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Abstract

Smart windows are expected to improve building energy efficiency and indoor environmental quality, yet material-level optical modulation
alone does not directly predict room-level optical and thermal responses. This study investigates the scenario-dependent performance of
commercial stimuli-responsive smart windows through controlled chamber tests, outdoor chamber tests, full-scale office measurements,
and a large-area skylight field case. Thermochromic windows (TCWs), electrochromic windows (ECWs), and polymer-dispersed liquid
crystal (PDLC) dimming films were evaluated in terms of spectral modulation, illuminance response, temperature variation, and spatial
distribution. Controlled chamber tests showed that TCW transition depended jointly on transition temperature and radiation intensity, while
ECW coloration was governed by driving voltage and radiation-induced surface heating. Outdoor chamber tests further revealed that
side-window modulation and skylight transmittance jointly shaped indoor daylight and heat gain. In the two tested south-facing office
rooms, the passively operated TCW room exhibited longer daylight availability and a more spatially distributed illuminance profile through
diffuse transmission, together with higher indoor temperatures. The ECW room, maintained at the fixed T2 state, showed lower indoor
temperatures but limited daylight during most occupied periods. The large-area skylight case showed that PDLC visual dimming reduced
illuminance but provided limited thermal regulation because near-infrared transmittance remained high. These results show that the
measured optical and temperature responses were jointly shaped by material response, building configuration, solar exposure, and
operation strategy. Scenario-specific spectral design and adaptive control are important for aligning optical and thermal responses in
building-envelope applications.

Keywords: Stimuli-responsive smart windows, thermochromic windows, electrochromic windows, PDLC dimming film, optical-thermal
performance, building field measurements

1. Introduction

Buildings and construction account for approximately 28% of global energy consumption and 37% of global CO, emissions!'], and
improving building envelopes remains an important pathway toward low-carbon operation and indoor environmental quality.
Among envelope components, windows are particularly difficult to optimize because they simultaneously regulate daylight
admission, solar heat gain, view, glare, and heat exchangel?>>l. Stimuli-responsive smart windows have been widely studied as a
promising solution®7l. In terms of the working mechanism, thermochromic windows (TCWs) can employ different active materials
and temperature-responsive switching mechanisms. In the widely studied VO, system, heating through the transition temperature
induces a reversible monoclinic semiconducting/insulating-to-rutile metallic phase transition, producing a pronounced change in
the electronic structure and near-infrared optical responsel®l. In contrast, the thermochromic response of the hydrogel-based TCW
used in this study is based on temperature-triggered dehydration and phase separation of the thermoresponsive hydrogel, which
generate domains with refractive-index contrast, increase internal light scattering, and thereby reduce optical transmittance without
external energy inputl®!°l. Electrochromic windows (ECWs) operate through voltage-driven insertion and extraction of ions and
electrons among the transparent-conductor, electrochromic, ion-storage, and electrolyte layers. The resulting change in the
electronic state of the electrochromic material modulates optical absorption!'-!2, In the polymer-dispersed liquid crystal (PDLC)
glazing, the orientation of the liquid crystal droplets is random in the voltage off state but become aligned under electric field causing
increased transmission!'>!!, The distinct switching mechanisms are schematically summarized in Figure 1.
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Figure 1. Optical spectra, switching mechanisms, visual states, and glazing structures of (a) TCWs; (b) ECWSs; (c) PDLC window systems. TCWs: thermochromic windows;

ECWs: electrochromic windows; PDLC: polymer-dispersed liquid crystal; PET: polyethylene terephthalate; ITO: indium tin oxide.

These technologies have advanced rapidly in terms of material design, device fabrication, optical modulation range, switching
response, durability, and multifunctional optical-thermal integration!'>"!8l. Most existing studies, however, still evaluate smart
windows primarily from material or device-level optical metrics!'*??l. Common indicators such as visible transmittance, solar
transmittance, modulation depth, response time, and luminous or solar modulation ability are necessary for characterizing the
intrinsic performance of smart-window systems![?*?!l. These metrics do not necessarily govern the indoor illuminance, air
temperature, thermal comfort, or consequences for cooling and lighting within an actual room?>?7l. The connection between
spectral modulation and performance at the room level cannot be considered one-to-onel28-31],

A second gap lies between controlled experimental testing and real building deployment[®2-33l. Scaled chamber tests are useful
because they provide repeatable boundary conditions and allow material parameters or control states to be compared
systematically?%-343¢l, They are particularly valuable for identifying the response of TCWs to transition temperature and radiation
intensity, or the response of ECWs to driving voltage and surface temperature. However, chamber experiments cannot fully represent
the spatial and operational complexity of real buildings[*7-*8l. In full-scale rooms, transmitted solar radiation is redistributed by
reflection and scattering, near-window and room-center conditions can differ substantially, and the effective transmittance of the
same glazing may vary with solar altitude and incidence angle. These factors can change the practical value of a smart window even
when the material or device property remains the samel*>%°l. Independent studies that have been carried out recently have
increasingly employed application representative platforms, including long-term TCW tests in actual sized rooms and special test
buildings, big ECW climate chambers, and behavior informed mock offices, alongside real room and office PDLC measurements!*0-421,

A third gap concerns the scenario dependence of smart-window applications. In real buildings, smart-window performance is
affected not only by the glazing itself, but also by architectural configuration and operational context!?>*3. Side windows and
skylights introduce different solar paths and heat-gain mechanisms. A window suitable for a small office may not be suitable for a
high atrium or a large-area skylight. A passive thermochromic transition may be beneficial for stabilizing daylight in some
orientations; more advanced concepts now combine solar-thermal dual-band electrochromic modulation, thermochromic
radiative-cooling assemblies, and chromic windows with sensible heat storagel*!*°l. The practical benefit of these additional
functions nevertheless remains dependent on climate, orientation, building configuration, and operating conditions. A fixed dark
state of an electrochromic window may reduce cooling demand but can also suppress daylight for most of the occupied period!*’l. For
switchable dimming films, visual darkening may improve perceived brightness control but fail to provide meaningful thermal
regulation if near-infrared transmittance remains high!*®l. These examples indicate that the practical evaluation of smart windows
must consider material response, building geometry, solar exposure, spatial distribution, and operation strategy together(?**,

To address these gaps, this study investigates the scenario-oriented optical and thermal performance of commercial
stimuli-responsive smart windows through a multi-scenario experimental framework. The central question is how smart windows
perform when their material-level optical modulation is examined across controlled chamber benchmarks, outdoor chamber
conditions, real office rooms, and large-area field deployment. Rather than treating optical spectra as the final performance
indicator!*!’], this work compares the indoor illuminance and temperature responses of TCW, ECW, and PDLC systems under these
distinct application conditions.

The study first uses controlled chamber tests to identify the basic response mechanisms of TCWs and ECWs under prescribed
radiation intensities, transition temperatures, and driving voltages. Outdoor chamber tests are then conducted to introduce real solar
radiation and semi-transparent photovoltaic skylight configurations, allowing the coupled effects of material state and building
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aperture configuration to be examined. Full-scale office measurements are further performed in two comparable south-facing rooms
equipped with TCW and ECW, respectively, to evaluate how solar incidence, room depth, window size, and spatially non-uniform light
and heat distribution reshape smart-window performance. Finally, a large-area skylight field case with a voltage-controlled PDLC
dimming film is included as a complementary field case to compare visible-light dimming and thermal regulation in a real public
building.

Across these complementary experimental platforms, the present study aims to provide an application-oriented understanding of
smart-window performance under different test and application conditions. The contribution of the work is threefold. First, it
establishes a multi-scenario evaluation framework that examines material-level optical modulation together with room-level and
building-scale optical and thermal responses. Second, it compares the regulation logics and measured responses of the tested TCW
and ECW systems across controlled and realistic conditions, highlighting their scenario-dependent trade-off between daylight
availability and solar heat control. Third, it uses a large-area skylight case to show the importance of spectral selectivity beyond
visible dimming, especially in high solar-gain applications. These findings are intended to support scenario-specific selection, design,
and operation of smart windows based on their measured optical and local temperature responses.

2. Methods

2.1 Smart window samples and spectral characterization

Commercially sourced and custom-fabricated stimuli-responsive smart windows were used in this study. The controlled and outdoor
chamber tests used TCW (Figure 1a) and ECW (Figure 1b) samples as side windows, while the full-scale office tests used products with
comparable optical performance from the same suppliers but with different glazing assemblies. The large-area skylight case used a
voltage-controlled PDLC dimming film, which differs from TCWs and ECWs in both switching mechanism and spectral selectivity. The
optical spectra of all window systems were characterized to determine visible transmittance, solar transmittance, and
state-dependent modulation behavior, providing the material basis for interpreting indoor illuminance, air temperature, and solar
radiation responses. The summary of suppliers, customization status, dimensions, glazing/film assemblies, operating conditions, and
role in experiment is provided in Table 1. All systems under investigation were custom-designed for experimental dimensions or
project installation.

Table 1. Suppliers, dimensions, assemblies, and experimental use of the investigated window systems.

System and use Supplier (location) Product and scale construction
TCW (Scaled chamber Chongging Hewei Custom; 6 mm clear glass/2 mm thermochromic
experiments) Technology Co., Ltd. 200 x 300 mm; layer/6 mm clear glass/12 mm air/6 mm clear
(Chongging, China) Tonset = 20, 30, or 40 °C glass/12 mm air/6 mm clear glass
TCW (Full-scale office Custom; 2.3 x2.3m 6 mm clear glass/2 mm thermochromic
experiments) installed window; hydrogel/6 mm LowkE glass/18 mm air/6 mm clear
Tonser = 30 °C glass
ECW (Scaled chamber Shandong Zhongjian Custom; 3 mm electrochromic film-coated glass/13 mm
experiments) Building Materials Co., Ltd. 200 x 300 mm air/6 mm clear glass
ECW (Full-scale office (Shandong, China) Custom; 2.3x2.3m 5 mm electrochromic film-coated glass/12 mm
experiments) installed window argon/5 mm clear glass/12 mm argon/5 mm clear
glass
CdTe PV (Scaled chamber  Longyan Energy Custom; 5 mm clear glass/1.5 mm PVB/3.2 mm
experiments) Technology Co., Ltd. 200 x 300 mm; regular CdTe-coated glass/1.5 mm PVB/5 mm clear
(Hangzhou, China) non-colored type; glass/12 mm air/5 mm clear glass
geometric

transparent-area fraction
=20%, 40%, or 60%

PDLC (Large-area skylight ~Shenzhen Wicue Co., Ltd.  Custom; = 1.1 m? per unit; Retained 5 mm LowE coated glass/12 mm

field measurements) (Shenzhen, China) 218 m? total argon/5 mm clear glass/PDLC layer/5 mm clear glass

TCWs: thermochromic windows; ECWs: electrochromic windows; CdTe: cadmium telluride; PVB: polyvinyl butyra.
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For the scaled chamber tests, three thermochromic samples with nominal onset transition temperatures (T, of 20 °C, 30 °C, and
40 °C were supplied by Chongqging Hewei Technology Co., Ltd. (Chongqing, China). The thermochromic layer in these samples was a
hydrogel-based thermoresponsive system rather than a VO, coating. During fabrication, the liquid thermoresponsive hydrogel
formulation was injected into the approximately 2 mm interlayer cavity formed between two glass panes. Two diagonally opposed
ports at the upper-left and lower-right corners of one pane were reserved for filling and venting, allowing trapped air to escape and
helping ensure complete and uniform filling. After the interlayer was fully filled, both ports were sealed to form a closed
sandwich-type thermochromic layer. This encapsulated construction is relevant to long-term stability because retention of the
water-containing active layer depends on preventing leakage and drying. The thermochromic layer was prepared through a
solution-based process and integrated into a triple-glazing structure. All three samples used the same thermoresponsive material
system. According to the supplier’s formulation information, T,,s Was tuned by adjusting the surfactant content and the relative
proportions of the thermoresponsive components. Thus, the principal designed difference among the samples was the nominal onset
temperature. T, is the temperature at which clouding is observed alongside a significant drop in optical transparency as the glass
surface is heated. Once clouding sets in, there is further temperature range of 8-10 °C at which the optical transition takes place up to
almost complete turbidity. Figure 1a shows the temperature-dependent transmission spectra for a thermoresponsive sample.
Accordingly, the labels TCW-20 °C, TCW-30 °C, and TCW-40 °C in this article denote the customized nominal onset transition
temperatures. From the outdoor side to the indoor side, the window consisted of 6 mm clear glass, a 2 mm thermochromic layer,
6 mm clear glass, a 12 mm air gap, 6 mm clear glass, a 12 mm air gap, and 6 mm clear glass. As the surface temperature increased, the
thermochromic layer changed from a transparent state to a translucent scattering state, thereby reducing both visible and solar
transmittance. The present experimental program focused on optical-thermal response and did not independently repeat the
manufacturer’s long-term accelerated-aging tests. The electrochromic sample used in the scaled chamber tests was supplied by
Shandong Zhongjian Building Materials Co., Ltd. (Shandong, China) and adopted a double-glazing structure, consisting of 3 mm glass
coated with an electrochromic film, a 13 mm air gap, and 6 mm clear glass. A driving voltage below 2.5 V was applied through a
control unit to regulate the coloring state. The visible and near-infrared transmittance decreased simultaneously with increasing
voltage. Specifically, the visible transmittance decreased from 54.91% at 0 V to 9.25% at 2.0 V, while the solar transmittance decreased
from 43.17% to 7.48%. In addition to the side-window samples, semi-transparent photovoltaic glass with visible transmittances of 20%,
40%, and 60% was used as skylight components.

For the real-office measurements, two full-scale smart windows were deployed, both were custom-fabricated by the same respective
suppliers listed in Table 1. The TCW consisted of 6 mm clear glass, a 2 mm thermochromic hydrogel layer, 6 mm LowE glass, an
18 mm air gap, and 6 mm clear glass from the outdoor side to the indoor side. It began changing from a transparent state to a
translucent state near its Ty,se¢ Of 30 °C. The ECW consisted of 5 mm glass coated with an electrochromic film, a 12 mm argon gap,
5 mm clear glass, a 12 mm argon gap, and 5 mm clear glass. It was equipped with a wireless controller and a control panel for active
transmittance adjustment.

For the large-area skylight field case, the original insulating LowE glass was retained, and an additional laminated PDLC glazing layer
supplied by Shenzhen Wicue Co., Ltd. (Shenzhen, China) was installed on the exterior side (Figure 1c). Each glazing unit covered
approximately 1.1 m?, and the total treated skylight area was 218 m2. The laminated layer consisted of a glass pane, a polyvinyl
butyral (PVB) interlayer, a PDLC film, another PVB interlayer, and a glass pane. Unlike the ECW, which became darker with increasing
voltage, the PDLC film became more transparent at higher voltage. The power consumption was 0 W in the dark state and
approximately 1.5 W/m? in the transparent state, with a response time of about 0.1 s. At 20 V, the film reached its most transparent
state, with a visible transmittance of approximately 40%. The voltage mainly modulated the visible range, whereas the near-infrared
transmittance changed little and remained at a high level.

2.2 Scaled chamber experiments

The scaled chamber tests were conducted in Beijing from May 20 to June 10 using three geometrically identical chamber models,
each measuring 70 cm x 55 cm x 50 cm (Figure 2a). Each chamber was designed with a side-window opening and a roof opening,
corresponding to a 25% side-window ratio and a 20% skylight ratio. In the combined configurations, TCWs with different nominal
onset transition temperatures or ECWs with different voltage states were installed as side windows, while semi-transparent
photovoltaic (PV) glass with designed geometric transparent-area fractions of 20%, 40%, or 60% was installed as the skylight. This setup
enabled evaluation of the coupled effects of side-window modulation and skylight solar admission on indoor optical-thermal
environments. The PV skylight samples with semi-transparency were customized cadmium telluride (CdTe) thin film insulated glazing
panels provided by Longyan Energy Technology Co., Ltd. (Hangzhou, China). Dimensions of each sample were 200 x 300 mm with total
nominal thickness of 33.2 mm. The CdTe-coated areas were optically opaque; the semi-transparency was created by laser-etched
transparent areas in the CdTe coating. Three samples with nominal PV transmittance levels, associated with specified manufacturer’s
PV material etching ratio, of 20%, 40%, and 60% were considered. Higher nominal transmittance means lower CdTe area coverage and
larger transparent aperture area. Except for CdTe coverage pattern, dimensions, materials, and insulated glazing structure were the
same for all samples. The recorded luminous transmittances (T},;,) of the PV-Regular laminate structure (3.2 mm CdTe PV glass
+0.76 mm PVB + 3.2 mm inner glass) for the 20%, 40%, and 60% configurations were 0.06, 0.27, and 0.39, respectively, and the recorded
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solar transmittances (T, for the 20%, 40%, and 60% configurations were 0.08, 0.27, and 0.381°"], Since the samples in this work were
fabricated to construct thicker insulating units, these data have been included as optical properties of the PV-Regular laminate rather
than as direct measurements of the complete insulating glazing units.
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Figure 2. Experimental platforms and field measurement configurations. (a) Scaled chamber experiments, including chamber construction, envelope structure, sensor
layout, controlled indoor tests, and outdoor chamber tests; (b) Full-scale office experiments with thermochromic and electrochromic windows installed in two comparable
south-facing rooms, with solar radiation and illuminance measurement positions; (c) Large-area skylight field measurements in a public building atrium, showing the

switchable dimming film skylight, air-conditioning inlet and outlet locations, and vertical temperature measurement points.

Unlike simplified test boxes made from wood boards or foam panels, from the exterior to the interior, the chamber envelope
consisted of a 0.5 mm galvanized sheet, a 50-60 mm rigid polyurethane insulation layer and a 15 mm solid wood board (Figure 2a).
The inner surface was made up of wood panels having a natural wood color and a non-glossy appearence, hence no extra coating
was needed inside. The surface reflectivity of untreated medium toned wood is about 0.40. The same interior materials, colors,
surface finishes and construction method were used in all three test chambers. Interior surface color and reflectivity determine the
amount of solar radiation absorbed and subsequent multiple reflections, hence influencing the absolute temperature and
illumination inside each test chamber. This potential source of error was avoided by having consistent interior finishes in all three
test chambers. The thickness and thermophysical properties of each layer were selected and calculated to obtain an overall heat
transfer coefficient of 0.38 W/(m?-K), which satisfies the envelope thermal-performance limits for cold and severe-cold regions with
reference to the thermal requirements of public building energy-efficiency and building thermal-design standardsl>'l.

Both indoor controlled tests and outdoor dynamic-climate tests were performed. In the indoor tests, a near-infrared lamp was used
to simulate incident solar radiation (300, 600, 900W/m?) under controlled boundary conditions, allowing the basic response of TCWs
to nominal onset transition temperature and ECWs to driving voltage to be identified. The outdoor tests relied on real weather
variations, including solar radiation, outdoor air temperature, and sky conditions, to evaluate smart window performance under
dynamic environmental disturbances.
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2.3 Full-scale office experiments

Field measurements were conducted from May 31 to June 5, 2025 in Beijing. Two comparable office rooms were selected for
side-by-side testing (Figure 2b). Each room had a plan dimension of 3 m x 3 m, and the envelope properties were kept identical to
minimize the influence of non-window factors. A TCW and an ECW were separately installed on the south-facing facade of the two
rooms. The window size in both rooms was 2.3 m x 2.3 m.

2.4 Large-area skylight field measurements

A large-area skylight field case was included to extend the chamber and office measurements to a deployment-scale
application (Figure 2c). The case was conducted in a three-story public healthcare building in Shenzhen in June and August 2024. A
voltage-controlled PDLC switchable dimming film was installed on the roof skylight above a 7.5 m-high atrium, with a total skylight
area of 218 m2. This case was used to compare the visible-light and thermal responses of the PDLC system under large-area skylight
operation.

2.5 Data acquisition and performance metrics

High-precision data acquisition systems and self-recording sensors were used to monitor indoor air temperature, inner surface
temperature, illuminance, and solar radiation in the scaled chambers, real office rooms and large-area skylight case. The
specifications, measurement ranges, and accuracies of the instruments are summarized in Table 2. For air temperature in the
chamber, self-recording temperature data loggers with small tubular platinum resistance probes were employed. The sensing head
was about 30 mm in length and 4 mm in diameter, and had a metal housing. Since an unshielded probe may receive incident
short-wave radiation and register higher than the actual air temperature, each sensing head was protected by a thin and highly
reflective aluminum-foil coating to minimize its absorptance of solar radiation and radiative heating. In all chambers, the same type
of logger, same probe design, same foil coating, mounting position, distance from the glazing, and orientation were employed. A
small residual radiative bias may remain; however, the identical probe treatment and placement improve comparability among
chambers.

Table 2. Experimental instruments and sampling parameters.

Experimental Measurement )

Image . Unit Accuracy
instruments content
T-type thermocouple Environmentaland — °C +05

surface temperature

Self-recording Environmental °C +0.5
temperature data temperature

logger (tubular

platinum-resistance

probe, approximately

30 mm x ®4 mm)

il
Black ball Black ball °C +03
thermometer temperature
Solar total radiation  Solar radiation W/m? +1.0
Meter
Illuminance meter Environmental Ix +1.0
illuminance

For the chamber tests, specific indicators included thermochromic transition time under different nominal onset transition
temperatures and radiation conditions, as well as ECW response under different driving voltages and surface temperatures. For the
real-office measurements, the analysis further considered the spatial difference between the near-window position and the room
center 1.5 m from the window. For the large-area skylight case, the indicators included the work-plane illuminance and vertical
air-temperature response within the atrium.
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3. Results and Discussion

3.1 Controlled chamber tests of TCWs and ECWs

Indoor chamber tests were conducted under controlled conditions to compare the response of TCWs and ECWs without interference
from wind, fluctuating outdoor temperature, or natural solar variation. A 250 W near-infrared heating lamp was used to provide
incident radiation levels of 300, 600, and 900 W/m?. In each test, the lamp was switched on for 1 h and then turned off for 1 h, while
the window response and indoor optical-thermal parameters were recorded. The 1 h irradiation period was selected to encompass
the full optical response of all tested samples. In particular, the slowest sample (TCW-40 °C at 300 W/m?) needed about 50 min to
achieve completion of its optical transition, as can be seen in Figure 3a. The subsequent 1-hour cooling process is designed to
evaluate the cooling behavior of the sample and restore the window and chamber to their initial state, in order to minimize residual
effects in the subsequent tests. Hour-scale irradiation and post-illumination cooling monitoring have also been adopted in previous
smart window prototype and model chamber studies!??->2],
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Figure 3. Illuminance response of thermochromic side windows combined with semi-transparent PV skylights under controlled chamber conditions. (a-c) Indoor illuminance
variations under incident radiation intensities of (a) 300 W/m?; (b) 600 W/m?; (c) 900 W/m?. TCW-20 °C, TCW-30 °C, and TCW-40 °C denote thermochromic side-window
samples with customized nominal onset transition temperatures of 20, 30, and 40 °C, respectively. A label such as TCW-20 °C/20% PV skylight’ denotes a 20 °C
thermochromic side window combined using a semi-transparent PV skylight with a 20% geometric transparent-area fraction. TCWs: thermochromic windows;

PV: photovoltaic.

3.1.1 Controlled chamber tests of TCWs

For TCWs, the transition rate was strongly affected by both nominal onset transition temperature and radiation intensity (Figure 3).
Under 300 W/m?, the TCW samples with nominal onset transition temperatures of 20 °C, 30 °C, and 40 °C completed the optical
transition in approximately 10, 20, and 50 min, respectively. When the radiation intensity increased to 900 W/m?, the transition time
decreased to about 2, 5, and 15 min.

The indoor illuminance curves show that differences among TCWs with different nominal onset transition temperatures mainly
occurred during the transient switching stage. After full coloration, the steady illuminance became similar under the same radiation
level and skylight configuration. For example, using a semi-transparent PV skylight with a 20% geometric transparent-area fraction,
the stabilized illuminance was approximately 15 Ix under 300 W/m? (Figure 3a), 30 Ix under 600 W/m? (Figure 3b), and 90 Ix under
900 W/m? (Figure 3c) for all three TCW samples. The PV skylight had a more direct influence on the final illuminance. At 300 W/m?, the
stabilized illuminance increased from about 17 to 30 and 42 Ix as the PV skylight transparent-area fraction increased from 20% to 40%
and 60%. This transparent-area effect became weaker under higher radiation, where the post-transition illuminance tended to
converge near 90-100 Ix. Therefore, TCW performance in the chamber was determined not only by nominal onset transition
temperature, but also by incident radiation and skylight configuration.
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3.1.2 Controlled chamber tests of ECWs

For ECWs, the response was mainly controlled by the applied voltage (Figure 4). Increasing the voltage from 0.5 to 1.5 V reduced the
transmitted illuminance and shortened the coloring time. At 1.5 V, the complete coloring time decreased from approximately 10 min
under 300 W/m? (Figure 4a) to 8 min under 600 W/m? (Figure 4b) and 5 min under 900 W/m? (Figure 4c). The shorter coloration time
under stronger radiation may be partly associated with radiation-induced heating of the glazing, as elevated temperature has been
reported to increase Li* diffusion kinetics in tungsten-oxide-based electrochromic films>3l,

The ECW results also show that voltage control and PV skylight transparent-area fraction jointly affected the indoor light level. A
higher voltage effectively suppressed side-window transmission, whereas a PV skylight with a larger transparent-area fraction still
increased indoor illuminance, particularly under strong radiation. Overall, the controlled chamber tests show that TCWs and ECWs
follow different response mechanisms, but both require coordinated evaluation of material state, radiation condition, and
window-skylight configuration.
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Figure 4. Illuminance response of electrochromic side windows combined with semi-transparent PV skylights under controlled chamber conditions. (a-c) Indoor illuminance
variations under incident radiation intensities of (a) 300 W/m?; (b) 600 W/m?; (c) 900 W/m?. ECW-0.5 V, ECW-1.0 V, and ECW-1.5 V denote electrochromic side windows driven
at 0.5, 1.0, and 1.5V, respectively. A label such as 'ECW-1.5 V/20% PV skylight’ denotes an electrochromic side window driven at 1.5 V combined using a semi-transparent PV

skylight with a 20% geometric transparent-area fraction. PV: photovoltaic; ECWs: electrochromic windows.

3.2 Outdoor tests of TCWs and ECWs
3.2.1 Illuminance regulation by TCWs

Outdoor chamber tests were conducted to examine the daylight regulation of TCWs under real solar conditions. The indoor
illuminance followed the variation in outdoor solar radiation, while the nominal onset transition temperature of the TCW further
affected the timing and magnitude of the illuminance response.

For the TCW-20 °C cases, the lower transition temperature allowed the window to enter the translucent state earlier in the morning.
This early transition reduced the influence of direct solar radiation before the radiation peak and smoothed the illuminance
differences caused by different PV skylight transparent-area fractions (Figure 5a). In contrast, TCW-30 °C (Figure 5b) and
TCW-40 °C (Figure 5c¢) showed delayed transition behavior and were more likely to produce high illuminance peaks when combined
with a 60% PV skylight, especially near noon. These results suggest that TCWs with a lower nominal onset temperature can be
advantageous for spaces that require stable daylighting and reduced illuminance fluctuation. However, the appropriate transition
temperature should be determined together with building orientation, PV skylight transparent-area fraction, and occupancy
schedule, rather than being optimized as an isolated material parameter.


https://doi.org/10.70401/smd.2026.0044

Smart Mater Devices. 2026;2:202640 | https://doi.org/10.70401/smd.2026.0044 Page 9 of 19

3.2.2 Thermal behavior of TCWs

The temperature results of thermochromic windows show that the influence of nominal onset transition temperature on the indoor
thermal environment has a significant time lag. From 8:00 to 12:00, the chamber with TCW-20 °C generally showed a higher indoor air
temperature than those with TCW-30 °C and TCW-40 °C, but its temperature rise rate was lower (Table 3). By contrast, TCW-40 °C
exhibited the fastest morning temperature increase and exceeded the other cases after approximately 13:00, maintaining a higher
temperature during the afternoon (Figure 5d,e,f,g,h,i).

This result suggests that a lower nominal onset transition temperature does not necessarily produce a lower chamber-temperature
response. The early transition of TCW-20 °C reduces transmittance sooner, but the subsequent temperature response may also reflect
thermal inertia associated with temporary storage and release of absorbed heat in the hydrogel-containing glazing. For TCW-40 °C,
the delayed transition permits greater solar admission in the morning, which, together with this thermal inertia, may contribute to
the higher afternoon temperaturel*>°4, The PV skylight further amplified the measured temperature response. As PV skylight
transparent-area fraction increased, both indoor air temperature and inner surface temperature increased, and the morning
temperature rise became faster. For example, the 8:00-12:00 temperature rise rates of TCW-20 °C, TCW-30 °C, and TCW-40 °C were 1.6,
1.8, and 1.8 °C/h without a skylight, but increased to 3.4, 4.4, and 4.6 °C/h with a 40% PV skylight (Table 3). These results show that the
TCW chamber-temperature response was governed by onset-transition timing, thermal inertia, and skylight solar admission under
the tested conditions.
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Figure 5. Outdoor chamber performance of thermochromic windows coupled with semi-transparent PV skylights. (a-c) Indoor illuminance variations for TCW-20 °C,
TCW-30 °C, and TCW-40 °C under different PV skylight transparent-area fractions; (d-f) Inner surface temperature of TCW used as side windows; (g-i) Indoor air temperature.

TCWs: thermochromic windows; PV: photovoltaic.

Table 3. Temperature rise rate of indoor air from 8:00 to 12:00 for TCWs under different PV-skylight transparent area fractions.

PV-skylight transparent area fraction TCW-20 °C (°C/h) TCW-30 °C (°C/h) TCW-40 °C (°C/h)
No skylight 1.6 1.8 1.8
20% 2.7 33 35
40% 34 4.4 4.6
60% 33 4.2 4.3

PV: photovoltaic; TCWs: thermochromic windows.

3.2.3 ECW illuminance

The outdoor ECW tests compared active electrochromic control with passive LowE glazing under the same skylight configurations
(Figure 6a,b). For the LowE cases, indoor illuminance was directly affected by outdoor solar radiation and PV skylight
transparent-area fraction. When the PV skylight transparent-area fraction increased from 20% to 60%, the illuminance peak during
11:00-13:00 increased substantially, and the 60% PV skylight case exceeded 14,000 1x. Short-term cloud cover also caused abrupt
illuminance fluctuations, indicating that passive glazing had limited ability to moderate outdoor radiation variations.
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The ECW reduced these fluctuations through time-dependent voltage control. By adjusting the applied voltage from 0 to 1.5 V
according to the daytime radiation level, the ECW limited the indoor illuminance peak to approximately 2,000 Ix and reduced the
difference among different PV skylight transparent-area fractions. This result indicates that the practical daylighting benefit of ECW
comes not only from their low-transmittance colored state, but also from the ability to adapt transmittance to changing solar

conditions. For spaces with skylights or high solar admission, ECW performance should therefore be assessed together with its
control strategy.

3.2.4 ECW temperature

The temperature results further show how active ECW control was associated with the chamber-temperature response (Table 4).
Before 11:00, no voltage was applied to the ECW so the window remained in a relatively transparent state. As a result, the ECW
chamber admitted more transmitted solar radiation and showed a higher indoor temperature than the LowE chamber during the
early period. After voltage was applied, the ECW transmittance decreased, and the indoor temperature rise slowed.
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Table 4. Dynamic control strategy for ECW in outdoor chamber experiments.

Time 8:00~11:00 11:00~12:00 12:00~13:00 13:00~14:00 14:00~15:00 15:00~16:00 16:00~20:00

Voltage oV 05V 1.0V 1.5V 1.0V 05V oV

ECWs: electrochromic windows.

Across all skylight configurations, the ECW produced lower peak indoor temperatures than the LowE glazing (Figure 6c,d,e,f). The
temperature difference became larger as the PV skylight transparent-area fractions increased. The peak temperature difference
between the ECW and LowE cases was approximately 3.1 °C without a skylight and increased to approximately 5.3 °C with a 60% PV
skylight. Meanwhile, the peak temperature of the LowE chamber increased from about 38 °C without a skylight to about 48 °C with a
60% PV skylight, whereas the ECW chamber increased from about 35 °C to about 43 °C. These results suggest that active
electrochromic control can reduce the thermal penalty caused by PV skylights with large transparent-area fractions. They also

indicate that the timing of voltage control is important. Earlier or predictive control may further reduce morning heat accumulation
and subsequent temperature peaks.

3.3 Field tests in a real office

Field measurements in two south-facing office rooms were used to compare the optical and thermal responses of the installed TCW
and ECW glazing assemblies under real building conditions. The two rooms had the same dimensions and comparable non-window
envelope properties, while the glazing assembly and operating mode differed between the rooms. During the test period, the TCW
operated passively according to outdoor solar radiation and surface temperature, whereas the ECW was maintained at the fixed T2
state with a solar transmittance of approximately 18%.

3.3.1 Daylight performance

The ECW room showed a highly non-uniform daylight response (Figure 7a). At the near-window position, illuminance increased
sharply only during the 11:00 to 13:00 period and reached a peak of approximately 2,000 Ix around noon. Outside this period, the
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near-window illuminance was generally below 80 Ix, and the room-center illuminance at 1.5 m from the window remained below
80 Ix throughout the day. This behavior indicates that a fixed low-transmittance ECW state can strongly reduce daylight admission
during most operating hours. The short noon-time illuminance peak was mainly caused by the change in solar incidence angle.
Around noon, the direct solar beam approached a more favorable incidence angle on the south-facing facade, reducing reflection
losses and increasing the effective transmittance. In the morning and afternoon, the larger incidence angles led to stronger reflection
and much lower transmitted daylight.

The TCW room showed a smoother daylight profile. The near-window illuminance reached a peak of nearly 3,500 Ix around noon,
while the room-center illuminance reached approximately 1,000 Ix. In the two tested south-facing office rooms, the passively
operated TCW room maintained usable daylight for a longer period than the ECW room maintained at the fixed T2 state. After phase
transition, the hydrogel layer changed into a translucent state and produced more diffuse transmitted light. This diffused light was
less concentrated near the window and could be redistributed through indoor reflection, which improved the illuminance level in
the deeper part of the room. Under these selected operating modes, the TCW room therefore exhibited longer daylight availability
and a more spatially distributed illuminance profile.

3.3.2 Thermal performance

The temperature measurements showed clear differences between the two window types. Under typical summer daytime conditions
and the selected passive TCW and fixed-T2 ECW operating modes, the overall temperature ranking was TCW near-window position,
ECW near-window position, TCW room center, and ECW room center (Figure 7b). The higher temperature near the TCW glazing can
be explained by its higher daylight and solar admission before and during the transition process. In contrast, the ECW glazing
remained in the fixed T2 state, which reduced transmitted solar radiation and resulted in lower indoor temperatures in the tested
ECW room, especially at the room center.
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Figure 7. Field-measured illuminance and temperature responses of TCW and ECW in real office rooms. (a) Indoor illuminance and (b) indoor air temperature at the

near-window and room-center positions. TCWs: thermochromic windows; ECWs: electrochromic windows.

A horizontal temperature gradient was observed in both rooms. The near-window temperature was generally 1 to 1.5 °C higher than
the room-center temperature. This difference suggests that, even in a small office room, solar heat gain through the window
produced a localized thermal effect near the facade. The temperature distribution therefore depended not only on the total solar
transmittance of the window, but also on the spatial concentration of transmitted radiation.

A notable temperature crossing occurred at approximately 10:30 on the typical test days. Before this point, the TCW room-center
temperature was higher than the ECW near-window temperature. After this point, the ECW near-window temperature exceeded the
TCW room-center temperature. This change was associated with the combined effect of solar incidence angle and window optical
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behavior. In the morning, the TCW allowed more solar energy into the room before fully stabilizing in the translucent state, which
caused the room-center temperature to rise. The ECW, however, had very low effective transmittance under oblique solar incidence,
so its early temperature increase was limited. Around 10:50, the solar altitude increased and the direct beam became more effectively
transmitted through the ECW, causing a rapid rise in illuminance and short-wave radiation near the ECW window. As a result, the
ECW near-window temperature increased quickly and became higher than the TCW room-center temperature during the noon
period.

3.3.3 Coupled optical and thermal behavior

The combined illuminance, temperature, and radiation measurements reveal distinct optical-thermal responses of the two tested
glazing assemblies under the selected operating modes. In the south-facing office fitted with the passively operated TCW, diffuse
transmission from the translucent state was associated with longer daylight availability and a more spatially distributed illuminance
profile. This room also showed higher temperatures at both the near-window and room-center positions, consistent with greater
solar admission under the tested conditions. In the office fitted with the ECW maintained at the fixed T2 state, lower indoor
temperatures were observed, while daylight remained limited for most of the day. The available daylight was largely confined to a
short noon period near the window, indicating that the selected fixed low-transmittance setting would require adjustment when
daylight utilization and thermal control are considered together.

Overall, the office measurements show that solar incidence angle, room depth, glazing construction, scattering behavior, and control
state jointly shaped the measured optical and thermal responses. For the tested glazing assemblies, the passive TCW configuration
maintained longer daylight availability, whereas the fixed-T2 ECW configuration limited solar admission and indoor temperature
more strongly. The relative outcomes may vary with glazing construction, orientation, climate, and control strategy.

3.4 Visual-thermal mismatch in a large-area skylight

The chamber and office measurements showed that smart-window performance is strongly affected by radiation intensity, incidence
angle, spatial distribution, and control state. To examine the same optical-thermal interaction under a larger exposed area and more
complex building operation, a large-area skylight case was analyzed as a complementary field case. The case involved a
voltage-controlled PDLC dimming film installed on a 218 m? skylight above a 7.5 m-high atrium in a public healthcare building. The
monitoring covered both thermal stratification under air-conditioning operation and daylight variation under bright and dark states.

The June measurements first showed that the atrium thermal environment was strongly governed by air-conditioning operation,
even when the dimming film remained in the dark state (Figure 8a). During working hours, air conditioning maintained the indoor
temperature at approximately 22-25 °C, and the vertical temperature difference was relatively small. The 5 m position, located near
the supply air outlet, showed the lowest temperature and a clear W-shaped variation associated with the on-off operation of the
air-conditioning system. After the system was turned off, the indoor temperature increased rapidly and approached 28-30 °C within
two days. By June 11, the overall temperature and vertical temperature difference were both higher than those on June 7, which was
associated with stronger solar radiation and heat accumulation after about two and a half days without air conditioning. This result
indicates that the dark state alone could not prevent heat build-up in the large skylight atrium.

The August measurements further clarified the coupled influence of film state and air-conditioning schedule (Figure 8b). On the
morning of August 10, the combination of air-conditioning operation and dark-state dimming kept the indoor temperature relatively
low. After air conditioning was turned off in the afternoon, the indoor temperature increased above 30 °C even though the film
remained dark. On August 12, a clear W-shaped temperature profile appeared again, showing that the indoor environment was still
primarily controlled by air-conditioning operation. The dark state slowed heat accumulation compared with the bright state, but it
did not provide sufficient thermal protection by itself.

The illuminance results in August showed a different trend (Figure 8c). Under the dark state, the duty-desk illuminance was
maintained at approximately 300-500 Ix, suggesting a lower risk of excessive illuminance at this measurement point. Under the bright
state, the duty-desk illuminance could exceed 2,000 Ix, indicating a high-illuminance condition that warrants evaluation using
standardized glare metrics. These measurements show that the PDLC film altered visible-light admission under the monitored
conditions. However, spectral measurements showed that the near-infrared transmittance remained high in different voltage states,
with infrared blocking ratios of only 18.7%, 17.8%, and 17.0% at 1, 10, and 20 V, respectively. The measured response therefore indicates
strong visible-light attenuation but limited near-infrared attenuation.

3.5 Scenario-dependent implications for smart-window deployment

The results show that smart-window performance varies across material, component, room, and building-operation contexts. At the
material level, the optical state of a smart window is not a fixed property under use conditions. The TCW transition depended on both
nominal onset transition temperature and incident radiation, while the ECW response was affected by applied voltage and
radiation-induced surface heating. Therefore, nominal spectral properties and switching states should be interpreted together with
the thermal and radiative boundary conditions under which the window operates.
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At the building-component level, the same material response can lead to different indoor outcomes when combined with different
envelope configurations. The chamber tests with side windows and PV skylights showed that skylight solar admission changed both
the measured illuminance and temperature responses. For TCWs, early transition reduced direct daylight fluctuation but did not
necessarily minimize indoor temperature because thermal inertia and absorbed heat also contributed to the later temperature
response. For ECWs, active voltage control limited excessive illuminance and was associated with lower measured temperature
peaks, but the response depended on the timing of control and the amount of solar admission from the skylight.
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Figure 8. Field-measured thermal and daylight responses of a large-area PDLC skylight. (a) Vertical air-temperature profiles in June under the dark state; (b) Air-temperature
variations in August under bright and dark states; (c) Corresponding illuminance variations in August. The dark state reduced visible light admission but provided limited

suppression of heat accumulation. PDLC: polymer-dispersed liquid crystal.

At the room and building scale, spatial effects and system operation became more important. In the two tested south-facing office
rooms, the glazing assemblies and selected passive-TCW and fixed-T2 ECW operating modes, together with solar incidence angle and
room depth, shaped the distribution of transmitted light and heat and produced different near-window and room-center responses.
In the large skylight case, the PDLC film produced clear visible-light modulation, while the monitored temperature response
remained strongly influenced by near-infrared transmission and air-conditioning operation. These findings indicate that
smart-window deployment should consider spectral selectivity, building geometry, solar exposure, occupancy schedule, and heating,
ventilation, and air conditioning (HVAC) operation together.

Another important practical consideration for water-based TCWs is their long-term durability, which largely depends on whether the
water-containing active layer can be retained within the sealed glass chamber. Leakage and drying are regarded as the main failure
issues!®l. The commercial Hewei TCW evaluated here uses an encapsulated sandwich structure, the liquid hydrogel is injected
between two glass panes through diagonally opposed filling and venting ports, which are sealed after complete filling. This design is
consistent with T/CABEE 087-2024[551, which specifies dual-sealing and dedicated protection requirements for hydrogel-based
windows. The same product family has also been deployed in multiple building projects in Southwest China for several years,
providing practical field-use experience.
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3.6 Comparison with independent experimental studies

In order to put these present measurements into a building performance perspective, Table 5 places the present measurements
alongside representative independent experiments. The comparison retains the original test scale, reference glazing, control mode,
and reported metric because these factors strongly influence absolute illuminance and temperature values.

For TCWs, the transition times of 2-50 minutes in this experiment cover a wider range than 1.4 min transition time of a well-designed
HPC/PAA hydrogel window operating in a lamp heated model housel>?l. But under the maximum irradiance, the 2-5 min responses of
TCW-20 °C and TCW-30 °C got closer to the minute scale response of that device. At field scale, Hong et al. found the mean room
temperatures were about 0.51-0.74 °C lower in rooms with thermotropic glazing, along with 7.71-18.43% higher UDI349-3 000 1x -

For ECWs, the present 5-10 min coloration time is faster than the 9-26 min reported for an early full-scale office testbedl>”], but slower
than the less-than-3-min transition of recent full-scale EC glazing in tropical climate chambersl®®l. In the outdoor chambers, dynamic
ECW control limited the illuminance peak to about 2,000 1x and lowered peak air temperature by 3.1-5.3 °C relative to LowE glazing.
The latter is of the same order as the 3.0-4.4 °C reduction in interior surface temperature reported for full-scale EC glazing relative to
single glass in Singaporel®”. In the office testbed of Lee et al., adaptive switching reduced a direct-sun work-plane peak from 17,185 to
3,500 Ix, although switching delay remained a limitation!®”l. Therefore, the fixed T2 operation used in the present office produced less
than 80 Ix for most monitored periods, its daylight outcome was weaker than that of adaptively controlled EC systems.

PDLC switching took place within 0.1 s, substantially faster than both TCWs and ECWs. However, spectral performance was rather
poor, because at 20 V visible transmittance was 40%, but near-infrared blockage only amounted to 17.0-18.7%. Spectral tests with
PDLC test-cells also revealed that there were significant levels of solar transmission, such as NIR-transmittance of 44% in the
translucent state and SHGC of 0.68 and 0.63 in the transparent and translucent states, respectively!*®l. The differences between
transparency and coloration for PDLC glazing at 800 W/m? amounted to just 0.6 °C for Qahtan and Almawganil®’l. Against this
background, the reduction from more than 2,000 Ix in the bright state to 300-500 Ix in the dark state in the present 218 m? skylight
represents strong visible-light control, whereas the limited temperature moderation is comparable with the modest state-dependent
thermal differences in prior PDLC experiments.

Table 5. Quantitative comparison of the present measurements with representative independent experimental studies.

Experimental

System scale and Spectral performance switching Hluminance Temperature response
operation response response
TCW, present  Controlled and Temperature-dependent ~ 2-50 min across Office: ~3,500 Ix near  Near-window air temperature
study outdoor chambers; broadband scattering 20-40 °C window and ~1,000 Ix ~1-1.5 °C above room center;
passively operated spectra nominal onset  at room center around outdoor rise rates 1.6-4.6 °C/h
south-facing office temperatures ~ noon
Thermotropic ~ One-year field test T, = 0.651 (15 °C) Not reported UDI340.3000 Ix Seasonal mean room air
glazing, Hong in two full-size Tium = 0.11(55°Q) increased by temperature lower by
et al. 20250°°1  south-facing T.o = 0.622 (15 °C) 7.71-18.43% by 0.51-0.74 °C than clear glazing
residential rooms T, =0.073 (55 °C) season
HPC/PAATCW, Lamp-heated Tium 90.1%; 1.4 min Not reported as room  After 60 min, model-house air
Zhang et al. model house; AT, 47.5% response; 3.0 illuminance temperature 9.1 °C below
202107 hydrogel window min recovery double glazing
versus double
glazing
ECW, present  Controlled and Tum = 54.91 (0V) 5-10 min at Outdoor peak limited  Peak chamber air temperature
study outdoor chambers T, =9.25% (2V) 1.5V, depending to ~2,000 Ix; fixed-T2  3.1-5.3 °C below LowE cases
with dynamic Too =43.17(0V) onirradiation  office <80 Ix most
voltage; office Too = 7.48% (2V) periods and ~2,000 Ix
maintained at fixed near window at noon
T2

ECW, Leeetal. 62cmx173cm Tum = 11-38% 9-26 min Adaptive switching Cooling/temperature not
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200067 lower ECW and reduced a direct-sun  measured
62 cm x 43 cm peak from 17,185 to
upper ECW 3,500 Ix; whole-room

peak remained ~8,110

Ix in another clear-sky

case
Full-scale gray  Two large rooftop  Fully tinted 7,,,,0.1% and <3 min between Bleached state Interior surface temperature
ECW, Liet al. climate chambers ~ SHGC 0.04 reported clear and tinted provided the most 3.0 °C lower in clear state and
202308 in Singapore; clear states favorable visual 4.4 °C lower in tinted state
and tinted states condition for 39% of  than single glass
daytime
PDLC, present 218 m? skylight Tium ~40% at 20 V ~0.1s Dark state 300-500 Ix; Indoor temperature exceeded
study abovea7.5m bright state > 2,000 Ix 30 °C after air-conditioning
atrium; bright/dark at the duty desk shutdown; limited
states state-dependent moderation
PDLC, Hemaida Small test cell Translucent-state NIR Not reported Not reported At 1,000 W/m?, test-cell
etal. 2020181 under transmittance 44%; temperatures 51.22/53.91 °C
400-1,000 W/m? SHGC 0.68/0.63 (transparent/translucent)
simulated (transparent/translucent)
radiation14.2 cm x
15cm PDLC window
PDLC, Qahtan  1:5 chamber with T, =27-71% ~0.1s llluminance increased At 800 W/m?,
and Almawgani dynamic insulated T, = 23-41% (Single with transparency; transparent/colored outer
2022160 glazing; separate  glazing) real-room daylight surface temperature are 60.3
real-room distribution changed  and 60.9 °C, respectively.
west-window with solar elevation

measurement

TCWs: thermochromic windows; PDLC: polymer-dispersed liquid crystal; NIR: near-infrared; SHGC: solar heat gain coefficient.

In general, the current data are within the large experimental ranges found for all three technologies, but their relative strengths
differ by metric. The TCW system achieves field-consistent diffuse daylight distribution with more variation in switching
performance; the ECW system is characterized by mid-level switching and temperature moderating capabilities equivalent in scale to
recent full-scale experiments, but needs adaptive control to prevent underlighting; and the PDLC system achieves fast switching
performance, but poor near-infrared selectivity. These comparisons support a scenario-dependent interpretation of the measured
responses.

4. Conclusion

This study evaluated the optical and temperature responses of stimuli-responsive smart windows using controlled chamber tests,
outdoor chamber tests, full-scale office measurements, and a large-area skylight field case. The objective was to compare how
material-level optical modulation was associated with indoor optical and thermal responses under distinct test and application
conditions. Because the experimental platforms differed in glazing assembly, control mode, geometry, and environmental boundary
conditions, the findings are interpreted as complementary scenario-specific evidence.

The controlled chamber tests showed that TCW and ECW responses are strongly affected by operating conditions. TCW transition
became faster with lower nominal onset transition temperature and higher radiation intensity, while ECW coloration was accelerated
by higher voltage and stronger radiation-induced heating. Outdoor chamber tests further showed that the measured responses
depended on the combined effects of material state and building configuration. The TCW chamber-temperature response was
affected by transition timing, thermal inertia, and skylight solar admission, whereas ECW dynamic control limited illuminance peaks
and was associated with lower chamber temperatures than LowE glazing under the tested control schedule.

The full-scale office tests showed that real building conditions and operating choices reshape the balance between daylight and heat
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control. In the two tested south-facing rooms, the passively operated TCW configuration exhibited longer daylight availability and a
more spatially distributed illuminance profile, together with higher solar admission and indoor temperatures. The ECW configuration
maintained at the fixed T2 state showed lower indoor temperatures but limited daylight for most of the day. These observations apply
to the tested glazing assemblies and operating modes and may vary with glazing construction, orientation, climate, and control
strategy. The large-area skylight case further showed that visible dimming by the PDLC film was accompanied by only limited
temperature moderation when near-infrared transmittance remained high.

Overall, this work shows that smart-window responses cannot be interpreted from optical modulation alone. Their building-scale
implications depend on the match among material spectral response, building scenario, and operation strategy. Future
smart-window design should therefore emphasize visible and near-infrared split-band regulation, adaptive control, and
scenario-specific integration with building-envelope and HVAC operation. Future work should connect these short-term optical and
temperature responses with annual lighting and HVAC energy analyses and standardized glare and thermal-comfort metrics, and
should further provide independent long-term field monitoring and accelerated-aging validation of hydrogel TCW durability under
building-relevant service conditions.
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