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Dynamic Radiative Thermal Management Technologies: From Principles and Materials
to Synergistic Optimization Design
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(1. State Key Laboratory of Functional Crystals and Devices, Shanghai Institute of Ceramics, Chinese Academy of Sci-
ences, Shanghai 201899, China; 2. Center of Materials Science and Optoelectronics Engineering, University of Chinese
Academy of Sciences, Beijing 100049, China)

Abstract: Global energy consumption continues to rise, presenting a critical challenge. Thermal energy, as the primary
form of energy use, accounts for approximately 51% of global final energy consumption. Consequently, developing
high-efficiency thermal management technologies with low or even zero energy input has become an urgent challenge.
As an emerging strategy, dynamic radiative thermal management (DRTM) exploits tunable spectral radiative properties
of materials to achieve precise temperature control in response to environmental changes, thereby enhancing energy
efficiency and thermal comfort. This review summarizes the fundamental principles of DRTM. Recognizing the limita-
tions of existing classification schemes in encompassing the diversity of DRTM developments, this review proposes a
novel framework that categorizes related studies into three categories: externally stimulated control, material intrinsic
adaptive control and materials-structures synergistic optimization, the latter representing a key future development trend.
On this basis, we discuss in detail the working mechanisms, recent research progress and representative material systems
associated with each group. Particular emphasis is placed on comparing their performance in terms of solar absorptance,
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mid-to-far infrared bands emissivity modulation, and the ability to switch between different operating modes. The po-
tential of synergistic optimization under various triggering stimuli is further analyzed with respect to modulation capa-

bility and accessible operating range, providing guidance for selecting suitable technological routes in different applica-

tion scenarios. From a broader perspective, DRTM is expected to serve as a key technological pathway for the integrated

development of the built environment, energy systems and intelligent materials.

Key words: dynamic radiative thermal management; thermal management; emissivity modulation; thermal radia-

tion; review
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Fig. 1 Ideal spectrum and schematic for dynamic radiative thermal management.
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Fig. 2 Classification, applications, and future trends of DRTM[-12]
Two primary categories are illustrated: externally stimulated and intrinsically adaptive control. Synergistic optimization of materials and structures
represents an emerging frontier, and DRTM holds vast potential for diverse applications. (Adapted from references).
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Fig. 4 Intrinsically adaptive control

[10, 35-36, 42, 48, 56, 60, 65-66]

(a) Crystal structures of VO in its metallic and insulating phases, with vanadium atoms shown as red spheres and oxygen atoms as blue spheres!*S); (b) The
structure of an Ag/Ge/VO, multilayer film and its absorption spectra at high and low temperatures*®); (c) The amorphous, metastable, and stable crystalline
structures of GSTI*?); (d) Laser-induced dynamic emissivity control and the structure's emissivity spectral*l; (e) A color and temperature-adaptive film's emis-
sivity and reflectance spectral®®l; (f) A schematic of the reversible solid-liquid phase transition (LCST) of a hydrogel in water!!%); (g) The mechanism of integrated
thermochromic and radiative cooling technologies before and after the phase transition(®); (h) A schematic and spectrum of MXene-modified PP nanocompo-
sites(®*); (i) The working principle and emissivity modulation mechanism of a photo-induced dynamic modulator®°l.
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Fig 5 Material-structure synergistic design

[11,71, 77, 84-85, 90, 94, 96, 103-104]

(a) Emissivity control principle of electrochromic fabric fibers!’); (b) A schematic of the cooling and heating modes of a leather/aMWCNTs/CA all-weather
fabricl’”); (c) A schematic illustrating how mechanical strain reconstructs the material's microstructure to achieve both cooling and heating!®; (d) The reversi-
ble switching of a film between emission, reflection and transmission modes(®); (e) A structural diagram of a full-spectrum smart window that combines a F-P

cavity with the phase-change properties of VO,°"); (f) The working principle of a W-VO,-based F-P cavity!'']; (g) A material combining VO, phase-change
material with a submicron aluminum disk array metasurface, along with its absorption spectrum(®l; (h) A schematic of a bilateral photonic metamaterial(®®; (i)

An optical image of a cuttlefish and a schematic of a composite film inspired by the multi-layer skin of a cephalopod!'®?; (j) Optical microscope images of a

Table 1 Summary of DRTM materials, performance and advantages

bio-inspired hierarchical wrinkled structure before and after mechanical actuation!

il% 1 DRTM E{]*j‘;{q_ N nr% %‘E*nﬁﬁ%‘%\%[ﬂ, 19,27, 29, 30, 36-37, 55, 64-65, 71, 77-79, 84, 86, 89-90, 94-95, 97, 103]

104]

[17, 19,27, 29, 30, 36-37, 55, 64-65, 71, 77-79, 84, 86, 89-90, 94-95, 97, 103]

Synergistic Wave
Category  Material ~ Optimization Device structure  Ref. leneth/um Performance Advantage
Design Ep
Multil . .
/ :; 1}1211? [17] 5-8 Ae=13% Theoretical modeling of
gtap 8-14 Ae=4% graphene thermal modulators
modulators
Electrochromic Aa=27% Flexible ultra-wideband
Electrical / : [19]  0.2-20 e
. device Ae=T74% transparent electrode
stimula- Graphene — T - 5 — 1 T
tion ma ectrochromic (71] 415 Ae=35% uperior thermal regulation
fabrics smart fabrics with visual color change
Metamateri Graphene-metal Novel image encoding for IR
als hybrid meta [97] 8-14 Ae=40% encryption and anti-
surface counterfeiting
T Flexibl
/ CNTS on [27] 0.4-25 Ae=23% exible br(.)adbar.1d
) stretchable gel spectroscopic device
Mechani- CNTS The STURC
cal stress € >t Aa=80% Sustained human
/ device with [64] 0.3-20 .
£=90% thermoregulation

SWCNTs media
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Smart leather/ a=98% Electromagnetic interference
fabrics a-MWCNTs /CA — [77] 0.3-15 £=90.2% shielding effectiveness

fabric R=92% £
Crumpled 0.2-0.3 Ae=80% . .
/ araphene [30] 719 Ae=60% High modulation contrast
Graphene ili i -
’ Smat VG/GGEF/PAN  [79] 0320 027 aFafiliggE: fichﬁfﬁslt?ffﬁzifsn
fabrics ’ R=98.4% PP .
potential
2=93.2% Coupled with commercial ther-
/ PP/MXene [65] 0.3-16 P 4'2(; mocelectric for thermoelectric
e power generation
. =91.6% Suitable fi i td
MXene Multimodal BaS04 * ’ ul‘a e tor use.ln ou . oor
. [84] 0.3-15 £=95.2% environments with variable
radiators BC/MXene o
R=95.6% weather conditions
Bio-inspired MXene- [103] 0.4-14 AR =28%  Novel solar-infrared dual-band
design SEBS/TiO2 ' Ae =21% thermal regulation design
PTFE film with oro o .
/ PDMS infiltra- [29] 03-2.5 7=86% Durability, sc.alablh.ty, and
. . R=88% self-cleaning ability
Material tion
Stacki - i -
o Smart tiﬁid?zls (78] 03-16 1 00% Zﬁﬁmiifﬁﬁiz?miiﬁi
fabrics gy Jan ' a=98.5% Y crergy-coup
thermal textile heating
Simulations show that a simple
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/ ALy 371 0325  *780% i;i::ﬁ::uf Om(é;: valcel ;;lblc
VO2/ALO3/Al ' £=75% g mode ar
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. R=85% Provides an innovative solution
VO/Si/AL [89] 0-20 £=60% for spacecraft thermal control
VO F-P - - -
BaF2/VOy/BaF/ 025  r=72.8% imulations proved the applica
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VO2/Fe/Si02 [95] 3-5 Aa=68% advanced solar absorption
panels
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Storage radiator allov /PCM [86] 0.3-17 a=92% energy consumption compared
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*Performance data in the table are derived directly from the original literature. Due to variations in the corresponding testing parameters, specific conditions are

not individually listed, and the values are intended solely for qualitative comparison.
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