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Abstract

Electrochromic windows (ECWs) are promising smart facade technologies that can enhance
indoor comfort and reduce energy demands, yet their performance in university classrooms
remains underexplored in cold regions. This study evaluates the applicability of ECWs in
classrooms in Xi’an, a representative cold-climate city, through dynamic simulations of three
classroom types. Three control strategies—based on outdoor temperature, illuminance, and
solar radiation—were tested under different thresholds. The results show that compared
with static windows, ECWs can increase the annual mean indoor temperature by up to
1.4 °C, extend thermal comfort time ratio by 4.5%, improve visual comfort duration by
6.3%, and reduce heating and cooling demands by 11.6 and 14.3 kWh/m?, respectively.
These findings demonstrate both the feasibility and the differentiated benefits of ECWs
in educational buildings, filling the research gap on their performance across different
classroom types and offering practical guidance for sustainable classroom design and
operation in cold climates.

Keywords: ECWs; cold-region climate; university classrooms; thermal comfort; visual
comfort; control strategies

1. Introduction
1.1. Motivation

Energy consumption and greenhouse gas emissions are the primary drivers of global
climate change, with the building sector accounting for more than one-third of total global
energy use [1]. In China, building energy consumption has been increasing rapidly, reaching
21.7% of the nation’s total energy use in 2018 and continuing to rise with the expansion
of building stock [2]. Among the components of building energy use, the envelope—and
windows in particular—plays a decisive role in shaping indoor thermal and daylighting
conditions [3]. Previous studies have shown that window characteristics strongly affect
both heating/cooling demands and daylighting performance [4-6]. Conventional glazing
can provide daylight but often results in excessive solar heat gains and glare, thereby
increasing cooling loads and reducing occupant comfort [7,8]. This problem is particularly
critical in educational buildings [9]. Classrooms are the primary learning spaces where
students spend much of their daily time; due to their large depth, multiple windows,
high occupancy density, and long operating hours, classrooms have especially stringent
requirements for thermal comfort, visual comfort, and energy performance [10-12]. Recent
studies also emphasize that these requirements are more challenging to meet compared
with other building types [13]. Nevertheless, most research and practice remain focused
on office [14,15] and residential buildings [16-18], with relatively limited attention paid
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to the educational environment. Against this backdrop, smart window technologies have
attracted increasing interest.

To address this gap in research, recent studies have begun to explore smart windows
in classrooms. Xu et al. [19] proposed a multi-objective optimization framework for ECWs
in Nanjing and found that optimized configurations could reduce annual total energy use
by up to 254 kWh while increasing useful daylight illuminance by 65.4%. Similarly, a
comparative analysis of a school building showed that electrochromic and thermochromic
windows can improve thermal and visual comfort while reducing both energy consumption
and pollutant emissions [20]. These studies demonstrate the potential of smart windows in
educational settings, yet they primarily emphasize optimization methods or focus on warm
and mixed climates. Building on these findings, ECWs are particularly notable because
they can dynamically regulate two key parameters—visible transmittance (VT) and solar
heat gain coefficient (SHGC)—which directly shape both energy performance and indoor
comfort [21,22]. Several experimental and simulation studies have confirmed their ability
to lower energy use and enhance comfort in different building types [23,24].

ECWs operate through ion intercalation and redox reactions, which alter light absorp-
tion and allow the dynamic regulation of visible and near-infrared transmittance [18,25].
This property enables ECWs to reduce solar heat gain and glare while maintaining daylight
availability [26,27]. Yet, when transmittance decreases excessively, indoor illuminance may
decrease, and reliance on artificial lighting can increase [28]. To balance these trade-offs,
automated control strategies are required. Existing approaches are typically categorized
as rule-based control—which relies on outdoor temperature, solar radiation, or illumi-
nance [10,29]—and model-based predictive control—which incorporates forecasting and
optimization and has exhibited substantial energy-saving potential (15-20% cooling re-
duction in commercial buildings) [30,31]. Importantly, the choice of control thresholds
strongly influences ECW performance by determining heating /cooling demands, as well as
thermal and visual comfort hours [32-34]. Recent studies further emphasize that threshold
design is critical to annual comfort performance [35]. However, despite growing evidence
from office and residential contexts, little is known about how threshold settings affect
classrooms in cold climates, where large spans, multiple windows, and high occupancy
render indoor environments especially sensitive to solar and thermal fluctuations [36,37].

Despite the progress in ECW research, several important gaps remain. First, the
comparative performance of different control strategies is insufficiently understood, and
no consensus exists on whether the outdoor temperature, illuminance, or incident solar
radiation provides the most effective control. Second, the sensitivity of performance
outcomes to threshold settings has not been systematically examined, particularly regarding
their combined effects on heating/cooling demands, thermal comfort, and visual comfort.
Third, research on educational buildings is still scarce, even though classrooms—with high
density, long occupancy, and large window areas—are especially vulnerable to solar and
thermal fluctuations.

Therefore, the problem this study addresses is the lack of systematic evidence on
how ECWs perform across different control strategies and classroom types in cold-region
educational buildings.

To address this problem, this study conducts dynamic simulations of typical university
classrooms in Xi’an, systematically evaluating the combined effects of control strategies
and threshold settings on thermal comfort, visual comfort, and heating/cooling energy
use. By carrying out this study, we fill a critical research gap and provide evidence for
supporting energy-efficient, comfort-oriented classroom design in cold climates.
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1.2. Scientific Originality

First, while the existing literature has primarily focused on the application of elec-
trochromic windows in office, commercial, and residential buildings, research on university
classrooms remains scarce. This study helps by partially bridging this gap. Second, we
introduce multiple control strategies based on outdoor temperatures, illu-minance, and
incident solar radiation and systematically compare their performance under different
threshold settings, thereby revealing the differentiated effects of each strategy on improv-
ing comfort and reducing energy consumption. Third, comparative simulations were
conducted for three typical classroom sizes—large, medium, and small—demonstrating
that spatial scale has a significant influence on the performance of electrochromic windows.
Finally, this study proposes a comprehensive evaluation framework encompassing thermal
comfort, visual comfort, and heating/cooling energy consumption, which provides a mul-
tidimensional assessment of the performance of electrochromic windows in cold-region
university classrooms. Overall, this study not only extends the application scope of elec-
trochromic windows to educational buildings but also provides new scientific evidence
and methodological support for green design and energy optimization in cold-region
university classrooms.

1.3. Targets of This Research

This research study aims to evaluate the impacts of ECWSs on indoor thermal comfort,
visual comfort, and energy performance in university classrooms located in Xi’an, a rep-
resentative cold-region city. By applying dynamic simulation, we compare three control
strategies—based on outdoor temperatures, illuminance, and incident solar radiation—
under multiple threshold conditions. Furthermore, three typical classroom types (large,
medium, and small) are analyzed to reveal scale-dependent effects on comfort enhancement
and energy reduction. The ultimate goal is to identify optimal control approaches and
provide practical insights for integrating ECWs into the sustainable design and operation
of educational buildings in cold climates.

2. Methodology

To evaluate the applicability of electrochromic windows in cold regions, this study
selected Xi’an as a representative city, adopted a specific type of electrochromic window as
the research subject, and designed multiple control strategies with varying threshold condi-
tions for comparative analysis. Xi’an was chosen not only because of its cold-region climate
but also due to its large concentration of universities and the significant energy consump-
tion of educational buildings, making it a representative case for cold-climate academic
settings [38]. A typical university classroom [39] model was developed in Rhino [40] and
Grasshopper [41], with building parameters determined according to relevant standards.

Three types of control strategies were implemented in the model based on outdoor
temperatures, outdoor illuminance, and direct solar radiation on windows, each evaluated
under different threshold levels. The electrochromic window in its fully transparent state
(static window) was used as the baseline scenario. Energy simulation software was then
employed to calculate key performance indicators, including heating and cooling energy
use, annual average indoor temperatures, percentage of hours within thermal comfort, and
percentage of hours within visual comfort.

Comparative analyses of the simulation results under different control strategies and
thresholds were conducted to identify performance variations, determine the optimal
strategy, and define the applicable range of its threshold values.
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2.1. Study Building Specification

University educational buildings in China typically consist of 4-6 stories with a floor
height of approximately 3.8 m, and the window-to-wall ratio is 0.4 [42]. Classrooms are
usually arranged linearly along corridors and stacked vertically. To ensure both representa-
tiveness and simplicity, three typical classroom types were selected as case studies (Figure 1),
representing different spatial scales. The three classroom types have the following geo-
metric and functional characteristics: Type I (biggish terra classroom), 16.5m x 11.7 m,
typically used for large lectures with more than 100 students; Type II (biggish classroom),
12.0 m x 8.7 m, mainly used for regular courses with 50-70 students; Type III (smallish
classroom), 7.2 m x 6.0 m, designed for seminars or small-group teaching, accommodating
about 30 students. All classrooms were assumed to be equipped with desks, lighting, and
air-conditioning systems, as well as large external windows to provide daylighting and
natural ventilation.
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Figure 1. Geometric layouts and dimensions of three representative classroom types.

2.2. Climatic Context of Xi'an

Xi’an is located in a cold region according to China’s building thermal zoning, charac-
terized by cold and dry winters, hot summers, and abundant solar radiation (Figure 2a).
The annual mean temperature is approximately 14.1 °C, with large seasonal variations:
In July, daily maximum temperatures may reach 37 °C, while in January, daily minimum
temperatures often drop below —5 °C (Figure 2c). The heating season typically extends
from mid-November to mid-March, with substantial heating demands. In summer, cooling
loads are high, particularly from June to August.
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Figure 2. Climatic conditions of Xi’an: (a) thermal zoning of China; (b) hourly illuminance distribu-
tion; (c) hourly air temperature distribution; (d) hourly radiation intensity; (e) cumulative annual
solar radiation by orientation.

The hourly illuminance distribution (Figure 2b) indicates that Xi’an experiences
high solar intensity from April to September, with midday irradiance often reaching
900-1000 W/m?. The annual cumulative radiation (Figure 2e) shows that south-facing
fagades receive more than 700 Wh/m?, while east- and west-facing facades also con-
tribute significantly during morning and evening hours in summer. The city enjoys
2000-2200 sunshine hours per year, with a high proportion of sunny days in winter, creat-
ing favorable conditions for passive solar utilization.

The hourly radiation distribution (Figure 2d) further shows that in the winter, the
low solar altitude allows south-facing windows to capture considerable direct solar gains,
reducing heating demands. In the summer, however, the higher solar altitude broadens
direct radiation coverage, thereby increasing the risks of overheating and glare. Under
such climatic conditions, classrooms are prone to overheating and visual discomfort during
summer, while in the winter, maximizing solar gains is essential to reduce heating loads.
Adaptive glazing technologies such as electrochromic or thermochromic windows can
dynamically modulate transmittance and SHGC: attenuating heat and glare under high-
radiation conditions while enhancing daylighting and solar gains under low-radiation or
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cold conditions. This dynamic response provides a pathway for balancing thermal and
visual comfort throughout the year and demonstrates considerable energy-saving potential
in cold regions.

2.3. Performance Indicators

The performance of electrochromic windows was assessed using five key indicators,
covering thermal comfort, visual comfort, indoor thermal environment, and energy con-
sumption. These indicators and their corresponding evaluation methods are summarized
in Table 1.

Table 1. Performance evaluation metrics.

Indicator

Thermal comfort

Visual comfort
Indoor temperature
Cooling energy use
Heating energy use

Method/Standard Unit
ASHRAE Standard 55-2010. adaptive model (80% range) [43]; Tcom o
. Yo
based on 7-30 day running mean outdoor temperature

Useful daylight illuminance (UDI30-1000) [44]; 1 m grid, 1.2 m sensors Y%

Hourly simulation average °C
Annual cooling demand; energy use intensity kWh/m?
Annual heating demand; energy use intensity kWh/m?

2.4. Control Strategies and Parameter Settings

In this study, three types of ECW control strategies were designed, with their threshold
conditions summarized in Tables 2 and 3. The specific ranges of illuminance, incident
solar radiation, and outdoor air temperatures used as control inputs were established
with reference to threshold settings commonly adopted in previous studies [19,45]. The
logic of ECW control strategies, including temperature-based, illuminance-based, and solar
radiation-based modes, is illustrated in Figure 3.

Table 2. Threshold conditions for different control strategies.

Control Strategy

Temperature

Incident solar
radiation

State
wot,0 S1 (<20 °C); S2 (21-25 °C); S3 (26-30 °C); S4 (>30 °C);
wot,1 S1 (<20 °C); S2 (21-30 °C); S3 (31-40 °C); S4 (>40 °C);
wot,2 S1 (<20 °C); S2 (21-35 °C); S3 (36-50 °C); S4 (>50 °C);
Cwi0 S1(0-100 Lux); S2 (101-300 Lux); S3 (301-500 Lux); S4 (>500 Lux);
wi,1 S1 (0-300 Lux); S2 (301-400 Lux); S3 (401-500 Lux); S4 (>500 Lux);
wi,2 S1 (0-100 Lux); S2 (101-200 Lux); S3 (201-300 Lux); S4 (>300 Lux);
“wist,0  S1(0-60 W/m?2); S2 (61-80W/m?); S3 (81-100 W/m?); S4 (>100 W/m?);
wisr, 1 S1 (0-60 W/m?); S2 (61-180 W/m?); S3 (181-300 W/m?); S4 (>300 W /m?);
wisr,2 S1 (0-100 W/m?); S1 (101-20 W/m?); S1 (201-300 W/m?); S1 (>300 W/m?);

Table 3. Properties of electrochromic window glass states.

Electrochromic Window States U-Value [W/m?-K] SHGC [-] VT [%]
State 1 (S1, bleached) 1.63 0.47 62.1
State 2 (52) 1.63 0.17 21.2
State 3 (S3) 1.63 0.11 5.9

State 4 (S4, fully tinted) 1.63 0.09 1.0
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Figure 3. Workflow of electrochromic window (ECW) control strategies.

o  [Nluminance-based control strategy

Outdoor illuminance was used as the control input, as it directly determines indoor
daylight quality. ECWs were assumed to operate in four states (51-54), with SHGC and
VT gradually decreasing from S1 (transparent) to S4 (darkest). As outdoor illuminance
increased, the window state progressively shifted from S1 to 5S4 to maintain indoor illumi-
nance within a comfortable range.

e Incident solar radiation-based control strategy

Incident solar radiation on the window surface was employed as the control signal,
given its strong influence on indoor thermal conditions and cooling loads. Similarly to the
illuminance-based mode, ECWs switched between four states (S1-54) as incident radiation
increased, thereby modulating solar heat transmission into the indoor environment.

e  Temperature-based control strategy

Outdoor air temperatures were used as control parameters to account for seasonal
thermal variations and building energy demand. ECWs operated in four states (51-54),
with SHGC and VT gradually decreasing as the temperature increased, effectively reducing
excessive solar heat gain and avoiding overheating in warm conditions.

2.5. Simulation Tools and Boundary Conditions

In this study, Rhinoceros was employed as the 3D modeling platform, with the
Grasshopper plugin used to flexibly adjust classroom geometric parameters. Climate
data were processed through the Ladybug and Honeybee plugins, which also provided the
interface for coupling with EnergyPlus for energy performance simulations and Radiance
for daylighting analysis. These tools were selected because they enable an integrated
workflow from parametric modeling to dynamic simulation, ensuring consistency between
geometric changes, climate inputs, and performance evaluation.
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The research object was a university teaching building. Since such buildings not
only serve as the primary learning environment for students but also accommodate
partial study and living functions during weekends and holidays, the classrooms
were assumed to be occupied continuously (24 h/day, year-round) in the simulations.
The target illuminance on the working plane was set to 300 Ix at a sensor height of
1.2 m above the floor. Indoor load parameters, including lighting power density,
occupancy density, and equipment power density, were specified according to local
dormitory-related standards. Other boundary conditions used in the simulation tools
are summarized in Table 4. To ensure that both the building design assumptions and
energy simulation parameters were realistic and reliable, this study was conducted in
collaboration with architects and energy engineers. The architects contributed expertise
on classroom layout and fagade design, while the energy engineers provided guidance
on load assumptions, boundary conditions, and simulation setup.

Table 4. Set-point of building models used in the experiment.

Parameters Values
Occupant density [person/m?] 0.65
Fresh air per person [m?/h] 30
Average illuminance setting of working face [lux] 500
Cooling setpoint [°C] 26
Heating setpoint [°C] 18
Internal heat gain Lighting: 8 W/ mZ; equipment: 5 W/ m?2
Thermal conductivity of external wall [W/m-K] 0.9
Thickness of external wall [m] 0.24
Thermal performance of internal wall [-] Adiabatic

3. Result and Analysis

3.1. Baseline Case Analysis
3.1.1. Visual Comfort in Three Classroom Types

Visual comfort was assessed for three classroom layouts, and the results are
shown in Figure 4. Overall, all three classrooms exhibited a typical pattern of ex-
cessive daylighting near the window and insufficient daylighting in the rear zone.
However, their performance levels varied considerably. The CTRy of Type I was
38.78%, with excessive illuminance near the window side and insufficient illuminance
in the rear rows, resulting in a pronounced daylighting gradient and poor uniformity.
Type II achieved the highest visual comfort, with an average CTRy of 39.93%. Its
illuminance distribution was relatively uniform, as excessive brightness near the
window was mitigated and rear-zone illuminance improved, resulting in overall
better comfort than Type L. By contrast, Type III performed the worst, with an average
CTRy of only 34.44%.
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Type I(38.78%) Type 11 (39.93%) Type 11 (34.44%)

Figure 4. Illuminance distribution and visual comfort time ratio (CTRy) of the three classroom types
under the benchmark case.

3.1.2. Thermal Comfort in Three Classroom Types

Thermal comfort was evaluated using the adaptive model, and the results are pre-
sented in Figure 5. Type I exhibited a CTRt of 30.40%, with most operative temperatures
ranging from 20 to 30 °C. However, frequent overheating occurred during summer, indi-
cating insufficient cooling capacity. Type II performed best, with a CTRt of 31.53%. Its
operative temperature distribution was more concentrated during transitional seasons,
with a slightly higher proportion of hours within the comfort zone compared with Types I
and III. Type III had the lowest CTRt of 29.82%.
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Type I1 (CTRr=31.53% ) Type II1 (CTRT= 29.82%, )

Figure 5. [lluminance distribution and visual comfort time ratio (CTRy) of the three classroom types
under the benchmark case.

3.1.3. Annual Indoor Temperature Distribution in Three Classroom Types

Figure 6 illustrates the hourly indoor temperature distribution of the three classrooms.
In general, indoor temperature trends followed seasonal outdoor variations, yet differences
in absolute values and ranges were evident. Type I had an annual mean indoor temperature
of 24.29 °C. During the summer (June-September), temperatures frequently remained be-
tween 27 and 33 °C, indicating overheating risks, while in the winter (December-February),
temperatures decreased to 6-12 °C, suggesting insufficient insulation. Type Il showed a
slightly higher annual mean indoor temperature of 24.51 °C. Although summer overheating
was also observed, its winter temperature distribution was more concentrated in the range
of 9-15 °C, demonstrating a buffering effect. Type III exhibited the lowest mean indoor
temperature of 23.84 °C, with a polarized distribution: summer overheating (>30 °C) was
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evident, while in winter, prolonged low temperatures of 6-10 °C were dominant, resulting
in inadequate thermal comfort.
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Figure 6. Annual indoor air temperature distributions of three classroom types under the benchmark
case without HVAC operation.

3.1.4. Cooling Energy Consumption in Three Classroom Types

Figure 7 shows the annual cooling demand distribution. Cooling was concentrated
in summer, with July and August contributing the highest loads. Type I had an ED¢ of
60.78 kWh/m?, with peak demands in July, indicating significant summer overheating.
Type 11 again performed best, with the lowest cooling energy use of 56.34 kWh/m?. Al-
though its seasonal pattern was similar to Type I, the overall level was lower, demonstrating
greater effectiveness in reducing summer cooling loads. By contrast, Type III consumed the
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most cooling energy, with an annual intensity of 68.16 kWh/m?. Its cooling demand not
only peaked in July—August but also extended over a longer duration, indicating severe
overheating and the least favorable cooling performance.
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Figure 7. Annual hourly cooling energy demand distributions of the three classroom types under the
benchmark case.
3.1.5. Heating Energy Consumption in Three Classroom Types

The annual heating demand of the three classrooms is shown in Figure 8. Heating was
primarily required during the winter season, peaking in December and January, with negli-
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gible demands in the summer. Type I had an annual heating energy use intensity EDH of
126.25 kWh/m?, with particularly high loads in December and January, indicating a strong
reliance on heating. Type II recorded the lowest heating energy use of 120.96 kWh/m?,
following a similar seasonal pattern but at a slightly lower overall level, suggesting that its
layout offers some advantage in reducing heating demands. Type III exhibited the highest
heating energy use of 137.10 kWh/m?, with longer heating periods, especially from January
to February, highlighting its poor thermal performance.
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Figure 8. Annual hourly heating energy demand distributions of the three classroom types under the
benchmark case.
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3.2. Performance Analysis with Electrochromic Windows
3.2.1. Type I Classroom

Figure 9 presents the five key performance indicators of the large classroom under the
benchmark case and different ECW control strategies.

Benchmark
WISR.2
WISR.1

Annual average indoor temperature Annual visual comfort time ratio

Benchmark Benchmark
WISR.2
WISR.1
WISR.0
WI.2
WIL1
WILO
WOT.2
WOT.1 8
WOT.0

126.3W/m

Annual thermal comfort time ratio Annual cooling energy consumption

Window Operation with Temperature-based control 0

60.8W/m:

Window Operation with Temperature-based control 1

Window Operation with Temperature-based control 2

Window Operation with [lluminance-based control 0

Window Operation with [lluminance-based control 1

Window Operation with [lluminance-based control 2

Window Operation with Incident solar radiation-based control 0

Window Operation with Incident solar radiation-based control 1

Window Operation with Incident solar radiation-based control 2

Annual heating energy consumption

Benchmark case

Figure 9. Performance outcomes of Type I under the benchmark case and various electrochromic
window control strategies.
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Under the benchmark case, the annual mean indoor temperature was 14.3 °C. With
ECW control, indoor temperatures increased by +0.2 to +1.2 °C. Temperature-based strate-
gies WOT.1 and WOT.2 performed the best, with increases of +1.0 and +1.2 °C, respectively,
demonstrating their effectiveness in improving winter indoor thermal conditions.

The visual comfort time ratio was 38.8% in the benchmark case. All ECW strategies
improved this indicator, with increases ranging from +0.7% to +5.8%. The illuminance-
based controls WIL.1 and WIL.2 yielded the greatest improvements, indicating their ability
to alleviate window-side glare and improve daylight uniformity.

The thermal comfort time ratio was 30.4% under the benchmark case. With ECW
controls, it increased by +0.2% to +3.5%. Among all strategies, WOT.2 achieved the largest
improvement, followed by WIL.2, highlighting their potential in mitigating seasonal over-
heating and underheating.

Regarding energy performance, the benchmark annual cooling energy use was
125.3 kWh/m?2. ECW controls reduced cooling demands by —1.0% to —10.5%. The
illuminance-based strategy WIL.2 achieved the greatest reduction, followed by WISR.2,
both showing advantages in mitigating excessive summer solar gains. Annual heating
energy use was 60.9 kWh/m? under the benchmark case. All strategies reduced heating
demands, with decreases of —3.2 to —11.6 kWh/m?. The temperature-based control WOT.0
achieved the best result, indicating its strong ability to enhance passive solar gains and
reduce winter heating loads.

3.2.2. Type II Classroom

Figure 10 presents the five key performance indicators of the medium classroom
under the benchmark case and different ECW control strategies. Compared with the large
classroom, the medium classroom exhibited distinct characteristics in indoor environmental
improvements and energy optimization.

Under the benchmark case, the annual mean indoor temperature was 15.3 °C. With
ECW control strategies applied, indoor temperature increased by +0.6 to +1.4 °C. WOT.1
and WOT.2 exhibited the strongest improvements, with increases of +1.2 and +1.4 °C,
respectively, indicating that temperature-sensitive control effectively enhanced winter
indoor thermal conditions.

The visual comfort time ratio was 39.9% under the benchmark case. All strategies
improved this metric, with increases ranging from +1.1% to +6.0%. WIL.1 and WIL.2 per-
formed best, improving visual comfort by +6.0% and +5.8%, respectively, and significantly
alleviating glare issues caused by uneven daylight distributions near side windows.

The annual thermal comfort time ratio was 31.5% in the benchmark case. Improve-
ments across strategies ranged from +0.6% to +3.2%, with WOT.2 and WIL.2 showing the
greatest potential for enhancing comfort, particularly in transitional seasons.

Regarding energy performance, the benchmark annual cooling energy use was
125.3 kWh/m?2. With ECW control, cooling demands were reduced by —4.0% to —10.1%.
WISR.2 and WIL.2 achieved the greatest reductions, highlighting their advantages in miti-
gating excessive solar gains during summer. Annual heating energy use was 55.3 kWh/m?
under the benchmark case. All strategies reduced heating demands, with decreases of
—3.2to —7.3 kWh/m?2. WOT.0 and WOT.2 were the most effective, reducing heating de-
mands by —7.3 and —6.6 kWh/m?, respectively, thus improving the utilization of passive
solar heat in the winter.
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Figure 10. Performance outcomes of Type II under the benchmark case and various electrochromic

window control strategies.
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3.2.3. Type III Classroom

Figure 11 presents the five key performance indicators of the small classroom under the
benchmark case and different ECW control strategies. Overall, compared with the large and
medium classrooms, the small classroom demonstrated more pronounced improvements
in indoor comfort and energy reduction, particularly in heating performance.

Annual average indoor temperature Annual visual comfort time ratio

Benchmark
WISR.2
WISR.1
WISR.0
WI2
WLI1
WILO
WOT.2
WOT.1
WOT.0

Annual thermal comfort time ratio

Annual heating energy consumption

Window Operation with Temperature-based control 0

60.8W/m

-7.9
-14.5

+1.98

Window Operation with Temperature-based control 1

Window Operation with Temperature-based control 2

Window Operation with Illuminance-based control 0

Window Operation with Illuminance-based control 1

Window Operation with Illuminance-based control 2

Window Operation with Incident solar radiation-based control 0

Window Operation with Incident solar radiation-based control 1

Window Operation with Incident solar radiation-based control 2

Annual cooling energy consumption

Benchmark case

Figure 11. Performance outcomes of Type III under the benchmark case and various electrochromic

window control strategies.
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Under the benchmark case, the annual mean indoor temperature was 14.3 °C. With
ECW controls, indoor temperatures increased by +0.4 to +1.0 °C. Temperature-based
strategies WOT.1 and WOT.2 were most effective, increasing the mean temperature by +0.8
and +1.0 °C, respectively, indicating that temperature-sensitive control can significantly
improve winter thermal conditions in small-scale spaces.

The visual comfort time ratio was only 34.4% in the benchmark case, the lowest
among the three classrooms. With ECW controls, visual comfort improved by +1.2%
to +6.3%. Illuminance-based strategies WIL.1 and WIL.2 achieved the greatest enhance-
ments, effectively mitigating glare problems caused by excessive window-side illuminance.
Notably, the relative improvement in visual comfort was greater than in the large and
medium classrooms.

The thermal comfort time ratio was 28.9% in the benchmark case, which was also
the lowest of the three classrooms. Under ECW controls, it increased by +0.8% to +4.5%.
The temperature-based strategy WOT.2 performed the best, increasing thermal comfort
by +4.5% and demonstrating strong potential to alleviate both winter underheating and
summer overheating.

Regarding energy performance, annual cooling energy use was 60.8 kWh/m? under
the benchmark case. With ECWs, cooling demands decreased by —2.2 to —7.9 kWh/m?,
with the incident solar radiation-based strategy WISR.2 being most effective, highlighting its
advantage in reducing direct summer solar gains. Annual heating energy use, however, was
157.1 kWh/m?, significantly higher than the cooling demand. ECW controls consistently
reduced heating demands by —4.7 to —10.3 kWh/m?. Temperature-based strategies WOT.0
and WOT.2 achieved the greatest reductions, showing that by enhancing passive solar
gains in winter, heating loads can be substantially decreased.

4. Discussion

This study evaluated the performance of ECWs in university classrooms of different
scales in a cold-region climate. The results show that ECWs can improve thermal and visual
comfort and reduce heating and cooling energy use, although the extent of improvement
varied by control strategy and classroom scale. These findings are generally consistent with
previous studies.

Our findings are broadly consistent with previous research. Li et al. [46] reported
5-8% gains in visual comfort and 8-12% cooling energy savings in office buildings, similar
to the +6.0-6.3% comfort improvements and —7.9 to —10.1 kWh/m? cooling reductions
observed in medium and small classrooms in this study. In contrast, the large classroom
(Type I) achieved only modest comfort gains (max. +5.8%), likely due to its greater depth
and thermal mass, which hinder daylight penetration and result in slow thermal response.
This indicates that ECWs are less effective in deep-plan classrooms unless combined with
complementary design measures. Cooling reductions in Xi’an were lower than those
reported in warmer climates [47]. This difference reflects the climatic context: In cold
regions, ECWs contribute more significantly to reducing heating loads than cooling. In
fact, this study found heating demand reductions of up to —11.6 kWh/m?, consistent with
results from Beijing [48] and Russia [49], where ECWs primarily alleviated winter heating
demands. Building geometry also shaped performance. Medium and small classrooms,
with higher window-to-wall ratios and shorter daylight paths, achieved larger relative
benefits, echoing studies on high-WWR office buildings [50]. This suggests that ECWs are
particularly effective in spaces with large facades relative to their volume. Finally, compared
with recent advances, such as vacuum-structured ECWs with ultra-low U-values [51], the
conventional ECWs tested here achieved moderate reductions. This underscores both
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their practical feasibility and the potential for future material innovations to enhance
cold-climate performance.

This study has several limitations. First, the results are based on simulations and lack
experimental validation. Second, the analysis was limited to three classroom types and
three rule-based control strategies, which may not represent the full diversity of educational
spaces or advanced control methods. Third, Xi’an was chosen as a single representative
cold-climate city; thus, generalization to other regions should be carried out with caution.

Future research should explore multi-factor coupled control strategies, such as com-
bined temperature—illuminance—occupancy control, to optimize both energy use and com-
fort. In addition, field measurements in real classrooms are needed to validate the simu-
lation results and capture user behavior, lighting operation, and HVAC interactions that
cannot be fully represented in models. Expanding the analysis to other cold-region cities
with different solar and heating profiles would also strengthen the generalizability of the
findings. Furthermore, testing advanced ECW technologies with lower U-values or hybrid
glazing systems could provide insights into material innovations tailored for cold climates.

5. Conclusions

This study employed dynamic simulations to evaluate the impact of ECWs on indoor
environments and building energy performance in university classrooms of varying scales
in Xi’an, a representative cold-region city. The main findings are as follows:

e Improved indoor comfort: With ECWs, annual mean indoor temperatures increased
in all classrooms, thermal comfort time ratios improved by +0.6-4.5%, and visual
comfort time ratios improved by +1.1-6.3%. The small classroom achieved the most
significant improvements, highlighting that ECWs are particularly effective in compact
high-density spaces.

e  Energy savings dependent on scale and strategy: ECWs effectively reduced both heat-
ing and cooling demands, with heating energy reductions of —3.2 to —11.6 kWh/m?
and cooling reductions of —4.0% to —14.3%. The greatest savings occurred in the small
classroom, while improvements in the large classroom were comparatively limited,
suggesting that ECW5s’ effectiveness is scale-sensitive.

e  Strategy-specific advantages: Temperature-based control was most effective in im-
proving thermal comfort and reducing heating demands; illuminance-based control
excelled in enhancing visual comfort; solar-radiation-based control provided the great-
est cooling load reduction. This demonstrates that no single control approach is
universally optimal, and strategy selection should be tailored to design priorities.

e  Scale effects: The benefits of ECWs diminished with an increase in classroom size,
implying that large spaces may require integration with supplementary systems such
as artificial lighting or shading devices to achieve optimal performance.

In summary, this study provides evidence that ECWs offer significant potential for
energy savings and comfort enhancement in cold-region educational buildings, especially
in small-scale and medium-scale classrooms. The main contribution of this study lies in its
cross-scale analysis, which reveals how classroom size and control strategies jointly shape
ECW performance.
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