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Recent Development on Energy-Efficient Glazing for Multi-Band Modulation

LI Yiyi, LI Shangjing, HU Bin
(Wuhan National Laboratory for Optoelectronics, Huazhong University of Science and Technology, Wuhan 430070, China)

Abstract: Dynamic dimming glazing can adjust the luminous flux of the target spectral band selectively according to the climate
change, thus having a good capability for light and heat management, which has attracted increasing attention in building energy
conservation. Dynamic dimming glazing for multi-band (i.e., visible light, near-infrared light, and long-wave infrared light)
modulation has a greater energy-saving potential due to its more efficient spectral utilization. This review mainly represented the
multi-band modulation of the dynamic dimming glazing. The effect of spectral modulation on energy efficiency was discussed, and
the related technologies for multi-band modulation were demonstrated. Meanwhile, some challenges in the industrialization of this
energy-efficient glazing were analyzed. In addition, the future development trends were also described in accordance with the recent
cutting-edge technologies.
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(b)
VIS, NIR and LWIR represent the visible light, the near-infrared light and the long-wave infrared light, respectively.
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Fig. 1 (a) Spectral distribution of AM 1.5 solar radiation, black-body radiation at the temperature of about 300 K and the

atmospheric window at 8—13 um; (b) Working principle of the energy-efficient glazing for multi-band modulation under
different climatic conditions!'*'®
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Fig. 2 (a) Four modulation modes of the ideal energy-efficient glazing that can tune the visible light and near-infrared light
independently!”; (b) Schematic of the ITO-NbO, structure, in which the [NbOg] octahedral units are shown in green and the
ITO nanocrystals are blue; (c) Transmittance spectra of a typical ITO-NbO film?; (d) VIS-NIR absorbance spectra of the
WO;_ colloidal solution in tetrachloroethylene[23]; (e) SEM image of the pine-needle-like W;3049/TiO, heterostructure;

(f) Schematic of dual-band pine-needle-like W;3049/TiO, heterostructures at three distinct modes of operation’
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Fig. 3 (a) Transmittance spectra and corresponding digital photos of the Ta-doped TiO, NC thin film at different applied

potentials™®; (b) TEM image of TiO, ,NCs; (c) Transmittance spectra and corresponding digital photos of the TiO, 4

NCs-based dual-band electrochromic device at different applied potentials®”; (d) Transmittance spectra of the dual-band
electrochromic device based on WO, and AgNO;+TBABr+LiCIO4(ATL) electrolyte under different modes®®”; (e) Crystal
structure switch between LiyTisO,, and Li;TisO1,; (f) Transmittance spectra at different charge states with different X values

between 0 and 3 in Lig, Tis0 "
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Tso1 and Ty, represent the solar energy regulation and the luminous transmittance, respectively.
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Fig. 4 (a) Schematic and (b) optical spectra of the VO,/Ta,0s/WO;-based device at four different optical modes™; (c) Schematic of
VO,/LTO/ASO/WOj;-based electric-thermal dual responsive devices; (d) Ty and T of the Li*, AI** and Li'/AI*" based
electric-thermal dual responsive devices!*”; (¢) Schematic of rolled-up energy-efficient window for high transparency at low

temperature and blocking sunlight at high temperature; (f) Photograph of rolled-up energy-efficient window at low

temperature and high temperaturet*”?
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Fig. 5 (a) Spectra of the ideal energy-efficient glazing that can tune the near-infrared light and long-wave infrared light

independently™*’;

(b) Schematic of the crystal structures of VO, in the high-temperature metallic phase and the
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low-temperature insulating phase!®; (c) Schematic of the VO,/PMMA/ITO-based energy-efficient glazing; (d) Spectra of
the VO,/PMMA/ITO-based energy-efficient glazing in cold and hot environment!®!; (¢) Top-view schematic of the
energy-efficient glazing with switchable surface; (f) Schematic of the ITO/W—VO,/PVC-based switchable structure designed
for the energy-efficient glazing. Phases 0 and 1 are for cold and hot states, respectively; (g) Spectra of the
ITO/W-VO,/PVC-based switchable structure designed for the energy-efficient glazing!™”
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Fig. 6 (a) Photograph of large kirigami envelope windows; (b) Photo of the experimental apparatus for kirigami envelope windows
on an outdoor platform; (c) Outdoor performance of the kirigami envelope under cooling mode during daytime and heating
mode during nighttime?®”; (d) Calculated optimal emissivity of windows in Beijing with different regulation frequencies of
yearly, monthly and daily, and (e) their annual energy savings; (f) Annual energy savings of the mechano-responsive dynamic
window and the percentage in total energy consumption in 11 cities™; (g) Diagram of the highly glazed (95%
window-to-wall ratio) 12-story medium office building used for building energy analysis®™; (h) Mapping result on the effects
of T and erwr to the cooling (left) and heating (right) energy usage in Albuquerque; (i) Estimated world heating and
cooling energy-saving of the VO,/PMMA/ITO-based energy-efficient glazing against a commercial low-E glass as the

baseline!*’!



. 2502 - CREFR Eh22 4D

J Chin Ceram Soc, 2023, 51(9): 2492-2506

2023 4F

2 PRI 5 P /MR IS SR 2 i AN S 3 X 3
PSRBT HAS R B A3 B S bR s )2 FAN ]
WX HATREE . Rk, H45 A RERERL R (R 45
A VPO B S RETE 1. REFERLIUR K @ 5 A
FREA B A AE T LT & b 00 & 7 B 5 0 B R
K, EAEFERIL B FE(IES) TRNSYS, ESP-1.
DOE-2. DeST. EnergyPlus %5, 4 &I
(R, EnergyPlus M BN, %301
THE R R T AT B S5 MR S XA
£ 53 DL N S HGIR 5 B ER R RE . B A
/100 A IO 2 T 30 o DAL T T D R s A A B O
&, AT RIR B A TE 42 4 5 5 A B[] P B ¥ 6
frrhE L, Zhou 57 ] EnergyPlus i 1k 5T [X W2
RSB (W BB R AT AN AL, TH IR T
AN [ st i) JE) B T B ol 7 1 e A R S R DL R AR
FE e (& 6d A 6e), LI MR Bevti & 1
JIE R By A SRS T RE R Y. Bl AT AN B
PR T XU S 3 P AE 4Bk 11 A S A T g
RERLHR . B RRPNESE N SEETH
45.5~166.5 MI-m > [Fhn#. HIA B HEFE, M4 T4
FERFUNBEFEM 2.5%~21.4%(& 6f). Wheeler £
H EnergyPlus ReFERALLTR T 4 8 < A5 ERH TSR
EBEHEMIBETT, W AR M R B FE A AR IR B
B, B AR T BN 12%0 95 )2 A
TR ARERIRL (B 6g), TRFUEE 8 A5 X )44 4
BT REIE O . BLALR B T35 E REIEEE L S &R
B, R B A AR T L (B B/ R T4 2%
WA R BAT I 8] 55 ) Hoy 31 56 [ W 58 = 7 1]
% TAEIT #1023 (ASHRAE) K AT ) 90.1—2010 bRk .
S — IR A YA B 4G R R SRS A - BB
FERH 22 OA ol 1% A SO € 35 0 T R 1 AR
AT, R L X R T TE 2 R
M EAR R N 20~27.5°C Y, 1T RERCR Bt . Wang
ZELE W-VO,/PMMA/ITO X% B 2 15 e 3% 38 1)
Bt 58 TAE £ B EnergyPlus #8717 7 KFH & it
R K AT A RS AR R R VA /) B BE RE 1 5
Wi 31, % IR 7t LB A LA 30% 2 AR A RN
BEAY, R IR S Bk 7 MEREX . R ER
XFRA 7 AKX, KEEED RN 10%. KK
ZLANRSEF N 0.9 B A1 ) ¥4 ReFE SR A, i K BH
HEL RN 90% K Lr bR SR AN 0.1 B #
REFERMR( 6h)o Ak, e XU Bl 3 15 fig
WIS 5T Low-E BIEIEXTLL, XF 12 2RI
AR T Fe JT 4 T Re AR o T S R SR B AR )

BATHE R . FRBAVERE R A I G A S P A
AR ERET S E TR S5 BN
AR AR IEA LK SE EnergyPlus N B 1) #AE AR
R, ML T T Low-E B8, W BOREY
HE I A2 42 BR& UM X (0 2 DU 2= 73 B 4t X))
TREM A B, T HERZ L 324.6MIm 1)
il /i B BEFE(E 61).

3 Z BB AL Y Tk B B

% W BT e B B TE PR R AR REFE 7 THD R IR
WAL R 77, (H AL T SE36 = AT e B AP R s 2
Phlk . ARELERR, A2 ik BT e
P TF A UL &M B /e TR AR R, FAR
TEVISERITREIS A, 3T 2 itk BRI FH SR iR 2%
RIS CBIAIAZ s FLUR AT MU = B
71, ATRREAR 1 77 B A 7 AT d 2 A8 B TR R 2235
A HERMERERE TS, SEWFEEMIITRE
B 5 B IR AR B AR 2 AR, REE RL™ AR
T B B T IR AR A AR T B BT TR 9 R A AR
Tne DR, 22 9% BiR 42 1Y A B 1 110 SI2 B S A T T
e 2 R A7 B PRI AR M A
3.1 B

LB B, 2 9 B RE SRS TR W] WL IR AT
P URAR SIS AR b A ¢ L VAT E K b AL K Sei
J&, SR AT W63 40 A 20 4h = i3 BT B ]
WA T AT A R0

T, BFFEN AR SR G, RSG5
FIO 0 S AR S BIL T K P S AN I 21 A S
SLYAEE. Rao SEUEIT T —FH R EA B S
5 L (PE) KA IR 56 53 B 5 L FEL I (UWB-TCE)
ZHARTE 0.2~20 um P BGEA miE R S %
(B 72)P%, MRS 5 ITO B3, A 4R A4 B 1
(18 fiz FLAAE O S5 2H 2 O F B B B3 AR 7). I
BHIER. WL BB IIAES LSPR, #{Fnl 7K
RE N FARI4E S 74 20 2 M BN A D)k, K BH 4 5 18 1)
BN L1 A1 5k 1R ) 26 43 ik 2 0.27 A 0.74
(Kl 7¢)o Lin %5 LRSI ELKEER PNIPAM H 17K
I3 FRIAEE LT ARG, FIH PNIPAM HIMGIHR 7K
WP KRR TBURE M, FRAE B R AIKRZR(AgN W)
MIFA ST RE 7, BB A SEIL T i TE S R 4a Y
(1 H (1 7d AT 7e)P7, X seqk R RENS £ 7T LG E
KB AN BN AT R MR T . SAm, B AT
HIRIE AT A R PR, e L A, KPR SRS
A LG A 2 I A R IFED AR . (K



51 ESE oM

FRAK 55 ZUBORIETT REBE T FUE -5 Pk < 2503 -

IR, AT SIS, 0 B
KT RATREEIT . T AN F DG X 18] 1 7 H AR
FAAERE S, FRUAT WO LD AN IR 2L A B 1Y
HEREIER I DRI BRI PR R U2 Bl sEAh,

@

(© (d

H A AR BOR A B AT G 520 AN R il
J7 AR F, BN 5 2F A BE 58 4 Bl 28 4
B, fEJR S0 AR o AR 2R A T SO R
TLA o

(b)

(®

K7 (il 5eiE W T i R (UWB-TCE) 45 7R 18l (b)2E T UWB-TCE HI 981 % B (L i 45 BB (o) T

UWB-TCE [% ¥ 1145 FL B0 (AR PEPE R4 L il L 10 RS I 0L T /K BB (PNTPAM) Ay A BF i K i 21 Mk
LT BE B FE AN R BE T ARG 61+ (d)FE T /K BRI (PNIPAM) 1 K BH 4 S5 — K ZL A i 42715 e B E AN R B2 R
(M TAE R B R () AR BAR I — Kk L0 /ML 4% 15 B B EAS TR R It

Fig. 7 (a) Schematic of the proposed ultra-wideband transparent conducting electrode (UWB-TCE); (b) Schematic of electrochromic

device based on UWB-TCE with the ability of ultra-wideband modulation; (c) Emissivity spectra of the electrochromic
device based on UWB-TCE at cooling and heating modest®®; (d) Schematic of the working mechanism and (e) spectra for
the PNIPAM-based solar and long-wave infrared light regulatory window at different temperatures®”
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