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A B S T R A C T

Thermochromic (TC) windows have attracted extensive attention due to their potential for improving building 
performance through the variation of optical properties in response to temperature. However, past studies on TC 
windows at the building scale primarily focused on optimizing and evaluating the properties of TC materials, 
with little attention paid to the varying window structures frequently encountered in engineering applications. In 
this study, the building performance of hydrogel-based TC windows was investigated from the structural 
perspective. A comprehensive simulation framework was developed, integrating overall performance simulations 
of energy consumption and indoor comfort. Using a self-fabricated hydrogel TC glass and an office building as the 
case study, the impact of the optical properties of the substrate glass on single, double, vacuum, and ventilation 
TC windows was analyzed. The results indicated that the optimal extinction coefficients for the studied windows 
range from 55 to 105 m− 1 for visible irradiation and from 155 to 255 m− 1 for near-infrared irradiation. Sub
sequently, the overall performance improvements of these types of TC windows relative to corresponding static 
versions were calculated. It was found that the impacts of TC glass on these four windows varied significantly. 
The electricity usage was reduced by 33 ~ 53 %, and the thermal comfort and visual comfort were enhanced by 
–22 ~ 20 % and 72 ~ 100 %, respectively. This study reveals in detail how the TC window structure affects 
various aspects of building performance, aiming to inspire and guide the consideration of window structure in 
the practical applications of TC glass.

1. Introduction

With the development of modern cities, glazed facades are becoming 
increasingly prevalent in the outer skins of high-rise buildings to meet 
aesthetic, daylighting, and visual requirements [1]. However, their poor 
thermal insulation and the transmission of solar irradiation significantly 
increase building energy consumption. Statistics indicate that glazed 
facades account for approximately 37 % of the total solar heat gain and 
40 % of the total heat loss of building envelopes [2]. To address these 
energy challenges, several innovative technologies have been explored, 
with smart windows emerging as a particularly promising solution 
attracting significant research interest [3]. Smart windows can adap
tively regulate the optical properties of glazed facades in response to 
environmental stimuli. The potential impact is substantial, with an 
estimation suggesting that completely replacing the existing window 
stock with smart windows could save over 1.3 × 1015 kJ/year in 
building energy [4]. Among the various smart window technologies, 
thermochromic (TC) windows stand out as a highly promising candidate 

due to their low cost, simple configuration, and zero energy input [5]. 
They can dynamically adjust their transmittance with temperature 
changes, thereby enhancing building energy efficiency. Since Granqvist 
et al. [6] first proposed VO2-based smart windows in 1987, TC smart 
windows have been widely studied, from materials science to building 
applications.

1.1. Literature review

Among the TC materials currently under extensive investigation, 
VO2, perovskite, and hydrogels stand out as prominent candidates. At 
the material scale, research primarily focuses on improving key per
formance metrics of TC glass, such as transition temperature, optical 
properties, and stability [7]. For instance, the transition temperature of 
VO2 is commonly manipulated from its original 68 ◦C to near room 
temperature through element doping such as W [8], Mg [9], Ta [10], or 
multi-element co-doping [11,12]. The transition temperature of hydro
gel can be fine-tuned by incorporating polymers like polyacrylamide for 
decreasing [13] and dimethylacrylamide for increasing [14]. For 

* Corresponding author.
E-mail address: chiytso@cityu.edu.hk (C. Yan Tso). 

Contents lists available at ScienceDirect

Energy & Buildings

journal homepage: www.elsevier.com/locate/enb

https://doi.org/10.1016/j.enbuild.2024.114921
Received 30 July 2024; Received in revised form 3 October 2024; Accepted 14 October 2024  

Energy & Buildings 324 (2024) 114921 

Available online 18 October 2024 
0378-7788/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:chiytso@cityu.edu.hk
www.sciencedirect.com/science/journal/03787788
https://www.elsevier.com/locate/enb
https://doi.org/10.1016/j.enbuild.2024.114921
https://doi.org/10.1016/j.enbuild.2024.114921
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2024.114921&domain=pdf


perovskite TC material, the transition temperature can be modulated by 
ambient humidity [15] or additives [16]. To enhance the optical prop
erties of TC materials, strategies such as material blending and micro
structure design are often employed [7]. Guo et al. [17] developed the 
hydrogel embedded with carrageenan and Na2SiO3, resulting in the 
visible transmittance of 87.37 % and the solar modulation ability of 
69.65 %. Zhang et al. [18] fabricated the V0.8W0.2O2@SiO2-doped TC 
microgel, showcasing a visible transparency of 92.48 % and a solar 
modulation ability of 77.20 %. In the realm of microstructure design, the 
utilization of multilayer-film and core–shell structures stands as a 
prevalent method [19]. Jin et al. [20] introduced the VO2 multilayer 
films incorporating ZnO as a buffer and anti-reflective layer, resulting in 
an enhancement of solar modulation ability by 14 % and luminous 
transmittance by 50 %. Researchers such as Wu et al. [21], Wang et al. 
[22], and Zhao et al. [23] employed materials like CaF2, SiO2, and 
polymers to encapsulate VO2 particles, forming core–shell structures to 
enhance visible transmittance or solar modulation ability. In efforts to 
improve the stability of TC materials, Liu et al. [24] demonstrated a 
significant reduction in decay rates by 37 times through the application 
of a superhydrophobic coating on perovskite TC materials. Likewise, 
Liang et al. [25] augmented the UV and moisture resistance of VO2 TC 
glass by coating it with TiO2 and SiO2 films, resulting in a remarkable 
lifespan of 1777 days. Jiang et al. [26] pioneered a hydrogel system with 
polyethylene glycol, leveraging its antifreeze and regenerative proper
ties to bolster stability. Researchers are increasingly focusing on 
addressing the issues of high hysteresis width and long response times in 
TC materials. For instance, Zhu et al. [27] innovated a solid–liquid 
hydrogel, achieving complete transitions within 5 s. Liu et al. [28]
replaced the I element in MAPbI3 perovskite TC material with the Cl, 
achieving a narrower transition hysteresis width.

Different from the material scale, research at the building scale 
emphasizes building performance, including energy consumption, in
door daylighting, and thermal environments. Researchers often evaluate 
the building performance based on the hypothetical properties or 
theoretical value of TC glass to understand how tuning material prop
erties impacts overall building performance. Regarding transition tem
perature, Araújo et al. [29] determined the optimal transition 
temperatures through simulation and the optimized solution could 
achieve a 15 % energy reduction. Tao et al. [30] simulated the detailed 
thermal behavior of TC glass considering the inhomogeneous transition 
of TC material, finding the best transition temperature at 25–35 ◦C. In 
terms of the switching delay of TC glass, Arnesano et al. [31] compared 
different transition profiles of TC glazing to determine an optimal 
configuration. Khaled et al. [32] developed a heat transfer model to 
evaluate the impact of switching delay, finding that longer switching 
times worsened energy performance. Regarding optical properties, Wu 

et al. [33] investigated the effect of spectrally selective modulation in TC 
glass on building performance. Liang et al. [34] conducted a compre
hensive analysis to investigate the separate effects of near-infrared and 
visible modulation of TC glass. Additionally, there are studies on opti
mizing building performance from the perspective of microstructure. 
For instance, Hu et al. [35] theoretically investigated the structure of 
VO2 based on a Fabry-Perot resonant cavity, achieving radiative cooling 
in hot states while modulating near-infrared radiation. Haratoka et al. 
[36] examined the microscale impact of VO2 particle diameter and 
concentration on building performance, identifying optimal VO2 parti
cle configurations for various regions. Zhao et al. [37] optimized the 
thickness of multilayer VO2 TC films by considering film interference, 
using building performance as the optimization objective. Haratoka 
et al. [38] optimized the particle concentration and coating thickness of 
VO2 films via the transfer matrix method, revealing up to 26 % and 9 % 
energy savings potential in relatively hot and cold climates, respectively.

To analyze the building performance of TC windows more precisely, 
experimental and simulation research using real TC glass is becoming 
increasingly popular. These studies offer more convincing results, better 
reflecting the actual characteristics of TC windows. Mohammad et al. 
[39] fabricated a TiO2@W-VO2 TC glazing with increased transmittance 
and investigated its daylighting performance in a room setting. Aburas 
et al. [40] created the VO2 films of varying thicknesses and delved into 
the intricate relationship between daylighting and building energy 
saving. He et al. [41] assessed the energy-saving performance of a 
fabricated hydrogel TC glass by integrating indoor set-point correction 
based on thermal comfort. In addition to performance evaluation, some 
advancements have been made to improve TC glass functionality. Sun 
et al. [42] introduced a hydrogel TC glass integrated with parallel slat 
transparent insulation materials. Subsequent work by Ming et al. [43]
demonstrated that this system could reduce summer heat gain by 30 % 
while reducing winter heat loss by 20 %. Wang et al. [44] and Ding et al. 
[45] proposed the hydrogel TC window featuring opposite reflectivity 
on the front and back sides, enabling tunability of mid-infrared radiation 
through manual reversal. In addition, Liu et al. [46] and Xu et al. [47]
combined hydrogel TC glass with PV cells, using the high reflectivity of 
hydrogel in hot state to increase the PV power. Currently, the direct 
application of TC glass in actual buildings and the evaluation of overall 
performance are also emerging. Teixeira et al. [48] conducted the per
formance evaluation of TC glazing installed in commercial buildings, 
using a numerical model calibrated by experimental data. Es-sakali et al. 
[49] and Shi et al. [50] built the experimental platforms to test TC glass, 
demonstrating improvements in energy consumption and indoor visual- 
thermal comfort. Liang et al. [51] conducted experimental tests to assess 
the influence of different thermochromic tint states on human responses. 
Subsequently, Shen et al. [52] compared different types of TC glazing in 

Nomenclature

Abbreviation
CDF Cumulative distribution function
DGP Discomfort glare probability
IGDB International glass database
PDF Probability density function
PMV Predicted mean vote
PPD Predicted percentage of dissatisfied
TC Thermochromic
UDI Useful daylight illuminance

Symbol
T overall glazing transmittance
R overall glazing reflectance
τ transmissivity in glass interior

r reflectivity on glass interface
λ wavelength (um)
φ AM1.5 solar spectrum (W • m− 2 • um− 1)
ϕ CIE photopic luminous efficiency

Superscript
c cold state
h hot state
beam beam irradiation
dif diffuse irradiation
f front side
b back side

Subscript
g substrate glass
i, j sub glass between interface i and j
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terms of building performance, taking the dynamic solar spectrum into 
account.

1.2. Research gap and motivation

The above literature review indicates that the improvement of ma
terial metrics and the optimization or evaluation of building perfor
mance constitute the overall research framework for TC windows. 
Numerous studies at the building scale have also demonstrated that TC 
windows hold significant potential for positively regulating building 
energy consumption and indoor environment. The driving mechanism 
behind these benefits lies in the ability of TC materials to alter their 
optical properties in response to temperature changes. In practical ap
plications, the window structures, including the window types and the 
substrate glass, play a crucial role in influencing the thermal dynamics of 
the TC material, thereby affecting the ability of TC material to regulate 
building performance. This influence can be further elucidated as 
follows:

(1) Current buildings feature a variety of window types, mainly 
including single, double, vacuum, and ventilation glazing, each with 
distinct thermal behaviors. For instance, Michaux et al. [53] indicated 
that the glass temperature in ventilation glazing is 5 ~ 8 ◦C lower than in 
double glazing. Huang et al. [54] observed that the outer surface tem
perature of vacuum glazing is around 4 ◦C higher than that of double 
glazing. When TC glass is integrated into different window types, these 
differences in glass temperature will result in markedly different effects 
on building performance. Therefore, careful consideration of window 
type is essential when applying TC glass in buildings.

(2) TC glass typically consists of the TC material coated on the sub
strate glass, the critical component of the TC window. The optical 
properties of the substrate glass directly alter the transition state of the 
TC material. In certain instances, using substrate glass with high solar 
absorption can enhance building performance by accelerating the 
transition of the TC material state. Liu et al. [55] applied TC materials to 
substrate glass with near-infrared absorption to extend the time that TC 
material remains in the hot state. However, the glass with excessively 
high absorbance may cause poor daylighting performance [56]. Thus, 
the selection of substrate glass must be carefully optimized to achieve 
both energy efficiency and indoor environmental quality.

From the discussion above, it is evident that the window structure 
has a significant influence on the performance of TC glass in practical 
applications. However, past building-scale studies have largely neglec
ted this critical factor, thus leading to a significant research gap. First, 
most previous studies have typically concentrated on one window type, 
usually single or double pane, which has created a gap in understanding 
how the same TC glass performs across different window types. This 
understanding is essential for optimizing TC glass applications in diverse 
building contexts. Therefore, a quantitative investigation is necessary to 
accurately assess the improvements in building performance when TC 
glass is integrated into various window types. Secondly, past research on 
TC windows has predominantly focused on the overall optical properties 
of TC glass, encompassing both the substrate glass and TC materials. 
This focus has led to limited quantitative analyses regarding how the 
substrate glass itself affects building energy efficiency and indoor 
environmental quality. Addressing these gaps is crucial for developing a 
more comprehensive understanding of TC glass’s role in enhancing 
building performance.

Motivated by the research gaps identified above, this study conducts 
a comprehensive analysis of the performance of TC windows from the 
structural perspective. Taking hydrogel-based TC glass as an example, a 
comprehensive evaluation framework is developed to analyze the 
overall building performance of different types of TC windows and to 
optimize the optical properties of substrate glass. The detailed workflow 
of this article is as follows: First, the studied window types and opti
mized optical parameters of the substrate glass are introduced. Then, the 
hydrogel glass is fabricated and characterized, and the simulation 

methodology for evaluating the overall building performance of 
different window structures is described. Subsequently, the impact of 
the optical properties of the substrate glass on building performance is 
analyzed and optimized. Based on the optimized optical parameters, 
different types of TC windows are compared. Finally, the conclusions 
and suggestions for the application of TC glass based on this study are 
provided to promote the future practical application of TC glass. This 
research addresses a crucial but underexplored aspect of TC glass 
application, aiming to offer a comprehensive understanding of how the 
TC window structures influence building dynamics.

2. Description of window structures and optimization 
parameters

Hydrogels have garnered extensive attention in the field of TC win
dows due to their high stability and transition temperatures close to 
room temperature [57]. They consist of the three-dimensional cross- 
linked networks composed of water and hydrophilic polymer chains [7]. 
The working principle of hydrogel-based thermochromic windows is 
shown in Fig. 1. The hydrogel is encapsulated between two sheets of 
substrate glass in a sandwich structure. At temperatures below the 
transition temperature, the polymer chains in the hydrogel exhibit hy
drophilic properties due to the intermolecular hydrogen bonds between 
them and the surrounding water molecules. This results in the hydrogel 
being transparent, as the orderly arrangement of polymer chains and 
water allows light to pass through with minimal scattering, giving the 
hydrogel optical properties similar to those of water. When the tem
perature rises above the transition temperature, the hydrogen bonds 
between the polymer chains and water molecules break. This causes the 
polymer chains to lose their hydrophilic nature and become hydropho
bic, leading to a collapse and aggregation of the polymer network. This 
phase transition causes the hydrogel to become opaque or translucent, as 
the aggregated polymer chains scatter incident light, reducing the 
transmission of light through the hydrogel.

As described in Section 1.2, the popular transparent window types 
include single glazing, double glazing, vacuum glazing, and ventilation 
glazing. The structure and working principles of these windows, when 
integrated with hydrogel TC glass, are illustrated in Fig. 2. As shown in 
Fig. 2 (a), single glazing consists of only a single TC glass unit, with 
components arranged from outside to inside as follows: outer substrate 
glass, hydrogel, and inner substrate glass. In this configuration, the TC 
glass is in direct contact with indoor air, facilitating heat exchange 
through radiation and convection. For double glazing, as indicated in 
Fig. 2 (b), there is an air gap between the TC glass and the inner glass to 
minimize heat transmission between indoors and outdoors. Heat trans
fer in this case occurs via convection in the air gap and radiation be
tween the TC glass and the inner glass. To further enhance thermal 
insulation, vacuum glazing replaces the air gap with the vacuum gap, as 
shown in Fig. 2 (c). This significantly reduces convective heat transfer 
between the TC and inner glass. To prevent glass deflection due to at
mospheric pressure, an array of support pillars is arranged within the 
vacuum gap. Ventilation glazing differs from double glazing by incor
porating the ventilation cavity in place of the air gap. As depicted in 
Fig. 2 (d), the upper end of the outer pane is equipped with an air outlet, 
while the lower end of the inner pane features an air inlet. This 
configuration allows for the exhaust of indoor air through the ventila
tion cavity, driven by fans. The cooling effect from the indoor exhaust air 
helps maintain the temperature of the inner glass close to room tem
perature, thereby reducing indoor heat gain and enhancing thermal 
comfort. The specific parameters of the studied windows, apart from 
length and width, are listed in Table 1. In this study, the thicknesses of 
the hydrogel layer and substrate glass for the hydrogel TC glass are set to 
1 mm and 3 mm, respectively [46]. In modern buildings, the low-e glass 
is commonly used as the inner glass of multi-layer windows to reduce 
energy consumption [58]. In this study, a 3 mm low-e glass, identified as 
number 2031 in the International Glass Database (IGDB) [59], is 
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selected as the inner glass of the double, vacuum, and ventilation 
glazing. Consistent with existing studies, the air gap thickness for double 
glazing and the cavity thickness for ventilation glazing are set to 12 mm 
[60] and 100 mm [61], respectively, while the air flow rate for venti
lation glazing is 1 m/s [62]. For vacuum glazing, the relevant parame
ters, including the support pillars with a radius of 0.2 mm, a spacing of 
35 mm, the vacuum gap with a thickness of 0.5 mm and an air pressure 
of 5 × 10− 4 Pa, are obtained from a commercial vacuum window 
product [63].

As shown in Figs. 1-2, the most common configuration for hydrogel 
TC glass is a sandwich structure [64], where the TC hydrogel is enclosed 
between substrate glass. The optical properties of substrate glass in the 
solar spectrum significantly impact the performance of hydrogel-based 

Fig. 1. The working principle of hydrogel-based thermochromic windows.

Fig. 2. The structure and working principle of various hydrogel-based thermochromic windows.

Table 1 
The specific parameters of the studied windows.

Parameters Values

Thickness Substrate glass 3 mm [46]
Hydrogel layer 1 mm [46]
Air gap 12 mm [60]
Vacuum gap 0.5 mm [63]
Ventilation cavity 100 mm [61]

Inner glass ID 2031 in IGDB [59]
Airflow rate of ventilation glazing 1 m/s [62]
Air pressure in vacuum gap 5 × 10-4 Pa [63]
Space and radius support pillars 35 mm, 0.2 mm [63]
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thermochromic windows. Moreover, the optical properties of substrate 
glass in the visible and near-infrared bands affect the building perfor
mance of TC glazed facades in different ways and should be analyzed 
separately. This study examines the impact of these optical properties on 
the overall performance of various hydrogel-based TC windows. Most 
types of commercial glass on the market are made of silica, and in their 
uncoated state, they have a similar refractive index. In this study, it was 
assumed a constant refractive index of 1.5 for the substrate glass of TC 
glass [46]. The extinction coefficients in the visible and near-infrared 
bands vary from 5 m− 1 to 255 m− 1 in intervals of 50 m− 1, covering 
the transmittance range of most glass available in IGDB, from clear to 
tinted [59].

3. Research methodology

3.1. Fabrication and characterization of hydrogel thermochromic glass

To obtain the comprehensive information on the hydrogel TC ma
terial, the hydrogel-based TC glass was fabricated by the authors, and its 
characteristic parameters were measured. The poly(NIPAM) hydrogel 
used in this study was prepared via the method in Ref [14]. First, 1.6 g of 
N-isopropyl acrylamide (NIPAM, 99 %, Sigma-Aldrich) was dissolved in 
7 ml of deionized water and stirred until completely dissolved. Then, 5 
mg of ammonium persulfate (APS, >98 %, Sigma-Aldrich) and 5.44 mg 
of methylene bisacrylamide (MBA, 99 %, Sigma-Aldrich) were added to 
the monomer solution and stirred until dissolved. Next, the precursor 
solution was synthesized by adding 3 mg of Na2HSO3 into the prepared 
liquid. This solution was then injected into the 1 mm gap between two 
pieces of 1 mm ultra-high transparency glass and sealed with UV-curing 
glue on all sides. Free radical polymerization was initiated at 25 ◦C for 
15 min. Following this process, the hydrogel-based TC glass was suc
cessfully fabricated. As shown in Fig. 3 (a), the TC glass was transparent 
like water in its cool state and translucent like milk in its hot state.

The spectral transmittance/reflectance of the hydrogel-based TC 
glass in the wavelength range of 0.3–2.5 µm was measured using the 
UV–visible-near-infrared spectrophotometer (SHIMADZU UV3600), and 
the results are shown in Fig. 3(b). The solar and visible optical proper
ties, modulation ability, and haze of the fabricated TC glass were 
calculated according to the equations in Table 2. The corresponding 
calculated results of the above indicators are listed in Table 3. The haze 

measurements showed the haze of the hydrogel in the hot state to be 
around 98 %, and close to 0 % in the cold state. Therefore, in this study, 
the hydrogel is considered a specular component in the cold state and an 
isotropic diffuse component in the hot state, which aligns with the 
conclusions of Wu et al. [46]. This conclusion and the optical parameters 
in the solar and visible bands will be used in the optical model of the TC 
glass in Section 3.2.1. Additionally, after repeated heating and cooling, 
it was observed that the transition temperature of the prepared hydrogel 
was around 32 ◦C.

In the table, Y represents the optical properties, such as trans
mittance T or reflectance R; λ is the wavelength (um). φ is the solar 
irradiance spectrum of air mass 1.5 (W • m− 2 • um− 1); ϕ is the CIE 
photopic luminous efficiency of the human eye; T1 and T2 are the total 
transmittance of the air and sample while T3 and T4 are the diffuse 
transmittance of the air and sample. The specific details for haze mea
surement can be found in the ASTM D1003.

3.2. Modeling process and simulation setup

Considering the primary impact of TC windows on buildings, this 
study evaluated the hydrogel-based TC windows in terms of building 
energy consumption and indoor human comfort. EnergyPlus, a widely 

Fig. 3. The appearance and optical properties of fabricated hydrogel-based TC glass.

Table 2 
The calculation methods of performance metrics of the TC glass [7].

Metrics Equations

Solar transmittance/reflectance Ysol =
∫ 2.5um

0.3um φ(λ)Y(λ)dλ/
∫ 2.5um

0.3um φ(λ)dλ
Visible transmittance/reflectance Yvis =

∫ 0.78um
0.38um ϕ(λ)Y(λ)dλ/

∫ 0.78um
0.38um ϕ(λ)dλ

Solar modulation ability ΔTsol = Tcold
sol − Thot

sol
Haze Haze =

T4

T2
−

T3

T1

Table 3 
The optical properties of the fabricated TC glass.

States Solar 
transmittance

Visible 
transmittance

Haze Solar modulation 
ability

Cold 0.82 0.90 0 0.61
Hot 0.21 0.22 0.98
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utilized building energy simulation tool in research and engineering 
fields, provides detailed computational models for predicting the energy 
performance of various window types as described in Section 2. These 
models for window calculations are sourced from ISO 15099 [65], a 
well-established standard with a strong validation history from a lot of 
studies [66–68]. Radiance software is recognized as the leading indoor 
illuminance environment calculation and rendering engine based on the 
Monte Carlo backward ray-tracing algorithm. It is extensively employed 
in simulating indoor natural daylighting for windows, shading, and 
complex fenestration systems. Its high precision has also been widely 
confirmed in previous studies [69,70]. In relatively stable indoor ther
mal environments such as air-conditioned rooms, Fanger’s PMV-PPD 
model is typically more suitable for predicting thermal comfort [71]. 
Ladybug software incorporates this model based on the standard 
calculation model in ISO 7730 [72]. Therefore, for this study, the 
aforementioned three software tools were selected to assess energy 
performance, visual comfort, and thermal comfort, respectively.

The research flowchart for optimization and performance evaluation 
is depicted in Fig. 4. Initially, the optical data of the hydrogel glass with 
various substrate glass in both hot and cold states were computed using 
Matlab, based on the optical model outlined in Section 3.2.1. Subse
quently, the optical characteristics of the hydrogel glass in hot and cold 
states, along with the inner glass, were input into the WINDOW software 
to configure the studied windows as per the parameters specified in 
Table 1. The resulting IDF files, containing structural details and optical 
properties, were then generated. Then, these IDF files were transferred 
to EnergyPlus for the computation of cooling loads, while the visible 
properties of the studied windows were imported into Radiance for the 
assessment of visual comfort and indoor illuminance. The transition 
state of the TC glass (hot or cold state) in EnergyPlus was automatically 
switched by the EMS object based on the TC glass temperature, and the 
transition states from EnergyPlus were utilized to adjust the optical 
parameters in Radiance calculations. The EMS object in EnergyPlus can 
adjust the optical parameters of glass during simulation based on the 
signal stimulus, such as the temperature of TC glass in this study. It is 
commonly utilized in building simulation involving thermochromic 
glass [33,46,49]. Finally, the indoor illuminance calculated by Radiance 
was imported into EnergyPlus to determine artificial lighting loads. The 
indoor operative temperature and humidity data from EnergyPlus were 
imported into Ladybug to predict thermal comfort. The parameter set
tings used in these simulation tools are detailed in Section 3.2.2. Data 
transmission between different simulation tools was facilitated by the 
Grasshopper platform. After all calculations were completed, the metrics 
related to energy consumption and indoor comfort, as described in 
Section 3.3, were collected and comprehensively analyzed. Before 

conducting the simulation, this study calibrated the accuracy of the 
simulation tools used as well as the state-switching approach of TC glass 
via EMS, by validating the simulation method against reference data. 
The detailed validation process is presented in Appendix A.

3.2.1. Optical model of thermochromic glass
In this study, the optical properties of hydrogel glass with different 

substrate glass are determined using the net radiation method. This 
recursive method accounts for the infinite refraction and reflection of 
rays in multiple layers of a medium. It is a widely used mathematical 
model for calculating multi-layer glass systems and is included in ISO 
15099, as well as utilized by multiple architectural glass simulation tools 
such as Optics, WINDOW, and EnergyPlus. As shown in Fig. 5, the 
hydrogel-based thermochromic windows include four interfaces 
(numbered in the figure) and three medium layers (substrate glass, 
hydrogel, and substrate glass). The equations for the net radiation 
method in both the cold and hot states are presented below. It is 
important to note that all variables in these equations are dimensionless 
parameters.

When the hydrogel is in cold state, the three layers in the glass are 
specular layers, meaning there are no diffuse rays inside the mediums. 
The overall transmittance and reflectance of the hydrogel TC glass are 
calculated by: 

Tf
1,4 =

Tf
1,3τg

beam(1 − r4
beam)

1 − r4
beamτg

beamRb
1,3

(1) 

Rf
1,4 = Rb

1,4 = Rf
1,3 +

Tf
1,3(τg

beam)
2r4

beamTb
1,3

1 − r4
beam(τg

beam)
2Rb

1,3

(2) 

where, τg is the transmissivity in substrate glass interior. r4 is the 
reflectivity at interface 4, which is the boundary between the glass and 
air. Tf

1,3 and Tb
1,3 are the front and back transmittance of sub glazing 

between interface 1 and 3. Rb
1,3 and Rb

1,3 are the front and back reflec
tance of the sub glazing between interface 1 and 3. Similarly, they are 
calculated as: 

Tf
1,3 = Tb

1,3 =

(
1 − r1

beam
)
τg

beamTc
2,3

1 − Rc
2,3(τgbeam)

2r1beam
(3) 

Rf
1,3 = r1

beam +
(1 − r1

beam)
2
(τg

beam)
2Rc

2,3

1 − r1beam(τgbeam)
2Rc

2,3

(4) 

Fig. 4. The research flowchart for optimization and performance evaluation.
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Rb
1,3 = Rc

2,3 +
Tc

2,3
2(τg

beam)
2r1

beam

1 − r1beam(τgbeam)
2Rc

2,3

(5) 

where, Tc
2,3 and Rc

2,3 are the transmittance and reflectance of the 
hydrogel layer in the cold state. Since the medium on both sides of the 
hydrogel is the same, the front and back transmittance/ reflectance are 
also the same. r1 represents the reflectivity at interface 1, which is also 
the boundary between the glass and air.

When the hydrogel is in its hot state, the hydrogel layer in the glass 
becomes a scattering layer. All rays passing through or being reflected 
from this layer are completely scattered. As shown in Fig. 5 (b), notably, 
all rays passing through the hydrogel-based glass are scattered, while the 
reflected rays consist of both diffuse and beam irradiation. The overall 
transmittance and reflectance of the hydrogel-based glass are calculated 
by: 

Tf
1,4 =

Tf
1,3τg

dif (1 − r4
dif )

1 − r4dif τgdif Rb
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(6) 
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where, the superscript ‘beam’ represents beam irradiation, and ‘dif’ 
denotes diffuse irradiation. Tf

1,3, Tb
1,3, and Rb

1,3 are only diffuse irradia
tion, so they are not distinguished by superscripts. 
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where, Th
2,3 and Rh

2,3 are the transmittance and reflectance of the 
hydrogel layer in the hot state.

The transmittance and reflectance of the hydrogel layer in both cold 
and hot states are obtained through experimental measurements as 
detailed in Section 3.1. The transmissivity τg and reflectivity r of the 
substrate glass are calculated by substituting the refractive index and 
extinction coefficient into the Bouguer’s law and Fresnel’s law equations 
as described in Ref [73]. The properties of beam irradiation are calcu
lated using these laws for non-normal incidence, while the properties of 
diffuse irradiation are determined through numerical integration of the 
calculations over the hemisphere. Before calculating the optical data of 
hydrogel glass with different substrate glass, the above equations were 
calibrated using reference data. The validation process of the optical 
model employed in this study is detailed in Appendix B.

3.2.2. Assessment models of energy⋅and human comfort
Generally, TC glass is mainly suitable for cooling-dominated regions 

[45]. In this study, the building energy consumption and indoor human 
comfort of the studied thermochromic glazing were evaluated using a 
case study of an office building in Shenzhen, China. As illustrated in 
Fig. 6, the building measures 5 m in width, 5 m in length, and 3 m in 
height. It features a window measuring 4 m in width and 2 m in height 
installed on the south wall. It was assumed that the indoor occupancy is 
5 m2/person and the occupancy time for the office spans from 8:00 am to 
6:00 pm. The materials and thermophysical properties of the building 
envelopes are detailed in Table 4. During the calculation, the vertical 
walls conduct the heat transfer to outdoors, and the floor/ceiling is set as 
the internal wall, which exchanges heat with the adjacent rooms. 
Weather data from a typical meteorological year in Shenzhen were used 
as boundary conditions for year-round simulations. Shenzhen, located in 
the southern part of China (22.55 N, 114.1 E), typifies a region char
acterized by hot summers and warm winters. Therefore, in this study, 
heating energy consumption is not considered as there is almost no 
heating demand in the studied area. The ambient temperature and solar 
irradiation in Shenzhen are shown in Fig. 6 (c) and (d). The monthly 
average temperature ranges from 15 ◦C to 28 ◦C throughout the year. 
Solar irradiation varies between 50 kWh/m2 and 100 kWh/m2, with the 
minimum occurring in May and June and the maximum in December.

The data in the table are acquired from the building library of the 
Commercial Reference Buildings developed by the U.S. Department of 
Energy [74].

The daylighting model for evaluating visual comfort and indoor 
illuminance was developed in Radiance software. The Honeybee plugin 
in Grasshopper can activate Radiance software and process the param
eter settings. In accordance with a previous study [75], the parameters 
in the software including ambient bounces(− ab), ambient divisions 
(− ad), ambient super-samples (− as), ambient resolution (− ar), and 
ambient accuracy (− aa) were set to 10, 1024, 2, 96, and 0.15, respec
tively. This parameter setup aims to optimize time efficiency without 

Fig. 5. Schematic diagrams illustrating the optical calculation.
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compromising calculation accuracy. The illuminance on the indoor 
work plane, a horizontal surface positioned 1 m above the floor was 
calculated to assess indoor daylighting performance [76]. The thermal 
comfort was predicted according to the model in the Ladybug software. 
After the indoor thermal conditions, including air temperature, mean 
radiant temperature, and relative humidity, calculated in EnergyPlus 
software were input, the Ladybug software employs the PMV-PPD model 
to evaluate the indoor thermal comfort. This model calculates the pre
dicted mean vote (PMV) and predicted percentage of dissatisfied (PPD) 
occupants, considering various factors including metabolic activity, 
clothing, and environmental conditions, among others. Following the 
guideline outlined in ASHRAE 55 [77], the parameters utilized to assess 
indoor thermal comfort encompass clothing insulation values of 0.5 clo 
under hot conditions and 1.0 clo under cold conditions. This method
ology acknowledges the potential for individuals to adjust their clothing 
in response to thermal discomfort. Additional parameters employed in 
the calculation include an air velocity of 0.1 m/s and a metabolic rate of 
1.1 met, representative of a sedentary human occupant.

The heat transfer and energy performance of the studied building 
was predicted by EnergyPlus software. As described above, only cooling 
load is considered in the case study. In accordance with local govern
ment standards GB 50736–2012 [78], the cooling set temperature was 
established at 24℃. This setting mandates that the building’s air con
ditioning operates during the occupied time to maintain the indoor 
temperature below the specified set point. It was assumed that an air 

source heat pump was used to convert the cooling load to the electricity 
consumption for cooling. According to the GB 19576–2019 [79], the 
rate performance coefficient of the heat pump was assumed to be 2.8. 
The minimum illuminance on the work plane, obtained from Radiance 
software, was imported into EnergyPlus for calculating lighting load. In 
this study, the on/off control method was employed, which means that 
once the minimum illuminance of the work plane is lower than the 
required value, the lamp will be turned on at full power. As stipulated by 
GB 50033–2013 [80], the artificial lighting density in this study was 9 
W/m2, with a required minimum illuminance of 450 lx.

3.3. Evaluation metrics

The energy performance is evaluated by summing electricity use for 
cooling and lighting during the annual occupancy time according to the 
method in Section 3.2.2. To assess visual comfort across the entire work 
plane, the metric of spatial Useful Daylight Illuminance (UDI) autonomy 
is used [50]. This metric represents the area ratio of the indoor work 
plane where the UDI exceeds 50 %. The UDI measures the percentage of 
annual occupy time when indoor illuminance at a specific location falls 
between the minimum required illuminance (450 lx in this study) and 
2000 lx [76]. Illuminance values below 450 lx are too dim for human 
activity, while values above 2000 lx may cause glare. According to 
ASHRAE 55, indoor thermal conditions are considered neutral when the 
PMV values falls within the range of − 0.5 to 0.5. A PMV value above 0.5 

Fig. 6. The building model and weather parameters in the case study.

Table 4 
The materials and thermophysical properties of the building envelope.

Material Thickness 
(m)

Conductivity (W/m • K) Density 
(W/m3)

Specific heat 
(J/kg • K)

R-value 
(m2 • K/W)

Wall Stucco 0.025 0.72 1856 840 /
Gypsum board 0.016 0.16 800 1090 /
Concrete block 0.20 1.32 1842 912 /
Insulation layer / / / / 0.77
Gypsum board 0.016 0.16 800 1090 /

Floor Concrete block 0.15 1.32 1842 912 /
Insulation layer / / / / 0.21

Ceiling Insulation layer / / / / 0.21
Concrete block 0.15 1.32 1842 912 /
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indicates hot conditions, while a PMV value below − 0.5 indicates cold 
conditions. In this study, the thermal comfort performance of various 
types of TC windows was evaluated by the time percentage of thermal 
comfort, defined as the ratio of the time when indoor thermal sensation 
is neutral to the total occupancy time throughout the year.

4. Results

4.1. Sensitivity analysis of optical properties

This section analyzes the impact of the optical properties of substrate 
glass on the overall performance of TC windows. The primary objective 
is to elucidate the variation patterns in energy consumption, visual 
comfort, and thermal comfort, as well as to assess the sensitivity of these 
performance metrics to changes in the optical parameters of substrate 
glass. Throughout this analysis, the extinction coefficients of the sub
strate glass, except for the variables under examination, are maintained 
consistently at 5 m− 1 for visible and near-infrared irradiation. The 
dependent variables analyzed, in addition to the evaluation metrics in 
Section 3.3, include the time percentage in hot state, which refers to the 
percentage of TC glass in hot state during the annual occupied time.

4.1.1. Visible properties of substrate glass
The impact of visible properties on the overall performance of 

various types of TC windows is shown in Fig. 7. Notably, the time per
centage of TC glass in hot states increases with the rise in extinction 
coefficients. As the extinction coefficient increases from 5 m− 1 to 255 
m− 1, the time percentages in hot states for double and vacuum glazing 
exhibit similar changes, increasing by approximately 50 %, while single 
glazing shows a 47 % increase. Ventilation glazing displays the smallest 
change, only 34 %, primarily due to the cooling effect of airflow, which 
stabilizes the temperature of the hydrogel glass. The change in the 
transition states of hydrogel glass affects building energy consumption 
and human comfort. Cooling consumption decreases due to reduced 
indoor heat gain, while lighting consumption increases due to dimin
ished indoor illuminance. Consequently, total electricity use first de
creases and then increases, reaching a minimum when the extinction 
coefficients are between 55 and 155 m− 1. The spatial UDI autonomies of 
all windows follow similar trends, initially increasing and then 

decreasing. The maximum spatial UDI autonomy for double and vacuum 
glazing exceeds 90 % when the extinction coefficients are around 105 to 
155 m− 1. For thermal comfort, the increase in visible absorbance has 
minimal impact on ventilation glazing due to its robust temperature 
regulation. However, the thermal comfort of single glazing declines 
sharply, from 55 % to 33 %, significantly more than other glazing types, 
attributed to the substantial temperature increase on the window inside.

4.1.2. Near-infrared properties of substrate glass
The impact of near-infrared properties on the overall performance of 

various types of windows is shown in Fig. 8. The increase in the 
extinction coefficient raises the time percentage in hot state. This in
crease is comparable to the results for visible properties because visible 
and near-infrared irradiation account for roughly equal proportions of 
the solar spectrum. Almost all the electricity used in this subsection is for 
cooling consumption, as the lighting load is nearly zero. As shown in 
Fig. 8 (b), the electricity use decreases with the increase in extinction 
coefficients. However, when the extinction coefficient reaches approx
imately 155 m− 1, the electricity use levels off with minimal variation. 
Thus, there is a limit to reduce energy consumption by increasing the 
near-infrared extinction coefficient. Regarding spatial UDI autonomy, 
the increase in the extinction coefficient consistently enhances the 
values for various TC windows. Therefore, increasing the near-infrared 
extinction coefficient always benefits visual comfort. For thermal com
fort, the results are consistent with the analysis results of the visible 
properties. The indoor thermal comfort of single glazing diminishes, 
while other window types experience minimal effects.

4.1.3. Global analysis of visible and near infrared properties
This section analyzes the global impact of visible and near-infrared 

properties on the performance of hydrogel-based TC windows. After 
all optical parameters are arranged and combined, a total of 36 cases 
were examined, and their performance metrics are presented in Fig. 9. 
As illustrated in Fig. 9 (a), the transition states of double and vacuum 
glazing are generally higher than those of single glazing, while venti
lation glazing exhibits the lowest transition state. Especially, when the 
visible and near-infrared extinction coefficients of the substrate glass are 
5 m− 1, typically representing ultra-white glass, single glazing and 
ventilation glazing will not undergo significant state transitions. Fig. 9

Fig. 7. The impact of visible properties on the overall performance: (a) Time percentage in hot state; (b) Electricity use; (c) Spatial UDI autonomy; (d) Time per
centage of thermal comfort.
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(b) illustrates the electricity consumption associated with various win
dow types when employing different substrate glass. Notably, ventila
tion and vacuum glazing show the lowest energy consumption. 
Regarding visual comfort, all examined glazing types exhibit high 
sensitivity to the optical properties of substrate glass, with the spatial 
UDI autonomy varying between 0 % and 100 %. Conversely, the thermal 
comfort levels of different glazing types show considerable variability in 
their sensitivity to substrate glass. For vacuum and ventilation glazing, 
the time percentage of acceptable thermal comfort remains consistently 
high at approximately 90 % and 97 %, respectively. The thermal comfort 
of single and double glazing varies between 30–50 % and 55–65 %, 
respectively.

By analyzing and comparing the various performance metrics of 
windows with different substrate glass configurations, the optimal op
tical properties for each window type were identified. In this study, the 
optical parameters are deemed optimal when the thermal and visual 
comfort metrics exceed the median values of all cases, while simulta
neously minimizing energy consumption. For double and vacuum 
glazing, the lowest energy consumption occurred when the visible 
irradiation extinction coefficient was set at 55 m− 1 and the near-infrared 
extinction coefficient ranged from 155 to 255 m− 1. In addition, the 
spatial UDI autonomy exceeded 90 %, and thermal comfort remained 
above the median level. Consequently, these extinction coefficients for 
double and vacuum glazing were determined to be optimal optical 

Fig. 8. The impact of near-infrared properties on the overall performance: (a) Time percentage in hot state; (b) Electricity use; (c) Spatial UDI autonomy; (d) Time 
percentage of thermal comfort.

Fig. 9. The impact of near infrared properties on the overall performance: (a) Time percentage in hot state; (b) Electricity use; (c) Spatial UDI autonomy; (d) Time 
percentage of thermal comfort.
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properties. For single and ventilation glazing, the analysis revealed that 
a visible irradiation extinction coefficient of 105 m− 1 and a near- 
infrared extinction coefficient of 155 to 255 m− 1 resulted in the 
lowest energy consumption, while the metrics for visual and thermal 
comfort exceeded the median values across all cases. Therefore, these 
values were chosen as the optimal properties for single glazing.

4.2. Overall performance of different types of windows

In this section, the overall performance of various window types is 
compared. To ensure a fair comparison, all studied windows utilize the 
substrate glass with identical optical parameters. The analysis in Section 
4.1.3 reveals that the optimal extinction coefficients for the windows 
range from 55 to 105 m− 1 for visible irradiation and from 155 to 255 
m− 1 for near-infrared irradiation. Therefore, an average optical coeffi
cient of 80 m− 1 for visible irradiation and 205 m− 1 for near-infrared 
irradiation was selected for the analysis. Additionally, to underscore 
the enhanced performance resulting from retrofitting with hydrogel- 
based glass, the single, double, vacuum, and ventilation types of clear 
windows constructed with ultra-clear glass (extinction coefficient of 5 
m− 1) as the outer layer were compared as a baseline.

Before analyzing the various evaluation metrics, the temperature of 
the hydrogel glass under annual outdoor weather conditions was sum
marized and compared, as shown in Fig. 10. The results indicate that the 
glass temperature is highly dependent on incident solar radiation and 
ambient temperature. Under identical environmental conditions, vac
uum glazing exhibits the highest temperature, followed by double 
glazing, single glazing, and ventilation glazing, which records the lowest 
temperature. This trend can be attributed to the superior thermal insu
lation properties of vacuum glazing, which effectively minimizes heat 
exchange between the hydrogel glass and the interior environment. In 
contrast, single glazing facilitates direct heat exchange with the indoor 
environment, resulting in lower temperatures. Additionally, for venti
lation glazing, the airflow within the air gap cools the hydrogel glass, 
contributing to its lower temperature compared to other window types. 

Overall, the percentages of time during which the temperature exceeds 
the transition temperature of the hydrogels are 52 %, 69 %, 73 %, and 
37 %, respectively. Notably, the use of standard hydrogel glass in single 
and ventilation glazing results in minimal state transitions, underscoring 
the necessity for optimizing the optical properties of the substrate glass.

4.2.1. Energy consumption
To reveal the causes of the impact of various windows on indoor 

energy consumption, the heat gain of various windows on a typical 
sunny summer day, August 14th of a typical meteorological year, was 
first analyzed, as shown in Fig. 11. The convection and radiation heat 
transfer through the windows, termed secondary heat gain, depends on 
the temperature difference between the inner glass and the indoors. As 
depicted in Fig. 11 (a) and (b), the ventilation glazing exhibits the lowest 
secondary heat gain, followed by vacuum glazing and double glazing, 
while single glazing demonstrates the highest heat transfer. The superior 
performance of ventilation glazing in reducing secondary heat gain is 
primarily attributed to the cooling effect of the airflow, which brings the 
temperature of the inner glass very close to room temperature. Notably, 
the convection heat transfer of ventilation glazing is nearly 0 W, while 
the radiation heat transfer is negative, reaching a minimum of − 50 W. 
The transmitted irradiation, referred to as direct heat gain, mainly de
pends on the transition states. The direct heat gain of vacuum glazing is 
the lowest due to the extended periods of hot states. Summing these 
factors, the net heat transfer profiles of various windows are depicted in 
Fig. 11 (d). The heat gain of vacuum glazing is the lowest, closely fol
lowed by double glazing, while the heat gain of single glazing is the 
highest.

The monthly electricity use of various hydrogel-based TC windows 
and their corresponding clear windows is shown in Fig. 12. The build
ing’s electricity use is highest from June to September and lowest from 
January to March, a trend driven by local climate conditions. As ex
pected, the monthly electricity use for single glazing, whether TC or 
clear windows, is consistently the highest due to the greater heat gain, as 
explained in Fig. 11. Among the four window types, ventilation glazing 

Fig. 10. Temperature of hydrogel glass under annual outdoor weather parameters: (a) Single glazing; (b) Double glazing; (c) Vacuum glazing; (d) Ventila
tion glazing.
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demonstrates the most significant energy-saving effect. Summing the 
annual data, the electricity use of the studied TC windows for single, 
double, vacuum, and ventilation glazing is 507 kWh, 337 kWh, 277 
kWh, and 248 kWh, respectively. Comparing TC and clear windows, it 
was found that TC glass can reduce energy consumption for all window 

types. Among them, TC glass has the most pronounced energy-saving 
effect on vacuum and ventilation windows, achieving a reduction of 
289 kWh and 281 kWh in electricity use. Single glazing follows with 
reductions of 249 kWh while double glazing has the least consumption 
reduction effect, at only 233 kWh. The energy saving ratios for these 

Fig. 11. Heat transfer through various windows in a typical day: (a) Convection heat transfer; (b) Radiation heat transfer; (c) Transmitted solar irradiation; (d) Net 
heat transfer.

Fig. 12. The electricity use of various hydrogel-based thermochromic windows: (a) Single glazing; (b) Double glazing; (c) Vacuum glazing; (d) Ventilation glazing.
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windows after implementing the TC glass are 33 %, 41 %, 51 %, and 53 
%, respectively.

4.2.2. Thermal comfort
The indoor thermal conditions presented on the psychrometric chart 

throughout the year are shown in Fig. 13. In this figure, the grid within 
the black frame indicates the indoor conditions that meet acceptable 
thermal comfort standards. Notably, the thermal comfort of single 
glazing is significantly reduced when the outer glass is replaced with 
hydrogel glass, with the time percentage of thermal comfort decreasing 
from 55.2 % to 32.9 %. The elevated temperature of the hydrogel glass 
increases the perceived temperature for occupants, resulting in 60 % of 
the occupied time being classified as the hot conditions. Similarly, the 
thermal comfort of double glazing shows a slight decrease after 
substituting the outer glass with hydrogel glass. However, this effect is 
less pronounced due to the heat transfer barrier provided by the inner 
glass. In contrast, the indoor thermal comfort of vacuum and ventilation 
glazing improves by 19.3 % and 2.8 %, respectively, after the outer layer 
is replaced with hydrogel glass. The improvement in thermal comfort for 
ventilation glazing is almost negligible, whereas the enhancement for 
vacuum glazing is significant. This improvement can be attributed to the 
hydrogel glass blocking solar irradiation, thereby reducing the temper
ature of the interior surfaces of walls. The comparison among various 
window types indicates that ventilation glazing consistently offers the 
best thermal comfort, followed by vacuum glazing, double glazing, and 
finally single glazing.

To further elucidate the observed changes in indoor thermal comfort, 
the distribution of indoor operative temperature during the annual 
simulation is presented in Fig. 14. Generally, indoor conditions are 
considered hot when the operative temperature exceeds 26 ◦C. For 
hydrogel-based single glazing, the probability density functions (PDFs) 
for the temperature ranges of 26–27 ◦C, 27–28 ◦C, and 28–29 ◦C are 
20.9 %, 25.1 %, and 9.0 %, respectively, indicating poor thermal com
fort. A similar phenomenon is observed with double glazing, where the 
PDF for the 26–27 ◦C range increases from 16.3 % to 23.0 % when using 
hydrogel glass. In the case of vacuum glazing, the PDF for the 26–27 ◦C 
range is 0 % for the thermochromic window and 11.4 % for the clear 
window. For ventilation glazing, the PDF for temperatures exceeding 

26 ◦C remains at 0 %, regardless of the installation of hydrogel glass.

4.2.3. Visual comfort
The distribution of indoor Useful Daylight Illuminance (UDI) on the 

work plane is presented in Fig. 15. Notably, the UDIs at each position on 
the indoor work plane show significant improvement after the instal
lation of hydrogel glass. For clear windows, the UDI values range from 0 
% to 40 %, with lower values observed near the windows and higher 
values further away. The spatial UDI autonomies for all studied windows 
are 0 %, as transparent glass tends to result in indoor illuminance 
exceeding 2000 lx, which does not meet human visual needs and may 
lead to glare. In contrast, the use of TC glass markedly enhances the UDI 
on the interior work surface, attributable to the shading effect produced 
by the hot states of the hydrogel glass. Upon calculation, the spatial UDI 
autonomies for single, double, vacuum, and ventilation glazing are 78 
%, 96 %, 100 %, and 72 %, respectively. The UDI values for single and 
ventilation glazing remain relatively low due to the shorter duration of 
hot states.

As indicated above, the higher indoor illuminance associated with 
clear windows may result in glare. To further evaluate indoor visual 
comfort, this subsection employs the Daylight Glare Possibility (DGP) 
metric, produced by Radiance software, to assess the extent of indoor 
glare [58]. Generally, a DGP value of less than 0.4 is considered 
acceptable for human comfort. The results of the probability density 
function (PDF) and cumulative distribution function (CDF) are pre
sented in Fig. 16. Notably, the distribution of DGP values is concentrated 
in the range of 0.2–0.5 for thermochromic windows and 0.4–1.0 for clear 
windows. The PDF peaks for thermochromic windows between 0.2 and 
0.3 and for clear windows between 0.5 and 0.6. The CDF values for DGP 
below 0.4, commonly referred to as glare autonomy, are 71 %, 87 %, 89 
%, and 70 % for single, double, vacuum, and ventilation glazing, 
respectively. In contrast, the glare autonomy for clear windows is only 
around 10–12 %.

5. Discussion

This study first analyzed the effect of substrate glass on the building 
performance of TC windows, followed by a comparison of TC windows 

Fig. 13. The indoor thermal comfort condition drawn in the psychrometric chart: (a) Single glazing; (b) Double glazing; (c) Vacuum glazing; (d) Ventilation glazing. 
The grid inside the polygon represents the acceptable thermal comfort conditions. The color of the grid represents the occupied hours in the present condition.
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with single, double, vacuum, and ventilation types. The current research 
mainly emphasizes the impact of structural differences on the perfor
mance of TC windows, a critical aspect in the practical application. The 
analysis results in Section 4 demonstrate that this impact is substantial, 
but as described in Section 1, previous studies have largely overlooked 
this aspect. Through quantitative research in this study, some valuable 
insights can be outlined: 

(1) The results presented in Section 4.1 indicate that when the sub
strate glass has a low absorption rate, such as ultra-clear glass, 
single or ventilation TC windows fail to undergo the desired state 
transition. Therefore, the optical properties of the substrate glass 
must be carefully considered in practical applications. In some 
cases, simply choosing clear glass may not effectively bring out 
the energy-saving performance of TC glass. Furthermore, 
increasing the absorption of near-infrared irradiation shows a 

more positive impact on building performance than increasing 
the absorption of visible irradiation. Consequently, it is advisable 
to select glass with near-infrared selective absorption as the 
substrate glass of TC materials.

(2) When integrating TC glass, vacuum glazing demonstrates the 
most significant performance improvements, greater than double 
glazing, while single glazing shows the least improvement. This 
indicates that enhancing the thermal insulation performance of 
windows amplifies the effectiveness of TC glass. Thus, TC glass is 
highly suitable for combination with windows with thermal 
insulation strategies, such as transparent insulation materials. 
The windows with ventilation function can mitigate the negative 
effects of TC glass due to heat absorption. These findings offer 
valuable insights for retrofitting buildings with TC technologies 
and for further development of TC window structures.

Fig. 14. The distribution of indoor operative temperature: (a) Single glazing; (b) Double glazing; (c) Vacuum glazing; (d) Ventilation glazing.

Fig. 15. The distribution of indoor UDI on the work plane (%): (a) Single glazing; (b) Double glazing; (c) Vacuum glazing; (d) Ventilation glazing.
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(3) The simulation framework developed in this study can be applied 
by engineers and architectural designers to evaluate and select 
window solutions that are tailored to the specific characteristics 
of any building and its climatic conditions. By integrating win
dow type and building information into the simulation frame
work, engineers can assess the practicality of TC windows and 
optimize the properties of TC glass across diverse structural 
contexts.

By quantitatively analyzing the thermal dynamics of TC windows, 
this study provides a more comprehensive understanding of how 
structural factors impact both building energy efficiency and indoor 
environmental quality. The research results advance the field by 
exploring how TC materials interact with different window structures. 
The unique research perspective sets this work apart from previous 
studies, not only addressing gaps in the literature but also offering 
practical insights for the design and implementation of TC windows in a 
variety of building settings.

6. Conclusion

In this study, the energy-saving and human-comfort performance of 
hydrogel-based TC windows was comprehensively investigated from the 
structural perspective. Based on the developed simulation framework 
and the characteristic parameters of hydrogel, an office building in 
Shenzhen, China was used as the case study for investigating the 
building performance of single, double, vacuum, and ventilation TC 
windows, considering the impact of the optical properties of the sub
strates glass of the hydrogel. The main results are summarized as 
follows: 

(1) The increase in the extinction coefficients of substrate glass in
creases the time percentage of TC glass in hot state. As the visible 
extinction coefficients increase, building electricity use initially 
decreases and then increases, and indoor spatial UDI autonomy 
initially increases and then decreases. Indoor thermal comfort 
decreases for single glazing, while other glazing remains almost 
unaffected. As the near-infrared extinction coefficients increase, 
building electricity use decreases, and indoor spatial UDI auton
omy increases. The change in thermal comfort is consistent with 
the impact of the visible properties. The global analysis shows 
that the optimal near-infrared extinction coefficient is 155 to 255 

m− 1, while the optimal visible extinction coefficient is 55 m− 1 for 
double and vacuum glazing and 105 m− 1 for single and ventila
tion glazing.

(2) The optimized extinction coefficient is used to explore the per
formance details of various windows. All types of windows 
exhibit significant energy-saving effects after integrating TC 
glass. The reductions and saving ratios in electricity use are: 
single glazing (249 kWh, 33 %), double glazing (233 kWh, 41 %), 
vacuum glazing (289 kWh, 51 %), and ventilation glazing (281 
kWh, 53 %). For thermal comfort, after installing TC glass, the 
thermal comfort time for single glazing decreases significantly by 
22 %, the change for ventilation and double glazing is not sig
nificant, and the thermal comfort time for vacuum glazing in
creases significantly by nearly 20 %. For visual comfort, after 
installing TC glass, spatial UDI autonomy of indoor work plane 
increases by 78 %, 96 %, 100 %, and 72 %, while glare autonomy 
increases by 60 ~ 80 %.
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Appendix A. . Model validation of thermal and daylighting models

As described in Section 3.2, this study employed the EnergyPlus and Radiance software to simulate the thermal and daylighting performance of 
buildings with TC windows. The hot and cold states of the TC glass were automatically switched using the EMS approach. To validate the reliability of 
this method, experimental data from Ref [50] was used for model validation. In the referenced study, the authors installed a hydrogel TC window with 
a transition temperature of 25 ◦C on the south-facing wall of a test room, which had a 39 % window-to-wall ratio. Indoor temperature and illuminance, 
as well as meteorological parameters, were continuously measured in Xiamen, China. The geometric parameters of the test room, along with the 
thermal and optical properties of the building envelope—including the wall and window—from the referenced study were input into the thermal and 
daylighting models described in Section 3.2. The weather data from the referenced study was input by modifying the weather files to serve as the 
boundary conditions for model validation. The comparison between the calculated values and the measured results is shown in Fig. A1. It can be 
observed that the calculated results are in good agreement with the experimental data. To assess simulation accuracy, the mean bias error (MBE) and 
the coefficient of root mean square error (Cv(RMSE)) were used as evaluation metrics, in alignment with ASHRAE Guideline 14. After performing the 
calculations based on the relevant equations [60], the Cv(RMSE) and MBE for indoor temperature were found to be 4.2 % and 1.1 %, respectively, 
while for indoor illuminance, the Cv(RMSE) and MBE were 3.6 % and 0.7 %, respectively. These error analysis results are well below the thresholds 
specified in ASHRAE Guideline 14, which are 30 % for Cv(RMSE) and 10 % for MBE. This demonstrates that the method used in this study to calculate 
the thermal and daylighting performance of TC windows is robust and reliable.

Fig. A1. The comparison between the calculated values and the measured results in Ref [50]. (a) Thermal behavior. (b) Daylighting behavior.

Appendix B. . Model validation of optical model

In this study, the optical model of TC glass in Section 3.2.1 was validated using experimental data from Ref [46]. In the referenced study, the 
authors measured the optical properties of a three-layer glazing sample consisting of a TC hydrogel membrane laminated between two glass slides at 
different temperatures. The transition temperature of the TC hydrogel in the referenced study is 28 ◦C. The transmittance and reflectance of the TC 
hydrogel membrane at different temperatures, along with the refractive index and extinction coefficient of the glass slides, were input into the optical 
model used in this study. Subsequently, the overall transmittance and reflectance of the three-layer glazing sample were calculated. A comparison 
between the calculated values from the present model and the measured results is shown in Fig. B1. It can be observed that the calculated values are in 
good agreement with the measured results. Particularly for transmittance, which is crucial to building thermal and daylighting performance, the 
difference between the two is negligible. Therefore, it can be concluded that the net radiation method employed in this study accurately simulates the 
optical properties of hydrogel-based TC glass.

Fig. B1. The comparison between the calculated values and the measured results in Ref [46]. (a) Visible properties. (b) Solar properties.
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