 

N−atm (𝑇amb ) = 

1 
2 
𝑃atm (𝑇amb ) 

= 

𝐴 

2 ∫ 𝑑Ω∫
𝜆2 

𝜆1 

𝐼𝐵𝐵 (𝑇amb , 𝜆) 𝛼( 𝜆, 𝜃)є atm ( 𝜆, 𝜃) cos 𝜃𝑑𝜆. (8) 

By integrating the above equations separately, we can obtain the net

ooling power Pnet of the radiator at different temperature Te . When

he radiator reaches a thermal equilibrium state, the Pnet is zero, and

he corresponding steady-state temperature Ts can be obtained. A lower

s indicates a better cooling performance. In the following calculations,

ithout additional explanation, the ambient temperature Tamb is set to

98.15 K to simulate a sunny and breezy situation. 

. Theoretical calculation of nonreciprocal radiative cooling 

In this section, we will discuss the influence of thermal nonreciproc-

ty on RC from three aspects: 1) The effect of thermal nonreciprocity

n the ideal selective radiator (R-8–13); 2) The effect of thermal non-

eciprocity on the ideal non-selective radiator (R-2.5–25); 3) Effect of

hermal nonreciprocity on color selective/non-selective radiator. Each

ection considers the influence of different nonreciprocal bands on RC

nd names the different bands N-4–8, N-8–13, and N-13–25, where the

etters N and R represent nonreciprocal and reciprocal, respectively, and

he numbers represent the band range. 
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Fig. 2. Ideal spectral absorptivity ( 𝜶( 𝜽)) and emissivity ( 𝝐( 𝜽)) of the selective radiator with 𝜶( 𝜽) = 𝝐( 𝜽) = 1 and the corresponding nonreciprocal radiators 

with 𝜶( 𝜽) = 0 and 𝝐( 𝜽) = 1. (a) R-8–13 with unit emissivity and absorptivity in the band (8–13 μm). (b) N-4–8 with unit emissivity and zero absorptivity in the 

band (4–8 μm). (c) N-8–13 with unit emissivity and zero absorptivity of in the band (8–13 μm). (d) N-13–25 with unit emissivity and zero absorptivity in the band 

(13–25 μm). (e) Pnet of the selective radiator and corresponding nonreciprocal radiators with h = 0 W/m2 /K. (f) Pnet of the selective radiator and corresponding 

nonreciprocal radiators with h = 3 W/m2 /K. (g) Pnet of the selective radiator and corresponding nonreciprocal radiators with h = 12 W/m2 /K. (h) The net power 

resulting from nonreciprocity with different nonreciprocal bands. (i) Relationship between PN-net and h of the nonreciprocal radiators (N-4–8 and N-13–25). 
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.1. Effect of thermal nonreciprocity on the ideal selective radiator 

The theoretical emission and absorption spectra of the ideal selective

adiator and their corresponding nonreciprocal radiators with different

onreciprocal bands are shown in Fig. 2 a-d. Fig. 2 a shows the absorp-

ivity and emissivity spectra of the ideal selective radiator, which has a

nit absorptivity/emissivity in the atmospheric window. Fig. 2 b-d show

he absorptivity and emissivity spectra of the nonreciprocal selective ra-

iators with different nonreciprocal bands. For example, when the non-

eciprocal band is 4 to 8 μm, the emissivity is 1 and the absorptivity is

 in half of the hemisphere, and the absorptivity is 1 and the emissiv-

ty is 0 in the other half of the hemisphere space, refer to Fig. 1 b and

ig. S1. Fig. 2 e-g discuss the effect of different nonreciprocal bands on

C with different h. When h = 0 W/m2 /K, R-8–13 has the lowest Ts of

bout 236.15 K, and the introduction of thermal nonreciprocity in dif-

erent bands cannot reduce Ts , but increase Ts . When h = 3 W/m2 /K,

s of R-8–13 is 278.12 K and that of N-4–8 is 277.88 K. The latter has a

.24 K reduction and a higher Pnet than R-8–13, indicating that the in-

roduction of thermal nonreciprocity in the band of 4–8 μm can slightly

elp RC. However, the Ts of N-8–13 is equal to 285.7 K, which is higher

han that of R-8–13 and shows the weakest cooling performance. As h

ontinues to increase to 12 W/m2 /K, N-4–8 also has the best cooling

erformance, but even if h increases to 12 W/m2 /K, Ts can only be re-

uced by about 0.6 K compared with R-8–13, as shown in Fig. 2 g. In
720
ddition, the Ts of N-13–25 is also slightly lower than that of R-8–13

about 0.1 K), showing a very limited gain effect. Therefore, for ideal

elective radiators, the introduction of thermal nonreciprocity in differ-

nt bands has limited and even harmful effects on RC. 

Here, the influence mechanism of thermal nonreciprocity on RC is

nalyzed by calculating the net power brought by nonreciprocity. Com-

ared to R-8–13, when the nonreciprocal band is not 8–13 μm, the net

ower resulting from the nonreciprocity PN-net is 

N−net (𝑇e ) = 𝑃N−rad (𝑇e ) − 𝑃N−atm (𝑇amb ) . (9)

When the nonreciprocal band is 8–13 μm, the net power resulting

rom nonreciprocity PN-net is 

N−net (𝑇e ) = 𝑃N−atm (𝑇amb ) − 𝑃N−rad (𝑇e ) . (10)

According to Eq. 9–10 , the relationships between PN-net and Te for

ifferent nonreciprocal bands are shown in Fig. 2 h. For the case of N-

–8, PN-net is positive when Te > 275.48 K, representing that thermal

onreciprocity can help RC, which explains the higher Pnet and lower

s of N-4–8 in Fig. 2 f-g. Similarly, when Te > 289.53 K, N-13–25 can

lso improve cooling performance. However, for the case of N-8–13,

N-net is negative when Te > 236.1 K, which shows that the introduction

f thermal nonreciprocity in 8–13 μm cannot help RC. The relationship

etween P and h is further discussed, as shown in Fig. 2 i. For exam-
N-net 
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Fig. 3. Ideal spectral absorptivity ( 𝜶( 𝜽)) and emissivity ( 𝝐( 𝜽)) of the non-selective radiator with 𝜶( 𝜽) = 𝝐( 𝜽) = 1 and the corresponding nonreciprocal 

radiators with 𝜶( 𝜽) = 0 and 𝝐( 𝜽) = 1. (a) R-2.5–25 with unit emissivity and absorptivity in the band (8–13 μm). (b) N-4–8 with unit emissivity and zero absorptivity 

in the band (4–8 μm). (c) N-8–13 with unit emissivity and zero absorptivity in the band (8–13 μm). (d) N-13–25 with unit emissivity and zero absorptivity in the 

band (13–25 μm). (e) Pnet of the non-selective radiator and corresponding nonreciprocal radiators with h = 0 W/m2 /K. (f) Pnet of the non-selective radiator and 

corresponding nonreciprocal radiators with h = 3 W/m2 /K. (g) Pnet of the non-selective radiator and corresponding nonreciprocal radiators with h = 12 W/m2 /K. 

(h) The net power resulting from nonreciprocity with different nonreciprocal bands. (i) Relationship between PN-net and h of the nonreciprocal radiators (N-4–8 and 

N-13–25). 

Table 1 

Effect of different nonreciprocal bands on SR ( Tamb = 298.15 K) . 

Cases Cooling power gain ∆Ts ( h = 12 W/m2 /K) 

N-4–8 Positive gain, Te > 275.48 K ∆Ts = 0.6 K 

N-8–13 Negative gain, Te > 236.1 K ∆Ts = − 3.3 K 

N-13–25 Positive gain, Te > 289.53 K ∆Ts = 0.1 K 
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le, when PN-net = 0, it is a horizontal line, meaning that PN-net does not

hange with h. 

To sum up, to show the effect of thermal non-reciprocity more clearly

n the selective radiator, it is summarized in Table 1 . From the perspec-

ive of power gain, when Te is higher than 275.48 K/289.53 K, the in-

roduction of thermal nonreciprocity in the band of 4–8 μm /13–25 μm

an help RC, corresponding to Fig. 2 h. From the perspective of equilib-

ium temperature, for example, when h = 12 W/m2 /K, N-4–8/N-13–25

an achieve the reduction of Ts , but the reduction degree is only 0.6

/0.1 K, corresponding to Fig. 2 g, showing a very limited gain effect. In

ddition, we note that when Te > 236.1 K, the introduction of thermal

onreciprocity in the atmospheric window only leads to a reduced RC. 
721
.2. Effect of thermal nonreciprocity on the ideal non-selective radiator 

Next, we investigate the effect of thermal nonreciprocity on non-

elective radiators. The theoretical emission and absorption spectra of

he ideal non-selective radiator and the corresponding nonreciprocal ra-

iators with different nonreciprocal bands are shown in Fig. 3 a-d. Fig. 3 a

hows the absorptivity and emissivity spectra of the ideal non-selective

adiator, which has a unit absorptivity/emissivity in the band of 2.5–25

m. Fig. 3 b-d show the absorptivity and emissivity spectra of the non-

eciprocal non-selective radiators with different nonreciprocal bands in

alf of the hemispherical space. Fig. 3 e-g discuss the effect of different

onreciprocal bands on RC with different h . When h = 0 W/m2 /K, N-

3–25 has the lowest Ts of about 264.4 K, which is about 5 K lower than

hat of R-2.5–25 (269.4 K), indicating that the introduction of thermal

onreciprocity in 13–25 μm can help RC for non-selective radiators. In

ddition, Ts of N-4–8 is about 268.65 K, which is about 0.75 K lower than

hat of R-2.5–25, which also shows a certain gain effect. However, for

he case of N-8–13, Ts is 276.2 K, showing the weakest cooling perfor-

ance compared with other radiators. When h = 3 W/m2 /K, as shown

n Fig. 3 f, only N-13–25 still has a better cooling performance than R-
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Fig. 4. (a) The reflectance spectral of deep magenta. (b) Reciprocal non-selective radiator with magenta (C-R-2.5–25). (c) Reciprocal selective radiator with magenta 

(C-R-8–13). (d) Relationship of Pnet of C-R-8–13 with Te and h . (e) Nonreciprocal radiator with magenta (C-N-4-8&13-25). (f) Net cooling power of C-R-2.5–25, 

C-R-8–13 and C-N-4-8&13-25 with h = 0 W/m2 /K. (g) Reflectance spectrum for a light red case. (h) The spectrum of the nonreciprocal color radiator with light red 

color (C-N-4-8&13-25). (i) Net cooling power of C-R-8–13, C-R-2.5–25 and C-N-4-8&13-25 with h = 0 W/m2 /K for the light red case. 
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Table 2 

Effect of the nonreciprocal band on the ideal non-selective radiator 

( Tamb = 298.15 K) . 

Cases Power gain ∆Ts ( h = 0 W/m2 /K) ∆Ts ( h = 3 W/m2 /K) 

N-4–8 Positive gain, Te 

< 275.48 K 

∆Ts = 0.75 K ∆Ts = − 0.41 K 

N-8–13 Negative gain ∆Ts = − 6.75 K ∆Ts = − 4.91 K 

N-13–25 Positive gain, Te 

< 289.53 K 

∆Ts = 5 K ∆Ts = 1 K 

 

m  

T  

t  

i  

s  

a  

h  

c  

I  

c

.5–25, which is about 1 K lower than that of R-2.5–25. As h increases

o 12 W/m2 /K, the thermal nonreciprocity hardly helps RC for the non-

elective radiator, as shown in Fig. 3 g. 

Here, the influence mechanism of thermal nonreciprocity on R-2.5–

5 is analyzed by calculating the net power brought about by thermal

onreciprocity. Compared to R-2.5–25, the net power resulting from

onreciprocity PN-net is 

N−net (𝑇e ) = 𝑃N−atm (𝑇amb ) − 𝑃N−rad (𝑇e ) . (11)

According to Eq. 11 , the changes of net power with Te in different

onreciprocal bands are shown in Fig. 3 h. For the case of N-4–8, PN-net is

ositive when Te < 275.48 K, representing that thermal nonreciprocity

an help RC, which also explains the lower Ts of N-4–8 than that of R-

.5–25 in Fig. 3 e. Similarly, for the case of N-13–25, when Te < 289.53 K,

N-net is positive, which explains the lower Ts of N-13–25 than that of

-2.5–25 in Fig. 3 e-f. However, for the case of N-8–13, PN-net is negative,

hich explains why the atmospheric window cannot be selected as the

onreciprocal band. The relationship between PN-net and h is also further

iscussed for nonreciprocal radiators, as shown in Fig. 3 i. For example,

hen PN-net = 0, it is a horizontal line, which means that PN-net does not

hange with h . 
722
To sum up, in order to more clearly show the effect of ther-

al nonreciprocity on the non-selective radiator, it is summarized in

able 2 . From the point of view of power gain, when Te is lower

han 275.48 K/289.53 K, the introduction of thermal nonreciprocity

n the band 4–8 μm /13–25 μm can realize a positive gain, corre-

ponding to Fig. 3 h. From the perspective of Ts , N-4–8/N-13–25 can

chieve the reduction of Ts and the reduction degree is 0.75 K/5 K when

 = 0 W/m2 /K, corresponding to Fig. 3 e. However, as h gradually in-

reases, the gain effect is gradually weakened and even negative gain.

n addition, similar to Section 3.1 , the introduction of thermal nonre-

iprocity in the atmospheric window only compromises the RC. 
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.3. Effect of thermal nonreciprocity on colored radiators 

Both reciprocal and nonreciprocal radiators discussed above face a

ew problem, that is, for the purpose of maximizing the RC, they present

otal reflection in the solar band, which makes the radiators white ap-

earance. The large area of white appearance is terrible for aesthetic re-

uirements and results in the potential for light pollution. Consequently,

n pursuit of practicality, colored radiators (CRs) have been developed,

hich demonstrate rich color but discounted cooling performance [ 35 ].

rom the perspective of the spectrum, CR shows color because it exhibits

artial reflection rather than total reflection in the visible band, which

esults in the absorption of solar radiation and thus weakens the cooling

ffect. Since color and cooling performance are a kind of competition,

xisting reciprocal-based CRs are limited in color richness and most of

hem display light colors [ 36 , 37 ]. 

Therefore, in this section, we discuss whether the thermal nonre-

iprocity will bring benefits to CRs and have a profound impact. Since

arker colors tend to have higher absorption of solar energy than light

olors, it is difficult to achieve sub-ambient cooling in conventional re-

iprocal RC [ 38 ]. For this purpose, we randomly chose a deep color,

amely deep magenta, to explore the effect of thermal nonreciprocity

n CRs and determine whether it can achieve a better RC. Of course,

ther dark colors can also be chosen, such as gray, as shown in Fig. S3,

hose conclusions are consistent with those of the dark magenta case.

ig. 4 a displays the reflectance spectrum of magenta, which has low re-

ectance especially in the range of 0.48 ∼0.65 μm and results in high

bsorptivity (emissivity). Here, we consider the effect of nonreciprocity

n the color non-selective radiator (C-R-2.5–25) and color selective ra-

iator (C-R-8–13). Firstly, for C-R-2.5–25, its absorption and emission

pectra are shown in Fig. 4 b. Both the emissivity and absorption are 1

n the band range of 2.5–25 μm, and the visible light band corresponds

o the deep magenta spectrum. Fig. S2 shows the relationship of Pnet of

-R-2.5–25 (deep magenta) with Te and h. When Pnet > 0, Te is higher

han 300 K, so both N-4–8 and N-13–25 cannot improve the RC for C-

-2.5–25, according to Table 2 . Secondly, for the case of C-R-8–13, its

bsorption and emission spectra are shown in Fig. 4 c. The emissivity

nd absorption are both 1 in the atmospheric window, and the visible

ight band corresponds to the deep magenta spectrum. Fig. 4 d shows the

elationship between Pnet and h of C-R-8–13 with a deep magenta color.

t can be seen that when Pnet > 0, Te is higher than 300 K. According

o Fig. 2 h and Table 1 , since Te of C-R-8–13 is higher than 289.53 K,

oth N-4–8 and N-13–25 can improve the RC and the corresponding

onreciprocal spectra are shown in Fig. 4 e. When h = 0 W/m2 /K, the

et power of C-R-8–13 and the corresponding nonreciprocal radiator (C-

-4-8&13-25) changes with Te , as shown in Fig. 4 f. The introduction of

hermal nonreciprocity can reduce Ts by 21.26 K compared with C-R-8–

3, showing better cooling performance. However, the cooling perfor-

ance of C-N-4-8&13-25 is weaker than that of C-R-2.5–25. Therefore,

he design of reciprocal non-selective radiators is better for CRs with a

ark color. In addition, it should be noted that as the color of the ra-

iator gradually becomes lighter or even white, the advantage of the

on-selective radiator will diminish, as shown in Fig. 4 g-i and Fig. S4.

his is mainly because when the color is lighter, less solar radiation is

bsorbed and Ts ( Pnet = 0) is lower. As shown in Table 2 , when Ts grad-

ally decreases to 289.53 K, the introduction of thermal nonreciprocity

nto the non-atmospheric window will gradually play a positive gain ef-

ect. In addition, with the color radiator light to white, as shown in Fig.

4, the performance of nonreciprocal radiator (N-4–8&13–25) is better

han that of non-selective thermal radiator (R-2.5–25) but weaker than

hat of the selective radiator (R-8–13), which is consistent with Sections

.1 and 3.2 . 

. Conclusion 

In this work, we discuss the effects of thermal nonreciprocity on ideal

elective radiators, non-selective radiators, and colored radiators. For
723
he three radiators, the introduction of thermal nonreciprocity in the

tmospheric window (8–13μm) will be harmful to the RC. In addition,

or the selective radiator, when Te is higher than 275.48 K/289.53 K, the

ntroduction of thermal nonreciprocity in the band of 4–8 μm/13–25 μm

an help the RC. However, even if with h = 12 W/m2 /K, the Ts of N-4–

/ N-13–25 is only 0.6 K/0.1 K lower than that of R-8–13, which shows

 slight enhancement. For non-selective radiators, when h = 0 W/m2 /K,

he introduction of thermal nonreciprocity in the 13–25 μm band can

ealize an obvious gain effect. However, with the increase of h , the gain

ffect due to thermal nonreciprocity becomes weaker and even negative.

or example, when h = 3 W/m2 /K, the introduction of nonreciprocity

nly reduces Ts by about 1 K. For color radiators with dark colors, C-R-

.5–25 can realize a better RC compared with nonreciprocal radiators.

onsidering the weak gain effect and high application requirements like

trong magenetic field, we conclude that achieving wavelength-selective

RC may be unnecessary. 
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