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Abstract

Windows are the weakest links of building energy saving. Heat loss and gain through
windows account over 30% of the total HVAC energy consumption in buildings.
Among the various heat transfer mechanisms, radiative exchange plays a dominate
role, contributing to over 50% of the total energy exchange through windows. Passive
solar radiative heat gain through windows can exceed 600 W/m?. Developing novel
window technologies that combine superior optical performance and solar radiation
management capabilities is crucial for enhancing building energy efficiency. Solar
spectrum coupled visible (VIS) and near-infrared (NIR) components, where VIS
provides daylight while NIR contributes to indoor solar heat gain. To achieve
on-demand regulation of VIS and NIR through windows, this study focuses on two
core scientific problems: (1) the VIS/NIR decoupling of solar spectrum and (2)
on-demand modulation of windows’ optical properties, and series of spectrally

selective window technologies was proposed and validated.

First, a novel spectrally selective material was developed to achieve effective solar
VIS/NIR decoupling. Specifically, a water-based fluid was prepared using biomass
dye, i.e. sodium copper chlorophyllin (SCC) and CuSOs, capable of selectively
absorbing NIR while transmitting VIS. This material demonstrated a high visible
transmittance over 56%, and significantly reduced solar heat gain below 25%,
achieving a maximum figure of merit (FOM=Tum/Tsi) of 3.06, superior to all
reported counterparts, including cesium tungsten bronze and transparent conductive
oxide nanomaterials. Remarkably, the optical properties remained fairly stable over a
9-month weathering cycle and 48 hours UV exposure (300 W), confirming excellent

long-term stability and high light/heat decoupling performance.

Subsequently, a triple-layered spectrally selective liquid filled window (LFW) was
designed. A mathematical model was developed to analyze the window’s optical and
thermal properties and the model was validated through experiments. The model was
then used to assess the energy-saving performance of the triple-layered spectrally
selective LFW under Hong Kong’s climatic conditions. With varying solar incidence
angles and varying solar spectral power distribution throughout the year, the average

monthly visible transmittance of the triple layered LFW exceeded 40%, while the
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solar heat gain coefficient (SHGC) remained below 0.26, effectively balancing
daylighting and solar heat insulation. Compared to conventional triple glazing, the
triple layered LFW reduced solar heat gain by approximately 65%, with an annual
reduction of about 1717.8 MJ/m? in solar energy input under typical Hong Kong

weather conditions, demonstrating significant energy-saving potential.

Furthermore, leveraging the fluidic nature of the working medium, a passive
ammonia-pressure-powered thermos-responsive smart window (APPs) was developed.
This window automatically adapts its transmittance in response to temperature change,
exhibiting high visible transmittance (84% in bleached state, >50% in colored state)
and up to 70% solar modulation ability. The switching temperature can be flexibly
tuned between 20 to 80°C, by adjusting the ammonia concentration, enabling
compatibility with diverse building environments. Field tests showed that under sunny
conditions, APPs windows reduced indoor air temperatures by approximately 4.3°C
compared to traditional double glazing, while performing comparably under cloudy
conditions. Energy simulations conducted in different cities confirmed that APPs
windows offer strong energy-saving potential across different climate zones.
Compared to conventional low-e double glazing, the APPs window reduced HVAC

energy consumption by 15 to 40 MJ/m?, in both hot-humid and cold climates.

Additionally, an actively switchable rotatochromic bi-static (RB) window was
proposed and fabricated for actively regulating indoor solar heat gain. Utilizing liquid
paraffin (LP) and an SCC/CuSOs-based solution as working fluids, the window
employs gravity-induced fluid flipping to reversibly switch between two optical
modes. Optical testing revealed excellent performance of the RB window: solar
modulation exceeding 60%, visible transmittance of up to 90% in the bleached state
and 56% in the colored state, haze below 1%, and a color rendering index (CRI)
above 80. Outdoor tests during summer showed that this window reduced indoor floor
temperatures by up to 11°C, and alleviated indoor glare. Energy simulations in four
cities across different climate zones demonstrated that the window effectively reduced

heating and cooling energy consumption by 30% to 40%.

Finally, to address the windows’ secondary thermal radiation from spectrally selective

glazing to indoors, and to enhance sky radiative cooling in summer, a Janus bi-static
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(JB) window was developed. In summer, the window exhibits excellent shading (Tsos
< 30%) and high radiative cooling potential (IR emissivity > 0.9); in winter, it
provides high solar transmittance (T > 70%) and thermal insulation (IR emissivity <
0.3), achieving broadband modulation of solar and thermal radiation. Detailed optical
characterization confirmed its superior solar heat gain control, IR emissivity
modulation, and visible light transmission compared to state-of-the-art smart window
technologies. Field tests in Hong Kong under hot-humid conditions showed a peak
indoor temperature reduction of over 10 °C. Energy simulations conducted across
1929 global sites demonstrated that it exhibits superior energy-saving performance
compared to traditional low-e glazing in nearly all regions worldwide with latitudes

below 60°.

This work begins with the design of spectrally selective materials and systematically
builds an integrated multi-functional smart window system capable of dynamic
regulation across visible, near-infrared, and mid-infrared bands. Through modeling
and field testing, the energy-saving performance of these windows was thoroughly
evaluated across various climate zones. The findings may provide some technical

support for advancing green and sustainable development of buildings.

Keywords: Building Energy, Spectral regulation, Liquid filled window, Sodium

Copper Chlorophyllin, Optical transmission model, Janus structure

VI



Publications during Ph.D. study

Journal papers arising from the thesis:

[1]

[3]

[6]

Pu Jihong, Han Miao, Shen Chao*, Wang Julian, Lu Lin*. Constructing a New
Biomass-Based Bistatic Window for Solar Regulation. Advanced Science, 2024,
2401991.

Pu Jihong, Shen Chao*, Wang Julian, Zhang Yingbo, Zhang Chunxiao, Soteris
Kalogirou. Near-infrared absorbing glazing for energy-efficient windows: A
critical review and performance assessments from the building requirements.,

Nano Energy, 110 (2023) 108334.

Pu Jihong, Shen Chao*, Lu Lin, Long Yi, Zhang Chunxiao, Shuai Yong,
Soteris. A. Kalogirou. Ammonia powered thermal-responsive smart window

with spectral regulation of Cu?* and sodium copper chlorophyllin. Energy
Conversion and Management, 299 (2024) 117815.

Pu Jihong, Han Miao, Lu Lin*, Shen Chao*, Wang Fang. Spectrally selective
design and energy-saving demonstration of a novel liquid-filled window in hot

and humid region. Energy, 297 (2024) 131090.

Pu Jihong, Shen Chao*, Lin Lu. Investigating the annual energy-saving and
energy-output behaviors of a novel liquid-flow window with spectral regulation

of ATO nanofluids. Energy, 283 (2023) 129111.

Pu Jihong, Shen Chao*, Yang Shaoxin, Zhang Chunxiao, Dorota Chwieduk,
Soteris Kalogirou. Feasibility investigation on using silver nanorods in energy

saving windows for light/heat decoupling. Energy, 245 (2022) 123289.

Pu Jihong, Yingxiao Li, Dan Xu, Chao Shen*, Lu Lin*. A Quantitative
Investigation on the Cooling Benefits of Retrofitting Building Skylights with
Broadband-Spectrum Selectivity in China. Applied Energy. 381 (2025) 125101.

Pu Jihong, Shen Chao*, Lin Lu*. Hourglass-Inspired Janus Window for
VII



VIS-NIR-MIR Broadband Spectral Regulation (submitted)

Other journal papers during Ph.D. study:

[1]

[5]

Pu Jihong, Dan Xu, Chao Shen, Lu Lin*. Broadband spectrum-regulation of
building integrated photovoltaic skylights via functional polymeric film. Energy
Conversion and Management, 326 (2025) 119453.

Pu Jihong, Shen Chao*, Zhang Chunxiao, Liu Xingjiang. A semi-experimental
method for evaluating frosting performance of air source heat pumps.

Renewable Energy, 173 (2021) 913-925.

Pu Jihong, Shen Chao*, Zhang Chunxiao, Yan Xu. A semi-experimental
investigation on the anti-frosting potential of homogenizing the uneven frosting

for air source heat pumps. Energy & Buildings, 260 (2022) 111939.

Yu Jiangsheng, Pu Jihong, Xie Dongsheng, Ai Zhenhai, Lang Yongwen, Cao
Menghua, Duan Chunhui*, Lu Lin* Gang Li*. Semitransparent organic
photovoltaics with wide geographical adaptability as sustainable smart windows.

Nature Communications, to appear.

Han Miao, Pu Jihong, Liu Yongdong, Liu Xingjiang, Mei Hongyuan, Shen
Chao*. Near-infrared blocking window based on ATO-CWO/PVB
nano-lamination._Renewable Energy, 219 (2023) 119382.

VIII



Acknowledgements

This dissertation not only represents my academic and research efforts over the past
few years, but more importantly, it embodies the support, guidance, and
encouragement my supervisors, colleagues, friends, and family. I would like to extend

my heartfelt gratitude to all those who have accompanied me along this journey.

First and foremost, I would like to sincerely thank my supervisor, Professor LU Lin,
for her humility, rigor, and unwavering dedication to students’ development. Her
meticulous academic attitude, tireless professionalism, and optimistic approach to life
have deeply inspired me and will remain a lifelong influence. I wish Professor LU

good health and continued success in all her endeavors.

I am also deeply grateful to my supervisor, Professor Shen Chao, for his invaluable
guidance and encouragement throughout the past seven years. From the initial topic
selection to the final drafting of this thesis, Professor Shen has provided consistent
support both academically and personally. His rigorous scholarship and pragmatic
spirit have greatly shaped my academic path and will continue to guide me in the

future.

I would like to thank Professors Lin Borong, Lan Dongchen and Mak Cheuk Ming for
their insightful comments and constructive suggestions during my oral examination.

Their feedback greatly improved the quality of my work.

Special thanks go to Xu Dan, Gao Yu, Lai Cong, Yang Haotian, Han Miao, and many
others (just to name a few). I will always treasure the unforgettable hiking days we
shared in Hong Kong, those moments have become some of my most cherished

memories.

Special thanks to Xu Dan, Gao Yu, Lai Cong, Yang Haotian, and Han Miao, etc (just
to name a few). I will always cherish the unforgettable hiking days in Hong Kong

with you.

My heartfelt thanks also go to my parents and my girlfriend, Bu Subei, for their

unwavering support and encouragement. Amid the pressures and fatigue of research, a
IX



simple phone call or a family reunion has always been a source of comfort and
renewed energy. Their understanding, love, and constant presence have been my

greatest strength throughout this journey.

Finally, I would like to sincerely acknowledge The Hong Kong Polytechnic
University (PolyU) and Harbin Institute of Technology (HIT) for their comprehensive
support during my academic years. From research funding to living and learning
resources, both institutions have provided an excellent environment that nurtured my

personal and academic growth.

With this dissertation, I extend my deepest gratitude to everyone who has supported,

guided, and accompanied me along the way.

Pu Jihong

December 2025



TABLE OF CONTENT

CERTIFICATE OF ORIGINALITY ...ooiitiiiiienteteetese ettt 11
AADSTTACT ..ttt ettt et e ettt e st e e beesnbeeteeenneens v
Publications during Ph.D. study ........ccceeviiriiiiniiniiiicececce e VII
ACKNOWIEAZEMENLS ..ottt et ettt e IX
LSt OF FIGUIES ..ottt ettt et et X1
LSt OF TaDIES ...ttt ettt st e XIX
NOMENCIALUTE ...ttt ettt et e st e et e s ateebeesneeeneeens XX
SYMDBOIS . e XX
Greek SYMDOLS ......oiiiiiiiiiicieee e XXII
SUDSCIIPL ...ttt ettt et st XXIII
Dimensionless NUMDET ........cocuiiiiiiiiiiieie e XXIII
ADDIEVIATION ...ttt ettt ettt e e st e XXIV
Chapter 1 INtrodUCHION ......coecuiiiiiiie ettt et e e e e eae e e ebee e sveeesareeesnseeens 1
1.1 Research back@round.............cocoeoiiiiiiiiiiiieeee e 1

1.2 Approaches for energy efficient WindOws ...........cccceeviieiiiiniiiiiieniieienieeene 2

1.3 Current development of energy efficient Windows ............coecueeviiniieneenieennen. 4

1.4 Organization of the thesiS ..........ociiiiiiiiiiiieee 7
Chapter 2 Literature REVIEW ........ccceiiiiiiiiiie et svee e 10
2.1 Development of spectral regulation technologies...........ccecceevieenieniienennnen. 10
2.1.1 NIR reflecting glazings .........ccceecueerieriieniienieeieeee e 10

2.1.2 NIR absorbing glazings ..........ccceeceeeriierieeiiieniieeieeriee et 13

2.1.3 Dynamic spectrally selective Windows...........ccccueeveerieenienieenienneene 30

2.2 RESEATCH ZAPS .veeeeieiiieeiie ettt ettt ettt et st 35

2.3 Research objectives and methodology ..........coeveeiiiiiiiniiiiiieeeeeeeeee, 37
Chapter 3 Development of a new biomassed spectrally selective material.................. 39
3.1. Evaluation metrics for spectrally selective windows ..........c.ccceecueevienieencens 40

3.2. Performance eveluation of current spectrally selective materials................. 46
3.2.1 Performance eveluation of ions-based glazings............cccoceevueennenen. 47

3.2.2 Performance evaluation of nanoparticle-based glazings.................... 52

3.3 The development of a novel biomass-derived spectrally selective material . 59
3.3.1 The spectral transmittance of CuSOs solution...........cecceeeveereeeiennne. 60

3.3.2 Spectral transmittance of chlorophyll/CuSOsblended solution.......... 61

3.3.3 Preparation of chlorophyll/CuSO4blended solution...........c.cccueueeeee. 63

3.3.4 Optical performance of the chlorophyll/CuSO4blended solution...... 65

34 SUMIMATY ..ottt ettt et e 69
Chapter 4 Liquid-filled static window with spectral regulation of the biomass-derived
TNALETIALS ...ttt et ettt e bt e sat e et esabeebeeeneas 71
4.1 Structural design of a triple-layered liquid filled window (LFW)................. 71

4.2 Model deVelOPMENt ........ccviieiuiieeiiieeiie e sereeeeareeens 73
4.2.1 Model deSCIIPHION ....cc.vvieeiieeeiiieeciieeeiee et et erre e aaeeeveeeereeesaeeenes 74

4.2.2 Computational method ...........ccccoeviiiiiiiiiiiiie e, 82

4.2.3 Experimental validation of the developed model..............cccueeenenenn.e. 84

XI



4.3. RESUILS ANA AISCUSSION «.evveteeeeeeeeeeeeeeeeeeeee e eeeeeeeeeeeeeeeeeeenenennnes 85

4.3.1 Daylighting performance ............ccceecveerieecieenienieeiieeee e eiee s ens 85

4.3.2 Energy-saving performance ...........cceeeveerueerieeneenieenneesneenneesneenneennns 87

4.4 SUINIMATY ..eeuvieeeiiieeeieeesieeesieeeseteeesaeeessaeeensseeesseesssseessseessseesnseeesnseeesnseesnnses 91
Chapter 5 A novel thermo-responsive smart window with spectral regulation of the
biomass-derived Materials .........cccoeruerieriiriiiiieieeeeee s 93
5.1 Structural design of a new ammonia pressure powered smart (apps) window93

5.2 Physical properties of the APPS Window ..........ccceevvievieniienieniicieecieeeene, 96
5.2.1 Cyclic test of the APPSs Window .........ccceevviieiiieniiiiieiieciieeieeieeee 96

5.2.2 Optical properties of the APPs Window ............cccevvveeeiienieeiieniennnen, 97

5.3 Experimental demonstration of the APPs window ...........cccoeeeeeiienieennnnnne. 104

5.4 Energy-saving performance evaluation of the APPs window ..................... 109

5.5 SUMMATY ..ottt ettt e et e et eeaaeesaaeesnnaeesnseeesnseeennnes 111
Chapter 6 A novel actively tunable bi-static window with spectral regulation of the
biomass-derived material...........cocoiiiiiiiiiieieee e 113
6.1 Material and structural design of a new rotatable bi-static (RB) window ... 114
6.1.1 Ideal WINAOWS .....cocuiriiiiiiiiiieiieieeee e 114

6.1.2 Structural design of the RB window ............cccoocvveiiiniiniieniecieee, 114

6.2 Physical properties of the RB Window ...........ccccoeevieiieniienieniieieeieee 117
6.2.1 OPICAl PrOPETLIES ....eeevveeeieeiiieiieeieeeite et ere e sre b e sereeaeeeeaeenseeeee 117

6.2.2 Fluid dynamics behaviors .........ccc.eeevieriieiiieniieiieeie e 124

6.3 Experimental demonstration of the RB window ...........cccccoecvevienciieniiennnn. 128

6.4 Energy-saving simulation of the RB window ............cccccoevivviiienieniieneenen. 132

6.5 SUMIMATY ....etieeiiie ettt ettt e et ee e ee e eteeeaaeesaaeesnsaeesnseeesnseeennnes 135
Chapter 7 Broadband spectrally tunable window via the biomass-derived material and
@ JANUS STIUCTULE ..ottt sttt e s 136
7.1 Material and structural design of the Janus bi-static (JB) window.............. 137
7.1.1 Ideal windows for optical-thermal dual regulation............c.............. 137

7.1.2 Material and structural design to match the ideal window ............... 138

7.2 Optical simulation of the Janus StruCture..........c.ccceevveevienieeniesieeeeeee, 139
7.2.1 Infrared emissivity calculation of PDMS layer..........cccccccevveniennene. 140

7.2.2 Infrared emissivity calculation of AGNW layer..........cccccceevvveneennen. 143

7.3 Physical properties of the JB Window ...........cceecvieviiiniiienieniiieniecieeiee e, 146
7.3.1 Fabrication of the JB window sample...........cccceeeveerienciienienirenenne, 146

7.3.2 Optical properties of the JB Window ...........ccccceevveriienienieenieeennnn, 148

7.4 Experimental demonstration of the JB window ...........cccccoeevvevieniieninennnnnnn. 151

7.5 Energy-saving simulation of the JB Window .............ccceeviieviienieniieiniennens 154
7.5.1 Model development ...........ccveeeiieeiiiiienieeieecie e e 155

7.5.2 SIMUIAtioN TESULILS .....eevieiiiiieiieieeecee e 162

7.0 SUIMNIMATY ...veeeniiieeiiee et e et e et e et e e steeesebeeesabeeeabeeesaaeesssseesnsaeesnseeesnsneennses 166
Chapter 8 Conclusions and recommendations for future work............cccceevvvenneennen. 167
8.1 CONCIUSION ...ttt sttt 167

8.2 Recommendations for future Work ...........cccoeeeveeieniininiienieeeienceeeee 169
RETEIENICES ..ttt et 171



List of Figures

Figure 1.1 The Global Surface Temperature Relative to 1880-2023 Mean.................. 2
Figure 1.2 Schematic diagram of the multi-pane hollow window ..............cccceevuvennnn. 3
Figure 1.3 Schematic diagrams of the (a) NIR reflecting glazing, (b) NIR absorbing
ClaZING [13]. oottt ettt b e ab e e be e tbeetaeeabeenreennnas 6
Figure 2.1 Optical properties of a silver-based low emissivity glazing [27] .............. 12
Figure 2.2 Typical glazing dopants in the periodic table...........cceoveeviriininniniennnne 13

Figure 2.3 Scheme illustration of (a) the five 3d orbitals, (b) the splitting of 3d
orbitals in octahedral complex and tetrahedral complex; (c)-(h) Spectral absorption of
Titanium ions [47, 48], Vanadium ions [46], Chromium ions [49], iron ions [13],
copper ions [50], Cerium ions doped glass. .........ccvereeriiierieriiieiieeieeee e 15
Figure 2.4 Spectral transmittance of (a) Fe?* doped fluorophosphates glazings [54];
(b) Iron ions and other ions co-doped glazings[53, 59, 60]; (¢) Iron ions and Se
co-doped glazings [56]; (d) Other ions-based tinted glazings[S1].........cccccvverurennnnnne. 18
Figure 2.5 (a) schematic illustration of the LSPR, (b) Electric field distributions
around an excited nanoparticle, and (c) schematic illustration of the photon energy
thermaliZation PIOCESS. ......iivvierieeitieeiieeiieree et e steeete et e ereesaeeesbeesaesabeesseeesseesaessseenns 19
Figure 2.6 (a) Absorption spectrum of Au nanoparticles with a diameter of 12 nm in
silicate glazing; (b) Absorption spectrum of Au nanoparticles of different diameters;
(¢) Extinction factors of Ag nanoparticles of different diameters ; (d) Extinction
factors of Ag nanoparticles in different host medium .........c.coocveeviiriiiiniiniieeniee, 21
Figure 2.7 (a) TEM images and the corresponding electric field distributions of four
kinds of worm-like assemblies of metal nanoparticles; (b) Normalized absorbance of

these fOUL SAMPIES . ...ocuviiiiiiiieieeie ettt et e e e b e essee e 22
Figure 2.8 (a) spectral transmittance in the visible band; (b) spectral reflectance of
the Mid-infrared band . ...........cccoooiiiiiiiiiieee e 23
Figure 2.9 Spectral transmittance of the Fe;04@Si02 nanochains. ...........ccccccueneee. 24

Figure 2.10 (a) Spectral absorption of the Fe;O4@Cu2xS nanocomposite films , (b)
schematic of the Fe;O4@Cuz«S coated glass, (c) spectral absorption of Fe3;Os@Cuz«S
coated glazings [360, 38]. ...cc.oeeiiiiiieiee e 25
Figure 2.11 (a) Spectral transmittance of Sb (0—-1 wt.%) doped SnO; films (b)
Spectral transmittance plot of Sb (0—4 wt.%) doped SnO: films ; (c) The color of ATO
powder annealed at different temperature (i: before annealing, ii: 600°C, iii: 800°C, iv:
1000°C, v: 1100°C); (d) Spectral transmittance of ATO films after annealing 30 min

at dIfferent teMPETATUIES ......cccvieiieeiiecie ettt ettt e bt e s aeeteeseaeesbeessseensees 26
Figure 2.12 Schematic illustration of (a) LSPR of the free carriers, (b) small polarons
hopping between the W™ and W [112]...c..ovevviiiiiiiieeiceeeeeeeeeeeeeee e, 27

Figure 2.13 Spectral transmittance of (a) alkali metal tungsten bronze-doped silicate
glazings ; (b) films containing different densities of (NH4),WO3 nanorods ; (¢) toluene
dispersions of Cs;WO; nanoparticles with different Cs doping levels ; (d) films
containing F-doped Cs:WO3 nanoparticles with different F/W molar ratios (0.2, 0.4,
0.6 and 0.8); (e) films containing Li doped CsiWO3 nanoparticles ; (f) films

XIII



containing Pt doped Cs,WO;3 with different Pt/W molar ratio (0.004, 0.006, 0.01,
0.02). ettt ettt h et a st et et et e eh e teeneene e st en s et entensenbeeneas 28
Figure 2.14 (a) Schematic of the platform to test the photothermal effects of
Fe304@Cur.S—coated glass; (b) tested and predicted temperature rises of the
Fe304@CuzcS—coated glass [30]. .....ccoovveiiiiiieiieeieeeeee e 30
Figure 2.15 (a) A sample of VO:-based window [134], (b) spectral transmittance of
VO2 film in the semiconductor state and metal state [134]; (c¢) schematic
representation of hydrogel-based smart window [154], (d) spectral transmittances of

the hydrogel-based smart Window [154]. ......c..ccceeiiiiiiiiieniiieeee e 32
Figure 2.16 Performance comparison of the state-of-the-art dynamic windows........ 33
Figure 2.17 Flow chart of the research methodology ...........cccceceviiviiiinininine. 38
Figure 3.1 Spectral power distribution (SPD) of solar radiation at air mass 1.5........ 39
Figure 3.2 (a) Photopic/Melanopic spectral response functions; and (b) spectral
response functions of photoreceptor cells in the human eyes. ..........ccccoeevveviieiiennnnnne. 46
Figure 3.3 Color matching fUnctions ..........cccceveerierieneiienieeeeeeeee e 46

Figure 3.4 Summary of (a) the light/heat decoupling ability and (b) the color
rendering performance of the ion-based glazings (the CRI of 95 is a baseline that
commercial low-e glazings can meet [12, 185], 90 represents the baseline of a good
color rendering [185] that is crucial for art galleries, museums; 80 represents the
baseline for civil buildings [186, 187]). .....ccccevuiiriieiiieieeiieeeeeeeee e 52
Figure 3.5 Summary of (a) the light/heat decoupling performance and (b) the color
rendering performance of the nanoparticles-based glazings (the CRI of 95 represents
the baseline that most of the Low-e glass can meet [12, 185], 90 represents the
baseline of a good color rendering that is crucial for art galleries, museums [186,

L877] ). ettt ettt et ettt b teene st st enes 59
Figure 3.6 Spectral transmittance of CuSO4 aqueous solution with (a) different
CuS0s4:5H>0 concentration and (b) liquid thickness. ..........ccccoeevierieiiienieniieieeies 61

Figure 3.7 Molecular structure of SCC and schematic of its electronic transition..... 62
Figure 3.8 (a) Bandgap width of the d-d transition of Cu?’, bandgap widths of SCC
and (c) Absorption features of the SCC molecules, Cu?* ions, and water molecules. 63
Figure 3.9 (a) Spectral transmittance of the SCBS prepared without polysorbate-80,

(b) with polysorbate-80, and (c) the optical photos of the SCBSs. .........cccevvvveeennnnee. 64
Figure 3.10 (a) experimental rig for UV stability test, (b) optical photos of the
0.05%SC and 10%CuSO4 solutions; (¢) results of the UV stability test. ................... 65

Figure 3.11 Spectral transmittance of different spectrally selective fluids: (a) 20%
CuSOs solution, (b) 0.05% SCC solution, (¢) 0.05%SCC/10%CuSO4 solution, (d)
0.1%SCC/10%CUSO4 SOIULION. ...ttt ae e sae e 66
Figure 3.12 Spectral transmittance of windows or glazings with SCBS solution, ATO
nanofluids, ATO coating, CWO/PMMA nanocomposites, ITO coating and ion-based

GIAZINE. c.eiiiiiiiieeee et ettt et e b e et e e b e e tae et e ebeeerbeesaeenbeenseeenne 67
Figure 3.13 Comparison of the performance for the SCBS and other counterparts. .. 68
Figure 4.1 Schematic representation of the spectrally selective LFW ....................... 72
Figure 4.2 (a) Spectral transmittance of the filling fluid; and (b) Spectral
transmittance of glazing layers in the in the three-layer LEW..........ccccoocoiinininnenn. 72

X1V



Figure 4.3 Schematic representation heat transfer models for the LFW ................... 73
Figure 4.4 Spectral power distribution of (a) direct and (b) diffuse solar radiation ... 78
Figure 4.5 Spectral power distribution of total solar radiation............c.ccceceeveeeenneene. 79
Figure 4.6 Flow chart for calculating the annual performance of the LFW ............... 83
Figure 4.7 (a) Schematic of the layout of the experimental chamber; (b) photos of the
experimental rig; (c) comparisons of the inner and outer pane surface temperatures of

the tested Window With SCBS. ..o 84
Figure 4.8 Indoor luminous gain for the SCBS-based LFW and triple layered
ordinary window on the design days in Hong Kong..........cccccccoevvieiiiiiniiniiienienneenen. 86
Figure 4.9 Monthly average luminous transmittance of the SCBS-based LFW and
triple-layered clear WINAOW ..........ccveiiieiiiiiiieiiecie et 87
Figure 4.10 Indoor luminous gain for the SCBS-based LFW and triple layered clear
window on the design days in Hong Kong...........ccoecveviiiiiiniieniiciicieceeeeecee e 88

Figure 4.11 (a) Indoor solar gain of the SCBS-based LFW; (b) the clear window; (c¢)
heat transfer from window to indoor and outdoor environments for the SCBS-based
LFW; and (d) heat transfer from window to indoor and outdoor environments for the

triple layered clear WINAOW. .........cccuieiiieiiiiiiiiiiieieeste et be e 89
Figure 4.12 Monthly average solar heat gain of the LFW and clear window ............ 90
Figure 4.13 Monthly average SHGC of the SCBS-based LFW and triple-layered clear
WIIAOW .ttt ettt ettt b ettt ne e eaes 91

Figure 5.1 (a) Working principle of the APPs window; (b) Photos of the APPs
window at different stages of the day; (c) the temperature-pressure-concentration
correlation of aqueous ammonia; (d) the thermal-responsive temperature of the smart

WINIAOW. 1ttt ettt et b et et e bt et e e st e bt en b e eae et e enbesseebeeneesaeenee 94
Figure 5.2 (a) Chemical structure and absorption feature of Cu?* aqueous solution; (b)
chemical structure and absorption feature of SCC aqueous solution. ............cc.e....... 96
Figure 5.3 Cyclic test for the APPs Window. ........ccccecvvevieriiiniiiieeieeceecee e 96
Figure 5.4 Photos of the smart window at cool state (left) and at hot state (right), with
CuSO0y4, SCC, and blended CuSO4/SCC aqueous solution, respectively ..........cc..c...... 97

Figure 5.5 Spectral transmittance of the smart window at cool state and hot state with
different thicknesses: (a) CuSOs solution; (b) SCC solution and (¢) CuSO4/SCC
blended solution. Spectral transmittance of the smart window at cool state and hot
state with different concentrations: (d) CuSOs solution; (e¢) SCC solution and (f)
CuSO4/SCC blended SOIULION. ......ocueruieriieieiieieeie et 98
Figure 5.6 (a) Comparison on the solar radiation transmittance for the smart window
in cool and hot states; (b) comparison on the “non-visual” transmittance for the smart
window in cool and hot states; (¢) comparison on the color rendering index (CRI) for
the smart window in cool and hot states; (d) performance summary and comparison
for the APPs window with different kinds of spectral splitting fluids. ..................... 101
Figure 5.7 (a) Summary of the solar modulation ability (ATs) and the average
luminous transmittance (Tium, avergae = 1/2 Tiumceold) + 1/2 Trumot)) of some typical
thermal-responsive smart windows (detailed data are recorded in Table 5-2), (b), (¢),
(d) Performance summary and comparison for APPs window and the existing

XV



thermal-responsive smart windows (VO»-based window, hydrogel window and hybrid

VO2/hydrogel WINAOW). ..cc.eeiuiiiiiiiiieieeieieee ettt 102
Figure 5.8 Outdoor (a) solar radiation intensity, (b) illuminance level in 2022.08.06
AN 2022.08.07. .ttt e 104

Figure 5.9 Ambient air temperature of Harbin in 2022.08.06 and 2022.08.07. ....... 104
Figure 5.10 (a) Scheme of the experimental hot chamber; (b) Photos of the hot
chambers equipped with APPs window (left) and equipped with double glazing (right),

at hot state and at cool state reSpectively. .......ccecveriiiiiieriiieiiieeceee e 105
Figure 5.11 The chambers’ inside temperature and outdoor temperature change
during the two teSted daYS ....ccveeviieiiieiiieiiee e 106
Figure 5.12 Surface temperature of the double-glazing window and the APPs window
in 2022.08.06 and 2022.08.07. ......eeeeieieieriesieeeeeieeiteteerte ettt 106
Figure 5.13 Tested illuminance in the tested sites of the APPs window and
double-glazing WinAOW ...........cceeriieiieiiieriieeie et eie et et e e b e saeeaeeenseenseenenas 107
Figure 5.14 Spectral power distribution of natural light in 2022.08.06.................... 108
Figure 5.15 The hourly CLA value in the boxes with APPs window and normal
Double-glazing window in 2022.08.00. ..........ccceerireiiieriieiieeieeieeeee e 108
Figure 5.16 Estimated CS value in the sunny day (2022.08.00) ........c.cccceevvrenennen. 109
Figure 5.17 The hourly CLA value in the boxes with APPs window and normal
Double-glazing window in 2022.08.00. ..........ccceerieeirierieeiienieeieeeee e 110

Figure 5.18 The simulated monthly space cooling energy consumption for Singapore
(a), Hong Kong (b), and Harbin (¢); (d) monthly operating hours of the APPs window

in hot state; and (e) the annual cooling energy-saving in the three cities. ................. 112
Figure 6.1 (a) Flipping windows applied in an office building; (b) Flipping windows
at Hung Hom MTR Station, Hong Kong..........cccccoevieriiiiiiiniieiecieeieece e 113

Figure 6.2 (a) Ideal transmittance curves for dynamic windows in hot and cold
seasons; (b) schematic representation of the ideal windows for hot and cold seasons

................................................................................................................................... 114
Figure 6.3 (a) Schematic representation of the RB window; (b) working principle of
the RB WINAOW. ..c.eiiiiiiiiiieieeee ettt st 115
Figure 6.4 Comparisons of the density of the LP and SEBS. ..........ccccoconiiinnne. 116

Figure 6.5 (a) Optical photos of the bleached RB window with different aging time;
(b) spectral transmittance of the bleached RB window with different aging time; (c)
optical photos of the colored RB window with different aging time; and (d) spectral
transmittance of the colored RB window with different aging time. ........................ 116
Figure 6.6 (a) The optical photo of the two optical fluids; (b) optical photos of the
RB window in bleached and colored States...........cccevvierieriinienienienienceeceeee 117
Figure 6.7 Spectral transmittance of (a) 3 mm-thick, (b) 5 mm-thick and (c) 10
mm-thick RB windows at bleached and colored states...........cceceevevienerreneenenne. 118
Figure 6.8 (a) performance of the RB windows with different thicknesses and
different SSF; (b) chromaticity diagram of the RB window with different kinds of
N OO SR RSP 119

XVI



Figure 6.9 (a) comparison of smart windows with scattering-based solar regulation;
(b) comparison of smart windows with no scattering behavior; (c¢) radar plot
comparing the performance parameters of various types of smart windows............ 123
Figure 6.10 Optical photos of the switching process ..........ccccveeveeieeniencieenieenveennen. 124
Figure 6.11 Transparency change of specific points on the RB window sample..... 125
Figure 6.12 Comparisons of the viscosity between LP and SSF at different

EEIMPETATUTE ..c.vvveeeieieeeiiieeetee et te et e et e e et e e e teeesnteeensbeeesbeeensseesnsseesnsaeesnseesnnseesnnseenns 126
Figure 6.13 CFD simulation of the coloring and bleaching process of the RB window
T 1101 0] (<RSP 126
Figure 6.14 (a) CFD simulation results of the fluids switching process for a RB
window with dimensions of 150 cm (length) x 180 cm (height) .........ccceeevieriiennnnn. 127
Figure 6.15 Transparency-switching time at different temperature conditions of the
real scaled RB WINAOW ......cc.ooiuiiiiiiiiiiiieeceee e 127
Figure 6.16 Cyclic test of the RB Window ...........cccoeoiiiininiinienieieeceeeee, 128
Figure 6.17 (a) Layout of sensors placement in the chamber; (b) experimental
chambers with RB window in colored (left) and bleached states (right).................. 128
Figure 6.18 Comparison of the spectral absorption of the Real skin and Artificial skin
................................................................................................................................... 129
Figure 6.19 Outdoor solar irradiance of June 19 and June 20, 2023 ........................ 129
Figure 6.20 Comparisons of the surface temperature of the RB windows in Chamber
1 and Chamber 2 .......ooiiiiiiiiieieeeee ettt ettt st 130
Figure 6.21 Comparisons of the temperatures of the chambers’ floor (above),
artificial skin (middle) and indoor air (DEIOW). ......cccvvevvieriieiieeiieiiecieeee e 131
Figure 6.22 Comparisons of the indoor illuminance (a) and (b) UDI00-2000. ........... 132

Figure 6.23 (a) Building model used in the simulation, (b) the working principles for
the RB window; (c) - (f) monthly space cooling energy consumption in different cities;
(g) monthly space heating energy consumption in Harbin; and (h) the annual space

cooling and heating energy consumption in these four Cities...........ccceervvrerrerreennens 134
Figure 6.24 Annual space heating and cooling energy-saving of the RB window and
double-layered low-e window in different Cities. .........ccceeveveeriercieenienieeieeee e 135

Figure 7.1 Diagrams illustrating the ideal solar and radiative heat transfer properties
of windows in different seasons. (a) Hot secason: windows reflect solar radiation and
minimize heat gain; (b) Cold season: windows transmit solar radiation and retain
indoor heat; (¢) Ideal seasonal variations in optical transmittance and thermal

CIMESSIVILY .veeutieeiiieiie et eette et estteete e st e eibeesteeesbeessteenseessseesseensseesseessseensaessseenseessseenseens 137
Figure 7.2 Schematic diagram of the JB window design.........c.ccecceevvevvereriencennene 138
Figure 7.3 Spectral regulation mechanism of the Janus dual-mode window ........... 139
Figure 7.4 Optical constants 0of PDMS ..........cociiiiiiiiiiiieeeeeeeeeeeeee 140
Figure 7.5 Comparison between the tested emissivity and calculated data for PDMS
................................................................................................................................... 141
Figure 7.6 Optical properties of PDMS at different thicknesses: (a) solar spectral
transmittance, (b) MIR €MiSSIVILY. ...cceeevvieriieiiieniieeiierie et 142
Figure 7.7 MIR emissivity of PDMS: (a) emissivity for various thicknesses and (b)
average emissivity over 8-13 pm at different angles. .......ccccoocevieiiniiniiiiniencnee 142

XVII



Figure 7.8 Optical constants of (a) Ag [219] and (b) PET [218] .......cceevvevvvennnnen. 143

Figure 7.9 Schematic diagram of the AGNW/PET structure...........cccceevvervreneennee. 144
Figure 7.10 Electric field distribution of the AgNW/PET film at the height of d.... 144
Figure 7.11 Emissivity of AgNW/PET surface with different & angles.................... 145
Figure 7.12 Emissivity of AgNW/PET films as a function of (a) silver nanowire
diameter and (b) the distance between two parallel nanowires. ..........c.cccceeevrenennee. 145

Figure 7.13 MIR emissivity of the AGNW/PET film with diameter of 20 nm, and
spacing (w) of 100 nm: (a) spectral emissivity at different angles and (b) average
emissivity within the atmospheric window (8-13 m) ........cccecveeviiiiieniiiiieieee, 146
Figure 7.14 Characterization of the Janus bimodal window: (a) Schematic of the JB
window; (b) infrared images in colored (left) and bleached (right) states; (¢) AFM
image of the PDMS surface; (d) SEM image of the AgNW/PET film surface.......... 147
Figure 7.15 (a) spectral transmittance of the JB window in solar spectrum; and (b)

MIR emissivity the JB WINAOW .........cooiiiiiiiiiiiiiicieceeeeeee e 148
Figure 7.16 Comparison between the (a) ATs and (b) Ag between the JB window and
recently reported, state-of-the-art smart Windows ...........ceeeveeieerieniiienienieeee s 149

Figure 7.17 Environmental conditions during the experimental period: (a) Global
horizontal solar irradiance; (b) direct horizontal solar irradiance; (¢) outdoor air
temperature; (d) outdoor wind speed during the experimental period. ..................... 152
Figure 7.18 Experimental chamber setup and sensor layout: (a) Schematic diagram of
sensor layout in the experimental chamber; (b) photos of the experimental chambers

................................................................................................................................... 153
Figure 7.19 Comparison of indoor illuminance between two chambers.................. 153
Figure 7.20 Comparison of temperatures at different locations of the two chambers
................................................................................................................................... 154
Figure 7.21 Atmospheric transmittance at different PWV and elevation: (a) 0 km, (b)
Lkm(c) 2 km and (d) 4 KM .c.oooviiiiiiicie e 161
Figure 7.22 Schematic diagram of the developed model.............cccoevveviiiiieniiennnn. 161
Figure 7.23 Geographical Distribution of Energy Simulation Sites............ccccceuee... 162
Figure 7.24 World climate zones map [241] .......cccoevieeiienieniieiieeieeieeeee e 163
Figure 7.25 World map of the load reduction of Janus window compared to low-e
glazing: (a) space cooling load reduction; (b) space heating load reduction. ............ 165
Figure 7.26 Load reduction of Janus window compared to low-¢ glazing in different
ClIMALE ZOMES ...ttt ettt ettt ettt s e b et s b e be et 165

XVIII



List of Tables

Table 2-1 Categories, materials, luminous transmittance and solar modulation ability

of the thermochromic (TC) and electrochromic (EC) smart windows.............cc.......... 34
Table 3-1 Detailed information of iron ion-based glazings............ccccceeviirieeniennnne. 48
Table 3-2 Detailed information of iron and other transition metallic ions co-doped
GLAZINES ..ottt ettt e b e et e e bt e et e e bt e s nbeeneas 49
Table 3-3 The detailed information of iron and other ions co-doped glazings........... 50
Table 3-4 Detailed information of nonferrous tinted glazings ............ccccccevieenienen. 51
Table 3-5 The performance parameters of Fe3Os-based nanocomposites................... 53
Table 3-6 The performance parameters of ATO-based nanocomposites.................... 54
Table 3-7 The performance parameters of M,WOs-based nanocomposites................ 56
Table 3-8 Detailed optical properties of the spectral splitting fluids with different
thickness and different CONCENTIAtioN .........c.eeviieiiieiiieiiieieee e 69
Table 4-1 Parameter settings of the simulation.)...............c.ccocooeiviiiicciceec, 85
Table 5-1 Detailed optical properties of the APPs window in cool and hot state, with
different spectral splitting fluids ..........ccceeriiiiiiiiii e 100
Table 5-2 Performance summary of current thermo-responsive smart windows..... 103
Table 5-3 Parameters of the clear glazing, low-e glazing, and APPs window......... 110
Table 6-1 Optical properties of the APPs window in cool and hot state, with different
spectral SpLtng fIUIAS .....cc.eeiiiiiiieieee e 120
Table 6-2 Categories, materials, luminous transmittance and solar modulation ability
of the thermochromic (TC) and electrochromic (EC) smart windows....................... 121
Table 6-3 Parameters of the clear glazing, low-e glazing, and RB window used in the
310010215 ) o F O S POPSUURPR RPN 133
Table 7-1 Optical parameters of the JB window and its counterparts....................... 150

XIX



Symbols
Asol

A,

CTo-

CTeo

hc,in

hc,out

hr,in

hr,out

hs
Kabs

llocal

Nomenclature

Solar absorbance, dimensionless

Solar azimuth angle, rad

Specific heat capacity, J/kg-K

Critical transition temperature from colored to bleached state, °C

Critical transition temperature from bleached to colored state, °C

Thickness, m

Hour angle, rad

Convective heat transfer coefficient between glazing and indoor air,

W/m?-K

Convective heat transfer coefficient between glazing and outdoor air,

W/m?-K

Radiative heat transfer coefficient between glazing and indoor

environment, W/m?-KW/m?-K

Radiative heat transfer coefficient between glazing and outdoor

environment, W/m?-KW/m? K

Solar altitude angle, rad

Absorbing coefficient, dimensionless

[e]

Local longitude,

XX



lstandard

Rout

S

S rods(}u)

Seone(4)

T()

T4

T, local

Tlum

Standard meridian of the time zone, °

Mass, kg

Macular pigment transmittance, dimensionless

Refractive index, dimensionless

Radiative heat transfer between window and outdoor environment, W/m?

Thermal resistance of the air gap, m?-K/W

Thermal resistance of heat transfer from glazing to indoor environment,

m? K/W

Thermal resistance of heat transfer from glazing to outdoor environment,

m2-K/W

Optical path lenght, m

Spectral response of rod cells, lum/W

Spectral response of cone cells, lum/W

Time, s

Temperature, °C

Transmittance, dimensionless

Atmospheric transmittance after aerosol extinction, dimensionless

Local time

Photopic luminous (visible) transmittance, dimensionless

XXI



Tmer Mealnopic transmittance, dimensionless

TN Atmospheric transmittance after N> absorption, dimensionless

To Atmospheric transmittance after O, absorption, dimensionless

Tr Atmospheric transmittance after Rayleigh scattering, dimensionless
Ty Sky temperature, °C

Tsor Solar transmittance, dimensionless

Tw Atmospheric transmittance after water vapor absorption, dimensionless
V(A Photopic luminous efficiency function, lum/W

X Red stimulus value, dimensionless

Y Yellow stimulus value, dimensionless

VA Blue stimulus value, dimensionless

Greek Symbols

Va Air velocity, m/s

£ Emissivity, dimensionless

0 Stefan—Boltzmann constant, 5.67 X 10® (W/m?K™)

o Solar declination angle, °

p Density, kg/m?

P Interfacial reflectance, dimensionless

XXII



0 Incident angle, °©

0’ Angle of refraction, °

c Thickness, m

¢ Latitude, °

D(1) Ground-level solar radiation, W/(m?. nm)
Dout (1) Extraterrestrial solar radiation, W/(m?. nm)
Ag Thermal conductivity of glazing, W/(m K)
A Wavelength, pm

Subscript

a Air

f Fluid

g Glazing

in Indoor

out Outdoor

Dimensionless Number

Re

Reynolds Number
Nu Nusselt Number
Ra Rayleigh Number

XXIII



Pr

Prandtl Number
Gr Grashof Number
Abbreviation

APP. )
s Ammonia Pressure Powered

ATO Antimony Tin Oxide

CCT Color Temperature

CIE International Commission on Illumination

CLA Circadian Lighting

CRI Color Rendering Index

[0\ Circadian Stimulus

Ccwo Cesium Tungsten Oxide

ipRGCs Intrinsically Photosensitive Retinal Ganglion Cells

I1TO Indium Tin Oxide

LFW Liquid Filled Window

LP Liquid Paraffin

LSG Light-to-solar-gain

LSPR Localized Surface Plasmon Resonance

NIR Nera-infrared

XXIV



PDLC

sSCcC

SHGC

SPD

SSF

SV

TCO

™Y

UDI

uyv

VIS

VOF

Polymer Dispersed Liquid Crystal

Sodium Copper Chlorophyllin

Solar heat gain coefficient

Suspended Particle Device

Spectrally selective fluids

Blue-Yellow Opponent Signal

Transparent Conductive Oxide

Typical Meteorological Year

Useful Daylight Illuminance

Ultraviolet

Overall Heat Transfer Coefficient

Visible Light

Volume of Fluid

XXV






Chapter 1 Introduction

1.1 Research background

After World War II, energy depletion and global warming gradually became the focus
of global issues. Excessive use of primary energy continually increased the global
greenhouse gas concentration. As recorded by the Mauna Loa Observatory, the CO;
concentration in Hawaii increased from 316 ppm to 414 ppm [1], which results in a
global mean temperature anomaly maintaining a stable growth from about 0.2 to
1.2 °C (Figure 1.1), from 1970 to 2020. Global warming has become the most
devastated environmental problem facing humankind, especially with the recent
Australia bushfire burning, black rain in Hong Kong, and others ecological and
natural habitat destruction. To combat these effects, there has been a global pact to
maintain the global average temperature average temperature rise below 2 °C above
industrial level and limit the rise below 1.5 °C following Paris Agreement [2]. To
address global environmental issues and achieve sustainable development, the 28th
annual United Nations (UN) climate meeting (COP28) calls on countries to accelerate
low- and zero-emission technologies [3]. Energy conservation and emission reduction

became an urgent mission of all area, and buildings are of significant relevance.

According to World Green Building Council (WBGC), building accounts for 39% of
global carbon emission presence in the atmosphere; 28% of it is allocated to building
energy related usage such as space heating, cooling, ventilation and electric
appliances [4]. Windows are the weakest part of building energy loss, accounting for
30% of the building energy consumption. Moreover, contemporary architectural
design embraces the trend of high window-to-wall ratios to meet aesthetic demands. It
is foreseeable that the proportion of energy consumption attributed to windows in
buildings will continue to increase in the future. Consequently, improving the energy
efficiency of windows has become a vital strategy in achieving sustainable building

performance and meeting carbon neutrality goals.
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Figure 1.1 The Global Surface Temperature Relative to 1880-2023 Mean

1.2 Approaches for energy efficient windows

Windows contribute to buildings’ energy loss mainly through two pathways: thermal
conductive heat transfer and radiant heat transfer. Physically, the conductive heat
transfer of single-layered windows is no more than 100 W/m?, and can be further
decreased below 20 W/m? by thermal insulation improvements. On the other hand,
solar radiation transmitting windows can exceed 600 W/m?, and its modulation in

different seasons may also significantly affect the building energy use.

Corresponding to the two primary energy loss pathways of windows, energy-saving
improvements are typically targeted at either reducing the overall heat transfer

coefficient (U-value) or controlling the solar heat gain coefficient (SHGC).

1.2.1 Thermal insulation technologies to decrease the U value

The U-value is a comprehensive metrics of the overall heat transfer performance of

window frames and glazing, it can be calculated by Equation (1-1):

— Z AgUg + z A./’Uf
A

w

(1-1)



where A, is the area of glazing (m?), Ug is the heat transfer coefficient of the
window’s glazings (W/m?-K), A, is the area of frame (m?), and Uy is the heat transfer

coefficient of the window frame (W/m?-K).

The heat transfer coefficient of glazing system or frame is determined by three aspects,
namely, the convective heat transfer, the heat conduction, and thermal radiation

(Figure 1.2). The U value of glazing system or frame can be calculated by Equation
(1-2):

1
Uu,,= 1-2
g(f) n di 1 1 1 1 ( )
e+
i=1 ﬁ'i hin hout hr,in hr,out
Where denotes the thickness of the it layer of glazing or frame, is the thermal
conductivity, and and are the convection heat transfer coefficient of the
inner and outer glazing pane, , and are the radiation heat transfer

coefficient of the windows to indoor and outdoor environments.

. Convective heat transfer of glazing
- Heat conduction of glazing

. Thermal radiation of glazing

ﬁ Convective heat transfer of frame

mmmll- Heat conduction of frame

+Annn+= Thermal radiation of frame

Figure 1.2 Schematic diagram of the multi-pane hollow window

Therefore, the design principles for a low U-value is to enhance the thermal insulation
of window frames and glazing materials by insulate the heat convection/conduction

and radiation.

1.2.2 Spectrally selective technologies to regulation the SHGC
3



Sunlight consists of a multi-frequency composite spectrum, which includes ultraviolet,
visible light, and near-infrared radiation. When sunlight passes through a window, it
introduces coupled light and heat into the indoor environment. Buildings require
daylighting throughout the year, but their heating needs vary between winter and
summer seasons. Spectrally selective technologies are effective solutions for blocking
thermal radiation heat transfer whilst enabling daylighting. From the building
application perspective, both visible transmittance and SHGC should be considered in
the design and application process of windows, for reasonable daylighting and
energy-saving. Therefore, the design principles for a spectrally selective window aim

to achieve a high visible transmittance whilst blocking the solar NIR.

In the past decades, both static and dynamic windows have been developed to regulate
indoor solar heat. Static windows have fixed optical performance; they can passively
reject the NIR whilst enabling a high level of luminous transmittance, which is highly
promising for hot regions. Dynamic windows, featuring tunable optical properties,
can adapt to both hot and cold conditions. In the following content, both static and

dynamic windows will be introduced.

1.3 Current development of energy efficient windows

In the early stages, windows were primarily designed to fulfill the lighting and
ventilation needs of residents. However, the inherent materials used in windows
contribute significantly to energy loss, which ultimately undermines the overall
energy efficiency of buildings [5]. Recognizing this issue, there has been a rapid
advancement in construction techniques and a growing awareness of the energy crisis,
leading to the demand for specific requirements regarding window size, structural
design, and thermal insulation performance. As a response to these challenges,
energy-saving technologies such as double-glazed windows, vacuum glazing, and
low-emissivity (low-e) glazing have emerged, and these technologies greatly

enhanced the thermal insulation performances of windows.

In the 21st century, glazing facades with a large window-to-wall ratio became popular
as a fashionable trend in architectural design. However, this aesthetic choice

presented challenges in controlling solar heat gain, leading to extensive developments



in shading technologies. Consequently, spectrally selective windows, including both
static glazings and dynamic glazings, were developed to effectively regulate indoor
solar heat gain. This represents a significant shift towards ultra-low energy
consumption windows, addressing the demand for energy-efficient solutions in

buildings.

Overviewing the developments in the past century, it can be concluded that
energy-efficient window technologies have experienced three distinct stages from

thermal insulation to solar spectral regulation.

(1) Thermal insulation

A low U-value is always desirable for buildings in all seasons, to reduce both the
space cooling and heating load. Thermal insulation improvements, including vacuum
windows [6], aerogel |7, 8] and liquid filled windows [9-11], can effectively decrease
the U value of window to 1 W/(m?K). Further integrating the low-emissivity features
in multi-layered windows to insulate the long-wave thermal radiation heat transfer
would further decrease the U-value to be lower than 0.5 W/(m?K). Due to the superior
thermal insulation performance and mature production processes, the multi-layered
thermal insulation windows with low-e coatings have already been commercially
available, and they are widely sort after for cold regions with extremely low outdoor

temperature, to reduce the building space heating load [12].

(2) Solar regulation

For hot regions, since the main challenge is maintaining lower indoor temperatures,
the reduction on windows’ SHGC is generally given higher priority than decreasing
the U-value. For a south-facing window, the solar radiation transmitting windows can
easily exceed 600 W/m?, and its modulation in different seasons will significantly

affect the building energy use.

Spectrally selective glazing represents a key technological advancement for the
next-generation buildings as it allows for the regulation of the SHGC value while
maintaining the interior visual quality. Thus, related research works, including both

static and dynamic spectrally selective windows, have been reported extensively.
5



Static window achieves solar regulating through the inherent near-infrared (NIR)
reflecting or NIR absorbing properties (Figure 1.3) [13] of optical materials.
Commercially available low-e coating is a typical NIR reflecting technology that can
achieve high luminous transmittance and low SHGC simultaneously. The low-e
glazing made from Pilkington/Nippon Sheet Glass Co., Ltd. can ensure a lower SHGC
than 0.3 whilst maintaining a luminous transmittance above 0.5. However, it has been
found that the NIR-reflecting design has induced unexpected side-effects, such as
light pollution and high condensation risks [14]. NIR absorbing materials, including
transition metallic ions and nanoparticles, can overcome the shortcomings of low-e
coatings. lon-based glazing and nanoparticle-based glazing represent two
representative NIR absorbing material, and they have been demonstrated to have
lower solar transmittance than most of the low-e glazing. However, since the NIR
absorbing windows would passively reject solar energy in the whole year round, that

may negatively affect indoor thermal comfort in cold seasons.
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Figure 1.3 Schematic diagrams of the (a) NIR reflecting glazing, (b) NIR absorbing

glazing [13].

Dynamic windows, including thermochromic [15], electrochromic [16], photochromic
[17], and mechanochromic [18] glazings, can intelligently regulate indoor solar
irradiation via modulating windows’ optical properties, and the related smart window
technologies have been remarkably improved in the past decades, but there still exist
serious challenges that are related to the irreversible reactions, high cost, high haze
rates and narrow color gamut of the dynamic window devices. In addition, different
dynamic windows are subject to the inherent defects of chromic materials. To be

specific, VO»-based smart windows exhibit poor color rendering performance and



photo-biological effects in both hot and cold states [19]. Hydrogel-based windows
show undesired high haze rate and low luminous transmittance in hot state [20].
Chromic material-based electrochromic devices, such as the WOs- and V,0s- based
products are unable to provide full control of the visible band, resulting in a narrow
color gamut [21] and poor solar modulation ability. Currently, although great progress
has been achieved in smart windows, neither thermochromic nor electrochromic smart

windows are ready to be put into large-scale residential use in this stage.

1.4 Organization of the thesis

To improve the energy efficiency of building windows, this thesis addresses two core
scientific challenges: (1) decoupling light and heat in solar radiation, and (2)
achieving on-demand modulation of the windows’ optical properties. The thesis
consists of eight chapters dedicated to the research and development of spectral
regulation strategies in liquid-filled windows, aiming to advance window technologies

that combine high optical performance with effective solar radiation management.

Chapter 2 will provide a comprehensive review of the state-of-the-art developments
in spectrally selective window technologies, including NIR-reflecting, NIR-absorbing,
and optically tunable dynamic window systems. Following the literature review, the

research gaps, objectives, and methodology will be outlined in this chapter.

Chapter 3 will introduce a set of metrics for spectrally selective windows. Based on
these metrics, it will conduct an analysis of relevant data reported in the existing
literature to compare the light-heat decoupling characteristics of current spectrally
selective materials. To achieve precise solar spectral regulation, the chapter will
further explore novel, stable, and high-performance materials beyond current systems.
It will discuss the design principles and strategies for optimizing their optical
properties, laying the foundation for the development of energy-efficient windows

with precise spectral regulation, as detailed in the following chapters.

Chapter 4 will design a static spectrally selective window based on the spectrally
selective material developed in Chapter 3. A mathematical model will be established

to analyze the window’s optical and thermal properties, and its accuracy will be
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validated through experimental testing. The model will subsequently be used to
evaluate the energy-saving performance of the triple-layered LFW under Hong

Kong’s climatic conditions.

Chapter 5 will further develop a thermal-responsive dynamic window based on the
thermodynamics of ammonia solution and the spectral regulation of the material
developed in Chapter 3. A cyclic test and durability demonstration will be conducted
to evaluate the feasibility of the new device. An outdoor experimental demonstration
of the new window will be performed using two hot chambers. Meanwhile, the
energy-saving potential of the new dynamic window will be assessed using building
simulation tools (EnergyPlus), and the results will demonstrate that the window will

be highly promising for building applications in both hot and cold regions.

Chapter 6 will introduce a novel actively switchable window for solar regulation in
buildings. Optical switching will be achieved through gravity-induced flow behavior
of the two immiscible liquids. The optical properties of the smart window will be
thoroughly characterized in this chapter. Outdoor validation experiments will be to
confirm its practical energy-saving potential. Additionally, energy consumption
simulations using meteorological data from various climate zones and cities will be
conducted to demonstrate the energy-saving performance of the bi-static window

under different climatic conditions.

Chapter 7 will further enhance the bi-static window developed in Chapter 6 by
incorporating a Janus structure, aiming to address the issue of secondary thermal
radiation from windows to indoor spaces and to improve sky radiative cooling
performance during summer. Material simulations and characterization will be
conducted for both the PDMS and AgNW layers. The optical performance of the
Janus bi-static window will be comprehensively analyzed, and key parameters will be
used to demonstrate its superior performance compared to state-of-the-art smart
window technologies. Experimental testing of the novel Janus bi-static window will

be carried out in Hong Kong to validate its real-world feasibility.

Finally, Chapter 8 will present the conclusions on the main findings and
contributions of this research. It will also outline the prospects and recommendations

for future work.



This work begins with the design of spectrally selective materials and systematically
builds an integrated multi-functional smart window system capable of dynamic
regulation across visible, near infrared, and mid-infrared bands. Through modeling
and field testing, the energy-saving performance of these windows will be thoroughly
evaluated across various climate zones. The findings may provide some technical

support for advancing green and sustainable development of buildings.



Chapter 2 Literature Review

Spectral regulation offers a promising pathway for enhancing windows’
energy-saving performance. This study focuses on the investigation of the spectral
regulation of spectrally selective windows. Before defining the specific research
scope of this work, a comprehensive literature review need to be conducted to analyze
the current state of relevant technologies, identify existing research gaps, and clarify
the objectives of this study. The structure of this chapter is organized as follows:
Section 2.1 presents a comprehensive review of current spectral regulation
technologies for windows, with a detailed examination of spectrally selective
reflecting technologies, spectrally selective absorbing technologies, and dynamic
smart window technologies. Section 2.2 provides a critical analysis of the existing
literature, to identify key research gaps. Based on these findings, Section 2.3 outlines
the specific research objectives and scope of this study. Finally, Section 2.4 outlines

the technical roadmap underpinning the research conducted in this study.

2.1 Development of spectral regulation technologies

In the past decades, spectrally selective windows, such as NIR reflecting windows,
NIR absorbing windows, and various dynamic smart windows, have been widely
studied, developed, and applied in different climatic conditions for building
energy-saving purposes. One major pathway of spectrally selective glazings to
achieve energy savings is through solar radiation control, either by NIR reflection or
absorption. This chapter provides a categorized review and analysis of spectral
regulation technologies based on their functional classifications. The discussion is
divided into three main sections: static spectrally selective reflection technologies
(section 2.1.1), static spectrally selective absorption technologies (section 2.1.2), and
dynamic spectral regulation technologies (section 2.1.3). Each section offers a
comprehensive review, covering the optical regulation mechanisms, spectral

selectivity performance, and current application status.

2.1.1 NIR reflecting glazings
Low-e glazing is a typical NIR reflecting technology for energy-efficient windows.
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Low-e coating is a fairly mature technique that has a history of more than 40 years [12,
22]. According to the production process, low-e coatings can be classified into two

categories: hard coatings and soft coatings.

2.1.1.1 Categories of low-e glazings

(1) Hard coating

The first engineering demonstration of low-e glazing was conducted in 1978, in
America by the Intergane. After that, the low-e coating technologies then occupied the
energy saving glasses market, and currently have commanded a market share of more
than 50%. Early stage (around 1980s) low-e glazings were predominantly based on
hard coatings, also known as pyrolytic or on-line coatings. These coatings involve
applying doped metal oxides, such as indium doped tin oxide (ITO) and fluorine
doped tin oxide (FTO) [23, 24], to the glazing surface, typically through a chemical
vapor deposition (CVD) process. Hard coatings offer good resistance to chemical and
mechanical wear compared to other types of materials. However, their performance in

terms of reflecting solar NIR energy and long-wave radiation is relatively inferior.

(2) Soft coating

Soft coatings, also known as metal-based multilayer coatings, are applied to hardened
glass surfaces. Typically, this involves high-rate magnetron sputtering, depositing
layers of at least one conductive metal with a thickness of approximately 10 nm.
Silver is the most commonly used metal due to its excellent optical properties,
particularly its high transmittance in the visible (VIS) spectrum. Copper and gold [25]
are also potential candidates, but they exhibit undesirable absorption of
short-wavelength light below 0.5 pm, which limits their effectiveness. In actual
application of the soft low-e coating, due to the poor weathering assessment of metal
layer, they are sandwiched between optically transparent dielectric layers, which can

be made of various metal oxides such as zinc, tin, bismuth, or titanium.

2.1.1.2 Application of low-e windows

Currently, the majority of commercial low-e glazing products are silver-based, with
11



over 90% of low-e glass on the market utilizing silver coatings. And the technical
reports have demonstrated that the triple-layered silver coating can decrease the

SHGC to 0.3 whilst maintaining a good luminous transmittance [12, 26].

However, silver possesses a high complex refractive index in the VIS spectrum,
leading to significant visible reflectance. To address this issue, additional
high-refractive-index buffer layers are typically deposited above the silver layer to
reduce visible reflectivity [28], which substantially increases manufacturing costs.
Furthermore, due to the high chemical reactivity of elemental silver, it is susceptible
to oxidation and degradation, thereby requiring protective layers to prevent corrosion
and enhance durability [27]. Additionally, the coated layers often exhibit insufficient
mechanical strength and poor scratch resistance, limiting their application primarily to
the cavity-facing surfaces of multi-pane glazing systems. In addition, it should be
noted that most low-e coatings may have a strong solar NIR reflection (about 50%),
which is not beneficial to winter situations [29]. It has been also found that the
reflected solar heat may contribute to urban heat island effects [30, 31] and the
reflective heat-induced degradation of surrounding building structures [32].
Additionally, the low-e windows have been also associated with relatively higher

condensation risks, especially in the single-pane sector [14].
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Figure 2.1 Optical properties of a silver-based low emissivity glazing [27]
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2.1.2 NIR absorbing glazings

NIR absorbing glazings selectively absorb the NIR through photo-thermal conversion
of optical materials, such as the transition metallic ions [33], and
nanoparticles/composites [34-37], can overcome some shortcomings of low-e
glazings (i.e. condensation risks and VIS reflection). Well-designed multi-pane
structures combined with low-e coatings may manage the thermal emission flowing
directions of the absorbed free solar energy, depending on seasons [38]. Thus, there is
a high incentive to design the next generation of buildings with advanced NIR
absorbing glazings and innovative window structures, to rationally utilize the free
source of solar thermal energy. In the past decades, NIR absorbing glazing
technologies have experienced extreme growth, both in the development of new

theoretical models and the application of new techniques

2.1.2.1 Ton-based NIR absorbing glazings

Among the NIR absorbing glazings, ion-based NIR absorbing glazing is a technique
that has been manufactured on an industrialized scale. The spectrally selective feature
of ion-based glazing is built upon transition metallic ions and VIA (representing S, Se,
and Te) ions [13]. Figure 2.2 clarifies the commonly used elements. Among them, the
transition metallic ions are most extensively employed because their spectrum

absorption matches the solar power of VIS and NIR bands.
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Figure 2.2 Typical glazing dopants in the periodic table
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(1) Fundamental physics of spectral regulation

The light absorption of ion-based spectrally selective glazing is caused by the d-d
electrons transition of transition metallic ions, and the fundamental physics was
explained by Bates [39] and Kumar [40] in 1959, using the Ligand Field Theory. For
transition metallic ions, the light absorption is caused by the d-d electrons transition of
transition metallic ions. There are five degenerate d orbitals, three lie in-between the
axes, and are denoted as dyy, dx;, dy;, the other two lies in the axes and are denoted as
d> and dxz2,2, as illustrated in Figure 2.3 (a). In glazing medium, the transition
metallic ions exist as octahedral complexes or tetrahedral complexes. When the ions
exist in the octahedral complexes, six O* occupied the vertex of the x, y, and z axes,
destabilizing the d2 and dx2.,2 more than the dyy, dx;, dy; orbitals. Then the energy level
of d;» and d.2.y2 would be higher than d.y, d.;, d,; orbitals, and the energy difference is
denoted as A,, as depicted in Figure 2.3 (b). While if the metallic ions form
tetrahedral complexes, the charge force of O* destabilizes the dy, dx;, dy; orbitals

more than the d;2 and d...,> orbitals, cause splitting energy of 4.

(2) Optical regulation strategies

Overviewing the fundamental research conducted on the optical properties of ions, it
can be concluded that the optical regulations are achieved from three aspects:

materials, ions’ valence state, and the structure of the ligands.

Ions’ materials: Theoretically, the splitting energy of the metallic ions increases
going from 3d to 4d to 5d transition metallic elements. The transition metal ions in the
third period of the periodic table have the lowest A, that matches the typical solar
power in the VIS and NIR band, thus they drew the most attention in energy-saving
glazing [13]. The lanthanide metals have the splitting energy responsible for UV and
blue light but are incompetent in NIR absorbing, thus they are rarely used in buildings.
Figure 2.3 (c¢) to (h) depict absorption performances of six kinds of representative
transition metallic ions. Contrastively, iron ions are most promising for energy-saving
applications, for their expanded and broadened absorption in the NIR band, but with

few influences on VIS.
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Valence states: A higher valence state of ions would result in higher splitting energy

and thus shift absorption towards the UV band [41-43]. The valence states of metallic

ions can be controlled by modifying the oxidizing or reducing atmosphere during the

glass formation process. Introducing an oxidizing atmosphere in the formation of float

glazing would convert Fe** to Fe', thus shifting the absorption from the NIR to the

UV band, resulting in less NIR absorbing performance and exhibiting yellow or green

color. The Ti** exhibits absorption in the blue light band, while Ti*" is in the UV band.

Introducing the reducing atmosphere into a titanium-doped glass would increase the

proportion of Ti**, converting the clear glass into yellow color.
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Structure of ligands: The splitting energy of different structured ligands is different.
As predicted by the point of charge model, in the tetrahedral complex, the splitting
energy equals 4/9 of that in the octahedral complex. Controlling the component of the
glass medium can regulate the structure of ligands. For example, using phosphate
glass as a host medium, the tetrahedral complexes of Co?" would partly be converted
into octahedral complexes, thus causing the blue shift of the absorption peak [44]. In
addition, it should be noted that in some special glass mediums, the tetrahedral or
octahedral complexes may be distorted by asymmetrical electronic power and then
will further be split into several energy levels [45]. For example, in silicate glazing,
square distortion of the octahedral complexes of [VOg], leads to three absorption
peaks corresponding to bz to a1, bz to b1, and b; to e transition, as shown in Figure 2.3

(d) [46].

(3) Categories and performance assessment

Overviewing the literatureS and patents published in the past decades [51-54],
ion-based glazing, according to whether it contains iron, can be divided into two
categories: (1) iron ions-based glass and (2) other ions-based glass. Iron ions have
historically been employed as dopants in the energy-saving window because of their
outstanding UV and NIR absorption. Other ions-based nonferrous glazing is generally

used for aesthetic decoration, as they don't have much response to solar NIR.

Iron ions doped glazing: Fe’" has strong absorption in the UV band, and partly
absorbs the blue light, showing the glazings with blue or yellow color. Fe?* has
smaller A, and A than Fe**, which corresponds to ~ 1000 nm and ~ 2000 nm
respectively. Improving the Fe?* to Fe’' ratio can significantly improve the NIR
absorption of ferrous glass. To improve the Fe?" to Fe** ratio, Fu et al [54] introduced
the reductive silicon powder, with a 1:3 molar ratio of Si/Fe*" into the iron-doped
fluorophosphates glass. Figure 2.4 (a) depicts the spectral transmittance of their
tested samples. As listed in Table 1, the iron-doped glass fabricated by Fu et al [54]
can reject over 50% of the solar NIR while maintaining a luminous transmittance
above 70%. In this regard, the iron ion doped glass is highly promising to be used in
hot zones for light/heat decoupling. Besides Fe*", other transition metallic ions, such

as titanium, cesium, chromium, tin, and iron co-doped glazings can further broaden
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the absorption in the UV and NIR band. Figure 2.4 (b) shows the spectral
transmittance of the best-recorded cases of the Fe*" and other ions co-doped glazings.
As seen, the spectral transmission bands are further narrowed to the VIS band,
demonstrating that the Fe*" and other ions co-doped glazings have better light/heat
decoupling ability.

The doping of VIA ions, such as selenium ions, will absorb the VIS, thus darkening
the glazing. Selenium mainly exists as Se., SeOs?" and SeO4* in the glass. SeOs* and
SeO4> are high transparency, while Se, can cause three absorption peaks. The first

one located in the UV band, is caused by the Se; dimer, and the second one at ~500

nm, is assigned to the Se* dimer, and the last one is in the red light and NIR band and
is attributed to the Se* trimer [55]. The iron and selenium co-doping can significantly
reduce the VIS transmittance, and change the color of glazing [56]. To enrich the
color of the Se-doped glazings, selenium is usually co-doped with the cobalt ions in
actual products. Cobalt, normally existing as Co*" in glass, has a strong VIS
absorption at about 650 nm, owing to the “4, to #T; electron transition in the
tetrahedral crystal field [57]. Thus, the Se, Co**, and co-doped glass can exhibit blue,

gray, amber, and bronze colors.

Other ions-based glass: Figure 2.4 (d) shows the spectral transmittance of the
nonferrous glazings. The typical dopants for aesthetic decoration include copper,
chromium, cobalt, selenium, neodymium, etc. The Cu?** doped glazing adopted by
Central Glass, Inc. in Japan [51] shows extraordinary NIR response between 800 to
1100 nm, owing to the d-d electron transitions of Cu?*. The spectral transmittance of
the products is shown in Figure 2.4 (d). However, Cu** doped glazings are not
efficient in light/heat decoupling, since they cannot effectively absorb the NIR with a
larger wavelength than 1100 nm [50, 58]. In addition, Cu is unsuitable to co-doped
with irons, because Cu?" is usually doped in an oxidizing atmosphere to convert Cu*

into Cu?*, while the Fe?* glazing is usually formed in a reducing atmosphere.

Other transition metallic ions doped glazings also exhibit strong absorption in the VIS
band. For example, the ZnO, Sb,O;, and Nd>O; co-doped glass shows
multi-absorption peaks in the VIS band [51] and exhibits blue or blue-violet color.

Despite the colorful outlooks, however, the nonferrous glazings have little response to
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the UV or NIR band and are incompetent in light/heat decoupling.

@ 400 ®) 400 . ;
——0.1wt % Fe,0, 0.4 wt % Fe,O; in reducing atmosphere
S.\e. - = 02wt % Fe,0, § — — Fe, Ce, Ti, Cr co-doping [68]
g 80 —-—0.3wt% Fe,0, In phosphate glass g 80 Fe, S co-dopin.g [71]
s TR — 0.3 wt % Fe,0, s Fe, Sn co-doping [72]
b= . £
£ 60 £ 60
2 £
s S \ ;
= 40p Z 40 \ =
[ | [ \ - Y
k3 H & \
< ol 3
o 200 & 20
0560 1000 1500 2000 2500 0550 1000 1500 2000 2500
Wavelength (nm) Wavelength (nm)
© 400 (@ 400
:\? Fe doping (green) § W A - oy .
g 80 g 80 o : ¥
= = ! o i1 g
E £ ! { S ™
£ 60 E oeof il § |
0 I o Vo L 5
= c i N A Y
g fu 5 R y i
2 40 Z a0 ;i PN
g — - — Fe, Se co-doping (amber) g L e Y,
8 5 - + = Fe, Se, Co co-doping (bronze) 8 U '\‘
e 20 ., — - - Fe, Se, Co co-doping (dark bronze) Q 90 3 ". .
7] / - . - Fe, Se, Co co-doping (gray) n Jo-an Zn, Sb, Nd co-coloring(blue violet) {70]
Fe, Se, Co co-doping (green sky blue) i Cu doping (blue) [74] e
— - - Fe, Se, Co co-doping (sky blue) I-' —-- -Cudoping with 02 injection (blue) [74] "*~.._ _
800 400 500 600 700 800 900 1000 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 2.4 Spectral transmittance of (a) Fe?* doped fluorophosphates glazings [54];
(b) Iron ions and other ions co-doped glazings [53, 59, 60]; (c¢) Iron ions and Se
co-doped glazings [56]; (d) Other ions-based tinted glazings [51].

2.1.2.2 Nanoparticle-based spectrally selective glazings

(1) Fundamental physics of spectral regulation

Nanostructures possess flexibly regulated optical performance, offering an
opportunity for energy-saving windows to selectively absorb NIR and transmit VIS
[29]. From the fundamental perspective, localized surface plasmon resonance (LSPR)

is deemed as the major contributor to enhanced light absorption of nano-particles.

The LSPR of nanoparticles is essentially the energy propagation process between
incident light and plasmons. The incident light with similar frequencies to the surface
plasmons (SPs) will excite the nanoparticles’ SPs [61-63]. The excited SPs absorb the

photon energy from incident light through Landau damping, and then convert the
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photon energy into thermal energy within 1 ns [64-67], as illustrated in Figure 2.5 (c¢).
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Figure 2.5 (a) schematic illustration of the LSPR, (b) Electric field distributions
around an excited nanoparticle, and (c) schematic illustration of the photon energy

thermalization process.

(2) Categories

The frequencies of LSPR determine the optical properties of nanoparticles. When
used for energy-efficient glazings, nanoparticles with LSPR frequency matching the
typical solar power in the VIS and NIR band are competent. The nanomaterials used

in windows glazings include four categories:

1)  Metallic nanocomposites;
2)  iron-oxide nanoparticle-based films;

3) transparent conductive metallic oxide (TCO) nanoparticle-based films;
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4)  alkali-doped tungsten oxide (MxWO3) nanoparticle-based films.

(3) Optical regulation strategies

1) Metallic nanocomposites

The optical properties of noble metal-glazing nanocomposites can be regulated four
main aspects: Particle size, Particle geometry, Particle arrangement, and Host

medium.

Particle size: As shown in Figure 2.6 (a) and (b), for the metallic nanoparticles with
sufficiently small size (e.g. smaller than 8.5 nm), the absorption peaks decrease with
the decrease of particle size [68, 69] owing to the smaller particle size than the mean
free path length of the electrons. However, for the metallic particles with a larger
diameter (e.g. more than 20 nm), Zhang et al. [70] reported that the increased particle
size would result in smaller absorption peaks and a red shift of the absorption band (as
shown in Figure 2.6¢), which is considered to be caused by the larger specific surface
area of particles and the lower oscillation frequency of SPs [71, 72]. For spherical
nanoparticles with different sizes, the absorption peaks are tunable at 380 to 480 nm
for Ag nanocomposites [69, 70], at 500 to 550 nm for Au nanocomposites [68], and at
550 nm to 590 nm for Cu nanocomposites [73]. The particle size regulation may
enhance the VIS absorption, but cannot gift the spherical metallic nanoparticles-based

glazings with NIR absorption ability [74].

Host medium: Zhang et al. [70] concluded that the absorption peaks of Ag-based
nanocomposites increased linearly with the increase of the refractive index of the host
medium. For example, with the refractive index of the host medium increasing from 1
to 2, the absorption peaks of Ag nanoparticles moved from 360 nm to 510 nm, as
shown in Figure 2.6d. A similar conclusion has also been supported by Lee et al. [71].
However, for the transparent solid host medium, the refractive indexes are generally
fixed at about 1.5. The change of host medium is not a viable option for regulating the

optical performance of glazings.
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Figure 2.6 (a) Absorption spectrum of Au nanoparticles with a diameter of 12 nm in
silicate glazing [68]; (b) Absorption spectrum of Au nanoparticles of different
diameters [68]; (¢) Extinction factors of Ag nanoparticles of different diameters [70];

(d) Extinction factors of Ag nanoparticles in different host medium [70].

Particle arrangement: If the nanoparticles are closely connected, their surface EM
fields are spatially coupled, and this was demonstrated to enhance the surface
plasmon resonances |[75-78|, and thus change the optical properties. A rational
designation of arrangement may enhance and broaden the absorption of nanoparticles.
Guo et al. [78] designed films with worm-like assemblies of noble metallic
nanoparticles and can expand the absorption band to 500 to 900 nm, as shown in
Figure 2.7. However, it should be noted that the reported cases with designed
arrangements of metallic nanoparticles have little NIR absorption, thus they are
incompetent to replace the traditional Low-E glass or ion-based glazings for

energy-saving use.

Particle geometry: Non-spherical nanoparticles usually have multiple absorption
peaks, owing to different resonance frequencies of plasma on different surfaces

caused by the asymmetry of geometric structure. Among the non-spherical
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nanostructures, nanorods and nanoellipsoids are demonstrated to be highly promising
to be used in light/heat decoupling [79]. The nanorods or nanoellipsoids have two
absorption peaks, where one is caused by the transverse plasmon resonances, located
in the short wavelength range, and another one is induced by the longitudinal plasmon
resonances, locates in the long wavelength range [80], and can be linearly adjusted by
changing the aspect ratio [81]. Silver nanorods (AgNRs) [79] with a smaller diameter
than 30 nm and an aspect ratio between 3 to 10 are highly promising for making
energy-saving windows. With a thickness of 10 mm and mass concentration of 5 ppm,
the blended AgNR/PMMA nanocomposites were demonstrated to have a higher
luminous transmittance than 50%, whilst blocking the solar radiation by about 80%.
However, the fabrication of AgNRs remains an issue. The reported methods are
difficult to precisely control the particle size below 30 nm, and the length of the
AgNRs below 10. Long silver nanorods, known as silver nanowires (AgNWs), are
more widely used than short nanorods [83-85]. Although the LSPR of AgNWs arose
little NIR absorption, the densely interleaved AgNWs can scatter the NIR by light
interference [86]. Lin et al. [87] developed the AgNWs/polyvinyl butyral
(AgNWs/PVB) glass coatings to isolate infrared radiation heat transfer. Figure 2.8
exhibits the optical performance of the AgNWs-coated glass. As shown, the AgNWs
lowered the MIR emissivity by 30% than the clear glass, whilst maintaining the
luminous transmittance above 80%. In addition, AgNWs-based coatings can be
fabricated through the spray method, making them flexible to upgrade the existing

clear glazings.
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Figure 2.7 (a) TEM images and the corresponding electric field distributions of four
kinds of worm-like assemblies of metal nanoparticles [78]; (b) Normalized

absorbance of these four samples [78].
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Figure 2.8 (a) spectral transmittance in the visible band; (b) spectral reflectance of

the Mid-infrared band [87].

Orientation of particles: The oriented nanorods (nanoellipsoids) can be formed by
stretching glass nanocomposites, mainly through two approaches: force stretching [88]
and high temperature stretching [89, 90]. These two techniques can precisely control
the aspect ratio of the nanorods or nanoellipsoids, gifting the glazings with
controllable optical polarization properties. The glazings made of oriented nanorods
(nanoellipsoids) nanocomposites have been widely used in the field of optics.
However, they have yet to be used for architectural windows, a major reason is their

unstable color appearance changes with the incident light angles.

2) Iron-oxide nanocomposites

Fe304 is a typical magnetic material, and Fe3O4 nanoparticles display paramagnetic
properties. To match the solar radiation of the VIS and NIR band, the optical

absorption of Fe3O4-based nanocomposite is primarily adjusted by two approaches:

Magnetic field to control the particle orientation: The external magnetic field
forces the disordered FesOs nanoparticles into an ordered configuration, allowing
them to be used in the dynamic modulation of solar radiation [91, 92]. Li et al. [92]
reported the 1D Fe3O0s4@SiO2 nanochains and demonstrated that the light
transmittance could be dynamically changed from 20% to 80% by a magnetic field of
50-100 Oe, as seen in Figure 2.9. The modulation ability of the Fe;O4@SiO:

nanochains makes them appealing for smart windows. However, because the

23



Fe304@Si10:2 nanochains have low blue light transmittance and appear yellow or red
color, they cannot provide effective color rendering performance for residential

buildings.
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Figure 2.9 Spectral transmittance of the Fe304@Si02 nanochains [92].

As seen in Figure 2.10 (a), Fe3sO4 nanoparticles can absorb some VIS, but exhibit no
NIR absorption [29]. The core-shell structure of Fe;04@Cuz«S can extend the LSPR
to the NIR band, enabling the NIR absorption with a wavelength greater than 800 nm.
Wang et al. [36, 38] designed and tested the optical transmittance of Fe3O4@Cu2«S
coated glass, as shown in Figure 2.10b and c. Their findings indicated that
Fe;04@CuxS coatings have a moderate ability of light/heat decoupling and provide

good color rendering capability.
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Figure 2.10 (a) Spectral absorption of the Fe304@Cu2«S nanocomposite films [29],
(b) schematic of the Fe3;O4@Cu2xS coated glass, (c) spectral absorption of
Fe;04@CuxxS coated glazings [36, 38].

3) Transparent Conductive Oxide (TCO) nanocomposites

The LSPR of TCO nanoparticles matches the solar spectrum between 1500 and 2500
nm and thus can potentially be used for energy-efficient glazings. The mainstream
TCO materials include In203, ZnO, and SnO>, as well as their alloy mixtures [93].
Among these TCO nanomaterials, ATO is the most promising in energy-saving use,

due to its outstanding NIR absorbing performance and its low fabrication cost.

The optical properties of ATO nanoparticles can be regulated from two aspects: (I) to
enhance the NIR absorption caused by LSPR, and (II) to avoid the VIS absorption
caused by the electronic transition in the band gap [94, 95]. The detailed optical
properties of ATO nanoparticles may be affected by:

Doping level of Sb: Pure SnO> lacks free carriers and shows poor NIR absorbing
performance. They would partly absorb the VIS due to the electronic transition in the
band gap [96]. When doping Sb elements into the SnO,, on the one hand, the Sb**
replaces the Sn*" in the lattice, forming donor energy level, and contributing a free
carrier (electron) to the conduction band, and the LSPR of the free carriers gifts the
ATO nanoparticles with the NIR absorption. On the other hand, Sb*>* doping would
widen the band gap, shifting the absorption from VIS to the UV band. However, it
should be noted that the excessive doping of Sb would introduce Sb**, which would
replace the Sn*" to form the acceptor levels, canceling the function of Sb>*. Therefore,
there is a critical doping level of Sb that maximizes the function of ATO. Rahal et al.
[94] reported a critical doping level of 0.8wt%, as shown in Figure 2.11a. While, in
an oxidizing atmosphere, the Sb*" would partly be converted into Sb>*, then there
would be a higher critical doping level of Sb [97-99]. For example, Giirakar et al [99]
reported a critical doping level of Sb of ~ 4wt%, as shown in Figure 2.11b.

Generally, for Sb exposed to air, the Sb doping level of 7% to 13% is demonstrated to
be the most feasible [100, 101].
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Annealing: The increase in annealing temperature is beneficial for Sb>" to replace
Sn*" [95, 102]. Leem et al [95] studied the optical performance of ATO films after 30
minutes of annealing, at the temperature of 300°C to 700°C, and demonstrated that the
increased annealing temperature improved the VIS transmittance, as shown in Figure
2.11 (d). Such a phenomenon was attributed to the broadened bandgap caused by Sb>*.
However, when the annealing temperature exceeds 1000°C, Shen et al. [96] reported
that the increase in annealing temperature will reduce the content of Sb>*, and
decrease the NIR absorbing ability of ATO nanoparticles. The color of ATO particles
at the annealing temperatures of 600°C, 800°C, 1000°C, and 1100°C are shown in
Figure 2.11 (c¢).

Co-doping: Sole ATO-based composite films absorb the NIR between 1500 nm to
2500 nm [103-106]. Co-doped other NIR absorbing materials, such as ITO and YTO
[107-111], can broaden the NIR absorption band, increasing the light/heat decoupling
ability.
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Figure 2.11 (a) Spectral transmittance of Sb (0—1 wt.%) doped SnO; films [94]; (b)
Spectral transmittance plot of Sb (04 wt.%) doped SnO: films [99]; (c¢) The color of
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ATO powder annealed at different temperature (i: before annealing, ii: 600°C, iii:
800°C, iv: 1000°C, v: 1100°C) [96]; (d) Spectral transmittance of ATO films after

annealing 30 min at different temperatures [95].

4) MxWQO3 nanocomposites

WOs has little response to VIS or NIR. Doping alkali metal ions, such as Li*, Na*, K",
and Cs*, provides the WO3 with NIR absorbing ability from two approaches: (I)
generating free carriers for LSPR to enable the absorption between 1100 to 2500 nm
[112-115] (Figure 2.12 a); and (II) reducing W®" to W>" for the small polarons
hopping to enable the absorption between 700 nm to 1100 nm [112, 114, 115] (Figure
2.12 b);

(a) 1100 to 2500 nm (b) 700 to 1100 nm

Electric
field

Figure 2.12 Schematic illustration of (a) LSPR of the free carriers, (b) small polarons
hopping between the W and W>* [112].

The optical properties of the MyWO; are determined by the LSPR and the small
polarons hopping between the W% and W>* and can be affected by the materials of

alkali dopants and co-doping of other materials.

Material of alkali dopants: Yang et al [116, 117] fabricated the M,WOs-silicate
glass nanocomposites by a melt-quenching method. Figure 2.13 (a) exhibits their
optical performance. As seen, KxWO3-silicate glass does not show NIR absorbing
ability. Li,WOs-silicate glass has the strongest NIR absorption but sacrifices too much
VIS transmittance. Na,WOs-silicate glass is the most pragmatic, as it enabled

luminous transmittance of 63.8% and only a transmittance of 7% at 1500 nm. Guo et
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al. [118] synthesized the (NH4),WOs nanorods and made the NIR absorbing
composites films based on the (NH4)xWO3 nanorods. As seen in Figure 2.13 (b),
NH#* doping ensured more luminous transmittance and absorbed more NIR than Na*
or Li*. Yao et al. [119] fabricated hexagonal Cs,WO3 nanoparticles with different Cs
doping levels, and reported their optical performance, as shown in Figure 2.13 (c).
Comparing Figure 2.13 (a), (b), and (c), it could be concluded that the Cso.33WO3

nanoparticles are the most promising among the M,WOs.

Co-doping: Co-doping other materials can increase the free carrier concentration of
LSPR, or affect the small polaron hopping between the W and W>*. Shen et al. [115]
doped fluorine into CsyWO;3 nanoparticles to increase the free carrier concentration,
and enhanced the absorption of NIR within the range from 1500 nm to 2500 nm, as
shown in Figure 2.13 (d). Zhang et al. [112] prepared Li, Cs co-doped tungsten
bronze, and demonstrated that Li, Cs co-doping can increase W>* content and the free
carriers’ concentration, thus improving the NIR absorbing ability. Liu et al. [120]
doped Pt in Cs;WOs3 to promote oxygen vacancies and W>" generation, and

demonstrated a higher NIR absorbing ability, as shown in Figure 2.13 (f).
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Figure 2.13 Spectral transmittance of (a) alkali metal tungsten bronze-doped silicate
glazings [116, 117]; (b) films containing different densities of (NH4),WO3 nanorods
[118]; (c) toluene dispersions of CsyWOj3 nanoparticles with different Cs doping
levels [119]; (d) films containing F-doped Cs:WO;3 nanoparticles with different F/W
molar ratios (0.2, 0.4, 0.6 and 0.8) [115]; (e) films containing Li doped Cs:WOs
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nanoparticles [112]; (f) films containing Pt doped Cs,WO; with different Pt/W molar
ratio (0.004, 0.006, 0.01, 0.02) [120].

(4) Application assessment

1) Metallic nanocomposites

Spherical metallic nanocomposites exhibit enhanced photon absorption in the visible
(VIS) band; however, such glass composites are ineffective in absorbing near-infrared
(NIR) radiation. In contrast, metallic nanorods or nanoellipsoids with optimized
aspect ratios can efficiently absorb NIR while maintaining high luminous
transmittance, making them highly promising candidates for energy-efficient glazing
applications. Nevertheless, achieving low-cost and high-precision fabrication with
precise geometric control over nanoparticle morphology remains a significant

challenge [13].

2) Iron-oxide nanocomposites

Fe30s nanocomposites show rich magnetic and optical behaviors, making them
popular in photothermal therapy [121, 122], solar energy harvesting [123, 124], and
optical switchable smart windows [91, 92]. On the other hand, the Fe3;Os—based
nanocomposite films were demonstrated to have unique phenomena of heat
dissipation, as revealed by Wang et al. [36] (Figure 2.14). Such semi-directional heat
dissipation of the Fe3sOs—based nanocomposite film can be desirable for buildings, as

it can be used to strengthen the solar heat gain controls in different seasons [36, 38].
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Figure 2.14 (a) Schematic of the platform to test the photothermal effects of
Fe304@Cuz.xS—coated glass; (b) tested and predicted temperature rises of the
Fe;04@Cuz..S—coated glass [36].

3) Transparent Conductive Oxide (TCO) nanoparticle-based films

ATO has a low-manufacturing cost and is expedient to form films by adding the ATO
particles or ATO nanoslurry into aqueous resin to form nanocomposites [96, 103].
Besides, an obvious advantage of ATO-based nanocomposites is that ATO
nanoparticles can withstand long-lasting weathering evaluation in an oxidation and

humid environment [103].

4) M:WOs nanoparticle-based films

M;WO3 combines LSPR and small polarons hopping mechanisms for NIR absorption,
thereby exhibiting strong light/heat decoupling capabilities. However, its commercial
application remains limited due to poor weathering resistance [114, 125, 126], as the

oxidizing atmosphere easily converts the W>* to W¢*.,

2.1.3 Dynamic spectrally selective windows

Well-regulated solar radiation heat transfer could lower the buildings space cooling in
summer and space heating loads in winter. In this regard, chromic-based materials,
including electrochromic, thermochromic, photochromic, and mechanochromic
materials, have been applied in windows. According to whether need external energy
input or not, dynamic smart windows can be categorized into passive smart windows

and active smart windows.

2.1.3.1 Passive smart windows

Passive smart window, include the photochromic [128], humidity-responsive smart
windows [129], thermochromic (TC) [129-131], are desired in a variety of
applications because they can be self-powered to trigger the color change, however,
their performance are limited by the spectrally selective features of the dynamic

materials. Among the passive smart window technologies, TC is the most desirable
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transparency switching trigger way, because it can change the optical properties in
response to temperature change. VO» was considered to be the most promising
material for the phase-change TC smart window, which can selectively regulate the
NIR transmittance at a critical transition temperature of 68°C [15, 132]. VO, exhibits
a distinct thermochromic behavior due to a reversible metal-insulator transition that
occurs at approximately 68°C (341 K) [133, 134]. Below this critical temperature,
VO; is in a monoclinic (M1) crystal structure and behaves as a semiconductor,
characterized by low electrical conductivity and high transmittance in the infrared (IR)
region. In this phase, vanadium atoms form paired chains (V-V dimers), which open
an electronic bandgap and limit the movement of charge carriers. As the temperature
increases beyond the transition point, VO, undergoes a structural transformation to a
tetragonal rutile-type metallic phase. In this high-temperature phase, the V-V dimers
break, the crystal lattice becomes more symmetric, and electrons become delocalized,
resulting in a sharp increase in electrical conductivity and a significant reduction in IR
transmittance due to free-carrier absorption [135]. This abrupt and reversible change
in both optical and electronic properties is the underlying mechanism of VO:’s
thermochromism. Such properties make VO; highly attractive for applications in
smart windows. However, three inherent limitations are inevitable for VOa-based
smart windows, which hinders them from their commercial application: (1) A
metal-to-insulator transition temperature at 68°C is not suitable for building
applications, otherwise, auxiliary heating agents or modifying dopants are required to
trigger the NIR shielding property [136, 137]; (2) the visible transmittance and solar
regulation capacity are inferior. Single layered VO. films generally have lower than
20% solar modulation ability (ATse) [138, 139], and the improved AT, always comes
with a penalty on the luminous transmittance (7ium). Although some improvements in
AT;o and Tium has been achieved by elements doping [139-145], multi-layered [146],
and nanoporous structural design [147-149]. It is still challenging for VO: based
smart windows to have a AT above 25% whilst maintaining a Tium at 50%; and (3)
the VO» films almost filtered the blue light with wavelength smaller than 500 nm
(Figure 2.15), both in cold and hot state, which means it would have a poor color
rendering performance [19], and improper photo-biological effects [150]. In a healthy
lighting environment, enough exposure to blue light around 480 nm (which is also

called the melanopic light) in the early parts of the day is desired, which is closely
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associated with the suppression of melatonin secretion [148, 151]. In this regard, the
application of VO3 based smart windows may disturb the circadian rthythm and affect

people’s mood, creating unhealthy photo-biological effects.

Another type of thermochromic window: hydrogel smart window, can overcome the
above three shortcomings [152-154]. However, due to the high haze and low
luminous transmittance in hot state, hydrogel smart window could be undesirable for
some building applications. Thus, it is still a challenge to further enhance the solar

modulation ability, luminous transmittance and reduce the haze rate on TC windows.
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Figure 2.15 (a) A sample of VOx-based window [134], (b) spectral transmittance of
VO2 film in the semiconductor state and metal state [134]; (c¢) schematic
representation of hydrogel-based smart window [154], (d) spectral transmittances of

the hydrogel-based smart window [154].

2.1.3.2 Active smart windows

Active smart window, include magnetochromic and mechanochromic [155],

electrochromic (EC) [156], liquid crystals [157] and suspended particle devices [158]
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achieve optical regulation by external stimulus, they are more controllable and more
commercially available. Chromic material-based EC devices, especially the WOs- and
V70s- [159] based products, are reliable and flexible techniques that have been
commercialized. However, EC devices are primarily developed to regulate visible
light; their solar NIR tenability is usually inferior. In addition, the EC windows are
unable to provide full control of the visible band, resulting in a narrow color gamut

[21].

2.1.3.3 Application and performance assessments

Table 2-1 and Figure 2.16 summarized the performance of typical smart window
technologies. These smart window technologies either suffer from inferior solar
modulation ability or showcase high scattering behaviors that are undesirable for
building applications. Currently, although great progress has been achieved in smart
windows, neither TC nor EC smart windows are ready to be put into large-scale
residential use in this stage. For the large-scale real-life application, it is essential to
develop a new type of smart windows to settle the irreversible switching, high cost,

narrow color gamut, poor luminous level and low solar modulation ability.

100 100
Scattering (high haze) No scattering (low haze)
AEMA film Lietat 2019 ! H‘ . | Electrochromic (EC) !
@ Ph my Zhou et al. 2014 ERoge (D) WO, turmastal 2025
dr Zhang et al. 2023
80} 80 @ wo,,

Nl e juid el e 2 @ WO,-based plamochromic®o & 2 2021

> y A Lietal. 2023 =1 @ WO,-NbO, nanocomposite/ ¢ ¢ 2075 PC ’

4 HPC-PAA Ziars ot sl 2022 ® WO,-NbO, nanocomposite® ' 209 ' (3
g2z ECIMydrogel ™ ' P> Gu-W Photochromic (PG)"en ¢tk 2023

60 AN 60|,

EC

—_ —_
o o
£ v L o stamtoyerea vz o
= = -+ o Zha0 et al. 2023,2020
|__8 K> Hybrid VO,/Hydrogel Z#ou <t al. 2015 ,_.8 . Yy naripcompsiay, et an ®
<] & Hybrid EC/hydrogel 2hang ¢t al 2023 & < Liu et al. 2018 @ @
40 ‘ & 40 L et al. 2018 ; ; ®
Dashe et al. 2022
Chen et al. 2011
. VOZI Hyd rogel Chen et al. 2011
‘ spp) Mesfoub et al. 2022
SPD Zhan et al. 2020$
[ | <& Doped VO, VO
20 20 O Zn doped/fang etal. 2021 3 2 Ay
| PDLC i . Zou etal. 2021 g ;
@ Si doped &) @ @
; e Zr dopedShen etal. 2014 LS % &
o Ti dopedChen etal. 2013 &
t o 5 VO Zhao et al. 2021 g
0 0
0 20 40 60 80 100 0 20 40 60 80 100
0,
Tium (%) Tium

Figure 2.16 Performance comparison of the state-of-the-art dynamic windows
33



Table 2-1 Categories, materials, luminous transmittance and solar modulation ability

of the thermochromic (TC) and electrochromic (EC) smart windows

. . . Tum (%) AT
Categories 7C materials (EC materials) Ref
Bleached Opaque (%)
78 77 5.9 Wang et al. 2015
Signal layer VO2 42.6 39.7 15.5 .
Xiang et al. 2022
56.4 55.6 12.2
Si-Al/VO; 46.3 41.4 18.9 .
Liu et al. 2018
Multi- TEOS/VO, 52.7 48.7 16.4
layered ~ VO2(55nm)/TiO2(140nm)  50.6 52.1 7.2
. Chen et al. 2011
VO2 VO2(55nm)/Ti02(420nm) 58 53.9 10.9
VO,-based VO2(90nm)/SiO2(85nm) 70.1 66.2 11.6 Liu et al. 2020
TC Zn doped VO, 47.2 51.92 12.1 Kang et al. 2021
windows Si doped VO2 54.7 13.9 Zou et al. 2021
Zr doped VO, 60.4 14 Shen et al. 2014
Ti doped VO, 53 17.2 Chen et al. 2013
52.9 37.3 257  Zhao et al. 2023
63.7 54.4 12 _
Liu et al. 2014
VO,-based nanocomposites 43.3 39.9 14.1
~50 ~50 17 Zhao et al. 2020
~70 ~60 20 Zhao et al. 2020
89.1 0.6 73.9  Zhouetal 2013
Hydrogel-b 91.8 73.7 73.7  Zhang et al. 2022
ased TC 87.2 0.5 81.6 Lietal 2019
window 90.2 39 421
Zhou et al. 2020
90.9 1.26 68.1
: 86.8 61.8 25
VOa/hydrogel hybrid products Zhou et al. 2015
82.1 43.2 38.9
Huang et al
WOs., nanoflowers 69.7 41.7 43.6
2023
EC window  WO,-based plasmochromic 79 70 Cots et al. 2021
Ta-doped TiO2 nanocrystals 93.4 43 80 Cao et al 2019
WO3.,-NbO, nanocomposite 93 22 78 Kin et al. 2015
thermochromic 78.5 223 424
H* doped .
electrochromic 78.5 16.3 49.3
hydrogel-W
EC/TC thermo-/electro-
03 ) 78.5 4 57.2
dual-respon dual-chromic
) . Zhang et al. 2023
sive ) thermochromic 75.9 12 46.5
. Li*  doped .
windows electrochromic 75.9 22.1 443
hydrogel-W
thermo-/electro-
0Os . 75.9 4.1 54.9
dual-chromic
PC Cu-W-PC 91 18 73 Meng et al. 2023
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2.2 Research gaps

Spectrally selective windows offer an intelligent solution for achieving high visible
transmittance and desirable levels of solar heat gain coefficient (SHGC). Over the
past decades, significant progress has been achieved in the development of spectrally
selective windows, including both static and dynamic windows. Despite these
advancements, achieving precise solar spectral regulation and creating comfortable,
healthy indoor lighting environments remain ongoing challenges. Extensive research
efforts have focused on various aspects of this field, including the design of
high-performance spectrally selective materials, improvements in glazing
technologies, and the integration of these innovations into building applications.

Nevertheless, several critical research gaps persist, including the following:

(1) Current spectrally selective materials for solar regulation typically rely on
transition metal ions or plasmonic nanoparticles. However, transition metal ion-based
materials often exhibit narrow and weak absorption bands, while plasmonic
nanoparticles, whether applied as surface coatings or nanofluids between glazing
layers, face significant stability issues. Thin-film coatings suffer from poor weather
resistance and may degrade over time, while nanofluids are prone to particle
agglomeration. Moreover, both material types generally fail to achieve a light-to-solar
gain ratio (LSG) above 2.0. Therefore, the development of new spectrally selective
materials with enhanced weather resistance, structural stability, and precise spectral

control is crucial.

(2) For static windows, various computational models have been developed to
analyze light and heat transfer. However, most existing models do not differentiate
between direct and diffuse solar radiation when simulating annual energy
performance. They also fail to consider the effects of solar incidence angle on
reflectivity, as well as changes in the solar spectral power distribution under different
atmospheric conditions and solar altitudes. As a result, these models lack the precision
required for accurate performance prediction. Therefore, it is essential to develop a
more accurate light and heat transfer model, particularly for spectrally selective

windows, to better assess their energy-saving potential.
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(3) For passive dynamic windows, thermochromism is considered one of the most
promising approaches for transparency switching. However, current VO:-based
thermochromic windows face several critical limitations. Firstly, VO, exhibits low
transmittance in the short-wavelength visible region, resulting in a narrow color
gamut and potential visual discomfort. Secondly, it remains challenging to
simultaneously achieve high photopic luminous transmittance (7wm) and effective
solar modulation (475.). Alternatively, hydrogel-based thermo-responsive windows
offer high transparency in the cold state and excellent solar modulation, with A4 Tse
values exceeding 70%. Nevertheless, their switching mechanism relies on light
scattering, which leads to high haze and poor luminous transmittance in the opaque
state. Therefore, to enable the practical adoption of thermochromic windows in
buildings, key issues such as limited modulation capability and high haze must be

addressed.

(4) For active dynamic windows, functionality relies on external stimuli such as
electric fields, magnetic fields, or mechanical forces. However, several critical
limitations persist. Electrochromic technologies are primarily effective in modulating
visible light but offer limited tunability in the NIR region, which is crucial for thermal
regulation. Other active systems, such as PDLC and SPD, also face challenges
including irreversible switching, high haze, and limited luminous transmittance.
Consequently, despite their controllability, current active dynamic windows still fall
short in achieving the comprehensive performance required for scalable residential
deployment. Key challenges include enhancing solar modulation capability,
broadening spectral tunability, improving visual transparency, and ensuring long-term

stability.

(5) For next-generation smart windows, the ability to regulate emissivity in the MIR
region is essential for achieving seasonally adaptive thermal control and enhancing
building energy efficiency. However, current technologies struggle to achieve
simultaneous and effective modulation across a broad spectral range, particularly in
the NIR and MIR regions. Many existing systems compromise visible transmittance
and exhibit limited modulation performance. Therefore, there is a critical need to
develop smart window technologies that can maintain high visible transmittance while

offering strong and tunable control across both the NIR and MIR band.
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2.3 Research objectives and methodology

Based on the identified research gaps, this PhD thesis aims to address the following
objectives, with a particular focus on the integration of spectrally selective materials

into window systems.

(1) To fabricate optical materials with precise solar spectrum transmittance that

enable low SHGC, high luminous transmittance, and healthy photo-biological effects.

(2) To develop, validate, and implement an accurate model for the optical and

thermal transmission behavior of spectrally selective windows.

(3) To develop and validate a new thermo-responsive dynamic window with high
solar modulation ability, high luminous transmittance, rational color rendering index

(CRI), and feasible transparency switching temperature.

(4) To develop and validate an actively switchable window with high solar

modulation ability, high luminous transmittance, and rational color rendering index

(CRI).

(5) To develop and validate a solar-thermal dual regulation strategy to enable
window to achieve high luminous transmittance, effective solar modulation, and

strong emissivity tunability.

The flow chart of the research methodology to realize the above objectives is shown

in Figure 2.17.
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38



Chapter 3 Development of a new biomassed spectrally

selective material

The solar spectrum is a composite spectrum (Figure 3.1), in VIS and NIR are
inherently coupled. As sunlight passes through windows into indoor spaces, it delivers
both light and heat simultaneously. In hot climate regions, windows are expected to
transmit VIS light to meet daylighting needs while blocking NIR radiation to reduce
cooling loads. Against this backdrop, the development of spectrally selective
strategies that selectively block NIR while allowing VIS transmission has emerged as
a key approach for creating a comfortable indoor optical and thermal environment.
This study aims to regulate the optical transmittance of windows through the use of
spectrally selective materials. To explore and develop new optical materials with
precise solar spectral selectivity, this chapter first defines key metrics for quantifying
the performance of spectrally selective materials and window systems. It then presents
an in-depth analysis of the VIS/NIR decoupling performance of existing materials. To
further enhance this decoupling capability, the chapter investigates novel, stable, and
high-performance alternatives beyond current material systems. The design principles
and optical optimization strategies of these new materials are discussed in detail,
laying the foundation for the development of energy-efficient windows with precise

spectral regulation in the subsequent chapters.
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Figure 3.1 Spectral power distribution (SPD) of solar radiation at air mass 1.5
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3.1. Evaluation metrics for spectrally selective windows

From the building window application perspective, both thermal and optical behaviors
need to be taken into account because the window thermal performance may greatly
affect the overall heating and cooling energy use, and the window optical performance
may have impacts on the indoor visual comfort, electrical lighting use, and even user
health. Some studies have reported the related issues of spectrally selective windows,
including the visual discomfort and circadian luminous deficiency caused by the
incomplete solar spectral distribution of daylight [160-162]. Thus, when considering
the energy-saving application of spectrally selective windows, the rationality of the
spectral distribution of daylighting should be evaluated. To determine whether the
spectrally selective windows can ensure a rational spectral distribution for both
thermal and optical application purposes, we collected the representative data reported
in published studies, by the software package “Getdata”, and computed two key
metrics based on the spectral data to assess their energy-saving potential and visual

quality. The data reduction processes are detailed as follows.
(1) Solar transmittance of windows

The solar transmittance of the spectrally selective windows can be calculated by:

Ty, (A)dA
_ J;OO ( ) Solar( )

sol 2500 (3 -1 )
.[ q)solar (ﬁ)dﬂ’

300

where T, (dimensionless) is the solar radiation transmittance;
T (2) (dimensionless) is the radiation transmittance;

Dyotar (£) (W-m?2-nm™) is the spectral power distribution of solar radiation.
(2) Visible transmittance of windows

The visible light transmittance, also called luminous transmittance, is determined by
the spectral sensitivity of human visual cells, the spectral power distribution of solar
radiation, and the spectral transmittance of the window, it can be calculated by

calculated by:
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where  Twm (4) (dimensionless) is the photopic light transmittance of glazing;

Diotar (A) (W-m2-nm™) is the incident SPDs (AM1.5).
V(A) (dimensionless) is the luminous efficiency function (Figure 3.2) [163].

(3) Solar heat gain coefficient (SHGC)

The SHGC is defined as the ratio of solar heat that enters a building's interior to the
total solar radiation incident on the window or glazing system, it compromises of two
parts: (1) the directly transmitted portion of solar radiation, and (2) the fraction of
absorbed solar energy that is subsequently transferred into building interior. It can be

calculated by:

b
SHGC =T, +( Aspy — PCE)IR—l”1 (3-3)

sol

where  Tso (dimensionless) is the solar transmittance of the STPV window;
Astpy 1s the (dimensionless) is the solar absorptivity of the STPV window;
Rin (m?K/W) is the thermal resistance of heat transfer from PV glazing to the
building interior, which include the thermal resistance of the air gap and the
second glazing pane;
R, (m?*K/W) is the thermal resistance of heat transfer from PV glazing to

outdoor environment.

Since glazing has a good thermal conductivity of 1.3 W/(m"K), its conductive thermal
resistance can be neglected. In buildings, to avoid secondary heat gain caused by heat
transfer from the glass to the interior, spectrally selective glass is typically placed on

the exterior side.
(4) Light/heat decoupling ability

The LSG is a metric commonly used by the National Fenestration Rating Council
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(NFRC) and the U.S. Department of Energy, to evaluate the VIS/NIR decoupling

ability of windows. It is defined as:

T

lum

~ SHGC Sl

It should be noted that SHGC is an uncertain variable, as its value depends on both the
structural parameters of the window and the outdoor environmental conditions. Since
LSG is determined by SHGC, its specific value cannot be precisely defined. Therefore,
the Figure of Merit (FOM) [164], as defined in literature related to spectrally selective
glazing, is used here instead of LSG to evaluate the VIS/NIR decoupling ability of
spectrally selective materials. For single-pane window structures, since the absorbed
solar heat is easily dissipated, the value of FOM is approximately equal to the LSG.
When it comes to multi-pane window structures, the placement of the absorbing layer
and the combination with low-e coatings may complicate the heat dissipation

direction. FOM is defined and expressed as follows:

(3-5)

(5) Color rendering capacity

When sunlight transmits through the windows, it is supposed to cover the entire color
gamut. An incomplete VIS spectrum would result in unsaturated reflected light, which
would cause color distortion, is easy to cause visual fatigue [165], and may lead to
myopia [166, 167]. The Color Rendering Index (CRI) can be used to assess the
quality of the gamut relative to natural daylight. The required CRI for different

occasions are [168]:

® Above 90 for occasions with high visual requirements, such as galleries, painting

studios, healthcare facilities, and museums;

® Above 80 for traditional residential buildings, such as homes, restaurants, schools,

hotels, and office buildings.

Detailed calculation of CRI can be divided into four steps [169]:
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Step 1: determining the reference illuminant

The correlated color temperature (CCT) can be calculated using McCamy's

approximate formula [170], based on the incident spectral distribution:

X —-0.332 X —-0.332 X —-0.332

T =437(——————=)? I(————=)? —6861(——==)+5514 3-6
ce 3,7(0.1858—1/) +360 (0.1858—Y) (0.1858—Y)+ ( )
x=["P) x(1) dA
=[P x(D) (3-7)
(™ P2) w(A) dA
y=[ "P() y(A) (3-8)
(™ P(2) (1) dA
Z=| P z2) (3-9)

where X, ¥, and Z are the stimulus values of red, yellow, and blue primary colors.
P (4) represents the spectral intensity of light.
x(1), (A), z(A) represents the color matching function of red, green, and
blue, which were given by the CIE standard [171] (Figure 3.3).

In case the CCT is less than 5000 K, the Planckian radiator with the same CCT as the
incident light serves as the reference illuminant. Otherwise, the CIE daylight phase

with the same CCT is used as the reference illuminant.
Step 2: calculating the color appearance

The tristimulus values of the tested light source (Xi, Yi, Zi)r and the reference
illuminant (X, Yi, Zi)r can be calculated by Equations (3-12) to (3-14), according to
the spectral intensity. The chromaticity coordinates are then clarified as (ui, vi)r and
(ui, vi)r. Given the 14 reference illuminants, (ui, vi)r can be transformed into the
coordinates (uik, vik)t. And then the (uix, vix)t and (ui, vi)r can be converted into the
CIE1964 W*, U*, V* color space, which are expressed as (W*;, U*;, V*))r and (W*;,
U*;, V¥)r.

Step 3: calculating the color difference
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The color difference is denoted by AE;, which is defined as the Euclidean distance
between (W*;, U*;, V¥)r and (W*;, U*;, V¥))r.

Step 4: calculating the CRI

The color differences (AE;) are transformed into special CRI-s (Ri) by Equations
(3-15). In Equations (3-15), the multiplier, 4.6, was used to ensure a CRI of 50 for

the traditional warm white halophosphate fluorescent lamp.
Ri=100—-4.6AL. (3-10)

The average value of the fourteen non-saturated samples provides the general color

rendering index:

1 14
R, ZQZRI- (3-11)

In this study, these four processes for calculating the CRI were achieved in the

software package, “ColorCalculator” [172].
(6) Photo-biological effects

There are three primary types of photoreceptor cells in the human retina: rods, cones,
and intrinsically photosensitive retinal ganglion cells (ipRGCs) [151]. Unlike rods and
cones, which are responsible for image formation, ipRGCs do not contribute to visual
perception. Instead, they are highly sensitive to blue light and play a vital role in the
non-visual photobiological effects of light [173-175]. Through their regulation of the
circadian rhythm, biological clock, and melatonin secretion, ipRGCs have a
significant impact on sleep, mood, and overall health [176, 177]. To evaluate
non-visual lighting effects on the human body, several metrics have been developed.

Among them are:

Circadian Light (CLA) [178]:
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and the Melanopic to Photopic Ratio (M/P) [182, 183]:

. [1(2) 8,(2) di

LZ I(A) V(A) dA

»‘-37880 T(ﬂ') Smel (ﬂ') q)solar (ﬂ“) dﬁ‘

mel

St (4) @ (A) dA

380 solar

The melanopic transmittance (Tme) Were calculated by.

780
J.380 T(ﬂ) Slum/mel(ﬂ“) CD(Z) dA

lum/mel = 780

Slum/ mel (ﬂ’ ) (D(/I) dﬂ’

380

where  Sme (4) (dimensionless) is the action spectra of ipRGC (Figure 3.2);

(3-12)

(3-13)

(3-14)

(3-15)

(3-16)

(3-17)

Ss-cone (A), Stum-dark (4) (dimensionless) are the action spectra of photopic;

sensitivity of s-cone and rods respectively [163];

mp (A) (dimensionless) represents the macular pigment transmittance;

Constant values: ap-y=0.7000, aroa=3.3000, £=0.2616;
RodSat=6.5 W/m?;

SV (dimensionless) is the blue-yellow opponent signal.
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Figure 3.2 (a) Photopic/Melanopic spectral response functions; and (b) spectral

response functions of photoreceptor cells in the human eyes.
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3.2. Performance eveluation of current spectrally selective materials

Strategies for regulating the solar spectrum primarily include NIR reflection and NIR
absorption technologies. NIR reflection is typically achieved through coatings of
metals or TCOs, and this approach has been extensively developed and widely applied.
Therefore, this chapter focuses on a specific subset of NIR-absorbing technologies,

using the optical performance of NIR-reflecting glazing as a baseline for comparison.

As described in Chapter 2, spectrally selective windows are primarily derived from
two major categories of materials: transition metallic ions and plasmonic
nanoparticles. Currently, many researches have focused on spectrally selective
energy-saving window technologies based on these two material types. However,
most of these studies approach the topic from a materials science perspective,

emphasizing the intrinsic functional properties of the materials themselves. The
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reported data typically include material-level performance parameters, while
application-level indicators relevant to architectural glazing, as discussed in Section

3.1, are rarely addressed.

To bridge the gap between material properties and architectural applications, this
section compiles available optical data on spectrally selective materials from recent
literature worldwide. In cases where raw data were not provided, spectral
transmittance, absorptance, and reflectance curves were extracted using GetData
software. A comprehensive analysis was then performed to evaluate the materials'
thermal insulation performance and color rendering characteristics from an

architectural perspective.
3.2.1 Performance eveluation of ions-based glazings

Accroding the the NIR absorbing materials listed in Chapter 2.1.2.1, in this section,
four types of ion-doped glasses were collected based on the study by Fu et al. [54] and
several domestic and international patents: (1) glass doped with only iron ions, (2)
glass co-doped with iron ions and other transition metal ions, (3) glass co-doped with
iron ions and VIA ions, and (4) transition metal ion-doped glass without iron ions.
The spectral transmittance data of these glasses were analyzed using the data
processing method described in Chapter 3.1, and the results are presented in Tables

3-1 through 3-4.

According to the data reported by Fu et al. [S4] (Table 3-1), glazing doped solely with
iron ions (10 mm thickness) can achieve a NIR transmittance below 50% while
maintaining a visible light transmittance above 70% and a CRI exceeding 95,

resulting in a FOM close to 1.5.

In addition to iron ions, other transition metal ions also exhibit favorable absorption
characteristics in both the VIS and NIR region. The collected data further show that
co-doping with iron and zinc ions can increase the FOM to 1.83, while co-doping iron
ions with cesium, titanium, and chromium ions can raise the FOM to 1.89. However,
since many of these transition metallic ions have absorption within the VIS range,
co-doping multiple ions may lead to a significant reduction in the CRI. As shown in

Table 3-2, when the FOM of ions deped glazings exceeds 1.8, the CRI typically drops
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below 90. This limits its applicability in buildings where high color rendering is

essential, such as art museums and galleries.

In the case of selenium and iron ions co-doped glazing (Table 3-3), the visible
transmittance drops from 0.9 to 0.5, yet the CRI of the transmitted light remains above
90. For typical residential buildings, where the window-to-wall ratio is generally less
than 0.4, national standards often require visible light transmittance above 60%.

Therefore, the use of selenium-doped glass is somewhat limited in such applications.

As for transition-metal-doped glazings without iron ions, its effectiveness in NIR
shielding is relatively poor. Thus, its solar spectrum control performance is rarely
highlighted in literature, and the solar transmittance or FOM values are generally not

reported or calculated (Table 3-4).

Table 3-1 Detailed information of iron ion-based glazings

Dopants Thickness Color Tso Tum FOM  CRI Refs.

0.1wt% F203 doped in =~ 10 mm Green 0.707 0.903 1.279 97 Fu et al. [54]

reducing atmosphere

0.2wt% F203 doped in =~ 10 mm Green 0.667 0.888 1.331 97

reducing atmosphere

0.3wt% F203 doped in =~ 10 mm Green 0.637 0.885 1.391 97

reducing atmosphere

0.4wt% F203 dopedin =~ 10 mm Green 0476 0.709 1491 96

reducing atmosphere
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Table 3-2 Detailed information of iron and other transition metallic ions co-doped

glazings

Dopants Thickness Color Ts Tum FOM CRI Refs.
0.62wt% Fe 03, 0.12wt% 5 mm Green 0.53 0.78 1.479 95 Central Glass,
FeO, 0.1wt% TiO., 7ppm Inc. [13]

CoO

0.4wt% Fe 03, 1.1wt% 5 mm Green 039 0.74 1.891 87

CeOg, 1.1wt% TiO2, 17 ppm

Cr203, 0.2wt% FeO

0.54wt% Fes0s, 5 mm Green 0.54 0.78 1.439 96

0.13wt%Fe0, 0.1wt% TiO,, Blue

17ppm Cr203

0.38wt% Fe03, 1wt% 5 mm Green 043 0.71 1.634 92

Ce02, 1wt% TiO2, 0.5wt% Blue

SnO, 17ppm Cr;03,

0.17wt% FeO

0.05% to 2wt% Fe, 0.1% to  0.833 mm  Blue 0.39 0.71 1.828 88 Rao et al. [13]
15wt% Sn

0.54wt% Fex03, 0.14wt% 5 mm Green 0.52 0.78 1.513 94 Pecoraro et al.
FeO, 0.24wt% SO; [60]

0.74wt% Fe203, 0.2wt% 5 mm Green 041 0.67 1.617 92

FeO, 0.22wt% SOs3 Blue

0.80wt% Fex03, 0.23wt% 5 mm Green 038 0.67 1.779 90

FeO, 0.03wt% SOs3 Blue

0.51wt% Fex03, 0.28wt% 5 mm Green 038 0.70 1.870 &9

FeO, 0.24wt% SO3 Blue
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Table 3-3 The detailed information of iron and other ions co-doped glazings

Dopants Thickness  Color T4 Twm FOM  CRI Refs.
Fe and Se —_ Amber 0.64 97 Kondrashov
et al. [13]
Fe, Se, and Co —_— Bronze 0.66 98
Fe, Se, and Co Dark 0.49 97
bronze

Fe, Se, and Co — Gray 0.68 98
Fe, Se, and Co —_— Green 0.81 95
Fe, Se, and Co _— Sky blue 0.76 96
0.204wt% Fe20s3, 5 mm Neutral 0.58 0.67 1.14 91 Kato et al.
0.0035wt% CoO, gray [13]
0.00081wt% Se,
0.0014wt% NiO
0.222wt% Fe 03 5 mm Neutral 0.57 0.66 1.17 90
0.0034wt% CoO gray
0.00077wt% Se
0.397wt% Fe 03, 4 mm Bronze 0.73 97 Mie et al.
0.41wt% CeOo, [184]
0.31wt% TiO2, 0.6%
CoO0, 8.1ppm Se

4 mm Bronze 0.74 97

0.203wt% Fe;03,
0.41et% CeO2, 6.5%wt
CoO0, 10.2ppm Se
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Table 3-4 Detailed information of nonferrous tinted glazings

Dopants Thickness Color Twm  CRI  Refs.

4wt% ZnO, 0.25wt% < 0.5mm  Blue-violet 0.709 78 Stewart R.L. [13]
Sbo03, 10wt% Nd2O3

7%wt ZnO, 0.25wt% <0.5mm  Blue-violet 0.747 81
Sb203, 8wt% Nd203

2.8wt% Cu ions 0.5 mm Blue 0.656 73 Nobutake Nagano et al.
[13]
2.8wt% Cu ions with 0.5 mm Blue 0.647 75

O; injection

Figure 3.4 summarizes and compares the spectral selectivity and color rendering
performance of various transition-metal-doped glazings. For comparison, it also
includes ordinary clear glazing and NIR absorbing low-e glazing based on literature
data. Among them, iron ions-based glazing demonstrate superior FOM compared to
conventional low-e glazing, making them promising candidates for hot climate
regions. The FOM values of iron doped glasses range from approximately 1.3 to 1.5.
With additional co-doping of elements such as titanium, cesium, or chromium, the
FOM can be further increased to above 1.8. However, it is important to note that in
order to maintain a CRI above 90, the FOM of such materials should generally not

exceed 1.8.
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Figure 3.4 Summary of (a) the light/heat decoupling ability and (b) the color

rendering performance of the ion-based glazings (the CRI of 95 is a baseline that

commercial low-e glazings can meet [12, 185], 90 represents the baseline of a good

color rendering [185] that is crucial for art galleries, museums; 80 represents the

baseline for civil buildings [186, 187]).

3.2.2 Performance evaluation of nanoparticle-based glazings

This chapter analyzed three types of plasmonic nanomaterials applied in spectrally

selective windows: Fe3Os nanocomposites, ATO nanocomposites, and M.WO;

nanocomposites. The corresponding data is summarized in Tables 3-5 to 3-7.
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Table 3-5 summarizes the parameters of Fe3;Os4 nanocomposite films. The data
indicate that Fe3Os nanoparticles exhibit excellent CRI in glazing applications,

achieving CRI values above 90 while maintaining a high FOM above 1.8.

Table 3-6 presents the performance parameters of ATO nanocomposites. With visible
transmittance at 70%, ATO-based nanocomposites generally exhibit FOM values
below 1.3. However, hybrid nanoparticles doped with other substances can achieve

FOM values exceeding 1.6.

Table 3-7 summarizes the performance parameters of M.WOs-based light/heat
decoupling materials. Certain Cs,WOs films or glazing exhibit FOM values greater
than 2.0, demonstrating strong potential for solar heat modulation in energy-saving
window applications. However, Cs,WOs-related products perform poorly in
weathering assessments. In oxidative or humid environments, W>* ions are easily
converted to W%, leading to material degradation. This significantly limits the

commercial viability.

Table 3-5 The performance parameters of Fe;Os-based nanocomposites

Category Content Particle Tsol Twum FOM CRI Refs.

(g/cm?) size (nm)
FesOq4 films 4.57X10% 10 — 0.74 — 98 Lin et al. [188]
Fes04@CusiS films  4.57X10% 15 — 0.83 — 99 Lin et al. [188]
Fe304@Cu2.,S films  5.08 X107 15t0 20 — 082 — 98 Lyu et al. [123]
Fe;04@Cuy,S films  2.54X10* 15 0.64 077 120 99 Wang et al. [36]
Fe304@Cuz.,S films —— 15 0.16 029 182 92 Wang et al. [38]
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Table 3-6 The performance parameters of ATO-based nanocomposites

Category Thickness Concentration  Particle size Doping level: Annealing Tsol Tium FOM CRI  Refs.
Sb/(Sb+Sn)

ATO/PVA films —— 25wt% ATO 27.8 nm 10mol % 1000 °C for4h 049 0.71 145 98 Shen et al. [96]

ATO/PVA films —— 20wt% ATO 27.8 nm 10mol % 1000 °C for4h  0.66  0.82 1.25 98

ATO/PVP films  ~5 um 10wt% ATO 7-12 nm — —_ 0.58 0.73 1.26 99 Xu et al. [104]

ATO/PVA films 10to 15 um —_ 25.9 nm 10mol % 1000 °C for4h  0.62  0.80 1.28 98 Shen et al. [105]

ATO/silicone ~5 um 12 wt ATO <15 nm — —_ Quetal. [103]

films 0.50 0.72 144 99

ATO films ~0.45 pm 12.5wt% Spray-grown 1% 450°C for 40 0.60 0.70 1.18 98 Parra et al. [106]

min

ATO coated —— —_ 3.7 nm 11mol% 550 °C for 1k 0.80 0.82 1.02 98 Sum et al. [189]

quartz glass

ATO-MWNT/P  ~5um 10wt% ATO 7-12 nm ATO; —— — 0.39 0.59 149 98 Xu et al. [104]

VP films 0.2% MWNTs 8 nm MWNT
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ATO-CWO/PV
A films

ATO-CWO/PV
A films

ATO-ITO
/PGMEA films
ATO-YTO

coated glass
ATO nanofluids

ATO-WO;

nanofluids

ATO/Graphite

nanofluids

15 to 20 pm

~0.3 um

10 mm

10 mm

10 mm

6wt% ATO
6wt% CWO

100 ppm

0.01vol%

0.025%
0.0001%

ATO

Graphite

14.3 nm
CWO; 27.8
nm ATO

80 nm

42.18 nm

10% mol

11mol% Sb
9mol% Yb

10mol%

1000 °C for 4h

600 °C for 1A

0.43

0.49

0.33

0.67

0.74

0.40

0.64

0.70

0.76

0.61

0.81

0.93

0.74

0.89

1.61

1.56

1.87

1.21

1.26

1.85

1.39

98

98

97

98

98

97

98

Shen et al. [107]

Zhang et al. [108]

Kim et al. [109]

Lietal. [110]

Zhang et al. [101, 190]

Yuan et al. [111]

Shen et al. [191]
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Table 3-7 The performance parameters of M;WOs-based nanocomposites

Category Particle size Doping level Concentration Tsol Tum FOM CRI Refs.

LiyWOs-silicate glass exists as ions x=4.37 26.2mol% Li*; 0.12 0.25 2.14 81 Yang et al. [116]
6mol% WO3

Na,WOs-silicate glass exists as ions x=4.37 26.2mol% Na™; 0.39 0.62 1.60 94 Yang et al. [116]
6mol% WOs3

K WOs-silicate glass exists as ions x=4.37 26.2mol% K*; 0.74 0.77 1.05 97 Yang et al. [116]
6mol% WO3

(NH4):WOs films — x=0.29 0.07 g/m? 0.68 0.86 1.26 99 Guo et al. [118]

(NH4):WO; films — x=0.29 0.28 g/m? 0.36 0.59 1.66 95

CsyWOs films 30 nm x=0.320 — 0.31 0.61 1.96 93 Long et al. [192]

CsWO:; films - x=0.30 - 0.32 0.37 117 97 Shi et al. [193]

Cs;WOs films 0.1-0.5 um x=0.3 — 0.44 0.74 1.69 97 Liu et al. [194]

CsyWO:; films — — — 0.60 0.83 1.38 98 Li et al. [195]

CsyWO3/PVA films 219.24+40.1 nm — — 0.37 0.71 1.92 95 Zhang et al. [112]

CsyWO3/PVA films — x=0.31 — 0.54 0.78 1.46 98 Shen et al. [113]
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CsxWO; composites

films

CsyWO3 composites

films

CsyWO3 composites

films

CsxWO3;/PMMA

nanocomposites

Pt,-Cs:WO3/PVA films

F.-CsyWO3/PVA films

Li,-Cs;WO3/PVA films

66.81 nm

39.66 nm

33.73 nm

28 nm

diameter: 10-30 nm;

length: 20-80 nm

957.9+313.5 nm

x=0.263

x=0.316

x=0.320

x=0.320

n=0.01,x=0.32

x=0.3, n=0.21

Li/Cs molar

ratio of 0.25

0.3wt%

0.32

0.29

0.28

0.50

0.47

0.49

0.37

0.62

0.60

0.60

0.80

0.71

0.76

0.72

1.93

2.10

2.12

1.60

1.51

1.54

1.96

95

93

93

98

98

98

95

Yao etal. [119]

Yao et al. [127]

Liu et al. [120]

Zhang et al. [112]
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Figure 3.5 compares the performance of energy-saving windows based on different
types of plasmonic nanoparticles from three key aspects: visible transmittance, FOM,
and color CRI. Fe;04@Cu..S nanoparticles demonstrate strong absorption in both
VIS and NIR regions, making them suitable for reducing cooling loads in buildings.
However, their light/heat decoupling capability is relatively weak, with FOM values
ranging from approximately 1.2 to 1.8, as shown in Figure 3.5a. Nonetheless,
Fe;04@Cu..S-based films can achieve CRI values above 98, indicating excellent
color rendering performance and unique potential in customized thermal management

designs for window systems.

ATO is one of the most promising nanomaterials currently, due to its low cost, high
stability, and mature fabrication processes. With visible transmittance above 70%,
ATO-based nanocomposites typically exhibit FOM values between 1.2 and 1.5 (see
Figure 3.5a). By doping with other materials such as ITO or WOs3, their light/heat
decoupling performance can be further enhanced. Studies have shown that doped
ATO can achieve FOM values exceeding 1.8, making it highly suitable for
energy-efficient windows. Furthermore, ATO-based composites generally have CRI
values above 97, fully meeting the color fidelity requirements for various architectural
applications. Consequently, ATO nanocomposites exhibit great potential for

commercialization.

CsyWOs3 composites possess the best VIS/NIR decoupling performance among the
studied materials. These nanocomposites can achieve FOM above 2 while
maintaining visible transmittance over 60%. Their CRI values also exceed 90,
satisfying the basic color rendering requirements of buildings. However, the poor
weather resistance of Cs,WOs3, particularly its susceptibility to degradation due to the
oxidation of W3 to WS, significantly constrain its large-scale commercial

application.
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Figure 3.5 Summary of (a) the light/heat decoupling performance and (b) the color

rendering performance of the nanoparticles-based glazings (the CRI of 95 represents

the baseline that most of the Low-e

glass can meet [12, 185], 90 represents the

baseline of a good color rendering that is crucial for art galleries, museums [186,

187)).

3.3 The development of a novel biomass-derived spectrally selective material

Among the two main categories of spectrally selective materials discussed in Section

3.2, both transition metal ions and plasmonic nanoparticles exhibit superior VIS/NIR

decoupling performance compared to traditional low-emissivity (low-e) glazing. This
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chapter explores the development of a water-based spectrally selective material. For
nanoparticle-based systems, water-based nanofluids face significant challenges such
as nanoparticle agglomeration, which hinders the long-term stability of their optical
properties. Given the intrinsic spectral absorption characteristics of water molecules,
the spectrally selective material in a water-based system should primarily target the
NIR region between 800 nm and 1200 nm. Accordingly, this study aims to develop a
durable, stable, and precisely targeted VIS/NIR decoupling material by aligning the

spectral absorption profile of the material with that of water molecules,u.

3.3.1 The spectral transmittance of CuSQOj4 solution

When copper ions form octahedral coordination complexes in aqueous solution, the
d-d transition absorption peak of these complexes occurs around 820 nm, which
complements the absorption bands of water molecules, enabling the solution to
effectively block nearly all NIR energy in solar spectrum. To evaluate the feasibility
of using CuSOy4 solution as a spectrally selective fluid, this study prepared solutions of
varying concentrations by mixing solid CuSO4 5H>O with deionized water. The

mixtures were stirred for 2 hours in a sealed container using a magnetic stirrer.

Figure 3.6 presents the spectral transmittance of CuSOj4 solutions at different mass
concentrations and fluid thicknesses. For a 2 mm-thick solution with CuSO4-5H>0O
mass concentrations of 5%, 10%, and 20%, the visible transmittances (7mm) were
84%, 81%, and 75%; the solar transmittances (Zso) were 58%, 46%, and 37%; the
FOM values were 1.46, 1.75, and 2.05y; the melanopic transmittances (Tme) Were

84%, 84%, and 86%; and the CRI values were 97, 92, and 83, respectively.

For a 20% mass concentration solution at thicknesses of 1 mm, 5 mm, and 10 mm, the
Twum values were 80%, 61%, and 50%; Ts were 46%, 28%, and 25%; FOM values
were 1.72,2.21, and 2.03; and CRI values were 85, 87, and 91, respectively.

These data indicate CuSOs solution effectively filters NIR solar, achieving FOM
values higher than most nanocomposites, while maintaining a CRI above 80.
However, it is worth noting that the solubility of copper ions varies with temperature.
High-concentration CuSOs solutions are prone to crystallization under elevated

temperatures, making the 20% mass concentration unsuitable for liquid flilled
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window applications. Additionally, the strong absorption of copper ions in the red
VIS region leads to an excess of blue light in the transmitted spectrum, resulting in a
high T value. This imbalance introduces limitations in terms of color rendering and

non-visual lighting performance.

100 100

20wt% CuSO,

2mm
—3 mm
——5mm
— 10 mm

80t 80

2mm

— - -20wt% CuSO,
....... 10wt% CuSO,
—— 5wt% CuS0,

60} 60

40 40

,I

|
|

201 i 20

Spectral transmittance (%)
Spectral transmittance (%)

la .".'. -'..". .

lJV‘ VIS I.\h-'./ NIR

400 700 1000 1500 2000 2500 400 700 1000 1500 2000 2500
Wavelength (nm) Wavelength (nm)

Figure 3.6 Spectral transmittance of CuSO4 aqueous solution with (a) different

CuS04-5H:0 concentration and (b) liquid thickness.

3.3.2 Spectral transmittance of chlorophyll/CuSO4blended solution

To further enhance the light/heat decoupling capability within the concentration
constraints of copper sulfate solution, this study introduces a green plant pigment, i.e.,
chlorophyll, which can absorb blue light and part of the red-light spectrum. The goal

is to refine solar spectrum modulation and achieve precise light/heat decoupling.

Human eyes is most sensitive to green light, as it lies in the middle of the visible
spectrum (with a peak sensitivity around 555 nm). This makes green light appear
particularly bright and “comfortable”. Chlorophyll itself exhibits high transmittance in
the green region while effectively absorbing blue light and part of the red-light
spectrum (Figure 3.7). By balancing the spectral absorption of chlorophyll and
copper ions, it is theoretically possible to restore the natural M/P

(melanopic-to-photopic) ratio of sunlight, thereby optimizing non-visual effects.

However, as a natural pigment, chlorophyll is prone to photo degradation and

oxidation, and it is inherently insoluble in water. To prevent oxidative degradation
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and to ensure long-term stability, chlorophyll must undergo a copper substitution
reaction to form chlorophyll-copper-sodium (SCC), which is water-soluble and
exhibits enhanced durability. Figure 3.7 illustrates the molecular structure of SCC
and the corresponding electronic transition characteristics. The electronic transitions
from the ground state to excited state 1 and excited state 2 correspond to red and blue

light absorption, respectively.

Sodium copper
chlorophyllin

Chlorophyll

Excited state 2

Figure 3.7 Molecular structure of SCC and schematic of its electronic transition

The SCC/CuSOs aqueous solution combines the absorption features of SCC, Cu?",
and water molecules, enabling broadband absorption across the solar spectrum,
including the ultraviolet region, low-visual-sensitivity blue and red light, as well as
the NIR range. In the SCC molecule, the porphyrin ring coordinated with copper
facilitates electronic transitions that absorb red light (around 640 nm) and blue light
(around 410 nm). The [CuOs] complex formed by Cu®* undergoes d—d transitions,
absorbing photons with an energy of 1.51 eV, resulting in an absorption peak near 820
nm. Meanwhile, the O—H bonds in water molecules contribute through stretching (v1),
bending (v2), and asymmetric stretching (v3) vibrations. Their combination and
overtone bands can block a significant portion of infrared radiation with wavelengths
greater than 1000 nm. Figure 3.8 illustrates the spectral absorption characteristics of

the SCC and CuSO4 mixed solution.
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Figure 3.8 (a) Bandgap width of the d-d transition of Cu?*, bandgap widths of SCC

and (c) Absorption features of the SCC molecules, Cu?* ions, and water molecules

3.3.3 Preparation of chlorophyll/CuSQ4blended solution

When blending the Cu?" and SCC together, it is important to note that the Cu®* leads
to the ionization of water, resulting in a weakly acidic solution. However, the SCC
molecules tend to agglomerate into small particles in acidic environments. As
illustrated in Figure 3.9 (a), a solution prepared by simply dissolving SCC and Cu?*
together in water is unstable and loses absorption in the blue light within 5 months. To
ensure long-term optical stability of the blended solution, polysorbate-80 was

employed in the preparation process.
The detailed preparing process can be divided into three stages:

(1) Preparation of highly concentrated (1wt%) SCC emulsion: 120 g of
Polysorbate-80 and 177 ml of deionized (DI) water were mixed in a 75°C-water
bath for 1 hour. Then, 3 g of SCC powder was dissolved in the
Polysorbate-80/water mixture using a magnetic stirrer for 120 minutes at room

temperature.
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(2) Preparation of the CuSOs solution: CuSO4 solution was prepared by directly
dissolving CuSO4-5H20 into DI water, with magnetic stirrer for 120 minutes at

room temperature.

(3) Preparation of the SCC/CuSO4 blended solution (SCBS): The blended
solution was prepared by mixing the highly concentrated SCC solution and

CuSO0;s solution, followed by the addition of water to dilute the solution.
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Figure 3.9 (a) Spectral transmittance of the SCBS prepared without polysorbate-80,
(b) with polysorbate-80, and (c) the optical photos of the SCBSs.

As depicted in Figure 3.9 (b), the prepared solution with polysorbate-80 exhibited a
fairly stable optical transmittance over a period of 8 months. Furthermore, the optical
photos in Figure 3.9 (¢) clearly demonstrate the superior stability of the SCBS
prepared with polysorbate-80 compared to the ordinary solution without
polysorbate-80, as the solution without polysorbate-80 gradually converted into blue

color while the solution with polusorbate-80 always maintain green-blue color.
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In addition, due to the presence of UV in the solar spectrum, it is necessary to further
evaluate the UV exposure stability of the SCBS. A UV stability test was conducted
using a 300 W high-power UV lamp for a 48-hour exposure experiment. As shown in
Figure 3.10 (c), the results demonstrate that the proposed mixed solution maintains

stable optical performance under intense UV exposure for 48 hours, confirming its

excellent ultraviolet stability.
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Figure 3.10 (a) experimental rig for UV stability test, (b) optical photos of the
0.05%SC and 10%CuS0O4 solutions; (c¢) results of the UV stability test.

3.3.4 Optical performance of the chlorophyll/CuSQO4blended solution

Figure 3.11 illustrates the spectral transmittances of the SCBSs with different SCC
and CuSOs contents. All the transmittance tests were carried out on the Lambda-950
UV-VIS-NIR spectrophotometer. Since the solutions were intended for use as
interlayers in windows, the cuvettes made of glasses were employed as carriers for the
solutions, and pure air was used as the background in the transmittance tests. As
depicted in Figure 3.11 (a), the CuSOs solution effectively blocks solar NIR radiation
due to the d-d transition of Cu?*, which absorbs NIR in the range of 700 to 1400 nm.
Additionally, water efficiently filters out NIR with a greater wavelength than 1400 nm.
However, it is important to mention that high mass fractions of CuSQO4 solution are
prone to crystallization and may lead to excessive UV and blue light intensity in the
daylight. To address this, SCC, which absorbs short-wave radiation to achieve

electronic transitions between excited and ground states, was incorporated to cut
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down the UV and blue light transmittance. As shown in Figure 3.11 (b), while the
SCC solution does not filter solar NIR radiation, it effectively blocks UV and reduces
blue light content. Furthermore, blending the CuSO4 and SCC together, as shown in
Figure 3.11 (¢) and (d), enables the blocking of solar NIR, UV, and some blue light.
The transmitted spectrum aligns with the photopic luminous efficiency function,

ensuring an extremely low SHGC while maintaining a considerable level of visible

transmittance.
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Figure 3.11 Spectral transmittance of different spectrally selective fluids: (a) 20%
CuSOs solution, (b) 0.05% SCC solution, (c) 0.05%SCC/10%CuSOs solution, (d)
0.1%SCC/10%CuSOs4 solution.

Figure 3-12 presents a comparison of the spectral transmittance between the 5
mm-thick 0.05% SCC/10% CuSO4 blended solutions and other typical solar control
materials such as ion-based glazing, ITO glazing, ATO-based glazing, and
CsyWOs-based glazings. The spectral transmittance data recorded in references [54,
96, 127, 191] were collected and partially fitted. Among the curves depicted in Figure
3-12, ITO or ATO nanocomposites are ineffective in blocking NIR of 800-1400 nm,
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although their LSPR efficiently filters out the NIR with wavelengths larger than 1500
nm. CsyWOs-based glazings are excellent in shielding NIR from 800 to 1300 nm, but
the poor weathering assessment and expensive cost of Cs;WO3 nanoparticles cast a
shadow on its large-scale application. In contrast, the SCBS shows a broader
absorption range compared to any other counterparts listed in Figure 3-12. Although
SCBS attenuates some blue and red light, it maintains high transmittance in the green
light band, which is highly sensitive to the eyes for providing strong photopic visual
effects. Consequently, SCBS holds great promise for energy-efficient windows in hot

regions.
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Figure 3.12 Spectral transmittance of windows or glazings with SCBS solution, ATO
nanofluids, ATO coating, CWO/PMMA nanocomposites, ITO coating and ion-based
glazing.

In this chapter, the FOM is used to evaluate the light/heat decoupling of windows.
Figure 3.13 compares the FOM of the SCBS and other counterparts, including the
MWOs3, ATO, and transition metallic ion-based glazings. As shown, ATO
nanoparticle-based nanofluids or films fail to achieve a higher LSG than 1.60, because
the LSPR of ATO nanoparticles is not effective in absorbing NIR between 800 nm
and 1400 nm. Metallic ion-based glazings effectively block the NIR around 1000 nm,
resulting in high LSG values of approximately 1.8. M,WOs nanoparticle-based
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glazings combine the absorption properties of small polaron transition and LSPR,
allowing them to absorb nearly the entire NIR band. However, reported
state-of-the-art LSG for M,WOs-based products, i.e., the Cs,WO3; (CWO) glazings,
have not exceeded 2.0. Compared with the above counterparts, SCBS could not only
filter the NIR, but also block the UV, and shield some blue and red light. It can
effectively convert the sun light into a “cold light source”, leading to high FOM
around 3.0 (Table 3-8). This data quantitatively demonstrate that the SCBS offers

energy-related advantages over the reported spectrally selective glazings.
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Figure 3.13 Comparison of the performance for the SCBS and other counterparts.
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Table 3-8 Detailed optical properties of the spectral splitting fluids with different

thickness and different concentration

Color
Tlum Tso] Tme]
Thickness Mass concentration FOM M/P CRI coordinates
%) (%) (%) ——

X y
20% CuSO4 74.6 365 855 2.04 0.96 83 0.29 0.34
10% CuSO4 80.7 462 86.7 1.75 090 92 031 0.34
5% CuSO4 84.0 577 86.8 1.46 0.87 97 0.32 0.34
0.15% SCC 64.6 602 615 1.07 0.80 91 034 0.38
2 mm 0.10% SCC 707 63.1 69.1 1.12 0.82 92 033 0.37
0.05% SCC 799 692 785 1.15 0.83 96 033 0.36
10% CuSO4 84 459 90.1 1.83 090 91 0.31 0.34

0.05% SCC/10% CuSO4 74.5 41.1 743 1.81 0.84 89 032 0.36

0.1% SCC/10% CuSOs 664 345 634 1.92 0.80 85 031 0.37

10% CuSO4 81 393 904 2.06 0.94 88 03 034
3 mm 0.05% SCC/10% CuSO4 74.1  35.6 73.6 2.08 0.83 &4 031 0.37

0.1% SCC/10% CuSOs 562 247 541 2.28 0.81 80 031 0.38

10% CuSO4 784 337 894 233 096 81 028 0.34
5 mm 0.05% SCC/10% CuSO4 559 219 55 2.55 083 72 030 0.38

0.1% SCC/10% CuSOs 41 151 393 272 0.81 68 0.29 0.40

10% CuSO4 65.1 295 88.8 2.21 1.15 68 025 033
10 mm 0.05% SCC/10% CuSO4 38.6 12.6 37.2 3.06 0.81 56 0.27 0.41

0.1% SCC/10% CuSOs 194 6.0 19 3.23 0.82 49 026 043

3.4 Summary

This chapter focuses on the decoupling of VIS and NIR in the solar spectrum,
systematically exploring material design strategies and performance evaluation

methods for achieving VIS/NIR decoupling in energy-efficient windows. First, key
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performance indicators for spectrally selective materials and windows are defined,
including solar transmittance, visible light transmittance, SHGC, LSG, FOM,
non-visual lighting impact metrics (such as the M/P ratio), and color rendering index
(CRI). Next, the VIS/NIR decoupling performance of transition metallic ions and
plasmonic nanocomposites is comprehensively compared, revealing the potential
limitations of current VIS/NIR decoupling materials. To better meet the decoupling
requirements of liquid filled windows, a novel composite material composed of a
biomassed dye, i.e., SCC and CuSO4 in aqueous solution is proposed. The study
demonstrates that this hybrid solution achieves broadband spectral selectivity for solar
energy rejection. By adjusting the concentration and thickness, the SCC/CuSO4 mixed
solution can significantly reduce solar heat gain while maintaining high visible light
transmittance. The FOM reaches a maximum of 3.06. Furthermore, the mixed
solution exhibits excellent stability under ultraviolet exposure and long-term
weathering conditions, while maintaining outstanding color rendering and non-visual

lighting characteristics, highlighting its strong potential for building applications.
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Chapter 4 Liquid-filled static window with spectral

regulation of the biomass-derived materials

The spectrally selective fluid proposed in Chapter 3 of this study can help buildings
block NIR radiation, thereby reducing building space cooling energy consumption.
However, it is important to note that the fluid achieves energy savings by absorbing
NIR, which is then converted into heat. A portion of this heat may be transferred
indoors through convection and thermal radiation, leading to secondary solar heat
gain. To mitigate this issue, this chapter proposes a liquid-filled window (LFW) with
the SCC/CuSO4 blended solution proposed in Chapter 3, to reduce the direct solar
heat gain, and then proposes a triple-layered structure to reduce the secondary solar
heat gain. To validate the feasibility of this triple-layered LFW, a transient model was
developed, considering the dynamic SPDs of solar radiation as well as the impact of
varying incident angles on the window’s reflective properties. This chapter
experimentally validated the model and finally used it to demonstrate the

energy-saving performance of the proposed triple-pane LFW in hot climate regions.

4.1 Structural design of a triple-layered liquid filled window (LFW)

This chapter proposes a triple-layered design for spectrally selective LFW. The
structure adopts a layered configuration consisting of “glazing-SCC/CuSQO4 blended
solution (SCBS)-glazing-air-low-e glazing”, aiming to effectively reject solar heat,

thereby enhancing the thermal management performance of building envelopes.

As illustrated in Figure 4.1a, the structure, from exterior to interior, includes:
standard clear glazing, a 5 mm-thick layer of 0.05 wt% SCC/10 wt% CuSOj4 blended

solution, a second layer of clear glazing, an air gap, and a low-e glazing layer.
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Figure 4.1 Schematic representation of the spectrally selective LFW

Figure 4.2 (a) demonstrates the selective modulation mechanism of this structure
across different bands of solar radiation (UV, VIS, NIR). All window layers exhibit
high transparency in the VIS spectrum, while NIR radiation is intercepted by the
SCBS and converted into heat. To suppress secondary indoor heat gain caused by NIR
absorption, the design introduces an air gap to block direct convective heat transfer
between the second glazing layer and the indoor space, and a low-e coating to reduce

radiative heat transfer.

Figure 4.2 (b) further compares the spectral transmittance performance of standard
clear glazing and low-e glazing. Standard glass exhibits high transmittance (over 90%)
across the full spectrum. In contrast, low-e glazing maintains high transmittance in the
VIS range but shows significantly reduced transmittance and enhanced reflectance in

the near-infrared region, thereby further minimizing solar heat gain through the

window.
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Figure 4.2 (a) Spectral transmittance of the filling fluid; and (b) Spectral

transmittance of glazing layers in the in the three-layer LFW.
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4.2 Model development

Figure 4.3 (a) shows the structural design of the SCBS-based LFW and Figure 4.3 (b)
gives the schematic representation of the developed model. Since the solar regulation
of SCBS is achieved by solar radiation absorbing, multi-layered structural design was
proposed to avoid secondary solar heat gain from the fluids to indoor environment. In
detail, the air gap between glazing 2 and glazing 3 increase the thermal resistance for
the SCBS to conduct heat and convective heat transfer towards the indoor side, and a
low-e coating was placed in glazing 3 to reject the radiative heat transfer comes from

glazing 2. With the window structure shown in Figure 4.3 (a), a transient model was

developed.
A Low-e coating
S\J ?“; Glazing 1 Glazing 2 Glazing 3
2
Low-e k. . é

Glazing1 Fluids layer Glazing 2 coating Glazing 3 i‘vvufr B

Fluids Air

(a) Schematic representation of the LFW (b) Schematic diagram for the heat transfer model

Figure 4.3 Schematic representation heat transfer models for the LFW

Detailed model descriptions are given in Section 4.2.1, and the following assumptions

were made during the model development:

1) Fluids and glazings are completely opaque for the long-wave infrared;

2) The window frames are assumed to be thermally insulated;

3) The influence of chlorophyll and polysorbate-80 on the thermophysical properties
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of fluids is negligible;

4) When calculating the sky conditions, fixed values are assumed for air humidity

and aerosol content, which correspond to the yearly average values.

5) The window is installed on a south-facing facade.

When calculating the optical transmittance of windows, no external shading was

considered.

4.2.1 Model description

(1) Optical transmittance/absorbance/reflectance

The reflectance of light at the interface between two media with different refractive

indices depends on the angle of incidence and can be calculated by:

. nl-cos(@l)—nzcos(@z)_2 l
o ny -cos(6,)+n,cos(6,) | *-1)
_ nz-cos(@l)—nlcos(é?z)_2
Ry _{nz-cos(91)+n1 cos(8,) | (*+2)
sin( 8
sin@) _m (4-3)
sin(6,)  n,
1
pO)== [ R(O)+R,(©)] (4-4)

where n; and n; are the refractive index of air and glazing respectively;

0 and 0; are the incidence and refraction angles of direct solar radiation.

Window receives beam radiation and diffuse radiation from sunlight. The following

equations give the calculation of solar incident angel of south-facing facade.
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6 = arccos [cos(AZ) x cos(h, )] (4-5)

h, = arcsin [sin(5) -sin(¢@) + cos(d) - cos(@) - cos(H)] (4-6)

A, =arccos {[sin(5) -cos(@) —cos(0) - sin(¢h) - cos(H)] / cos(h, )} (4-7)

0 =23.44xsin @ 1084 (4-8)
365 \ 24
Z; dard _lz i
H:15><(Tloca[+%_12) (4-9)

where 6 (°) is the incident angle of solar radiation on south-facing facade;

hs (°) is the solar altitude;

A; (°) is the solar azimuth;

@ (°) is the solar latitude;

d (°) is the solar declination;

n (dimensionless) is the n™ hour in a year;

H (°) is the hour angle;

Tiocar (hour) is the local standard time displayed by a clock;

Lstandara and liocar (°) are the longitude of the standard meridian of the time

zone and the local longitude.

The diffuse radiation is assumed to be vertically incident into indoor environment.
The incident angle of direct solar radiation depends on the solar altitude, and the

interfacial reflectance between air-to-glazing or glazing-to-air can be calculated by:

1 nacos(Qa)—ngcos(Hg) ’ nacos(Gg)—ngcos(Ga)
pea(0)= 2(| n,cos(0,)+n, cos(& )J J{ (+10)

a

S
[

(@)
]
©n
—
D
~
+
S
2

(@)
o
7]
—_
D
N —

a

oq

where n, and ng (dimensionless) are the refractive index of air and glazing;

0. and 0, (rad) are the incident and refraction angles of direct solar radiation.

Similarly, the interfacial reflectance between fluids-to-glazing or glazing-to-fluids can

75



be calculated by:

n, cos(@/,)—ng cos(@g) n ,cos(Hg)—ng cos(@/,)
nfcos(@f)+ngc0s(0) " ngcos(ﬁf)+nfcos(9)

g

1
pg—f(e) =5

where ny(dimensionless) is the refractive index of filling fluid;

0r (rad) is the incident angles of solar radiation in the filling fluid.

The absorbance of fluids and glazings can by calculated using the following equation:
—1_ _Kabs,f( )(2“) N
App(A)=1—e 7 (4-12)

where  Kussfig) (dimensionless) is the absorbing coefficient of fluids (glazings);

S (m) is the optical path length.

For clear glazing 1, the transmittance (7g1), reflectance (Rg1) and absorbance (A4g1) at

different incident angle can be calculated by:

T, (A)=1-4,(A)~ R, (2) (4-13)

o0

Rg,l = pa—g + (l_pa—g )Z(I_Ag )zpf—g Z[(l_Ag )zpa_glof_g :|

i=l1

+ (1_pa7g)2(1_ Ag)zloffg (4-14)
2
1_(1_Ag) pafgpffg

a-g

A, D1=p, )+ A4,MN1=p, J1-4,D]p;,

A, (A=
g 1-{1-4, (DT A u.gPr g

(4-15)

For clear glazing 2, the transmittance (7g1), reflectance (Rg1) and absorbance (A4g1) at

different incident angle can be calculated by:

T, (A) =1=4,(4) = R, (4) (4-16)
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2 2
+(1_pj—g) (1_Ag) pa—g
2
1_(1_Ag) pa—gpf—g

g2~ Ff-g

(4-17)

4,)1=p, )+ 4,1 = p, = 4,(Dlp,

A, (4) =
o2 1=[1= A4, (D P, P

(4-18)

For low-e glazing 3, since the low-e glazing shows uniform transmittance in the
visible light band, the refractive index in the visible band is considered to be a fixed
value of miew-evis. On the other hand, although the spectral transmittance of the low-e
glazing in the NIR band is nonuniform, the low-e glazing receives negligible amount
of NIR radiation because of the absorption by fluids layer. Thus, to simplify the
calculation, the refractive index in the NIR of low-e layer is considered to be a fixed
value equal to the average mean value. Then the transmittance, reflectance and

absorbance of the low-e glazing is calculated by:
T,5(A) =1=4,(A) = Ry5(4) (4-19)

(1-p, ) 10-4)p,
g3_pa—e+ 1 1 A 2 £
—(1=4) P, yPu

(4-20)

AMN=p, )+ AMNA-p, N1-AD]p,
1-1-A DT PPy

A (D)= (4-21)

(2) Solar radiation

In this study, the solar radiation of the typical year file for Hong Kong was adapted,
and it was obtained from the official websites of Energyplus. The solar absorbance
and transmittance are determined by the spectral power distribution, and the solar
spectral power distribution is determined by the SMART model. Detailed calculations
are depicted in Refs. [196, 197].

1(A) = D(A) - T(D) - To (D) Ty (D) - T5(AD) - T, (A) T, (A) (4-22)

where  ®(4) [W/(m?nm)] is the solar irradiation spectrum outside the atmosphere;
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Tk (dimensionless) is the spectral transmittance after Rayleigh scattering;
To (dimensionless) is the transmittance after the O absorption;

T~ (dimensionless) is the transmittance after the N, absorption;

T (dimensionless) is the transmittance after the Oz absorption;
Tw(dimensionless) is the transmittance after the water vapor absorption;

T4 (dimensionless) is the transmittance after the Aerosol extinction;

Figure 4.4 illustrates the spectral power distribution of solar radiation under clear-sky
conditions, including direct radiation (Figure 4.4 a) and diffuse radiation (Figure 4.4
b). The direct solar radiation exhibits the highest intensity in the visible region, with
multiple absorption bands in the ultraviolet and infrared regions caused by
atmospheric components such as oxygen and water vapor. In contrast, diffuse
radiation, influenced by Rayleigh scattering and aerosols, shows a smoother spectral
curve, with a higher proportion of shortwave components and relatively weak infrared
radiation. However, under non-clear weather conditions, the spectral distribution of

diffuse solar radiation differs significantly from that shown in Figure 4.4 b.

Due to the uniform scattering of sunlight by cloud layers, the diffuse spectrum more
closely resembles the direct solar spectrum. Therefore, in the model calculations
presented in this study, the spectral power differences between direct and diffuse
radiation are not distinguished. Instead, the total solar spectral power distribution is

used to represent both components, as shown in Figure 4.5.

(@) 29 (b) o5
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Figure 4.4 Spectral power distribution of (a) direct and (b) diffuse solar radiation
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Figure 4.5 Spectral power distribution of total solar radiation

Then the solar radiation received by the building facade facing south can be

calculated by:

1,(A)=1(2)-cos(6) / sin(H) (4-23)

For glazing 1, the total amount of direct solar radiation, which compromises of the

incident radiation in the front face and the reflected radiation in the back face, can be

calculated by:
(1) =DA)+R,, 5+ (1-4,) o O (4-24)
1 - 2-g3° W 4Ap) -
¢ e 1-(1-4,)*- R,- R, ,;
T, - R
R273:R2+u (4-25)
848 g I_Rg2 . Rg3
For fluids layer, the total of radiation energy received can be calculated by:
T, D)
® . (A)=R, ..-(1-4,) ¢!
! FET T =(1-4,) Ry Ry,
4-26
N T, -®(A) (4-26)
1-(1-4,)" R, R,

For glazing 2, the total amount of radiation received can be calculated by:
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Ty ©A)- (1-4))
I-(1-4,)- R, R

g2-g3

cDgz (A= + Rg3 ' cDg3 (4) (4-27)

For glazing 3, the total amount of direct radiation arriving the front face can be

calculated by:
T, 1-g2 D(1)
o (1)=—L= (4-28)
¢ 1-R - R
gl-g2 g3
where Rg1.¢2 is the total reflectance of glazing 1, the fluids layer and glazing 2:
2 2
gl-g2 = “igl 2 (4-29)
1-(1-4,)- R, R,
(3) Heat transfer equations
For glazing 1: the temperature changes of each time step can be calculated by:
Doy : T,-T
mgcg Jt =gy gl_ﬁ( gl a,out)
g
heyuo 24,
1 (4-30)
- (Tl_Tf)_Qr,ou
1 Gg g . 4
hc,g—f Zﬂg

where oy (m) represents the glazing’s thickness;
g [W/(m-K)] represents the thermal conductivity;
Tz (°C) represents the temeperature of glazing 1;
To0ur (°C) represents the ambient air temperature;
myg (kg) is the mass of glazing;

¢q [J/(kg-K)] is the specific heat capacity of glazing.

The air-to-glazing convective heat transfer coefficient is determined by the wind

speed, and can be estimated by:
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28+3- v, ifv,<5m/s

h =
c.g-al 08 (4-31)
6.15- v, ifv. >5m/s
where va (m/s) represents the air velocity.
The fluids-to-glazing convective heat transfer coefficient can be estimated by:
Nu, -4
S r
hc,f—gal - (4'32)
Oy
— 3
N, =1 Ra<10

Pr H H
N .=022 Ra)"* ()" Ra>10’, 1<—<10
we=! a0 ) S (4-33)

g g
N,, , =042Ra* Py or pasier, oo
’ 58 58

The radiative energy loss from outer glazing (glazing 1) to outer space is determined

by:
Qo =006, (T =T, (4-34)

where Tqy (°C) represents the sky temperature.

For fluids layer: the temperature changes of each time step can be calculated by:

dT, 1
MiCr g = 4,®, +—1 (T + T, =2 T}) (4-35)
h, ot ZZg

For glazing 2: the temperature changes of each time step can be calculated by:
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m_c Mo _ ! (T,-T),)
g8 dt g2~ g2 1 o, g2 g3
hy. 22,
| (4-36)
- 1 o (TZ_T}')_Qr,gZ—gf’
g
hc,g—f 2/157
P
c,ga_]\h . ﬂ, (4-37)

where Nu, can be evaluated by:

1, if Gr, <2000
Nu,=170.197- (Gr,- Pr)“(%)” if 6000<Gr_ - Pr<1.1x107%;11< " p (4-38)
(o)

0.073- (Gr, - Pr)”3(%)”9 if 2x10°<Gr, - Pr<1.1x10%;11< LI

O

The radiative energy loss from the clear glazing (glazing 2) to the low-e glazing

(glazing 3) can be expressed by:

4 4

Oes=1 1 90Ty (4-39)
—+—-1
g, &,

For glazing 3: the temperature changes of each time step can be calculated by:

dT 1
mgcg ij = Ag3®g3 + Qr,gZ—gS + o (TgZ - Tg3) - Qr,in (4‘40)
h,, +—=
24

4

4.2.2 Computational method

According to the model developed in Section 4.2.1, the MATLAB code was
generated to calculate the annual performance of the LFW, using the meteorological

date reported by Energyplus. The data used in this study are linearly interpolated with
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a time step of 1 s, and Figure 4.6 shows the general flow chart of the calculation

Process.

Input data
(Taws T Tgu Tf Va, Tsky: L, Idzﬁ H, 4;)

Start calculation from time £,
Set time step Af=15;

#q

Calculating the solar spectral power distribution
¢ by SMART model

SMART Model

Direct solar irradiation Diffuse solar irradiation

|—> Calling the instantaneous solar angles (4, Hy)

Y

Calculating the instantaneous s pectral
transmittance and absorbance

+ t=t+ At

Calculating the heat transfer of the absorbed
solar energy by window

To indoor side?

Recording as secondary
solar heat gain

Updating the tempratures of |
glazings (Tg) and fluids (T) Calculating the solar heat gain

Yearly calculation completed?

Figure 4.6 Flow chart for calculating the annual performance of the LFW

83



4.2.3 Experimental validation of the developed model

To demonstrate the accuracy of the developed model, experiments were carried out on
a scaled chamber. The layout of the sensors in the experiments is given in Figure 4.7
(a), and Figure 4.7 (b) shows the photo of the experimental rig. In the experimental
chamber, the double pane liquid flow window with 3 mm-thick SCBS was installed in
the south face, with dimensions of 20 cm (width) x 20 cm (height). During the test,
the ambient air temperature, outdoor illuminance level, indoor air temperature, indoor
illuminance and the inner/outer surface temperature of the glazings were recorded.
Figure 4.7 (¢) and (d) present the comparison on the surface temperatures of the inner
and outer glazing pane. Table 4-1 gives the detailed parameter setting of the model.
As shown, the calculated data agreed well with the experimental data, showing an
average temperature deviation of 0.31 °C for the outer pane and 0.02 °C for the inner
pane. This result indicates that the developed model can accurately predict the optical

and thermal performance of liquid-filled windows.
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Figure 4.7 (a) Schematic of the layout of the experimental chamber; (b) photos of the
experimental rig; (c) comparisons of the inner and outer pane surface temperatures of

the tested window with SCBS.
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Table 4-1 Parameter settings of the simulation.

Components Parameters Values

Glazing Refractive index (ng) 1.51
IR emissivity ( 4) 0.84
Density ( g) 2.5X103 kg/m3
Length x height x thickness 4 mm x 200 mm x 200 mm
Specific heat capacity (¢g) 800 J/(kg-K)

Air gap Thickness (d.) 12 mm

Filling fluids Material 0.1wt%SCC/10wt%CuSO4
Thickness (dy) 3 mm
Refractive index (#y) 1.32

4.3. Results and discussion

Hong Kong is a typical city with hot and humid climate conditions, where windows
with low SHGC can contribute to the energy-saving for most of the year. In this study,
the energy-saving performance of the SCBS-based LFW with the 3 mm-thick
0.1%SCC/10%CuSOs4 solution in Hong Kong was investigated numerically. The
hourly weather data of the typical year of Hong Kong was obtained from the official
websites of Energyplus, and the weather data was divided linearly with a time-step of
1 second. To showcase the energy-saving capabilities of the SCBS-based LFW, a
triple layered clear window was used as the baseline for comparison. In Section 4.1
the daylighting performances were discussed, and Section 4.2 gives energy-related

performances analysis.

4.3.1 Daylighting performance

Good daylighting performance is the primary concern of building windows. The 3
mm-thick 0.1%SCC/10%CuSOs solution filled double-layered window could have a
good luminous transmittance above 56% in vertical incidence conditions. But when
considering the increase of optical path length in the SCBS and the Fresnel reflection

caused by the obliquely incidence of light [198], the luminous transmittance of the
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LFW may be further decreased, which would negatively affect the indoor luminous
gain. To investigate whether the SCBS-based LFW is feasible in building daylighting,
the indoor total luminous gain, which compromises solar direct luminous gain and
diffuse luminous gain, was calculated. Figure 4.8 shows the calculated results on the
design days (Jan 21 for winter and Jul 21 for summer). As seen, the highest luminous
level appears at about 13:00 on the winter design day and 12:00 on the summer design
day. For the 1 m? SCBS-based LFW, the highest indoor luminous gains are about
30324 lum and 16783 lum for winter and summer design days respectively, which
reduces the total luminous gain by 41.5% and 53.3% when compared with the values
of triple layered clear window (51834 lum and 35961 lum). In comparison to a
previous study conducted by the present authors [190], it can be found that the
luminous attenuation caused by SCBS is smaller than that of the ATO nanofluids,
demonstrating that SCBS has advantages in daylighting over traditional ATO

materials.
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Figure 4.8 Indoor luminous gain for the SCBS-based LFW and triple layered

ordinary window on the design days in Hong Kong

According to related standards for windows’ transmittance, a higher luminous
transmittance level than 40% must be achieved for buildings with large window area
[199]. The calculated luminous transmittance shows an acceptable level of about
46.7% on the winter design day and 42.7% on the summer day. Figure 4.9 further
lists the monthly average luminous transmittance of the SCBS-based LFW and the

triple-layered clear window respectively. These values fluctuate in different months
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because the ratio of direct to diffuse solar radiation and the solar altitude are dynamic
in different months, which would further lead to constantly changing solar reflectance
and solar absorption of the window. However, results show that the SCBS-based
LFW can ensure a feasible daylighting level with luminous transmittance higher than

0.4 for all the 12 months.
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Figure 4.9 Monthly average luminous transmittance of the SCBS-based LFW and

triple-layered clear window

4.3.2 Energy-saving performance

Figure 4.10 compares the temperature of SCBS liquid, the inner and outer surface
temperatures of the LFW and the triple-layered clear window on the design days. The
highest temperature of the SCBS in winter could be about 46.4 °C, which is higher
than the highest point of the summer design day (43.6 °C). This is attributed to the
greater solar altitude angle in winter that can enable the vertical south surface to
receive a higher level of solar flux than summer days. The surface temperatures of the
LFW and the clear window show a similar fluctuation law to the temperature of
outdoor temperature. The peaks appear at the same time but with obvious differences
in values. At nighttime, the outer surface temperatures for the LFW and clear window
are lower than the outdoor air temperature, mainly because that the high emissivity of
outer glazing pane would passively emit long-wave thermal energy to outer space.

The LFW results in a higher inner surface temperature than the clear window, which
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indicates that the LFW would cause a higher level of secondary heat transfer to indoor
environment. On the winter design day, the LFW’s inner surface temperature could be
about 5.1 °C higher, but it still remains lower than 26 °C. This feature ensures that the
secondary heat transfer near the window does not have any detrimental effects on the

thermal comfort [34].
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Figure 4.10 Indoor luminous gain for the SCBS-based LFW and triple layered clear

window on the design days in Hong Kong

Figure 4.11 (a) and (b) depict the solar heat gains of the SCBS-based LFW and clear
window on the winter and summer design days (Jan 21 and Jul. 21). On the winter
design day, the highest value of the total solar heat gains appears at around 12:00,
which is 147.6 W/m? for the LFW and 455.8 W/m? for the clear window. On the
summer design day, the value for the LFW and clear window are 84.0 W/m? and
251.9 W/m? respectively, which indicate that the LFW positively reduces the space
cooling load in Hong Kong. On the other hand, the highest value of the secondary
heat transfer rate from the LFW’s inner pane to indoor environment is about 24.9
W/m? and 17.1 W/m? for the winter and summer design days respectively. These
values are smaller than the threshold that would cause uniform building environments

to decrease human thermal comfort [200].
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Figure 4.11 (a) Indoor solar gain of the SCBS-based LFW; (b) the clear window; (¢) heat transfer from window to indoor and outdoor

environments for the SCBS-based LFW; and (d) heat transfer from window to indoor and outdoor environments for the triple layered clear

window.
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Figure 4.11 (c) and (d) compare the heat transfer rate between windows to indoor and
outdoor environment for the SCBS-based LFW and the clear window respectively. As
shown in Figure 7, since the air gap between the mid glazing and inner glazing
insulates the convection and conduction heat transfer, and the low-e coating in the
inner glazing rejects the long-wave radiative heat transfer, most of the absorbed solar
energy by the LFW would be dissipated to the outdoor environment. As shown in
Figure 4.11 (c), during noon time, the heat transfer from the LFW to the outdoor
environment is about 342 W/m? for at around 13:00 on the winter design day, at the
same time, the heat transfer rate from the LFW to the indoor side is only about 24.6
W/m?. In the evening time, due to passive radiative energy loss from the outer glazing
pane to the outdoor space, the temperature of the outer glazing is lower than ambient

environment temperature, thus the heat transfer rate is minus in value.

Figure 4.12 shows the average indoor solar heat gain of each month, including both
the direct beam and diffuse solar heat gain of the LFW and clear window. The solar
heat gains of the LFW in Hong Kong fluctuate between 62.2 MJ/(m?-month) to 94.0
M1J/(m?-month), while the values of the triple-layered clear window are in the range of
181 MJ/m? to 267 MJ/m?. The annual solar heat gains are about 912.7 MJ/m? for the
LFW and 2630.5 MJ/m? for the triple-layered clear window, demonstrating that the
LFW design can effectively reduce the indoor solar heat gain by about 65% (1717.8
MJ/m?) in Hong Kong.
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Figure 4.12 Monthly average solar heat gain of the LFW and clear window
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On the other hand, due to the radiation transmittance/reflectance behaviors changing
with incident angle-dependent, the SHGC value is dynamic in different seasons. As
compared in Figure 4.13, from January to December, the SHGC fluctuates between
0.68 to 0.74 for the clear window, and between 0.24 to 0.26 for the LFW. The results
also show that the annual average SHGC value of the LFW is about 0.25, which is
more promising than the state-of-the-art low-e windows [12, 201]| and other heat

absorbing windows [36, 38].
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Figure 4.13 Monthly average SHGC of the SCBS-based LFW and triple-layered clear

window

4.4 Summary

Liquid filled windows have been designed and investigated in the past decade because
they combine the advantages of sound damping, thermal energy storage and solar NIR
shielding together, which can be highly energy-efficient for buildings. In this chapter,
a novel triple-layered LFW was designed with the spectrally selective solution. After
that, a transient model that considering the constantly changing solar angels and
dynamic solar spectral power distribution was developed to investigate the
energy-saving behavior of the LFW in Hong Kong. The results demonstrated that the
triple-layered LFW can ensure the monthly average photopic luminous transmittance
to be higher than 40% and the monthly average SHGC values be lower than 0.26 in
all the 12 months of the typical year of Hong Kong. The convective heat transfer rate

from the triple-layered LFW to indoor environment is smaller than 25 W/m? in the
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design days in Hong Kong, which can effectively avoid the overheating of the
near-window zones. Compared with triple-layered clear window, the triple-layered
LFW cut down the indoor solar heat gain by 65%, and the 1 m2-area triple-layered
LFW can reduces the indoor solar radiation energy by 1717.8 MIJ in the typical

meteorological year of Hong Kong.

92



Chapter S A novel thermo-responsive smart window with

spectral regulation of the biomass-derived materials

In Chapter 4, the static spectrally selective LFW was demonstrated to be effective in
hot regions. However, its application in cold climates may lead to increased heating
loads during winter. To enable adaptability in both hot and cold regions, this chapter
presents a novel thermo-responsive smart window, leveraging the temperature
dependent solubility of ammonia in water. This innovative design aims to achieve
precise solar spectral regulation, throughout both summer and winter seasons. It
integrates the spectrally selective SEBS material prepared in Chapter 3 to modulate
the solar spectrum effectively, and can achieve transmittance switching according to
temperature changes. This chapter thoroughly analyzed the optical and thermal
response characteristics of the smart window, evaluated its spectral modulation
performance, and compared it against other commercially available thermochromic
smart window technologies, to highlight the advancements of the newly developed
system. Subsequently, experimental studies conducted in Harbin assess its impact on
the indoor light and thermal environment of buildings. Furthermore, energy
consumption simulations across various cities and climate zones were performed to

validate its energy-saving potential in diverse regional contexts.
5.1 Structural design of a new ammonia pressure powered smart (apps) window

To enable the window to change its transmittance in response to ambient temperature
variations, a visible and near-infrared dual band tunable thermal-responsive smart
window, i.e., the APPs window (Ammonia Pressure Powered smart window) is
developed and presented in this chapter. Figure 5.1 (a) depicts the schematic
representation of the APPs window. It consists of two pieces of transparent clear
glazing placed parallel at a 2 mm gap. The hollow space between the two glazing
samples is connected to a cylinder, where some aqueous ammonia is stored in the left
segment, and spectral splitting fluids in the right segment of the cylinder, respectively.
The aqueous ammonia and spectral splitting fluids are separated by a polyethylene
piston. As shown in Figure 5.1 (a), in heated condition, the aqueous ammonia would
be supersaturated, which allow the ammonia to push the piston rightward, extruding
the spectral splitting fluids into the gap between the two glazing samples, as a result,
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the APPs window would change from the transparent state to an opaque state. While
if the temperature drops, the solubility of ammonia would increase, and the
dissolution of ammonia would suck the piston back. As the spectral splitting fluids

flow back to the cylinder, the window would return to the transparent state.
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Figure 5.1 (a) Working principle of the APPs window; (b) Photos of the APPs
window at different stages of a day; (c) the temperature-pressure-concentration

correlation of aqueous ammonia; (d) the transition temperature of the smart window.

Figure 5.1 (b) shows the change of an APPs window sample on a sunny day in
Harbin (July 28). The window initially resembled a double-glazing window in the
morning, while at 9:48 the spectral splitting fluids fill the space between the two
panes, and finally the window is fully filled by the spectral splitting fluids, with a
switching time of about 3 minutes. It should be noted that to prevent the leakage of
ammonia, the piston must be tightly attached to the inner surface of the cylinder.
Normally, for ordinary pistons that can seal the 2 cm-diameter cylinders at room
temperature, the maximum static friction force between piston and cylinder is about
2.0 N. To further ensure the sealing at high temperature, a larger sized piston was
used in the APPs window, which must overcome a friction force about 7.8 N to push
or suck the piston. To create a pressure of 7.8N, the ammonia segment pressure must

be higher than 1.25 atm or lower than 0.75 atm. Figure 5.1 (c) shows the correlation
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between the saturation temperature, pressure and concentration of ammonia. Figure
5.1 (d) compares the transition temperatures from transparent state to opaque state
(CTto) and opaque state to transparent state (CTo-t). It is clear that CTt, is about 11~

13°C higher than the CT,+. Increased ammonia concentration would dramatically
decrease the transition temperature. As long as the ammonia concentration exceeds
12.8%, the APPs window would have a more efficient transition temperature than
traditional VOz>-based smart windows (at 68°C). Using the industrial concentrated
ammonia solution (25% to 28%), the APPs window can achieve a transparent to
opaque switching at about 35 to 42°C, and an opaque to transparent switching at about

24 to 30°C, which is considered to be an ideal property for building applications.

Ideal spectral splitting fluids for APPs windows are supposed to have broadband
spectral shielding ability and good visible transmittance. Cu?* exists as the octahedral
structure in CuSQO4 solution, which causes an absorption peak at 820 nm due to the
electron transition between #2¢-eg. SCC can filter the blue and red visible light while
retaining high transparency in the green or yellow light band. Figure 5.2 (a) and
Figure 5.2 (b) exhibit the chemical structure and absorption features of CuSO4 and
SCC aqueous solutions. Theoretically, the CuSO4 and SCC blended solution which
combines the absorption features of Cu?", SCC and water together, can achieve the
broadband absorption of visible light and near infrared band whilst maintain highly
transparency in the green light band (500 nm to 600 nm), is ideal material for the

APPs window application.
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Figure 5.2 (a) Chemical structure and absorption feature of Cu?* aqueous solution; (b)

chemical structure and absorption feature of SCC aqueous solution.
5.2 Physical properties of the APPs window
5.2.1 Cyclic test of the APPs window

The prepared solutions were used in the APPs window, and the cycling test of the
APPs window were shown in Figure 5.3, which demonstrates that the friction force
between the piston and cylinder is fairly constant after hundreds of cycles. In this
section, the optical properties and energy saving behaviors of the APPs window were

discussed.
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1.0 —— Push the piston to the right side
Push the piston to the left side
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0.6
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Figure 5.3 Cyclic test for the APPs window.
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5.2.2 Optical properties of the APPs window

Figure 5.4 shows the optical photos of the APPs window. At cold state, the APPs
window performs similarly to a normal double-glazing window, with highly visible
transmittance (7Twum = 84%, Table 5-1). At hot state, as the spectral splitting fluids
flow into the gap between two glazing, the transparency of the APPs window
decreases and exhibit colors (CuSO4 solution shows slight blue color, SCC solution

shows green and blended CuSO4/SCC solution shows dark green).

Hot state

10wt% CuSO, 0.1wt% SCC

Figure 5.4 Photos of the smart window at cool state (left) and at hot state (right), with
CuSO0s4, SCC, and blended CuSO4/SCC aqueous solution, respectively

The transparency and color features of the APPs window agreed well with the spectral
transmittance exhibited in Figure 5.5. In room temperature, the APPs window
exhibits high transmittance (about 84%) among the whole solar spectrum (300 to
2500 nm). While in a hot state, several absorption behaviors appear in the solar
spectrum. Cu?' in water would absorb the NIR, as shown in Figure 5.5 (a), the
manifest extinction peak at 820 nm is caused by the d-d transition of Cu?". It is also
noticeable that obvious light extinctions appear in the N/R band with greater
wavelength than 1800, mainly attributed to the light absorption of water molecules
vibration. The increased CuSOs4 concentration (Figure 5.5 d) or increased fluids
thickness (Figure 5.5 a) decreases the spectral transmittance in the NIR band
dramatically, which agreed well with the Lambert-Beer law. As shown in Figure 5.5

(a), 20% CuSOg4 solution with a thickness of 5 mm can filter nearly all the NIR.

SCC in the APPs windows works as the spectral filter of VIS band (the blue light and
red light). SCC aqueous solution, as shown in Figure 5.5 (b) and Figure 5.5 (d),
arose two absorption peaks at 410 nm (blue light) and 650 nm (red light),

corresponding to the electron transitions between the ground state and two different
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excited states. By combining the absorption features of Cu?*, SCC and water
molecules together, the blended aqueous solution enabled radiation regulation across
the whole solar spectra (UV, VIS and NIR). As shown in Figure 5.5 (¢), with 10 mm
thickness, the blended SCC/CuSO4 solutions perfectly shield the solar radiation, and
maintains the moderate transmittance in the ideal VIS band (450 nm to 650 nm), as a
result, the light to solar heat gain (LSG) can reach to 2.9 (Table 5-1), which is much
higher than even the most advanced Low-e glazing or plasma-nanomaterials based

heat absorbing glazing.
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Figure 5.5 Spectral transmittance of the smart window at cool state and hot state with
different thicknesses: (a) CuSOs solution; (b) SCC solution and (¢) CuSO4/SCC
blended solution. Spectral transmittance of the smart window at cool state and hot
state with different concentrations: (d) CuSOs solution; (e¢) SCC solution and (f)
CuS04/SCC blended solution.

Figure 5.6 (a) and (b) compare the APPs window by the solar transmittance and
melanopic transmittance at different levels of luminous transmittance. In addition to
good luminous and solar modulation ability, enough melanopic transmittance (around
480 nm) is of vital importance for feasible photo-biological effects, which is an
inevitable technically difficult point for traditional VO,-based smart windows [36].
When the APPs window is in cold state, the luminous transmittance, solar radiation
transmittance and melanopic transmittance are all about 84% (Table 5-1). While in

hot state, the CuSOs solution ensures a good NIR modulation ability, and the SCC
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solution has a good modulation ability in the VIS band and the melanopic
transmittance. The blended solution, which combines the absorption features of
CuSO4 and SCC together, has superior modulation ability in solar transmittance,
luminous transmittance and melanopic transmittance simultaneously. Interestingly, it
is also noticed from Figure 5.6 (b) (Table 5-1) that the blended solution has a M/P of
around 0.84, which is similar to the solar radiation, indicating that it ensured a good

photo-biological performance that is similar to the natural lighting.

Figure 5.6 (¢) compares the Color Rendering Index (CRI) of the APPs window with
the ones of different spectral splitting fluids. CRI is a vital parameter to assess the
quality of the gamut relative for light. A rational CRI for residential buildings should
be above 80. As listed in Figure 5.6 (c), all the studied cases with 2 mm thickness
spectral splitting fluids can ensure a higher CRI than 80. While from Table 5-1, it can
be further inferred that with the same solar modulation, the blended solution can
ensure a higher CRI than the single use of CuSO4 or SCC solution. By
comprehensively considering the solar modulation ability, luminous modulation
ability, photo-biological effects, and the color rending performance (Figure 5.6 d), it
can be concluded that the blended solution is the most promising solution among the

presented cases.
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Table 5-1 Detailed optical properties of the APPs window in cool and hot state, with different spectral splitting fluids

Tium ATl Color coordinates
Materials Thickness Materials Tsa1 (% Twea (%) FOM M/P CRI
(%) (%) X y z
Bleached B Air 0.835 0.837 — 0.834 1 0.84 99 0.33 0.34 0.32
20% CuSO4 74.6 36.5 47.0 85.5 2.05 0.97 83 0.29 0.34 0.37
10% CuSO4 80.7 46.2 373 86.7 1.75 0.90 92 0.31 0.34 0.35
5% CuSO4 84.0 57.7 25.8 86.8 1.46 0.87 97 0.32 0.34 0.33
0.30% SCC 54.6 54.1 29.4 50.9 1.01 0.78 85 0.34 0.40 0.26
5 mm 0.15% SCC 64.6 60.2 233 61.5 1.07 0.80 91 0.34 0.38 0.28
0.10% SCC 70.7 63.1 20.4 69.1 1.12 0.82 92 0.33 0.37 0.30
0.05% SCC 79.9 69.2 14.3 78.5 1.15 0.82 96 0.33 0.36 0.31
0.15% SCC/10% CuSO4 63.4 353 48.2 64.5 1.80 0.86 85 0.32 0.37 0.31
0.1% SCC/10% CuSO4 71.3 39.8 43.7 73.3 1.79 0.87 87 0.32 0.37 0.32
Colored 0.05% SCC/10% CuSO4 75.3 43.4 40.1 78.2 1.74 0.87 91 0.32 0.35 0.33
1 mm 79.8 46.4 37.1 86.1 1.72 0.91 91 0.31 0.34 0.35
5 mm 20% CuSO4 61.4 27.8 55.7 82.5 2.21 1.13 66 0.25 0.33 0.42
10 mm 49.9 24.5 59.0 80.5 2.03 1.35 53 0.21 0.31 0.48
1 mm 84.5 76.6 6.9 83.5 1.10 0.83 98 0.33 0.35 0.31
5 mm 0.05% SCC 69.8 58.5 25.0 67.0 1.19 0.81 91 0.34 0.38 0.29
10 mm 533 45.0 38.5 50.5 1.18 0.80 82 0.33 0.40 0.27
1 mm 83.3 62.1 21.4 84.6 1.34 0.86 96 0.33 0.35 0.32
5 mm 0.05% SCC/10% CuSO4 62.0 254 58.1 67.2 2.45 0.91 80 0.30 0.37 0.33
10 mm 47.4 16.4 67.1 54.8 2.90 0.97 64 0.28 0.38 0.34
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Figure 5.6 (a) Comparison on the solar radiation transmittance for the smart window
in cool and hot states; (b) comparison on the “non-visual” transmittance for the smart
window in cool and hot states; (¢) comparison on the color rendering index (CRI) for
the smart window in cool and hot states; (d) performance summary and comparison

for the APPs window with different kinds of spectral splitting fluids.

The optical regulation mechanism of APPs windows is completely different from the
spectral regulation mechanisms of existing VO2 and hydrogel windows. The APPs
window resembles a normal double layered clear glazing window in cold state, and it
can switch to an opaque state at a flexible transparency transition temperature ranging
from 20°C to 80°C (determined by the ammonia concentration). In addition, with the
spectral absorption of Cu?>" and Sodium copper chlorophyllin (SCC) solution, the
APPs window is deemed to have no impact on the haze rate of windows (< 1%),
meanwhile, the APPs windows could achieve a solar modulation of 40% to 70%
whilst maintaining a luminous transmittance above 50% in the hot state (Table 5-2).
These features make the APPs window more appealing for building applications than
their counterparts, i.e., VOz-based window and hydrogel-based window, as compared
in Figure 5.7 (b), (¢), and (d).
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Figure 5.7 (a) Summary of the solar modulation ability (ATs) and the average
luminous transmittance (Tium, avergae = 1/2 Trum(eotay + 1/2 Tiummor) of some typical
thermal-responsive smart windows (detailed data are recorded in Table 5-2), (b), (c),
(d) Performance summary and comparison for APPs window and the existing
thermal-responsive smart windows (VO»-based window, hydrogel window and hybrid

VOs/hydrogel window).
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Table 5-2 Performance summary of current thermo-responsive smart windows

Categories Material Tium (%) AT«  Refs.
Bleached Opaque (%)
VO,-based Signal layer VO, 49 54 7.04  Zhang et al. [139]
smart 78 77 5.9 Wang et al. [138]
windows 4.6 39.7 155  Xiang et al. [136]
56.4 55.6 122 Xiang et al. [136]
82.1 4.8 Wang et al. [138]
Multi-  VO2(30nm)/TiO2(140nm) 49.5 44.8 15.1  Chenetal. [146]
layere  vO,(40nm)/TiO2(140nm) 61.5 57.7 6.9
dVO:  y0,(550m)/TiOx(140nm) 50.6 52.1 72
VO,(55nm)/Ti02(420nm) 58 539 10.9
VO2(55nm)/Si02(140nm) 70.1 66.2 6.1
VO3(95nm)/TiO2(140nm) 78.1 76.1 7.5
Mg doped VO, 40.6 40.03 2.9 Raptis et al. [140]
Zn doped VO2 47.2 51.92 12.1  Kangetal. [141]
F doped VO, 48.7 459 10.7  Daietal. [142]
W doped VO, 44.6 45.7 6.9 Hu et al. [143]
Zr doped VO, 60.4 14 Shen et al. [144]
Ti doped VO2 53 17.2  Chen et al. [145]
VO:-based nanocomposites 63.7 544 12 Liu et al. [148]
433 39.9 14.1  Liuetal. [148]
~50 ~50 17 Zhao et al. [147]
~70 ~60 20 Zhao et al. [149]
Hydrogel-based smart window 89.1 0.6 73.9  Zhou et al. [153]
87.2 0.5 81.6  Lietal. [202]
90.2 39 42.1  Zhangetal. [203]
90.9 1.26 68.1  Zhang et al. [203]
HY/Li* doped H* doped  thermochrom 78.5 223 42.4  Pattathiletal. [204]
hydrogel hydrogel thermo-/electro-chrom ~ 78.5 4 57.2
(clectric-/thermo-du 1+ goped  thermochrom 75.9 12 46.5
al-responsive) hydrogel  thermo-/electro-chrom ~ 75.9 4.1 54.9
VOs/hydrogel hybrid products 13 um 86.8 61.8 25 Zhou et al. [205]
26 um 84 523 31.7
52 um 82.1 432 389
APPs window 10% CuSO4 2 mm 83.7 75.3 40.1  this work
and 0.15% 5mm 83.7 62.0 58.1
scC 10 mm 83.7 47.4 67.1
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5.3 Experimental demonstration of the APPs window

As discussed above, the APPs smart window has excellent solar regulation ability,
high luminous transmittance, as well as a rational melanopic transmittance in both
cool and hot states, which make it a promising candidate for building applications. To
further demonstrate the practicality of the APPs window, outdoor experiments in
Harbin were carried out on two consecutive days: a sunny (2022.08.06) and a rainy
day (2022.08.07) respectively. Figure 5.8 shows the outdoor solar radiation level and
outdoor illuminance level in these two days, and Figure 5.9 shows the outdoor air

temperature during the testing days.
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Figure 5.8 Outdoor (a) solar radiation intensity, (b) illuminance level in 2022.08.06
and 2022.08.07.
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Figure 5.9 Ambient air temperature of Harbin in 2022.08.06 and 2022.08.07.

In the outdoor experiments, two hot chambers, with the same dimension of 20 cm % 20
cm x 30 cm were employed, one equipped with the APPs window, and another the
normal double-glazing window, both two windows faced south; Figure 5.10 (a)

shows the schematic of a hot chamber. The ammonia concentration in the APPs
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window was 28%, which enabled the APPs window to achieve transparent-to-opaque
switching at 36°C, and opaque-to-transparent switching at 24°C. The blended aqueous
solution, with a SCC concentration of 0.05% and CuSOs concentration of 10% were
applied. In the experiments, the air temperature inside the chambers, the surface
temperature of the windows, and the illuminance at the central floor of the chambers
were recorded for analysis. Figure 5.10 (b) shows photos of the two hot chambers at
hot and cool states, respectively. In the sunny day (August 6), the APPs window
operated in the hot state from 8:45 to 16:34, and it remained cool states for the rest of

time.
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Figure 5.10 (a) Scheme of the experimental hot chamber; (b) Photos of the hot

20 cm

Lum. sensor x

20 Cm

chambers equipped with APPs window (left) and equipped with double glazing (right),

at hot state and at cool state respectively.

Figure 5.11 compares the experimental results of the air temperature inside the two
chambers. In the sunny day, the hot chamber with the normal double glazing shows a
maximum temperature of 56.1°C at 11:18, at the same time, the air temperature of the
chamber with APPs window was just 51.8°C, about 4.3°C lower than that of normal
double-glazing window. In the rainy day (August 7), the APPs window operated in
the cool state for all day, as a result, there was no remarkable temperature difference

between the two experimental chambers.
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Figure 5.11 The chambers’ inside temperature and outdoor temperature change

during the two tested days

Figure 5.12 shows the surface temperature of the double-glazing window and the
APPs window in the experimental days. There is no significant difference in the
surface temperature between the two types of windows. This is mainly because the
APPs window can rapidly dissipate heat through outdoor convective heat transfer.
This also demonstrates that the APPs window does not cause significant secondary

solar heat gain.
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Figure 5.12 Surface temperature of the double-glazing window and the APPs window

in 2022.08.06 and 2022.08.07.

Figure 5.13 compares the inside illuminance levels of the two chambers. In the sunny
day, the normal double-glazing window showed the highest illuminance level of

41350 lux at 10:10, which is higher than the threshold of glare. Meanwhile, the APPs
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window reduced the illuminance level from 41350 lux to 17075 lux, which can
remarkably reduce the glare hazard. For effective daylighting, the useful daylight
illuminance (UDI) defined as that the illuminance for work plane between 100 lux to
2000 lux is the desirable daylight level (U1oo-2000). As recorded in these two days, the
hours of the illuminance level between 100 to 2000 lux of the two tested chambers has
little difference (735 minutes for normal APPs window, and 751 minutes for double
glazing window), demonstrating that the APPs window would not reduce the

daylighting performance.
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Figure 5.13 Tested illuminance in the tested sites of the APPs window and

double-glazing window

As discussed in Chapter 3, the CuSO4 and SCC blended solution has a M/P of natural
daylight, which ensures a balance in melanopic light and photopic light, meaning that
the APPs window is supposed to have a good photo-biological effect. To evaluate the
photo-biological effects of the APPs window, the spectral power distribution (SPD) of
solar radiation was calculated by the SMART model, as shown in Figure 5.14.
According to the SPD of solar spectrum, the hourly circadian light (CLA) of the two
tested chambers can be calculated, as shown in Figure 5.15. In the whole day, there
was no remarkable difference in the CS value between the APPs window and normal

double-glazing window, although the CLA for the normal double-glazing window is
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about two times higher than the APPs window at 10:00 to 11:00, demonstrating that

the APPs window would not spoil the photo-biological effects of day light.
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Figure 5.14 Spectral power distribution of natural light in 2022.08.06
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Figure 5.15 The hourly CLA value in the boxes with APPs window and normal
Double-glazing window in 2022.08.06.

Then, the photo-biological effect can be evaluated by the circadian stimulus (CS),
which reflects the amount of melatonin inhibition of the human circadian system after
a one-hour exposure. In the early part of the day, a higher CS value than 0.3 is
desirable for stimulating the circadian system and is related to better sleep quality and

improved behavior and mood. Figure 5.16 compares both the daylight of APPs
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window and normal double-glazing window by the hourly CS value in the sunny day.
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Figure 5.16 Estimated CS value in the sunny day (2022.08.06)
5.4 Energy-saving performance evaluation of the APPs window

To further clarify the energy-saving of APPs window, a simulation was carried out
based on an office building, detailed model as given in Figure 5.17. The simulation
considered an inner room of a building, which has dimensions of 6 m x 4.5 m x 3 m,
and it is equipped with three windows in the south facade, with the dimension of 1.8
m % 1.5 m. The simulation was carried out for three cities, those of Singapore, Hong
Kong and Harbin which represent three different types of climatic conditions: tropical,
subtropical and temperate, respectively. The ammonia concentration of 28%, a
blended aqueous solution with a SCC concentration of 0.1% and CuSO4 concentration

of 10%, was applied in the APPs window.

In the simulation work, a double-glazing window, with an air gap of 2 mm, was
employed as the baseline for comparison. On top of that, the energy-saving
performance of the APPs window was compared with one of the double layered low-e
window (low-e glazing + normal clear glazing). The related settings for windows in

the simulation work are given in Table 5-3.
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Figure 5.17 The hourly CLA value in the boxes with APPs window and normal
Double-glazing window in 2022.08.06.

Table 5-3 Parameters of the clear glazing, low-e glazing, and APPs window.

Front side Back side Thermal
Windows Thickness Tsol Ryl
emissivity emissivity Conductivity
Clear glazing 3 mm 91.8% 7% 0.84 0.84 0.94 W/mK
Low-e glazing 3 mm 59.9% 17.1% 0.15 0.84 0.94 W/mK
APPs window
7 mm 39.8% 8% 0.84 0.84 0.82 W/mK
(hot state)

Notes: (1) Double glazing in the simulation work is made of two clear glazing with air gap of 2 mm;
(2) Double layered low-e glazing is made of a low-e glazing and a clear glazing, with air gap of 2mm,;

(3) APPs window in cold state has the same parameters of double glazing.

Figure 5.18 (a) to (c) shows the monthly space cooling energy consumption
simulation results. It is clear that the normal double-glazing window would lead to the
highest value of monthly space cooling energy consumption. Both double layered
low-e glazing and the APPs window have good energy-saving performance. In
Singapore, APPs window shows the lowest space cooling load for all year. In Hong
Kong and Harbin, the double layered low-e window shows better energy saving
performance than APPs window in cold seasons, which is attributed to the fact that
the APPs window is not triggered to opaque state for adequate time. As shown in

Figure 5.18 (d), the APPs window works in the hot state for above 600 hours in
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Singapore for each month, while in Hong Kong and Harbin, the values from October
to May are no more than 300 hours. Figure 5.18 (e) further clarified the annual
energy saving of the APPs window and double layered low-e window, with the
baseline of normal double-glazing window. It should be noted that in Harbin, where
the APPs window works in hot state for just about 900 hours a year, the energy-saving
of APPs window is still greater than the one of double layered low-e glazing windows.
This result demonstrates that the APPs window is superior to double layered low-e
glazing windows in various climatic conditions. On the other hand, although the
operating hours of APPs window in hot state in Singapore is much greater than those
in Hong Kong, APPs window has similar annual cooling energy-saving potential in
these two cities (43 MJ/m? for Singapore and 41 MJ/m? for Hong Kong), mainly

because of the solar altitude angle difference between these two cities.
5.5 Summary

In this chapter, a novel thermal-responsive smart window (the APPs window) with
high solar modulation ability, excellent luminous transmittance and feasible transition
temperature was designed and fabricated. Compared with the counterparts, the APPs
window has excellent luminous transmittance at both room temperature (84%) and hot
conditions (above 50%). Furthermore, the APPs window has outstanding solar
modulation ability of 40% to 70%, flexible transition temperature ranging from 20 to
80°C, good melanopic light transmittance of 70% and high CRI above 80 in hot state.
In the outdoor chamber test, the APPs smart window reduced the indoor air
temperature by 4.3°C in a sunny day (compared with the normal glass), meanwhile, it
ensured a good daylighting quality for the whole day time, both in “photopic visual
effects” and “melanopic non-visual effects”. Moreover, simulation work conducted in
three cities with different weather conditions and demonstrates that the APPs
windows shows superior energy-saving potential than traditional double layered low-e
glazing windows in both cold and hot regions, with an annual energy-saving of 43.5
MJ/m?, 41.0 MJ/m? and 17.6 MJ/m? in Singapore, Hong Kong and Harbin,

respectively.
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Figure 5.18 The simulated monthly space cooling energy consumption for Singapore (a), Hong Kong (b), and Harbin (¢); (d) monthly operating

hours of the APPs window in hot state; and (e) the annual cooling energy-saving in the three cities.
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Chapter 6 A novel actively tunable bi-static window with

spectral regulation of the biomass-derived material

The APPs window proposed in Chapter 4 can spontaneously adjust its optical
properties in response to outdoor temperature, representing a passive regulation
strategy. In contrast, this chapter introduces an actively tunable spectral-selective
window technology, by proposing a flip-induced bi-static window, based on the
structural design of flip windows. Flip windows have already been commercially
adopted in daily life. For instance, the windows on the platform of the Hung Hom
MTR Station in Hong Kong are 180° rotatable (Figure 6.1b). The original intention
behind the flip window design was to facilitate glazing cleaning. In this chapter, the
flip window concept is further advanced by incorporating tunable optical properties,
resulting in the development of a flip-induced bi-static window. This chapter provides
a detailed description of the mechanical design of the bi-static window. Subsequently,
this chapter thoroughly investigates the physical properties of the proposed window,
focusing on its spectral regulation capability and the switching mechanism between
the two modes. Outdoor experiments were then conducted to compare the
energy-saving and daylighting performance of the bi-static window in both modes.
Finally, energy-saving simulations for typical cities in different climate zones were
conducted to reveals the energy-saving potential of the bi-static window across

various climate regions.

Figure 6.1 (a) Flipping windows applied in an office building; (b) Flipping windows
at Hung Hom MTR Station, Hong Kong
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6.1 Material and structural design of a new rotatable bi-static (RB) window
6.1.1 Ideal windows

The ideal optical properties for window is clearly seasonal. As shown in Figure 6.2
(a), in cold seasons, an ideal window should be fully transparent across the entire
solar spectrum, to maximize the solar heat gain through window structure in buildings.
Conversely, in hot seasons, windows are supposed to minimize the indoor solar heat
gain, and maintain high VIS transparency for efficient daylight. To adapt to hot
seasons, the spectrally selective designs that block the solar NIR and prioritize
maximum transparency in the green VIS light band (as depicted in Figure 6.2 a), is
considered to be the optimal solution. As results, such optical properties will provide
windows with a light green color (Figure 6.2 b). Since this spectrum configuration
selectively blocks some of the red and blue VIS with low luminous efficiency, it can
ensure a ultra-high light to solar heat gain (LSG) surpassing the state-of-the-art
spectrally selective materials. In addition to high LSG, the natural green color has
been proven to be visually soothing for the human eye, and it is also associated with
various healthy photo-biological benefits for dwellers [206, 207].

1 Ideal curves for dynamic windows
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Figure 6.2 (a) Ideal transmittance curves for dynamic windows in hot and cold

seasons; (b) schematic representation of the ideal windows for hot and cold seasons
6.1.2 Structural design of the RB window

In this study, a rotatable bi-static (RB) window was proposed to achieve optical
switching between two ideal optical states. Specifically, the RB window employs the
optical absorbing behaviors of filling fluids. The SCC/CuSO4 blended solution (SCBS)
was utilized to work as a spectrally selective fluids (SSF), to match the ideal window
in hot season. To further match the ideal optical properties in cold season, a counter
fluid to the SSF, i.e., the liquid paraffin (LP), was employed to create high
transparency across the whole solar spectrum. The structural design of the RB

window is shown in Figure 6.3. The switching between these two fluids is enabled by
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the unique 180-degree rotatable structural design, as seen from Figure 6.3 (a). The
SSF and LP have different densities (Figure 6.4). In bleached state, the liquid tank is
positioned at the bottom of the window, the gravity causes the SSF to sink into the
liquid tank, while the LP rises to occupy the hollow gap. This configuration yields a
highly transparent window, allowing for maximum solar heat gain. Conversely, in hot
conditions, the liquid tank is relocated to the top position through 180-degree rotation,
causing the LP to float into the tank while the SSF sinks into the hollow gap. As a
result, the window exhibits the optical properties of the SSF, characterized by high

luminous transmittance and low solar heat gain.

Frame \
"~ Glazing

i‘émk # '
SSF

_SSF

,_'&;.-

Bleached state

Colored state

Figure 6.3 (a) Schematic representation of the RB window; (b) working principle of
the RB window.
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Figure 6.5 (a) Optical photos of the bleached RB window with different aging time;
(b) spectral transmittance of the bleached RB window with different aging time; (c)
optical photos of the colored RB window with different aging time; and (d) spectral

transmittance of the colored RB window with different aging time.

Based on the above flipping mechanical structure design, reversible switching
between different light transmission modes of the window can be achieved. The
switching process is simple, reliably responsive, and does not rely on electricity or
complex control systems, offering excellent tunability and sustainability. Figure 6.4
presents the weathering test results of the RB window structure. After a prolonged
outdoor exposure test lasting up to nine months, the window maintained stable

structural characteristics and continued to enable reversible switching of the liquid
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within the window interlayer. No significant leakage, miscibility, or performance
degradation was observed. These results fully demonstrate the long-term stability and

reliability of the flipping-induced dual-mode chromogenic window during operation.
6.2 Physical properties of the RB window
6.2.1 Optical properties

The LP and SSF exhibit high optical contrast (Figure 6.6 a), as the LP possesses
excellent transparency across the solar spectrum, while the SSF displays a distinct
spectral selectivity. Figure 6.6 (b) gives the optical photographs of a 3 mm-thick, 20
x 20 mm? RB window sample, with the 0.1%SC/10%CuSOs hybrid solution. The
sample offers transparency in both of these two states. In bleached state, the sample
shows high transparency and color neutralization. In colored state, the color closely
aligns with the ideal windows for hot seasons, with a high transparency and light

green color.
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Figure 6.6 (a) The optical photo of the two optical fluids; (b) optical photos of the

RB window in bleached and colored states

Figure 6.7 compares the spectral transmittance of the RB window using a 0.1%SCC
/10% CuSOg4 blended solution as the SSF, under different thicknesses of the filling
fluids. In the bleached state, the window exhibits excellent transmittance across the
entire visible spectrum, with an overall visible light transmittance of approximately
91%. This value is higher than that of both the APPs smart window introduced in

Chapter 5 and that of conventional double-glazed windows in their bleached state.

The enhanced transmittance of the RB window in bleached state is primarily
attributed to the LP fluid, which has an extinction coefficient near zero in the visible
region and a refractive index higher than that of air. As a result, the interfacial
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reflectance at the glazing—LP interface is significantly lower than that at the
glazing—air interface, thereby reducing the overall reflectance of the window and

increasing its transmittance.

Due to the overtone vibrations of C—H bonds, the LP fluid shows some absorption in
the near-infrared region beyond 2200 nm. However, in the bleached state, the solar
transmittance of the window remains above 85%. In the colored state, when the
thicknesses of filling fluids are 3 mm, 5 mm, and 10 mm, the solar transmittance
decreases by approximately 60.6%, 67.6%, and 74.6%, respectively, indicating a solar
heat modulation capability greater than 60%. Furthermore, the window maintains a
reasonable visible light transmittance in the colored state without any haze,
demonstrating that the RB window possesses significant advantages over other types

of smart windows.
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Figure 6.7 Spectral transmittance of (a) 3 mm-thick, (b) 5 mm-thick and (c) 10

mm-thick RB windows at bleached and colored states

To further optical the optimal design parameters for the RB window, this chapter
systematically tests and analyzes the optical transmittance of the window under
different filling fluids thicknesses and various concentrations of the SCBS. Key
optical performance indicators were calculated, including visible light transmittance
(Twm), solar transmittance (7s:), solar modulation ability (ATsw:), melanopic
transmittance (7Tner), circadian efficacy ratio (M/P), color rendering index (CRI), and

CIE color coordinates. Detailed data are presented in Table 6-1.

Figure 6.8 (a) compares the AT, Tum, and CRI of the RB windows in the colored
state, under different SSF compositions and different thicknesses of filling fluids. The
results indicate that appropriately increasing the thickness of filling fluids and SSF
concentration can enhance solar modulation ability; however, this also leads to a
reduction in visible transmittance and CRI. Therefore, a trade-off must be made

between solar heat regulation and natural daylight quality during performance
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optimization. Based on the analysis in Figure 6.8 (a), the SSF composition of 0.1%

SCC/10% CuSOq4 is recommended, as it offers a well-balanced performance. Using a

higher concentration of SSF further reduces the CRI and visible light transmittance in

the colored state, which may negatively affect daylighting in architectural applications.

Moreover, increasing the interlayer thickness further would increase the volume of the

reservoir, which is unfavorable for the aesthetic design of the window.

Specifically, the RB window using 0.1%SCC/10% CuSO4 achieves a AT, up to
60.6%, with visible transmittance of 90% in the bleached state and 56.2% in the
colored state. Additionally, the CRI remains above 80 in the colored state, meeting the
requirements for most building daylighting and visual comfort standards. Furthermore
under this SSF configuration, the non-visual light transmittance is close to the visible
light transmittance, and the M/P ratio is close to that of natural daylight (0.84),
indicating that the window in its colored state can provide a photo-biological effects
similar to natural light. This further demonstrates its potential for application in

creating healthy building environments.

Table 6-2 summarizes the reported optical performance parameters of representative

smart window materials, including thermochromic VO, WOs3, and hydrogel-based

smart window technologies.
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Table 6-1 Optical properties of the APPs window in cool and hot state, with different spectral splitting fluids

Ttum (%) T (%) AT Tmel (%0) LSG M/P CRI CIE color coordinates
Thickness Concentration
Bleached Colored BleachedColored (%) Bleached Colored (colored) (colored) (colored) «x y
2 mm 20% CuSO4 90.2 74.6 86.2 36.5 47.0 89.8 85.5 1.86 0.97 83 0.29 0.34
10% CuSO4 90.2 80.7 86.2 46.2 373 89.8 86.7 1.73 0.90 92 0.31 0.34
5% CuSO4 90.2 84.0 86.2 57.7 25.8 89.8 86.8 1.54 0.87 97 0.32 0.34
0.15% SC 90.2 64.6 86.2 60.2 233  89.8 61.5 1.15 0.80 91 0.34 0.38
0.10% SC 90.2 70.7 86.2 63.1 204 89.8 69.1 1.21 0.82 92 0.33 0.37
0.05% SC 90.2 79.9 86.2 69.2 143 89.8 78.5 1.28 0.91 96 0.33 0.36
10% CuSO4 90.2 84 86.2 459 40.3 89.8 90.1 1.80 0.97 91 0.31 0.34
0.05% SC/10% CuSO4  90.2 74.5 86.2 41.1 45.1 89.8 74.3 1.72 0.84 89 0.32 0.36
0.1% SC/10% CuSO4 90.2 66.4 86.2 345 51.7 89.8 63.4 1.71 0.81 85 0.31 0.37
3 mm 10% CuSO4 90.4 81 85.3 393 46 90 90.4 1.93 0.94 88 0.3 0.34
0.05% SC/10% CuSO4  90.4 74.1 85.3 35.6 49.7 90 73.6 1.87 0.83 84 0.31 0.37
0.1% SC/10% CuSO4 90.4 56.2 85.3 24.7 60.6 90 54.1 1.75 0.81 80 0.31 0.38
5 mm 10% CuSO4 89.7 78.4 82.7 33.7 49 89.6 89.4 2.05 1.00 81 0.28 0.34
0.05% SC/10% CuSO4  89.7 55.9 82.7 21.9 60.8 89.6 55 1.85 0.83 72 0.30 0.38
0.1% SC/10% CuSO4 89.7 41 82.7 15.1 67.6 89.6 393 1.60 0.81 68 0.29 0.40
10 mm 10% CuSO4 89.4 65.1 80.6 29.5 61.1 88.7 88.8 1.84 1.15 68 0.25 0.33
0.05% SC/10% CuSO4  89.4 38.6 80.6 12.6 68 88.7 37.2 1.61 0.81 56 0.27 0.41
0.1% SC/10% CuSO4 89.4 19.4 80.6 6.0 74.6  88.7 19 1.00 0.82 49 0.26 0.43
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Table 6-2 Categories, materials, luminous transmittance and solar modulation ability of the thermochromic (TC) and electrochromic (EC) smart

windows
Tum (%)
Categories TC materials (EC materials) AT (%) Refs
Bleached Opaque
78 77 5.9 Wang et al. 2015 [138]
Signal layer VO2 42.6 39.7 15.5
Xiang et al. 2022 [152]
56.4 55.6 12.2
Si-Al/VO; 46.3 41.4 18.9
Liu et al. 2018 [208]
TEOS/VO» 52.7 48.7 16.4
Multi-layered VO2  VO2(55nm)/TiO2(140nm) 50.6 52.1 7.2
Chen et al. 2011 [146]
VO3(55nm)/Ti02(420nm) 58 53.9 10.9
VO2(90nm)/SiO2(85nm) 70.1 66.2 11.6 Liu et al. 2020 [209]
VOs-based windows  Zn doped VO 47.2 51.92 12.1 Kang et al. 2021 [141]
Si doped VO, 54.7 13.9 Zou et al. 2021 [210]
Zr doped VO2 60.4 14 Shen et al. 2014 [144]
Ti doped VO, 53 17.2 Chen et al. 2013 [144]
52.9 37.3 25.7 Zhao et al. 2023 [211]
63.7 54.4 12
Liu et al. 2014 [148]
VO,-based nanocomposites 43.3 39.9 14.1
~50 ~50 17 Zhao et al. 2020 [147]
~70 ~60 20 Zhao et al. 2020 [149]
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89.1 0.6 73.9 Zhou et al. 2013 [153]
91.8 73.7 73.7 Zhang et al. 2022 [212]
Hydrogel- )
87.2 0.5 81.6 Liet al. 2019 [202]
based window
90.2 39 42.1
Zhou et al. 2020 [20]
90.9 1.26 68.1
) 86.8 61.8 25
VOy/hydrogel hybrid products Zhou et al. 2015 [205]
82.1 43.2 38.9
WOs., nanoflowers 69.7 41.7 43.6 Huang et al. 2023 [213]
) WO,-based plasmochromic 79 70 Cots et al. 2021 [214]
EC window
Ta-doped TiO2 nanocrystals 93.4 4.3 80 Cao et al. 2019 [156]
WO3.,-NbO, nanocomposite 93 22 78 Kin et al. 2015 [215]
thermochromic 78.5 22.3 42.4
H* doped )
electrochromic 78.5 16.3 49.3
hydrogel-WO3
EC/TC dual- thermo-/electro- dual-chromic 78.5 4 57.2
' . Zhang et al. 2023 [203]
responsive windows thermochromic 75.9 12 46.5
Li* doped
electrochromic 75.9 22.1 44.3
hydrogel-WO3
thermo-/electro- dual-chromic 75.9 4.1 54.9
PC Cu-W-PC 91 18 73 Meng et al. 2023 [216]
2 mm 90.2 66.4 51.7
3 mm 90.4 56.2 60.6
RB window SCBS this work
5 mm 89.7 41.0 67.6
10 mm 89.4 194 74.6
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Figures 6.9 (a) and (b) illustrate the distribution of visible transmittance and solar
modulation ability for high-haze scattering-type and haze-free type smart windows,
respectively. Figure 6.9 (c¢) provides a comprehensive evaluation of various smart
window systems across multiple dimensions, including visible transmittance,

non-visual effects, haze, and solar heat regulation ability.

Smart windows based on light-scattering behavior demonstrate significantly higher
solar modulation performance compared to haze-free systems. However, such
scattering behavior renders the window opaque in its colored state, with visible light
transmittance approaching zero and accompanied by high haze levels. High haze
optical properties conflict with architectural design standards, limiting their practical

application.

In Figure 6.9 (b), the RB window proposed in this study exhibits exceptionally high
solar modulation ability under non-scattering conditions, with a 4T, ranging from
60.6% to 74.6%, far exceeding other haze-free smart window systems. Meanwhile,
the visible transmittance exceeds 90% in the bleached state and remains above 50% in
the colored state, significantly outperforming most conventional thermochromic (VO.)

and electrochromic (WQO3) smart windows.
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Figure 6.9 (a) comparison of smart windows with scattering-based solar regulation;
(b) comparison of smart windows with no scattering behavior; (c¢) radar plot

comparing the performance parameters of various types of smart windows
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Furthermore, Figure 6.9 (c¢) highlights the comprehensive advantages of the RB
window in terms of solar heat regulation, visible transmittance, response speed, and
photo-biological effects. Compared to electrochromic windows that require external
power input, the proposed smart window features rapid structural response and
energy-free operation. Compared with thermochromic materials such as VO, it offers
higher visible light transmittance, better solar heat regulation, and improved
photo-biological effects. In contrast to hydrogel-based smart windows, it achieves
higher visible transmittance in the colored state and remains haze-free, making it

more suitable for architectural applications.
6.2.2 Fluid dynamics behaviors

The RB window achieves optical switching through the gravity-based flow of SSF
and LP. The density difference between SSF and LP causes these two fluids to
separate, forming distinct layers. In the fluids switching process, the photos of a 20
cm x 20 cm RB window sample at different stages were captured, and presented in
Figure 6.10, and Figure 6.11 further shows the variation in the visible transmittance
of the top and bottom points. The results indicate that it takes approximately 10
seconds for SSF to flow from the top to the bottom position in the coloring process,

while the bleaching process takes around 7 seconds.

Bleached Coloring

Colored

Figure 6.10 Optical photos of the switching process
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Figure 6.11 Transparency change of specific points on the RB window sample

To explore more details in fluid diffusion and mixing processes, CFD simulation was
conducted based on the volume of fluid (VOF) model. The simulation considered key
factors such as gravity, interfacial tension between fluids, and viscosity differences.
The viscosities of LP and SSF at different temperatures were measured using a
rotational viscometer, and the results are shown in Figure 6.12. Overall, the
viscosities of all three liquids decrease with increasing temperature. LP consistently
exhibits significantly higher viscosity than SSF and water across all tested
temperatures, with the difference being particularly pronounced at lower temperatures.
At 4 °C, the viscosity of LP reaches 27.6 x 10~ Pa-s, while those of SSF and water are
only 1.79 x 103 Pa's and 1.57 x 1073 Pa-s, respectively.

SSF shows slightly higher viscosity than water over the entire temperature range, but
the values are relatively close, indicating that SSF possesses good fluidity. In contrast,
the high viscosity of LP may result in greater flow resistance, potentially affecting the
switching speed of the system. The viscosity of LP is highly sensitive to temperature,
suggesting that the switching behavior of the RB window will vary significantly under
different thermal conditions. Figure 6.13 shows the visual results of the simulation,
which indicates that the coloring process for the 20 cm % 20 cm RB window sample

takes approximately 20 seconds, while the bleaching process takes around 16 seconds.
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Figure 6.13 CFD simulation of the coloring and bleaching process of the RB window

sample

To clarify the transparency-switching for the real scaled RB window, the CFD
simulation was conducted in a RB window with dimensions of 150 cm (length) x 180
cm (height). Figure 6.14 shows the bleaching process at a temperature of 20°C. The
temperature of fluid will affect its viscosity and thereby affect the transparency
switching process. Further, Figure 6.15 shows the simulated transparency switching
time of the RB windows, for both the coloring process and the bleaching process. A
smaller window size and higher temperature results in a faster transparency switching.
For the real-scaled RB window (150 cm x 180 cm) at temperature of 20 to 60°C, the
coloring process requires 91 to 141 seconds, while the time consumption for
bleaching process are smaller than 1 minute. This result indicates that the RB window

can achieve faster transparency switching than most of the EC windows.
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Figure 6.16 displays the results of the cyclic test conducted on the 20 cm x 20 cm RB
window sample at room temperature (around 24°C). The visible transmittance of the
RB window remains fairly constant in both the bleached and colored states, even after
1000 cycles, demonstrating the cyclic stability of the RB window during extended use.
Considering its excellent solar modulation ability, long-term stability, durability in
optical performance, high visible transmittance, flexible transparency switching, and

easy cleaning features, the RB window proves highly attractive for residential

30t second

applications.
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Figure 6.14 (a) CFD simulation results of the fluids switching process for a RB
window with dimensions of 150 cm (length) x 180 cm (height)

L] Coloring process (20 cm x 20 cm)
[] Bleaching process (20 cm x 20 cm) -
141 [ Coloring process (1.8 m x 1.5 m)

[ I Bleaching process (1.8 m x 1.5 m)

112

-
»
o

-
N
o

104
91

FY
o

23.5 21.9

20°C 30°C 40°C 60°C
Temperature (°C)

Transparency switching time (s)
(o}
o

Figure 6.15 Transparency-switching time at different temperature conditions of the

127



real scaled RB window

1.0 .
———— — AP lw’_-

0.8
o
o
c
£ 06 —\Y AN
£
g 0.4
ol Bleached state

0.2 Colored state

0.0

0 200 400 600 800 1000

Cycle
Figure 6.16 Cyclic test of the RB window
6.3 Experimental demonstration of the RB window

To further demonstrate the energy-saving performance of the RB window, continuous
outdoor experimental tests were conducted on two summer days in Harbin,
specifically on June 19 (sunny day) and June 20 (rainy day), 2023 respectively. The
experimental chambers have a dimension of 20 cm x 20 cm x 20 cm, with south
surfaces installing the RB windows. The other surfaces of the chambers were spliced
with 5 mm-thick PMMA plates and wrapped with 1 cm-thick polyethylene foam
(Figure 5a). In Chamber 1, the RB window was in the colored state, while in
Chamber 2, the RB window remained in bleached state (Figure 5b) throughout the

experiments.

(a) (b)

A

Chamber p.

Figure 6.17 (a) Layout of sensors placement in the chamber; (b) experimental

chambers with RB window in colored (left) and bleached states (right)
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During the tests, two artificial skins were placed on the floor of the chambers,
mimicking the solar absorption features of human skin (Figure 6.18). Temperature
and luminous sensors were strategically placed to continuously record data for further

analysis.
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Figure 6.18 Comparison of the spectral absorption of the Real skin and Artificial skin

The outdoor solar radiation levels of the two experimental days were recorded
(Figure 6.19). On the sunny day (19/06/2023), the maximum temperature of the inner
glazing in Chamber 1 was about 4.52°C higher than Chamber 2, at the same time, the
difference for the outer glazing was 5.64°C (Figure 6.20), indicating a secondary heat

transfer caused by the solar absorption of window.
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Figure 6.19 Outdoor solar irradiance of June 19 and June 20, 2023

129



(a) 2023.06.19 @ 2023.06.20
60

—— Outdoor Temperature
Temp. (inner surface)_Chamber 1
= 50t Temp. (inner surface)_Chamber 2
[~]
2
2 40}
i
L]
jo R
E 30+
0:00 6:00 16:00 24:00 8:00 16:00 24:00
(b) 2023.06.19 ® 2023.06.20
60 ‘ — Outdoor Temperature '
— Temp. (outer surface)_Chamber 1
) 50¢ — Temp. (outer surface)_Chamber 2
e
2 40f
S
o
£
2 30r
20w ey

0:00 6:00 16:00 24:00 8:00 16:00 24:00

Figure 6.20 Comparisons of the surface temperature of the RB windows in Chamber

1 and Chamber 2

Although it receives the secondary heat transfer from the inner glazing, the measured
temperatures inside Chamber 1 were still lower than those of Chamber 2 (Figure
6.21), and on the sunny day saw a more significant difference. On 19 June, Chamber
1 saw the highest maximum temperatures of 50.79°C, 50.64°C, and 49.09°C for the
chamber floor, artificial skin, and indoor air respectively, and these figures were about
11.08°C, 5.92°C and 3.62°C higher in Chamber 2, demonstrating RB window’s ability

in regulating indoor solar heat gain.

Figure 6.22 (a) shows the inside daylight at the floor of the chambers. On Jun 19, the
floor of Chamber 2 showcased the highest illuminance level of 13158 lux at 12:01 PM.
In contrast, the illuminance level on the floor of Chamber 1 was 9154 lux at the same
time. The useful daylight illuminance (UDI) recommends a desirable illuminance
level between 100 lux to 2000 Iux (Uio-2000), for effective daylighting in the work
plane. As recorded on these two days (Figure 6.22 b), both Chamber 1 and Chamber

2 maintained a similar duration of indoor illuminance above 100 lux, on both sunny

130



days and rainy days. However, Chamber 1, with the RB window installed, achieved a
longer duration within the Uigo-2000. This is because the biomass dye in the RB
window can effectively reduce glare. Comparing the data in Figure 6.22 b, Chamber
1 has a duration of approximately 349 minutes within the Ujoo-2000 on the sunny day,
and 658 minutes on the rainy day. On the other hand, the duration for Chamber 2 are
263 and 507 minutes for the sunny day and rainy day, respectively. These results
demonstrate that the RB window has the ability to create a more comfortable and
suitable daylight environment, by mitigating glare and providing a more rational

distribution of illuminance levels.
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Figure 6.21 Comparisons of the temperatures of the chambers’ floor (above),

artificial skin (middle) and indoor air (below).
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6.4 Energy-saving simulation of the RB window

To assess the energy-saving of RB windows, simulations were conducted, considering
an inner room of an office building, with dimensions of 6 m X 4.5 m x 3 m (Figure
6.23 a). The room installed three windows facing south, and each window has the
same dimensions of 1.8 m (length) x 1.5 m (height). The weather data collected in
four cities different climatic conditions [217], i.e. Harbin, Hong Kong, and Singapore
was used in the simulations. RB window with 3 mm-gap and 0.1%SC/10%CuSO4
SSF was chosen as the object for simulation. The RB window was scheduled to be in
colored state when there was a need for space cooling, and the solar radiation received
by the window exceeded 200 W/m?. Otherwise, the windows remained in their
bleached state (Figure 6.26 b). For comparison, the same building models equipped
with ordinary double-pane low-emissivity (low-e) glazing windows and double-pane

clear windows were also simulated. Details regarding the window parameters used in
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the simulations can be found in Table 6-3.

Figure 6.23 (c¢) to (f) show the monthly energy consumption for building space
cooling. Both RB window and double-pane low-e window could reduce space cooling
energy consumption, compared to normal double-pane clear windows. In the annual
round, the RB window demonstrates a higher energy-saving performance than the
double-pane low-e window (Figure 6.24). Figure 6.23 (g) compares the monthly
space heating consumption of different window types in Harbin. Low-e window
would passively reflect the solar radiation energy, negatively increasing the space
heating load in cold seasons. While, the RB window can keep a high SHGC value in
cold seasons by switching into the bleached state, which is positive for buildings to
reduce the space heating energy consumption. In comparison to normal double
layered clear window, the RB window can achieve an annual energy-saving of 147
MJ/m?, 69 MJ/m?, 183 MJ/m?, 146 MJ/m?, in Harbin, Chengdu, Hong Kong and
Singapore, respectively, while this figure for the static low-e window are 65.2 MJ/m?,
60.5 MJ/m?, 134 MJ/m?, 134 MJ/m? respectively (Figure 6.23 and Figure 6.23 h).
These findings highlight the advantages of utilizing RB windows, in both hot and cold
climatic zones, as it effectively addresses both space cooling and space heating

requirements.

Table 6-3 Parameters of the clear glazing, low-e glazing, and RB window used in the

simulation.
Double layered Double layered RB window in  RB window in
clear window Low-e window bleached state colored state
U-factor 1.361 1.224 1.404 1.435
SHGC 0.817 0.627 0.821 0.312

Notes: (1) Double glazing in the simulation work is made of two clear glazing with air gap of 13 mm;

(2) Double layered low-e glazing is made of a low-e glazing and a clear glazing, with air gap of 13mm.
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Figure 6.23 (a) Building model used in the simulation, (b) the working principles for the RB window; (¢) - (f) monthly space cooling energy
consumption in different cities; (g) monthly space heating energy consumption in Harbin; and (h) the annual space cooling and heating energy

consumption in these four cities
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6.5 Summary

In this chapter, a RB window was designed for solar regulatio. Compared with the
traditional TC and EC windows, the RB window showcases significant energy-related
advantages. In detail, the RB window presents superior solar modulation ability,
surpassing 60%. It also exhibits high luminous transmittances in both bleached (90%)
and colored states (56%). In addition, the window has high UV stability, excellent
weathering assessment, low haze level (< 1%), rapid transparency switching, feasible
color rendering index (CRI > 80), and rational photo-biological. In the experimental
demonstration of the RB window, the results indicate that the chamber with RB
window could reduce its’ inner surface temperature by about 11.2°C on a sunny day,
and it ensures a more rational indoor luminous level by effectively reducing the glare.
In addition, simulations conducted in four cities demonstrated the feasibility of the
RB window to both hot and cold regions, which can reduce the building space heating

and cooling energy consumption of about 30% to 40%.
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Chapter 7 Broadband spectrally tunable window via the

biomass-derived material and a Janus structure

The spectrally selective window technologies developed in this study are designed to
selectively absorb solar radiation. However, once the glazing absorbs solar radiation,
its surface temperature rises, and it subsequently transfers heat to the indoor
environment via convection and long-wave infrared radiation, leading to the
“secondary solar heat gain”. Regulating the long-wave radiative characteristics of
spectrally selective window surfaces is a promising strategy to avoid “secondary solar
heat gain” caused by radiative heat transfer. Traditional low-e technologies achieve a
reduction in thermal radiation transmission by depositing low-e coatings on glazing
surfaces. These low-e coatings are primarily designed for traditional building glazing,
to prevent external thermal radiation from entering indoor space. However, for
spectrally selective solar-absorbing window developed in this thesis, the glazing
surface temperature is typically higher than the outdoor ambient temperature.
Applying a low-e coating on the exterior surface of such glazing may hinder its ability
to dissipate heat to the surrounding environment, and it also hindered the radiative sky

cooling behavior of the window.

For building thermal regulation, utilizing the atmospheric window (8 to 13 pm) to
radiate heat into outer space is an effective passive radiative cooling approach. In
summer, the heat absorbing window should integrate a high-emissivity coating on its
exterior side to enhance radiative sky cooling, while a low-e coating on the interior
side to suppress secondary solar heat gain. In winter, a low-emissivity on the exterior
surface is desired to minimize radiative heat loss to the outdoor environment and
outer space. To address these seasonal requirements on thermal regulation, this study
proposes a Janus structure based on polydimethylsiloxane (PDMS) and silver
nanowires (AgNWs). By integrating this Janus structure with the bi-static window
developed in Chapter 5, the window can achieve optical-thermal dual regulation
through its optical absorbing and reflecting behaviors. This chapter will detail the
material composition and structural design of the Janus bi-static (JB) window,
construct its optical model, and conduct experimental validation to systematically

assess its energy saving behaviros.
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7.1 Material and structural design of the Janus bi-static (JB) window

7.1.1 Ideal windows for optical-thermal dual regulation

Figure 7.1 illustrates the ideal spectral properties that windows should have in winter

and summer.

(1) Ideal window for hot season: The ideal window in hot season is expected to
maintain an appropriate visible transmittance to meet daylighting needs, but block
NIR to reduce solar heat gain. In addition, the window’s outer surface is supposed to
have a high emissivity to enhance radiative sky cooling performance. Meanwhile, the
inner surface should have a low emissivity to minimize secondary solar heat gain

caused by internal radiation.

(2) Ideal window for cold season: The ideal window for cold season is expected to
maintain high transmittance across the entire solar spectrum, to allow more solar
transmission, thereby enhancing indoor lighting and heat gain. At the same time, it is
desirable for the outer surface of the window to have a low an emissivity, to prevent
tadiative heat transfer from the building to the outside surroundings, and to reduce the

sky radiative cooling acting on the window.
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Figure 7.1 Diagrams illustrating the ideal solar and radiative heat transfer properties

of windows in different seasons. (a) Hot secason: windows reflect solar radiation and
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minimize heat gain; (b) Cold season: windows transmit solar radiation and retain
indoor heat; (¢) Ideal seasonal variations in optical transmittance and thermal

emissivity
7.1.2 Material and structural design to match the ideal window

To match the ideal optical properties displayed in Figure 7.1, this chapter utilizes the
RB window structure proposed in Chapter 6 to achieve solar regulation. Building
upon the RB window, a Janus structure based on PDMS (a material with high infrared
emissivity) and AgNW (silver nanowires, a material with low infrared emissivity) was
further integrated on two surfaces of the window, forming a JB (Janus bistatic)
window to realize asymmetric infrared emissivity regulation. Figure 7.2 shows the

schematic structure of this JB window.
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Figure 7.2 Schematic diagram of the JB window design

The spectral regulation principle of the JB window is illustrated in Figure 7.3.
Through a reversible 180° flipping mechanism, it enables switching between two

distinctly different working states: the bleached state and the colored state.

In the bleached state, liquid paraffin (LP) fills the interlayer between glazing panes.
The window is highly transparent to both the visible and most of the NIR band. LP
has the molecular formula CyH2n2. The C—H bond exhibits stretching vibrations that
absorb around 1.7 pm in the NIR (first overtone, 2v), with weaker absorption around
1.3 um due to the second overtone (3v), and combination vibrations (stretching and
bending) absorbing NIR energy between 2.3 to 2.5 um (v). Aside from these, LP is
nearly transparent across the solar spectrum. Additionally, the outer surface of the JB

window is coated with AgNWs. Due to their electrical conductivity and high free
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electron density, they strongly reflect infrared radiation, thereby exhibiting low
infrared emissivity. In this state, the window is highly transparent to the solar
spectrum and has low emissivity within the atmospheric window (8 to 13 um). This
promotes solar heat gain while preventing passive radiative cooling loss through the

window.

In the colored state, the JB window is filled with the SSF introduced in Chapter 3. The
spectral selectivity of this fluid has been thoroughly discussed in previous chapters.
With porphyrin ring in chlorophyll absorbs red and blue light, copper ions absorb
short-wave NIR, and water molecules absorb the remaining infrared radiation, the
SSF remains highly transparent to green light, while blocking almost all of the NIR.
In the colored state, the PDMS coating faces outward and the AgNW coating faces
inward. This design enhances the emissivity toward the outdoor side, while
maintaining low emissivity toward the indoor side. It facilitates the dissipation of
absorbed heat toward the sky and outdoors, while avoiding secondary solar heat gain

from the window.
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Figure 7.3 Spectral regulation mechanism of the Janus dual-mode window

7.2 Optical simulation of the Janus structure

The optical properties of the Janus dual-mode window primarily focus on optical
transmission/absorption/reflection characteristics in the solar spectrum, and emissivity

characteristics in the mid-infrared range. The functional materials LP and SSF, used
139



in the solar spectrum range, have been described and analyzed in detail in Chapter 3.

This chapter focuses on analyzing the emissivity characteristics of the Janus structure.

7.2.1 Infrared emissivity calculation of PDMS layer

The infrared emissivity of the PDMS film is affected by its thickness. With a specific
thickness, the film becomes completely opaque to infrared radiation, and its
emissivity is then determined by the interfacial reflection at the material's surface. The
absorption (emissivity) and reflectance of the material can be calculated by its
intrinsic refractive index (n) and extinction coefficient (k). In this study, the optical
constants of PDMS reported by Zhang et al. [218] (see Figure 7.4) were collected and

used, to calculate the reflectance and absorption (emissivity) of PDMS.
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Figure 7.4 Optical constants of PDMS

For the emit direction normal to the PDMS surface, the interfacial reflectance
between PDMS and air can be calculated using Equation (7-1), and the emissivity

can be calculated using Equation (7-2).

(Mpps — 11, )2 +(kppys — K, )2
Loa-prpivss. 1 = 2 2 (7-1)
(nPDMS +n, ) + (kPDMS - ka)

4rko,
Eppus = [1 = Pu-prpiss (0)] : {1 —&Xp (_%ﬂ (7-2)
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where  pu.-ppus (dimensionless) is the reflectance at the air-to-PDMS interface;

o ppus (Wm) is the thickness of PDMS layer.

With tilted incident angle, the interfacial reflectance can be calculated by:

2

R = |(”PDMS — 1 Kppus ) ) COS(QPDMS ) —n, COS(Q) (7-3)
’ ‘(nPDMS —i Kppys ) €08 (Gppy s )+ 1, cOs(0)
R = |(nPDMS _i'kPDMS)'COS(H)_na COS(QPDMS) 2 (7-4)
! _‘(nPDMS_i'kPDMS)'COS(0)+na COS(QPDMS) )
sin(@PDMS) _ n, s
SIN(0) Ay +i-Kppys (7-3)
1
Puros @) =2 R(O)+R, ()] (7-6)

To verify the accuracy of the emissivity calculation, a comparison was conducted
between the calculated values and the tested emissivity of a 10 mm-thick PDMS
sample. In this study, the PDMS layer was created by mixing the main agent and
curing agent at a 10:1 ratio. Figure 7.5 depicts this comparison between the tested
emissivity of PDMS and the calculated value. The results reveal a strong agreement

between the two datasets, affirming the model's ability to accurately predict the

emissivity of PDMS.
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Figure 7.5 Comparison between the tested emissivity and calculated data for PDMS

To determine the optimal thickness of PDMS layer, the optical characteristics of
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PDMS at different thicknesses were examined. Figure 7.6 shows the solar
transmittance and emissivity for PDMS layers with thicknesses varying from 50 um
to 10 mm. With the thickness of PDMS layer increases from 200 to 300 um, the
emissivity in the atmospheric window (8 to 13 pum) is almost unchanged. Considering
that the glazing substrate of the PDMS is opaque for MIR, a 100 um-thick PDMS is

recommended to achieve the minimal MIR reflectance.
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Figure 7.6 Optical properties of PDMS at different thicknesses: (a) solar spectral

transmittance, (b) MIR emissivity.

It is important to note that the emissivity of PDMS is affected by interfacial Fresnel
reflection, decreasing as the emission angle increases. Figure 7.7 (b) shows the
angularly averaged emissivity of a 200 um-thick PDMS on vertical surface within the
atmospheric window (8 to 13 um). The emissivity is highest in the horizontal (normal)
direction, reaching approximately 0.94. As the emission angle deviates from the
normal direction, the emissivity gradually decreases, eventually dropping to zero in

the vertical direction.
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Figure 7.7 MIR emissivity of PDMS: (a) emissivity for various thicknesses and (b)

average emissivity over 8-13 um at different angles.
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7.2.2 Infrared emissivity calculation of AGNW layer

In the Janus structure, a low-e AgNW/PET film is designed as a counter side to the
PDMS layer. The optical properties of AgN'W networks on polyethylene terephthalate
(PET) substrates were modeled using the Electromagnetic Waves, Frequency Domain
(ewfd) interface in COMSOL Multi-physics. A reduced-order periodic unit cell
approach was implemented to efficiently simulate the randomly oriented nanowire
network while maintaining computational tractability. Each unit cell consisted of two
intersecting nanowires forming a parallelogram configuration, with the intersection
angle varied parametrically from 0° to 90° to represent the statistical distribution of

nanowire orientations observed in experimental samples.

Considering the propagation characteristics of plane waves in a periodic structure,
periodic boundary conditions are applied to the edges of the air layer, PET layer, and
PML (Perfectly Matched Layer), a virtual matching layer used in simulations. During
the simulation process, the intrinsic optical constants of Ag and PET are taken from
the data reported by Arkadiusz et al. [219] and Zhang et al.[218], as shown in Figure
7.8.
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Figure 7.8 Optical constants of (a) Ag [219] and (b) PET [218]

where w (m) and & (rad) are the geometrical parameters shown in Figure 7.9.
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Figure 7.9 Schematic diagram of the AgNW/PET structure

To reveal the electromagnetic properties of AgNWs, the electric field distribution at a
height equal to the AgNW diameter (d) above the PET film surface was simulated.
The electric field distribution for a unit cell with different intersection angles (<),
under incident light with a wavelength of 10 um, is shown in Figure 7.10. The results
indicate that the smaller & leads to a stronger electric field. This is primarily because
smaller spacing between nanowires enhances near-field radiation effects, thereby
strengthening the optical absorption of the nanowires. Figure 7.11 presents the
simulated infrared emissivity of the AgNW/PET film at different ¢ angles. As &
increases, the emissivity shows an overall decreasing trend. In practical application
scenarios, the AgNWs are randomly cross arranged on PET film, thus the emissivity
of the AgNW/PET film can be calculated by calculated by the area-weighted average

of unit cells from various orientations.
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Figure 7.10 Electric field distribution of the AgNW/PET film at the height of d
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Figure 7.11 Emissivity of AgNW/PET surface with different & angles

Figure 7.12 (a) presents the infrared emissivity of the AgNW/PET film with a fixed
AgNW diameter of 20 nm, under various inter-nanowire spacings (w). Figure 7.12(b)
illustrates the emissivity when the spacing w is fixed at 200 nm, while the AgNW
diameter varies from 10 nm to 50 nm. The results show that decreasing the spacing
between nanowires or increasing their diameter leads to a notable increase in
emissivity. This trend can be attributed to the enhanced near field coupling and
increased surface coverage, which improve the material's ability to absorb and emit
infrared radiation. These findings demonstrate that the infrared emissivity of
AgNW/PET films can be tuned by controlling the filling factor of the AgNWs, either
by adjusting the nanowire density. Such tunability offers crucial clues for designing

AgNWs with feasible parameters.
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Figure 7.12 Emissivity of AgNW/PET films as a function of (a) silver nanowire

diameter and (b) the distance between two parallel nanowires.
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The AgNW/PET film with the AgNW diameter of 20 nm, and spacing (w) of 100 nm
was identified in this study to balance the low MIR emissivity and high solar
transparency. Figure 7.13 (a) shows the simulated infrared emissivity of the
AgNW/PET film with the AgNW diameter of 20 nm, and spacing (w) of 100 nm, at
various emission angles (0° representing the normal direction). The emissivity
gradually decreases as the emission angle increases from 15° to 88°. Figure 7.13 (b)
further presents the directional average emissivity (8 to 13 pm) within the
atmospheric window. The results again demonstrate that the emissivity of the
AgNW/PET surface decreases as the emission angle increases, especially beyond 45°,

where a noticeable drop in emissivity is observed.
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Figure 7.13 MIR emissivity of the AgNW/PET film with diameter of 20 nm, and
spacing (w) of 100 nm: (a) spectral emissivity at different angles and (b) average

emissivity within the atmospheric window (8-13 um)

7.3 Physical properties of the JB window

7.3.1 Fabrication of the JB window sample

Based on the simulation results, the design parameters of the Janus structure can be
identified. With the thickness of PDMS layer being 100 um, and the AgNW diameter
being around 10 nm and the spacing being around 100 nm. In the Janus structure, the
PDMS layer was prepared by mixing PDMS prepolymer and curing agent in a 10:1
weight ratio. The resulting mixture was blade-coated onto the outer surface of the RB
window, and subsequently cured in an oven at 80°C for 30 minutes to form a solid

PDMS film. The commercially available AgNW/PET film, with sheet resistances of
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7.5 Q was selected to approximate the AgNW configuration with a diameter of
approximately 10 nm and an inter-wire spacing of around 100 nm. This film was
seamlessly attached to the inner surface of the RB window. By incorporating this

Janus structure onto the RB window, a JB window was fabricated.

Figure 7.14 (a) shows the photo of the scaled-down model (20 cm x 20 cm) of the JB
window. The prototype consists of two 3 mm-thick glass panes, sandwiching a 3
mm-thick fluid-filled interlayer. To distinguish the different sides of the Janus
structure, infrared images were captured of each surface using an infrared camera.
Figure 7.14 (b) displays infrared images of the Janus window in its colored and
bleached states, with the left image representing the colored state and the right image
the bleached state. Although the surface temperature of both states is identical, the
infrared images show significant contrast, clearly demonstrating the difference in
infrared emissivity between these two surfaces. Figure 7.14 (c) presents an Atomic
Force Microscopy (AFM) image of the PDMS-coated surface, while Figure 7.14 (d)
shows a Scanning Electron Microscopy (SEM) image of the AgNW/PET surface.
These micro- and nano-structural characterizations provide further insight into the

surface morphology and material quality on both sides of the Janus window.

a

Heating mode Cooling mode

PDMS surface AgNW surface

Figure 7.14 Characterization of the Janus bimodal window: (a) Schematic of the JB
window; (b) infrared images in colored (left) and bleached (right) states; (c) AFM
image of the PDMS surface; (d) SEM image of the AgNW/PET film surface.
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7.3.2 Optical properties of the JB window

Figure 7.15 presents the measured spectral transmittance and the MIR emissivity of
the JB window. As shown in Figure 7.15 (a), the colored state exhibits low
transmittance in the NIR region, effectively blocking solar radiation through the
SCBS. Simultaneously, as illustrated in Figure 7.15 (b), it demonstrates a high
emissivity close to 1 in the mid-infrared range, particularly within the 8 to 13 pum
atmospheric window. This high emissivity facilitates the dissipation of indoor heat to

the external environment via thermal radiation, enabling passive cooling.

In contrast, the bleached state shows high transmittance in the visible spectrum, as
well as the NIR band, which is beneficial for daylighting and enhancing solar heat
gain. Meanwhile, its low emissivity in the MIR range helps suppress the outward
radiation of indoor heat, thereby improving thermal insulation performance of the
window and avoiding the radiative sky cooling behaviors of the window. This
dual-mode optical and thermal properties demonstrate the potential of the JB window

for dynamic climate-adaptive building applications.
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Figure 7.15 (a) spectral transmittance of the JB window in solar spectrum; and (b)

MIR emissivity the JB window

To demonstrate the superior performance of the JB widow, this study evaluated its
optical properties under various AgNW densities and different SCBS compositions.
These performance metrics were then compared with those of recently reported
state-of-the-art broadband tunable smart window technologies. Table 7-1 provides a
comprehensive summary of the optical and thermal performance indicators of the JB

window alongside those of existing advanced smart window counterparts.
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In this study, when employing a SSF composed of 0.1% SCC and 10% CuSOsu,
combined with a 7.5 Q AgNW/PET film, the JB widow exhibits a visible
transmittance in the bleached state (Twm,bieachea) of 0.81, and a transmittance in the
colored state (Tmum,cotorea) of 0.49. Under these conditions, the solar modulation ability
(ATs0r) reaches 0.51, while the emissivity modulation ability in the atmospheric
window range (Ag) reaches 0.70. Alternatively, when using an SSF composed of
0.05% SCC and 10% CuSO4 with the same 7.5 Q AgNW/PET film, the Twm,cotorea
increases to 0.62, with a corresponding AZs of 0.44 and Ag remaining at 0.70.
Furthermore, when the AgNW/PET film with a sheet resistance of 10 Q is used in
combination with the 0.05% SCC/10% CuSOs SSF, the Tium,picachea improves to 0.87,
while the Tm,cotorea is 0.65, and the ATy reaches 0.49. In this case, the Agis slightly
reduced to 0.58, but still remains within a highly effective range for thermal

regulation.

Taken together, these results demonstrate that the JB window developed in this study
offers a unique combination of high-performance features, including high visible
transmittance in the bleached state, moderate visible transmittance in the colored state,
strong solar modulation, outstanding MIR emissivity modulation, and haze-free
optical clarity. These advantages position the proposed JB window as a superior
alternative to other tunable smart windows. Figure 7.16 provides a comparative
analysis of the solar heat gain modulation (A75,) and MIR emissivity modulation (Ag)
of the JB window, against various state-of-the-art smart window technologies. The
results clearly indicate that the JB outperforms existing materials and structures in
both solar and thermal regulation capabilities, highlighting its potential for advanced

energy-efficient building applications.
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Figure 7.16 Comparison between the (a) AT, and (b) Ae between the JB window and
recently reported, state-of-the-art smart windows
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Table 7-1 Optical parameters of the JB window and its counterparts

Categories Scattering  Tum Tot Tt & Ag Refs

or not? Cold Hot Cold Hot Cold  Hot
VO, No 0.28 0.26 — — 0.09 0.21 0.61 0.4 Wang et al. 2021 [220]
W-doped VO, No 0.43 0.43 0.51 0.40 0.11 0.71 0.94 0.23 Wang et al. 2024 [221]
VO, No 0.38 0.36 0.38 0.29 0.09 0.3 0.7 0.40 Keum et al. 2025 [222]
WO; No 0.50 0.12 0.39 0.08 0.39 0.4 0.82 0.42 Zhang et al. 2024 [223]

No 0.60 0.26 0.57 0.19 0.38 0.42 0.82 0.4

No 0.61 0.24 0.58 0.18 0.4 0.37 0.82 0.45
Electrically controlled device No 0.85 0.85 — — ~0 0.49 0.9 0.41 Jia et al. 2023 [224]
Liquid filled EC device No 0.81 0.27 0.69 0.25 0.44 0.19 0.93 0.74 Huang et al. 2025 [225]
ITO/PEDOT:PSS No ~0.73 ~0.1 ~0.7 ~0.1 0.6 0.2 0.94 0.74 Deng et al. 2025 [226]
Reconfigurable interwoven surface No 0.5 0.5 0.45 0.55 0.1 0.36 0.93 0.57 Ke et al. 2022 [227]
Flipping structure No 0.47 0.47 ~0.25 ~0.25 0 0.13 0.94 0.81 Huang et al. 2024 [228]
Flipping PDLC Yes 0.36 haze 0.43 0 0.42 0.3 0.95 0.65 Deng et al. 2024 [229]
Flipping structure with hydrogel Yes 0.72 0.08 haze 0.57 0.07 0.50 0.1 09 ((PE) 0.8 Wang et al. 2021 [152]
Hydrogel and AgNW Yes 0.78 haze 0.66 0.07 0.58 0.35 0.92 0.57 Lin et al. 2022 [230]
VO, and hydrogel Yes 0.21 haze 0.20 0 0.2 0.35 0.69 0.33 Zhang et al. 2025 [231]
Mechanical strain Yes ~0.8 ~0.15 0.8 0.25 0.55 0.59 0.84 0.25 Zhou et al. 2022 [232]
Mechanical strain Yes 0.37 haze — — 0.24 0.45 0.9 0.45 Wang et al. 2023 [233]
Transparent wood Yes 0.20 0.2 0.22 0.21 0.01 0.19 0.63 0.44 Hu et al. 2024 [234]
JB window No 0.81 0.49 0.71 0.20 0.51 0.24 0.94 0.7 This work

No 0.81 0.62 0.69 0.27 0.44 0.24 0.94 0.7

No 0.87 0.65 0.79 0.30 0.49 0.36 0.94 0.58
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7.4 Experimental demonstration of the JB window

To evaluate the energy-saving performance of the JB window, a seven-day continuous
outdoor field experiment was conducted in Hong Kong, from May 5 to May 11, 2025.
During the period, comprehensive meteorological data, including Global Horizontal
Irradiance (GHI), Diffuse Horizontal Irradiance (DHI), ambient air temperature, and
wind speed, were continuously recorded by a nearby weather station. The week-long
experiment encompassed a range of typical weather conditions, such as sunny, cloudy,
overcast, and rainy days, thereby ensuring the robustness of the results under realistic

environmental variability (see Figure 7.17).

The experimental setup involved two thermally insulated chambers, each with
dimensions of 30 cm x 30 cm x 30 cm. On the south-facing side of Chamber 1, a 20
cm x 20 cm JB window was installed, with a 7.5 Q silver nanowire coating as the
low-emissivity layer, and 0.1% SCC/10CuSOys as the SSF. In contrast, Chamber 2 was
fitted with a conventional low-e glazing window, with the same size and orientation.
Apart from the window, all other surfaces of the test chambers were constructed using
5 mm thick PMMA (polymethyl methacrylate) sheets, externally insulated with 1 cm
thick polyethylene foam to minimize thermal losses (see Figure7.18 b). To emulate
the thermal absorption characteristics of actual indoor environments, the interior of
each chamber was lined with artificial skin simulant material, whose spectral
absorptivity characteristics are detailed in Figure 6.18 of this study. A dense array of
sensors was deployed at strategically selected locations within each test chamber, to
monitor both thermal and optical parameters. Thermocouples were installed at four
key positions: the center of the air volume, the floor surface, the artificial skin surface,
and the inner surface of the glazing. Additionally, an illuminance sensor was
embedded at the center of the floor to monitor indoor light in real time. All sensors
were configured for continuous data acquisition throughout the experimental period,

and their configurations are illustrated in Figure 7.18 (a).
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Figure 7.17 Environmental conditions during the experimental period: (a) Global
horizontal solar irradiance; (b) direct horizontal solar irradiance; (¢) outdoor air

temperature; (d) outdoor wind speed during the experimental period.
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(b)

Figure 7.18 Experimental chamber setup and sensor layout: (a) Schematic diagram of

sensor layout in the experimental chamber; (b) photos of the experimental chambers

Figure 7.19 presents the temporal variations of indoor illuminance in both chambers.
During most daylight hours, both boxes recorded illuminance levels exceeding 2000
lux, which can potentially cause discomfort due to glare. On average, the chamber
equipped with the JB window exhibited approximately 40% lower indoor illuminance
levels. This demonstrates the effectiveness of the colored (solar control) mode of the
Janus window in attenuating natural daylight transmittance, thereby contributing to

visual comfort by reducing glare.
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Figure 7.19 Comparison of indoor illuminance between two chambers

Figure 7.20 provides a comparative analysis of several thermal performance metrics,
including indoor air temperature, artificial skin surface temperature (proxy for human
skin exposure), floor surface temperature, and inner glazing surface temperature.
Compared to the low-e glazing window, the JB window reduced indoor air
temperature by up to 7.3°C, skin surface temperature by up to 9.0°C, floor surface

temperature by up to 10.3°C, inner window surface temperature by up to 9.3°C. These
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results provide evidence that the JB window significantly enhances thermal comfort,
and has a high potential to reduce cooling loads in summertime, outperforming

traditional low-e glazing in building energy saving.
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Figure 7.20 Comparison of temperatures at different locations of the two chambers

7.5 Energy-saving simulation of the JB window

To validate and quantify the energy-saving potential of the JB window across
different climate zones, this study conducted a comprehensive simulation based
through developing an optical transmission model and transient heat transfer model

specific for the JB window.
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7.5.1 Model development

(1) Optical transmission/absorption model

In the optical modeling of the JB window, it is essential to comprehensively account
for both multi-layer absorption and multi-interface reflection phenomena. The JB
window consists of six distinct optical media arranged in sequence:
“PDMS-glazing-filling fluids (SCBS or LP)-glazing-PET-AgNW”. Due to the similar
refractive indices of PET film and glazing (both approximately 1.5), the interfacial
reflection between PET and glazing can be considered negligible. Therefore, the PET
film can be excluded from the optical model of the JB window in the simulation. Then
the JB window can be considered as five optical media arranged in sequence:

“PDMS-glazing-filling fluids (SCBS or LP)-glazing-AgNW”.

The optical transmission model incorporates the spectral absorption and reflection of
each of the five media. Each layer’s absorption and reflection coefficient is
wavelength-dependent, and contributes to the overall attenuation of solar radiation. In
these five media, the interfacial Fresnel reflections at five key optical boundaries
include: Air-PDMS interface, PDMS-Glazing interface, Glazing-Fluid interface,
Fluid-Glazing interface, Glazing-Fluid interface and Glazing-AgNW-Air interface.

The interfacial reflectance of Air-PDMS interface, PDMS-Glazing interface,
Glazing-Fluid interface, Fluid-Glazing interface, Glazing-Fluid interface can be

calculated by the model developed in Chapter 4:

2 2
_1fn,cos (4 ) —Mppys COS(GPDMS) 11 n, COS(QPDMS‘ ) ~Mppys COS(@a )
Papows(0) = 5 (7-8)
1, €08(60, )+ 1ppss €08 (G ) ) 2\ s €08(8, ) +1, €08 (6ppy15)
2 2
1[ 7, cos(Qg)—nPDmcos(HPDm) 1[ 7, cos(HPDMg)—nPMcos(Qg)
pPDMS—g(H) :5 + (7-9)
n, cos(é?g)JrnPDm 08(Gopnss) ) 2| Mo cos(Hg)Jrng 008(Grpus )

Ln Cos(eg)_”fcos(‘gf)
5 n cos(ﬁg)+nf.cos(0/.)

pf_g(e)ng—f(e)z 2 n, COS(eg)‘H’lg cos(ﬁf)

J2+l(ng Cos(ef)_nf cos(Hg)Jz (7-10)

and the reflectance of Glazing-AgNW-Air interface will be calculated by the
CPMSOL software.
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For the PDMS layer:

When radiation incident from the air-PDMS interface, the reflectance can be

calculated by:

)
(=2, povss)”* Erpuss * Proys-g

Ropys = Papous + (7-11)

2
1- Eppms * Pa-ppus * Prpvs—g
When radiation incident from the glazing-PDMS interface, the reflectance can be

calculated by:

2 2
R (= Prpus ) * Epputs * Papouss
poms = Ppoms—g T 1_ &2 (7-12)
~Eppms " Pa-rpus * Prpus—g

Ar-kppy ot S
Eppris(0) = exp( C;;)Zg = ] (7-13)
'PDMS

The transmittance of the PDMS layer can be calculated by:

_ [1 = Pa—ppuss ] : I:l ~ Prous—¢ :| "Eppus

PDMS 2 (7' 1 4)
1= &prss * Pupouss* Provs-g
For the PDMS-glazing unit:
The transmittance can be calculated by:
T _ Topuss &y <l_pg—f)
ovse =T (7-15)
—&g Ly Py
£ (0)=ex _47z-kg S,
cos o,

When radiation incident from the air-PDMS interface, the reflectance of the
PDMS-glazing unit can be calculated by:
T2

.82 .p
PDMS -
RPDMS,g = 2 o £t +RPDA/E (7-17)
1=¢, Ry " Pyy
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When radiation incident from the glazing-fluid interface, the reflectance can be

calculated by:

(1=p,/) & Ropus

Repvs.g =P ‘ (7-18)
) -f 2
e I=&, - Ropys - ¢
For the PDMS-glazing-fluid unit:
The transmittance can be calculated by:
_ T;)DA/E,g &y '(l_pg—f)
Doy =y — (7-19)
U g R Py
B B - kf S,
£,(0) =exp| ————= (7-20)
cos 6,

When radiation incident from the air-PDMS interface, the reflectance of the

PDMS-glazing-fluid unit can be calculated by:

2 2

];’DMS,g " Poy (7-21)
— .

1_‘9f 'RPDMS,g Po-r

RPDMs,g,f = RPDMS,g

When radiation incident from the glazing-fluid interface, the reflectance can be

calculated by:
2 2 p
R _ (A=p, ) & Ry,
"PDMS,g _pg*f 1 2 R' (7-22)
& P g Poy
For the JB window:
The transmittance can be calculated by:
Y;Dm,g, nggNW (1 _pAgNW)
Ty = 2 ' (7-23)
1- gAgNWRPDMS, g, prgNW

When radiation incident from the air-PDMS interface, the reflectance can be

calculated by:
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2 2
R —R ]}Dm,g,f'gf‘pAgNW

JB PDMS, g f 1-&
J— (C,‘ .
AgNW

, (7-24)
RPDMS,g, 7" Pagnw

When radiation incident from the air-AgNW interface, the reflectance can be

calculated by:

2 2 p
R = (l_pAgNW) &y .RPDMS,g,f
JB _IOAgNW+1 2 R' (7-25)
—Euanw Lpovs. g, T Lagnw

(2) Heat transfer model

The thermal balance between the window, indoor environment and outdoor

environment can be expressed by:

dr,
Cg ) mg ) df = Agl .¢solar _Qh,out _Qrsc _Qh,fl (7-26)
dr,
Cp My _t =4, Bootar 0,10 (7-27)
dr,
Co MMy dt - Ag2 " Psolar _Qh,in _Qr,m _Qh,fz (7-28)

where ¢g (J/kg-K) is the specific heat of the glazing;
¢r (J/kg-K) is the specific heat of the the fluids (SCBS or LP);
myg (kg) is the mass of the glazing;
my (kg) is the mass of the fluid;
T¢1 (°C) is the temperature of the glazing 1;
T¢2 (°C) is the temperature of the glazing 2;
Ohout (W) is the convective heat transfer to outdoor environment;
O:sc (W) is the radiative heat transfer from glazing to outdoor environment;
Qcs2 (W) is the conductive heat transfer from glazing to the clear glazing;

Org2 (W) 1s the radiative heat transfer from the glazing to the clear glazing.

The convective heat transfer can be calculated by:
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= (T, T, 7-29
Qh,out 1 O_gl ( gl a,out) ( )
hout j“gl
1
Qh in = (TgQ - T; 1',/,) (7'30)
> L gz s
h, 24,

where o1 and oz (m) are the thicknesses of the glazing;
/1 and 42 [W/(m-K] are the thermal conductivity the glazing;
hin and howr (W-m2-K') are the convective heat transfer coefficients

respectively, can be calculated by [235, 236]:

1/4 4 1/3
12|, -1,,| , ir14ln, -1, >1311, -1,
hl'" - 73 /4 /3 (7-31)
LT, -1, . if142|r, -1, [ <1317, -1,

‘1/

Jin Jin Jin

515 ifw=0°

3340, if 0=45°

h,, =3.3424.78"" if @ =90° (7-31)
4.05v% if =135

35407 if @ =180°

The radiative heat transfer between glazing and indoor environment can be calculated

by:

1
Qr,in = # ) 5 ) (7—;’42 - T:tin (7_32)
I

ng 81'}1

where & (dimensionless) is the emittance of indoor environment, being 1.0.

The net radiative sky cooling power of outdoor surface of the window can be

calculated by:

Qrsc = B’ad,PDMS - R’ad,atm (7'3 3 )
Pyl T) =27 d-sin0cosO A&, D) 1,(AT)  (1-34)

Prad,atm(n = (1 - l//) ) Qma’,clearslg(n + W ) Qrad,cloud(jv) (7_3 5 )
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O i ctearsi T) =27 Lﬂ/z d0-sinfcos0 Jj dA-ppys(0, 2)-€,,(0, 1)-1,(A,T,) (7-36)

de,cloud (T) = 5 ’ Tl?oud (7_37)
]Z’Ioud = hl(l//) : A];ef + ]Zz (7'3 8)
&l OA)=1-1,,0.4) (7-39)

1) = (7-40)

MBTPDMS

where  Tum (dimensionless) represents the transmittance of atmospheric window;
w (dimensionless) represents cloud cover fraction;
T:.r (K) reference temperature difference of 10 K [237];
I, is the blackbody emission, can be calculated by:

h (J/s) is the Planck constant, being 6.62607015 x 1034 J/s.

The transmittance of atmospheric window (7am) is determined by sky conditions,
which can be dealt as a function of PWYV [238-240] and altitude, as shown in Figure
7.21.

a Elevation above sea level: 0 km b Elevation above sea level: 1 km

A

1.0
8 o0s g
02§ W Ly ! 4 0.2
1 E £ 06 J \ 1 F
o = [ (=)
2 = E ’ 2 =
= @04 =
s B2 g L=
: 4 = 0.2 4
0.0l : . X 78 0.0L4 X = : 8
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c Elevation above sea level: 2 km d Elevation above sea level: 4 km

I
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Figure 7.21 Atmospheric transmittance at different PWV and elevation: (a) 0 km, (b)
1 km (c) 2 km and (d) 4 km

The radiative sky cooling obtained from the window primarily dissipates through
outdoor convective heat transfer, indoor radiative heat transfer, and indoor convective

heat transfer. The indoor radiative cooling gain (RCG) can be evaluated by:

h . +h.
RCG(O) =—2 " __ 0 (7-41)
h + ha,in + hr,in

a,out

(3) Solar heat gain

The solar heat gain is the sum up of direct solar heat gain and secondary solar heat

gain, can be calculated by:

RS‘HG =K SHG direct T I SHG, secondary (7-42)
2500
BS‘HG,direct = (1 - g) ’ 7;ransparent (0) ' J.SOO q)solar (/1) d;i’ (7_43 )
, 1 ,
PSHG,secondmy = ha,in ’ (]; - T:g) + # ) 5 ) (T: - 7?%'4) (7-44)
—4+—-1
gg g[n

where T, (°C) is the glazing temperature;

T, (°C) is the glazing temperature calculated by considering the reflectance

being 1 [11, 59].

Outer space (3K) Prac
2 s Earth—outerspace Balance
& Atmospheric window 8-13 pm
2 i B

Figure 7.22 Schematic diagram of the developed model
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(4) Model implementation

According to the developed model, the MATLAB code was generated to calculate the
heat transfer behaviors of the JB window, utilizing the hourly meteorological data of
1929 sites in the world (CAMS global atmospheric composition forecasts) (Figure
7.23). The JB window used in the simulation incorporated a 0.1%SCC/10%CuSO4
solution as the SSF, and a AgNW/PET film with a sheet resistance of 7.5 Q serving as

the low-e surface. In the simulation, the JB window operates based on the following

dynamic switching logic:

1) The window enters the colored state when the outdoor air temperature exceeds

24 °C and the global horizontal irradiance (GHI) is greater than 200 W/m?2.

2) Under all other conditions, the window remains in the bleached state.

The meteorological data used in the calculation was linearly interpolated with a time

step of 1 s.
— ‘
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Figure 7.23 Geographical Distribution of Energy Simulation Sites

7.5.2 Simulation results

According to the ASHRAE standard [241], climate zones are classified based on local
outdoor temperature conditions using Cooling Degree Days at a base temperature of
10°C (CDD10°C). Globally, there are nine thermal climate zones: extremely hot

zone (Zone 0), very hot zone (Zone 1), hot zone (Zone 2), warm zone (Climate Zone
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3), mixed zone (Zone 4), cool zone (Zone 5), cold zone (Zone 6), very cold zone
(Zone 7), subarctic/arctic zone (Zone 8). The geographical distribution of these
climate zones is shown in Figure 6-21, and the outdoor meteorological parameters in

different regions around the world are presented in Figure 7.24.

Thermal zones

[
60°N

60°S |
180° W 120° W 60° W 0° 60° E 120°E 180° E

Zone 0 Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 Zone 7 Zone 8

Figure 7.24 World climate zones map [241]

As shown in Figure 7.25, the simulated cumulative load reduction of the JB window,
compared to conventional low-e glazing window, are presented. For the conventional
low-e window, the low-e coating is applied on the interior side of the glazing. Across
the majority of global regions, the Janus bimodal window demonstrates greater
energy-saving potential than conventional low-e¢ glazing windows, with particularly
significant advantages in low-latitude regions. Figure 7.26 illustrates the reduction in
heating and cooling loads achieved by the Janus window relative to traditional low-e
glazing across the nine global thermal climate zones. In thermal zones 0 to 7, the JB
window outperforms conventional low-e glazing window, with the average annual
reduction in heating and cooling load per square meter of glazing being 0.69 GJ, 0.52
GJ, 0.33 GJ, 0.13 GJ, 0.16 GJ, 0.15 GJ, 0.10 GJ, and 0.01 GJ, respectively. However,
in thermal zone &, the JB window performs worse in terms of energy savings,
increasing the average annual building heating load by 0.07 GJ/m? compared to the

traditional low-e window.

Overall, the energy-saving advantage of the JB bimodal window diminishes as

climate zones become colder. In Greenland, the coldest region globally, the JB
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window increases the building heat load by more than 0.5 GJ/(m?-year) compared to
conventional low-e glazing, as shown in Figure 7.25b. The primary reason for this
lies in the differences in heat exchange mechanisms between the window and
indoor/outdoor air. Indoor air is typically stagnant, and heat transfer between the
window and indoor air occurs mainly through natural convection and thermal
radiation. Because the heat transfer coefficient for natural convection is relatively low,
radiative heat transfer becomes dominant. In this context, placing the low-e coating on
the interior side of the glazing significantly reduces radiative heat exchange, thereby
lowering the window’s U-value and reducing building heat loss. However, an
exception is observed in the Qinghai—Tibet Plateau (see Figure 7.25b). Despite its
classification as a severely cold region, the JB bimodal window reduces the building’s
heat load by approximately 0.5 GJ/(m?-year) compared to conventional low-e glazing.
This is due to low outdoor wind speeds high radiative cooling effects in

Qinghai-Tibet Plateau.
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Figure 7.25 World map of the load reduction of Janus window compared to low-e

glazing: (a) space cooling load reduction; (b) space heating load reduction.
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Figure 7.26 Load reduction of Janus window compared to low-e glazing in different

climate zones
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7.6 Summary

To mitigate the secondary radiative heat transfer into indoor spaces caused by solar
absorption of spectrally selective windows, and to enhance the radiative sky cooling
capability during summer, this chapter proposed and validated a VIS-NIR-MIR
broadband tunable JB window. Firstly, a Janus structure based on AgNWs and PDMS
was designed and fabricated, enabling asymmetric infrared emissivity regulation on
the indoor and outdoor sides of the window. Material simulations and infrared
characterization confirmed that PDMS possesses excellent high-emissivity properties,
while AgNWs enable high reflectivity and low emissivity in the MIR range. By
integrating the Janus structure with the RB window, the resulting JB window exhibits
strong solar shading and radiative cooling capabilities in summer, and high visible
transmittance and thermal insulation in winter, achieving dynamic broadband
modulation across the solar and MIR spectra. This chapter explores the optical
performance of the JB window in detail, demonstrating its significant performance
advantages compared to the state-of-the-art smart window technologies. Outdoor field
tests conducted in Hong Kong under hot and humid climate conditions showed that
the Janus window can significantly reduce indoor temperatures, with a maximum
cooling effect exceeding 10°C. Furthermore, energy consumption simulations across
1,929 global locations were performed to verify and quantify the energy-saving
potential of the Janus dual-mode window across various climate zones worldwide.
Results demonstrate that the JB window outperform traditional low-e window in in

almost all regions with latitudes below 60°.
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Chapter 8 Conclusions and recommendations for future

work

Windows are widely recognized as the weakest component of the building envelope
in terms of energy efficiency, accounting for significant building energy losses.
Among various heat transfer modes, radiative heat transfer, including solar radiation
heat gain and mid-infrared (MIR) thermal emission, contributes to over 50% of the
total energy consumption associated with windows. Therefore, controlling radiative

heat transfer is critical for improving the overall energy performance of buildings.

To address the dual challenge of regulating solar heat gain while preserving
daylighting, spectrally selective glazing has emerged as a promising technological
solution. Building upon the spectrally selective concept, the present study introduces
an advanced spectral regulation strategy utilizing liquid-filled windows. These
windows leverage the unique optical properties of specially designed fluids, to
achieve dynamic and tunable control over the solar spectrum. Beyond solar spectral
regulation, liquid-filled windows offer several inherent advantages, including sound
insulation, thermal insulation, heat storage, and controllable fluid dynamics. Owing to
these multifunctional characteristics, they have garnered increasing attention in the

context of nearly zero-energy buildings in recent years.

In this thesis, the focus is on harnessing the spectral modulation capabilities of fluids.
A range of liquid-filled windows have been designed and fabricated, including Static
LFW, APPs window, RB window, and JB window. The research presented in this
work is multidisciplinary in nature, integrating fluid material development,
mechanical mechanism design, mathematical modeling, optical simulation, building
energy simulation, and experimental validation. Through systematic investigation, the

spectral regulation behaviors of these liquid-filled windows are characterized.
8.1 Conclusion

This thesis aims to provide a comprehensive understanding of how liquid-filled
windows can be engineered to act as smart radiative regulators, contributing to

year-round energy savings, thermal comfort, and environmental sustainability in
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buildings. The key conclusions of this research are summarized as follows:

(1)

)

3)

4

A novel biomass-derived spectrally selective material was developed, capable of
precise light/heat decoupling across the solar spectrum. This material exhibits a
high visible transmittance over 0.56, a low solar transmittance below 0.25 and a
feasible CRI of 80. The FOM of the new material can reach up to 3.06, which
surpasses all previously reported optical material. A novel biomass-derived
spectrally selective material was developed, capable of precise light/heat
decoupling across the solar spectrum. This material exhibits a high visible
transmittance over 0.56, a low solar transmittance below 0.25 and a feasible CRI
of 80. The FOM of the new material can reach up to 3.06, which surpasses all
previously reported optical material. With excellent thermal stability and
long-term performance, this novel biomass-derived spectrally selective material

was holds promising for window application.

Based on this biomass-derived spectrally selective material, a triple-layered LFW
was designed. Its optical performance was characterized and validated under the

climatic conditions of Hong Kong.

A model that accounts for continuously changing solar angles and the dynamic
solar spectral power distribution was developed to simulate the energy-saving
performance of the LFW in Hong Kong, with a modeling error of no more than
5%. The simulation results show that the triple-layered LFW can ensure the
monthly average photopic luminous transmittance to be higher than 40%, and the
monthly average SHGC values be lower than 0.26 in all the 12 months of the
typical year of Hong Kong. Annual simulations for a typical meteorological year
in Hong Kong demonstrated that the LFW can reduce solar heat gain by 1717.8
MJ/m? per year, which can reduce electricity consumption by nearly 500 MJ/m?
per year in Hong Kong, highlighting its strong energy-saving potential in

subtropical climates.

A passively thermo-responsive APPs window has been developed, featuring a
tunable transition temperature ranging from 20 °C and 80 °C. The APPs window
achieves solar modulation ability > 70%, with a visible transmittance of 84% at

ambient temperature and >50% under high-temperature conditions.
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(5) The APPs window shows superior energy-saving potential than traditional
double layered low-e glazing windows. It can achieve an annual energy-saving
of 43.5 MJ/m?, 41.0 MJ/m? and 17.6 MJ/m? in Singapore, Hong Kong and

Harbin, respectively.

(6) An actively switchable RB window was proposed, featuring a visible
transmittance > 90% in the bleached state, >56% in the colored state, solar
modulation ability > 60%, haze < 1%, and CRI > 80, outperforming most

reported smart window technologies in both clarity and energy performance.

(7) Experimental results in Harbin during summer showed that the RB window can
lower indoor floor temperatures by approximately 11 °C, and simulation results
across hot and cold regions indicate that it can reduce building cooling/heating

loads by 30% to 40%, demonstrating strong applicability across diverse climates.

(8) A JB window was developed by incorporating a Janus structure into the RB
window. This Janus structure utilizes the emissivity contrast between
AgNW/PET and PDMS, achieving an infrared emissivity difference of 0.7

between the colored state and the bleached state.

In summary, this study begins with material-level spectral management, and gradually
builds a multi-scale, multifunctional intelligent window system, capable of broadband
dynamic modulation of visible, near-infrared, and mid-infrared spectrum. Through a
combination of optical-thermal modeling, laboratory experiments, field validation,
and nationwide energy simulations, the study comprehensively demonstrates the
climate-adaptive energy-saving potential of the proposed window technologies. The
findings may provide theoretical insights and technological pathways for
next-generation energy-efficient window systems, contributing toward the realization

of carbon neutrality, and advancing the global agenda for sustainable building design.

8.2 Recommendations for future work

This thesis focuses on the application of spectrally selective absorbing technologies in
transparent building envelopes. Based on the findings, the author proposes the

following recommendations for future work:
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(1)

)

3)

4

©)

This study identifies interfacial reflection as a persistent challenge in achieving
precise spectral regulation. Future research should explore advanced strategies to
effectively control interfacial reflectance and enhance spectral selectivity. One
promising approach involves the application of micro- and nano-scale surface
structures to manipulate light-matter interactions at interfaces.

The current work focuses on spectrally absorptive materials, which require a
careful balance between visible transmission, NIR blocking, and color rendering.
Future studies could consider incorporating photoluminescence materials to
address these trade-offs. Photoluminescence materials offer the potential to
decouple optical properties across different spectral regions, enabling more
flexible and efficient spectral regulation.

In building engineering, the principle of spectral regulation can be extended
beyond transparent envelope systems to opaque and semi-transparent building
components. This expansion could broaden the range of applications and
contribute to more comprehensive energy-saving solutions in building design.
Spectral regulation can be incorporated into vehicles. In vehicular environments,
spectral regulation technologies should be further refined to address the specific
requirements of confined cabin spaces, including optimized color rendering, and
photo-biological effects that influence driver alertness and comfort. Future
efforts should focus on developing targeted spectral control strategies tailored to
the high melanopic sensitivity (around 490 nm) typical of driving conditions.
Spectral regulation also offers promising opportunities for thermal management
in photovoltaic (PV) systems. By selectively filtering out non-contributing
wavelengths and enhancing transmission in power-generating spectral bands,
spectral control materials can significantly improve the thermal and electrical
performance of PV modules, contributing to higher efficiency and longer system

lifespan.
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