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Abstract: The concept of smart windows that can change the properties of windows and doors in
response to external stimuli has recently been introduced. Smart windows provide superior energy
savings and control of indoor environments. This concept can advance sustainable architecture, and
it will make it possible to connect with the fourth industry, which has developed recently. However,
unlike the relevant hardware, is advancing rapidly, research on methods of adjusting smart windows
is slow. Therefore, in this study, an analysis of energy use over time was conducted on electrochromic
windows, one of the main types of smart windows. Through this analysis, the optimal properties of
electrochromic smart windows were identified, and an operation schedule was created. In addition,
energy saving rates were derived through a comparison with existing architectural windows.

Keywords: electrochromic building component; smart window; heating and cooling loads; energy
consumption; sustainable energy utilization

1. Introduction
1.1. Background and Purpose of the Study

The cooling, heating and lighting loads in buildings are closely related to solar energy.
Cooling energy can be saved by blocking solar energy in the summer, and heating energy
can be saved by receiving solar energy in the winter. In addition, a pleasant indoor envi-
ronment is created only when indoor illumination is properly maintained while controlling
solar energy. Smart windows with integrated solar control systems are currently under
development. Smart windows can adjust the amount of solar energy flowing into the room
by changing their material properties in real time. Common categories of smart windows
include suspended particle device (SPD), electrochromic, photochromic, and thermochroic
windows. Since solar energy is controlled by the glass in such windows, there is no need to
go through complex construction processes, and maintenance is also easy. Smart windows
can adjust visible light transmittance (VLT) and solar heat gain coefficient (SHGC). The
market for these products is growing rapidly. According to the Smart Glass Report by
Grand View Research, the total size of the global smart glass market was estimated at
$3,710,000,000 in 2018, and is expected to record an annual average growth rate of about
15.2% from 2019 to 2025 [1].

Representative materials used for smart windows are SPD and electrochromic glass.
Electrochromic glass operates at low voltages and is highly durable, so it is entering the
commercialization stage as architectural windows. However, it is difficult to establish an
energy savings plan using smart windows because the amount of architectural research
that has been done is insufficient compared to that of material development research. In
addition, research on the energy performance data of windows and doors is needed to
operate smart windows.
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Therefore, this study aims to analyze the energy performance of an indoor space
according to changes in the physical properties of electrochromic smart windows, and to
analyze the rate at which energy can be saved by the use of smart windows rather than
existing windows. Since electrochromic glass has a wide VLT range and good g-value
control, its use leads to significant energy savings if appropriate values are set according to
the season and time. However, there is insufficient research into such optimal values. In
this study, the most efficient electrochromic window operation schedule was determined
by calculating the heating and cooling energy load on the spring equinox, summer solstice,
autumn equinox and winter solstice, which are representative days of the four seasons. In
addition, the energy savings rate was analyzed in comparison to existing windows.

1.2. Background

Research on the applications of electrochromic smart windows in the architecture
realm mainly includes indoor environment analysis and energy analysis. Nuria and col-
leagues conducted a comparative analysis on the optical and thermal characteristics of
semi-transparent PV modules and electrochromic windows that can be used in buildings [2].
Abdelsalam calculated solar heat gains in hot and dry climates for three control groups
(overhangs, overhangs and side fins, and electrochromic glazing), and demonstrated the
benefits of electrochromic compared to shading devices [3]. Dussault et al. analyzed the
sensitivity of energy performance and thermal and visual comfort for office buildings with
electrochromic windows [4]. Kim et al. conducted a partial color environment analysis
of blue-type electrochromic windows [5]. Nicholas et al. analyzed the energy efficiency
of commercial and residential buildings across the United States for three electrochromic
states, “dark”, “cool” and “bright” [6]. Oh et al. calculated and compared the monthly
energy load using models of electrochromic glass, general glass, blinds, and roll shades.
Those authors showed that the use of electrochromic glass resulted in inferior heating
load compared to other shade devices, but electrochromic glass had a remarkably strong
positive effect on the cooling load [7]. In another study by the same authors, the tempera-
ture and solar energy of electrochromic glass were analyzed in three randomly selected
cities, Moscow, Incheon, and Riyadh. In addition, the natural lighting performance of
electrochromic glass was derived, which was then analyzed using the energy and daylight
performance index (EDPI) [8]. In Michaela et al., the annual energy load of a building with
a high window-to-wall ratio (WWR) was analyzed for six different thermochromic and
electrochromic combinations [9]. In a study by Cannavale, the cooling and lighting loads
of electrochromic, photochromic, thermochromic, clear, tinted, and reflective glass were
compared and analyzed. The findings demonstrated the suitability of electrochromic glass
as a smart architectural window [10]. In that research, attention was paid to the lighting
and energy performance of electrochromic glass. However, there was insufficient analysis
of the factors that changed the properties of electrochromic glass. Also, since these studies
were conducted based on yearly analyses, a basic understanding of the operating principles
of electrochromic glass over time is needed.

Another research direction in the smart window realm is the analysis of SPD, which
shows similar performance to electrochromic glass. In Ghosh et al., a mock-up was created,
and its overall physical properties were analyzed to assess changes in the wavelength and
temperature of incident sunlight for two SPD states (VLT 5% and VLT 55%) [11]. Nundy
and colleagues compared the physical properties, such as wavelength and temperature, of
double-glazed windows, SPD, and Vacuum-SPD [12]. In Min et al., simulation analysis
was conducted on the cooling load in summer for the U-value of SPD and the maximum
and minimum values of SHGC [13]. Ko et al. evaluated the energy performance of smart
windows according to the WWR and the g-value range of SPD [14]. The evaluation was
done with the TRNSYS18 simulation program, and a range of g-values according to the
WWR was proposed. In another study by Ko et al., a SPD-based mock-up was constructed,
and the measured data from the mock-up were compared to the simulation results [15].
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The evaluation of the energy performance of a building is mostly based on an energy
simulation or test bed operation. In a study by Baek and colleagues, the cooling and
heating loads were analyzed to determine the optimal design of a folding awning device,
and the integrated analysis program IES_VE (Integrated Environmental Solutions_Virtual
Environment) was used [16]. The cooling and heating loads were calculated through
modeling according to the shape of the awning and the length of the protrusion, and the
superiority of the folding awning was verified by comparison with an existing awning.
In a study by Park et al., the heat acquisition and heat loss of windows were analyzed
using the EnergyPlus program [17]. Simulated data on heat acquisition and heat loss of
the lower extremities on the winter solstice were derived according to the composition of
the windows and the type of shade, and the maximum cooling and heating loads were
calculated and compared. Kim et al. proposed a hybrid heating, ventilation, and air
conditioning (HVAC) system for a skyscraper office building, and tried to demonstrate its
superiority through simulation with TRNSYS [18]. Those authors developed an air cap wall
module for energy reduction, constructed a test bed, and compared and analyzed lighting
energy and cooling/heating energy according to the thickness of the air cap wall [19].

2. Research Analysis Framework
2.1. Method and Flow

This study aims to analyze the operation schedule considering the cooling and heating
energy performance of electrochromic smart windows and the energy savings rate com-
pared to existing architectural windows. Therefore, to compare the cooling and heating
energy performance, groups of electrochromic smart windows and existing architectural
windows with various g-values and U-values were established. Analysis was done through
simulations. Based on previous research, an EnergyPlus engine was used to derive the
energy consumption over time. In addition, Rhino Grasshopper’s Ladybug Plug-in was
applied to efficiently organize data on the cooling and heating loads of each control group.
The Ladybug plug-in, which can apply the EnergyPlus engine to the Rhino Grasshopper
model, is capable of extracting and organizing the values of the required data. After setting
up the simulation program, the simulation area and analysis point were set, and a virtual
target building was created. For the southern, eastern and western sides, the cooling energy
and heating energy consumption of the control groups were derived over time. Based on
this data, a g-value schedule was created for optimal operation of electrochromic smart
windows, and the total amount of energy consumed was calculated. The energy savings
rate of the smart windows compared to the existing windows was compared through the
calculated values. The flow of research is shown in Figure 1.

2.2. Test Configuration
2.2.1. Specimen Configuration

Cooling and heating loads are determined by a comprehensive array of factors, such
as the construction of the building and facilities. For windows, U-value, g-value, and
airtightness are recognized as factors that affect the cooling and heating loads. Since
airtightness depends on the composition of the window frame, it was assumed to be
the same across groups in this study. Therefore, variables representing the U-value and
g-value were used to compare electrochromic smart windows and existing windows. The
U-value and g-value of the electrochromic smart windows were determined based on
the products currently on the market. Electrochromic smart windows are composed of
multiple layers of functional glass, and the U-value and g-value were 1.1 W/m2k and
0.12–0.44, respectively [15]. If the g-value of an electrochromic window is set to either the
maximum or minimum, durability may be impaired. Therefore, the g-values of the control
group were set at 0.05-unit intervals in the range of 0.15 to 0.40, which are realistic values.
The three control groups of existing windows were Clear glass + Clear glass, LowE glass +
Clear glass, and LowE glass + LowE glass, and a glass thickness of 24 mm was used for
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all control groups. The properties of each glass were combined and calculated from an
EnergyPlus-based library. Details of the control groups are shown in Table 1.
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Table 1. Details of control windows.

Division g-Value U-Value (W/m2·k)

24 mm Electrochromic Window (EC) 0.15~0.40 (Interval 0.05) 1.1

6 mm Clr + 12 mm Air + 6 mm Clr (CC) 0.703 2.685

6 mm Clr + 12 mm Air + 6 mm LowE (CL) 0.568 1.771

6 mm LowE + 12 mm Air + 6 mm LowE (LL) 0.488 1.165

2.2.2. Analysis Site and Time Configuration

The location of the simulation was set to Gwangju, Korea, and the 2015 Gwangju
Weather Data EnergyPlus Weather (EPW) file provided by the Korea Passive Architecture
Association was used to obtain data [20]. The purpose of this study is to analyze the cooling
and heating energy load by season, so simulations were performed on the spring equinox,
summer solstice, autumnal equinox, and winter solstice, which represent the four seasons.
However, individual EPW files may reflect special weather events such as snow or rain.
Therefore, if the data from the equinox or solstice did not represent the season as a whole,
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the data for the closest possible date that was representative was used. Based on the 2015
EPW, the data from 16 March, 19 June, 26 September, and 21 December were used.

2.2.3. Office Unit Configuration

The configuration of an office building can differ depending on the type of core, and
is the most basic element to consider when composing a useful space. The core space is
planned according to the location and number of cores, and the core type affects the size
of the base floor and the ways in which the office space can be used. According to the
core plan, office buildings are divided into central, eccentric, both ends, independent, and
distributed core type; the features of each are shown in Table 2 [21].

Table 2. Core types and features.

Division Configuration Features

Central core type
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In this study, the area of the core was calculated as 81 m2; it was a 9 × 9 m2 square. The
span of the office pillar can be calculated by the parking space, and it was calculated as 8.1 m
considering the three sides of the parking space and the size of the pillar (2.5 × 3 + 0.6 m).
The width of the office space was 6 m, which was determined by subtracting the 2.1 m of
corridor space from the 8.1 m column spacing span. The height was set to 3.4 m, and the
ceiling height was set to 2.6 m. The window area ratio was 60%. A schematic illustration of
the created office is shown in Figure 2.
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Figure 2. Simulation unit.

The composition of the wall, floor, and roof is based on the energy conservation design
standard. The physical properties of the material and the heat transmission rate standards
for non-residential southern regions are shown in Table 3 [22].

Table 3. Physical properties of the office unit structure.

Division Thickness
(mm)

Thermal
Conductivity

(W/m·K)

Density
(kg/m3)

Specific Heat
(kJ/kg·K)

Heat
Resistance
(m2·K/W)

Heat Trans-
mission Rate

(W/m2·K)

Outer Wall

Granite 20 3 2810 0.84

3.814 0.297Insulator 100 0.034 30 1.417

Concrete 200 1.6 2200 0.88

Roof

Concrete 200 1.6 2200 0.88

5.839 0.171
Insulator 180 0.034 30 1.417

Ceiling frame 30 0.14 360 1.6

Gypsum board 9.5 0.18 10 1

Floor

Granite 30 3 2810 0.84

2.858 0.350

Mortar 40 1.4 2000 0.89

Lightweight
aerated concrete 40 0.19 400 0.88

Insulator 70 0.034 30 1.417

MAT concrete 500 1.6 2200 0.88

External surface heat resistance 0.043 -
Inner surface heat resistance 0.11

A facility that can be used in general office buildings was planned, and an air-cooled
refrigerator and hot water boiler were set up as heat sources. In addition, a variable air
volume (VAV) reheating system with excellent energy savings was adopted, which was
composed of a single duct. The immersion rate was set to 0.22 times/h. The heat densities
generated by human body heat, lighting, and equipment were set to 65, 11, and 21 W/m2,
respectively. The operation schedule was set based on ASHRAE 90.1. A summary of the
simulation settings is shown in Table 4.
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Table 4. Simulation settings.

Division Contents

Facility system Heat source equipment Air flow freezer, hot water boiler

Air conditioning equipment VAV reheating system, single duct

Infiltration 0.22 times/h

Human body fever 65 W/m2

Lighting fever 11 W/m2

Device fever 21 W/m2

3. Simulation Results and Analysis
3.1. South Side Analysis
3.1.1. Spring Equinox Analysis

On the south side of the building on the spring equinox, both cooling energy and heat-
ing energy were required. The total daily cooling and heating loads are shown in Table 5.

Table 5. Energy load of the south side on the spring equinox (cooling/heating) (W/m2).

Time
Electrochromic Smart Window (U-Value 1.1) Architectural Window (U-Value

2.685, 1.771, 1.165)

EC (0.15) EC (0.20) EC (0.25) EC (0.30) EC (0.35) EC (0.40) CC (0.70) CL (0.57) LL (0.49)

1 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

2 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

3 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

4 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

5 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

6 0/0.299 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

7 0/29.731 0/25.861 0/23.997 0/23.733 0/23.773 0/24.823 0/34.701 0/29.386 0/25.207

8 0/17.269 0/15.269 0/14.205 0/14.346 0/14.665 0/15.915 0/25.185 0/20.606 0/16.82

9 0/0.35 0/0 0/0 0/0 0/0 0/0 0/3.551 0/3.683 0/0.978

10 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0.534 0/0

11 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

12 0.086/0 0.096/0 0.107/0 0.119/0 0.132/0 0.136/0 0.216/0 0.177/0 0.155/0

13 1.232/0 1.38/0 1.538/0 1.719/0 1.99/0 1.961/0 3.483/0 2.595/0 2.242/0

14 2.501/0 2.807/0 3.334/0 3.933/0 4.543/0 4.228/0 7.529/0 5.899/0 4.783/0

15 3.216/0 3.607/0 4.006/0 4.456/0 4.926/0 5.055/0 7.855/0 6.532/0 5.68/0

16 3.332/0 3.737/0 4.006/0 4.456/0 4.926/0 5.055/0 7.855/0 6.532/0 5.68/0

17 3.337/0 3.741/0 4.006/0 4.456/0 4.926/0 5.055/0 7.855/0 6.532/0 5.68/0

18 2.373/0 2.659/0 2.973/0 3.324/0 3.692/0 3.793/0 5.987/0 4.95/0 4.337/0

19 0.442/2.601 0.496/1.312 0.551/0 0.616/0 0.684/0 0.703/0 1.109/0 0.917/0 0.803/0

20 0/3.934 0/2.203 0/0.334 0/0 0/0 0/0 0/0 0/0 0/0

21 0/9.605 0/8.077 0/5.698 0/4.153 0/2.711 0/3.729 0/1.737 0/2.168 0/1.961

22 0/10.151 0/8.771 0/6.666 0/5.297 0/4.074 0/5.012 0/4.494 0/4.302 0/3.373

23 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

24 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

Total 90.459 80.016 71.421 70.608 71.042 75.465 111.557 94.813 77.699
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The g-value of smart windows that minimizes the load was derived for each hour,
taking into account both cooling and heating energy. From 0 to 5 o’clock, the load was
calculated as 0 regardless of the g-value, and from 5 to 6 o’clock, the load was also 0 except
for at a g-value of 0.15. The best g-value at 6 to 7 o’clock was 0.30, and the best g-value
at 7 to 8 o’clock was 0.25. At 8 to 9 o’clock, the load was 0 except for at a g-value of 0.15,
and from 9 to 11 o’clock the load was 0 regardless of the g-value. From 11 to 18 o’clock, the
g-value 0.15 corresponded to the lowest load, and from 18 to 19 o’clock, the g-value of 0.25
corresponded to the lowest load. From 19 to 20 o’clock, for all g-values over 0.30, the load
was calculated as 0, and between 20 and 22 o’clock, the g-value of 0.35 corresponded to the
lowest load. Finally, after 22 o’clock, the load was 0 regardless of the g-value. The final
schedule is shown in Table 6. For times with the same load, a lower g-value was adopted
for privacy purposes at night, and a higher g-value was adopted for mining during the day.

Table 6. Smart window g-value schedule for the south side on the spring equinox.

Time 1 2 3 4 5 6 7 8 9 10 11 12

g-value 0.15 0.15 0.15 0.15 0.15 0.40 0.30 0.25 0.40 0.40 0.40 0.15

Time 13 14 15 16 17 18 19 20 21 22 23 24

g-value 0.15 0.15 0.15 0.15 0.15 0.15 0.25 0.30 0.35 0.35 0.15 0.15

When the schedule was applied, the minimum value of the cooling and heating load
was calculated as 61.351 W/m2, while that of the existing building windows CC, CL, and
LL were calculated as 111.557, 94.813, and 77.699 W/m2, respectively. Thus, the use of
smart windows rather than control windows could reduce the cooling and heating loads
by 21.0% to 45.0% on the spring equinox. A graph comparing the energy load of the
electrochromic window applied using the derived schedule to that of control windows is
shown in Figure 3.
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3.1.2. Summer Solstice Analysis

On the summer solstice, only cooling energy was required. In most cases, we found
that the lower the g-value, the lower the cooling load. The total daily cooling load is shown
in Table 7.
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Table 7. Energy load of the south side on the summer solstice (cooling) (W/m2).

Time
Electrochromic Smart Window (U-Value 1.1) Architectural Window

(U-Value 2.685, 1.771, 1.165)

EC
(0.15)

EC
(0.20)

EC
(0.25)

EC
(0.30)

EC
(0.35)

EC
(0.40)

CC
(0.70)

CL
(0.57)

LL
(0.49)

1 4.836 5.428 6.222 6.599 6.518 6.685 8.19 6.981 6.218

2 4.778 5.36 6.131 6.859 7.622 7.833 8.136 6.936 8.656

3 4.591 5.138 5.846 6.54 7.269 7.47 9.779 9.758 8.564

4 4.322 4.787 5.267 5.893 6.55 6.731 10.654 8.797 7.717

5 4.271 4.73 5.121 5.727 6.364 6.54 10.342 8.542 7.49

6 4.298 4.76 5.198 5.815 6.462 6.64 10.506 8.677 7.61

7 4.456 4.97 5.613 6.28 6.981 7.174 11.313 9.364 8.225

8 4.687 5.254 6.007 6.719 7.466 7.3 10.158 8.441 7.883

9 6.313 6.559 6.658 6.759 6.839 6.855 8.618 7.338 6.507

10 5.152 5.373 5.615 5.84 6.237 6.33 8.898 7.642 6.892

11 5.503 5.717 6.097 6.267 6.651 6.759 9.182 7.943 7.296

12 5.53 5.785 6.214 6.454 6.736 6.762 9.26 7.948 7.309

13 4.928 5.227 5.424 5.743 6.201 6.204 8.893 7.536 6.77

14 5.194 5.484 5.632 5.942 6.333 6.144 8.857 7.46 6.681

15 5.349 5.623 5.779 6.069 6.458 6.557 9.217 7.875 7.149

16 5.498 5.787 6.043 6.339 6.698 6.752 9.246 7.967 7.23

17 5.857 6.144 6.604 6.873 7.195 7.214 9.763 8.464 7.745

18 5.407 5.695 6.091 6.434 6.934 7.069 9.723 8.456 7.777

19 4.742 5.169 5.578 6.03 6.458 6.567 9.219 7.916 7.177

20 4.51 4.912 5.108 5.517 5.96 6.085 8.793 7.518 6.729

21 4.302 4.692 4.754 5.199 5.667 5.797 8.469 7.217 6.434

22 5.071 5.258 5.022 5.099 5.564 5.694 8.343 7.104 6.326

23 5.205 5.861 6.273 5.082 5.547 5.676 8.312 7.08 6.307

24 5.146 5.792 6.67 5.087 5.549 5.678 8.291 7.072 6.304

Total 119.946 129.505 138.967 145.166 156.259 158.516 222.162 190.032 172.996

From 21 to 22 o’clock, when the g-value is 0.25, the cooling load is lowest, and from
22 to 24 o’clock, when the g-value is 0.30, the cooling load is the lowest. The total daily
cooling load of smart windows with a g-value of 0.15 was the lowest, at 119.946 W/m2. In
addition, when the schedule in Table 8 was applied, the daily cooling load was calculated
as 119.715 W/m2. The cooling load of the control windows CC, CL, and LL was calculated
as 222.162, 190.032, and 172.996 W/m2, respectively. Thus, application of smart windows
on the south side of the building on the summer solstice can reduce the cooling load by
30.8% to 46.1%. A graph comparing the energy load of the electrochromic window applied
using the derived schedule vs. that of the control windows is shown in Figure 4.
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Table 8. Smart window g-value schedule for the south side on the summer solstice.

Time 1 2 3 4 5 6 7 8 9 10 11 12

g-value 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

Time 13 14 15 16 17 18 19 20 21 22 23 24

g-value 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.25 0.30 0.30
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Figure 4. Energy load comparison for the south side on the summer solstice.

3.1.3. Autumnal Equinox Analysis

On the autumnal equinox, both cooling energy and heating energy were required, and
the cooling load was greater than that on the spring equinox. The total daily cooling and
heating load is shown in Table 9.

Table 9. Energy load on the south side on the autumnal equinox (cooling/heating) (W/m2).

Time
Electrochromic Smart Window (U-Value 1.1) Architectural Window (U-Value

2.685, 1.771, 1.165)

EC (0.15) EC (0.20) EC (0.25) EC (0.30) EC (0.35) EC (0.40) CC (0.70) CL (0.57) LL (0.49)

1 1.893/0 2.124/0 2.391/0 2.674/0 2.97/0 3.052/0 4.821/0 3.984/0 3.492/0

2 1.985/0 2.225/0 2.494/0 2.789/0 3.098/0 3.183/0 5.026/0 4.154/0 3.64/0

3 1.443/0 1.617/0 1.803/0 2.016/0 2.239/0 2.301/0 3.631/0 3.002/0 2.63/0

4 1.071/0 1.204/0 1.372/0 1.535/0 1.706/0 1.753/0 2.773/0 2.29/0 2.008/0

5 1.068/0 1.202/0 1.373/0 1.536/0 1.707/0 1.754/0 2.774/0 2.291/0 2.009/0

6 0.643/0 0.722/0 0.812/0 0.908/0 1.009/0 1.036/0 1.636/0 1.353/0 1.185/0

7 0.495/4.344 0.555/2.959 0.62/2.139 0.694/1.924 0.77/1.794 0.792/2.36 1.25/5.965 1.033/3.946 0.905/2.439

8 1.385/0.375 1.554/0 1.752/0 1.959/0 2.177/0 2.237/0 3.534/1.062 2.92/0.473 2.559/0

9 3.158/0 3.529/0 3.709/0 4.137/0 4.583/0 4.706/0 7.371/0 6.111/0 5.333/0

10 3.839/0 4.208/0 4.006/0 4.456/0 4.926/0 5.055/0 7.855/0 6.532/0 5.68/0

11 3.839/0 4.219/0 4.148/0 4.635/0 5.151/0 5.081/0 8.086/0 6.582/0 5.688/0

12 4.005/0 4.474/0 4.616/0 5.18/0 5.79/0 5.557/0 9.228/0 7.308/0 6.152/0
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Table 9. Cont.

Time
Electrochromic Smart Window (U-Value 1.1) Architectural Window (U-Value

2.685, 1.771, 1.165)

EC (0.15) EC (0.20) EC (0.25) EC (0.30) EC (0.35) EC (0.40) CC (0.70) CL (0.57) LL (0.49)

13 4.08/0 4.601/0 4.813/0 5.461/0 6.156/0 5.929/0 10.152/0 7.956/0 6.621/0

14 4.417/0 5.013/0 5.347/0 6.1/0 6.896/0 6.536/0 11.459/0 8.845/0 7.313/0

15 4.352/0 4.974/0 5.351/0 6.154/0 6.996/0 6.436/0 11.692/0 8.792/0 7.268/0

16 4.171/0 4.76/0 5.098/0 5.881/0 6.703/0 6.06/0 11.165/0 8.276/0 6.937/0

17 3.982/0 4.464/0 4.651/0 5.295/0 5.992/0 5.695/0 9.908/0 7.639/0 6.544/0

18 3.839/0 4.208/0 4.031/0 4.492/0 4.996/0 5.098/0 8.208/0 6.673/0 5.778/0

19 3.839/0 4.211/0 4.039/0 4.495/0 4.97/0 5.1/0 7.932/0 6.594/0 5.736/0

20 3.768/0 4.161/0 4.006/0 4.456/0 4.926/0 5.055/0 7.855/0 6.532/0 5.68/0

21 3.024/0 3.391/0 3.749/0 4.184/0 4.639/0 4.765/0 7.482/0 6.197/0 5.415/0

22 2.391/0 2.682/0 3.008/0 3.363/0 3.736/0 3.839/0 6.062/0 5.01/0 4.39/0

23 2.071/0 2.322/0 2.599/0 2.906/0 3.228/0 3.317/0 5.236/0 4.328/0 3.792/0

24 1.792/0 2.009/0 2.245/0 2.509/0 2.787/0 2.864/0 4.521/0 3.737/0 3.274/0

Total 71.269 77.388 80.172 89.739 99.945 99.561 166.684 132.558 112.468

The g-value of smart windows that can minimize the load was derived for each hour,
taking into account both cooling and heating energy. Excluding 6 to 8 o’clock, smart
windows with a g-value of 0.15 showed the lowest cooling and heating load, and between
6 and 7 o’clock, a g-value of 0.35 was the most advantageous. In addition, a g-value of 0.20
is the most advantageous in terms of energy use at 7–8 o’clock. The final schedule is shown
in Table 10.

Table 10. Smart window g-value schedule for the south side on the autumnal equinox.

Time 1 2 3 4 5 6 7 8 9 10 11 12

g-value 0.15 0.15 0.15 0.15 0.15 0.40 0.30 0.25 0.40 0.40 0.40 0.15

Time 13 14 15 16 17 18 19 20 21 22 23 24

g-value 0.15 0.15 0.15 0.15 0.15 0.15 0.25 0.30 0.35 0.35 0.15 0.15

When the schedule was applied, the minimum value of the cooling and heating
load was 68.788 W/m2, while those of the existing building windows CC, CL, and LL
were 166.684, 132.558, and 112.468 W/m2. Thus, we found that the cooling and heating
loads could be reduced by 38.8–58.7% when smart windows were used instead of control
windows on the autumnal equinox on the south side. A graph comparing the energy load
of the electrochromic window applied with the schedule to those of the control windows is
shown in Figure 5.

3.1.4. Winter Solstice Analysis

On the winter solstice, only heating energy was required. The total daily heating load
is shown in Table 11.
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Table 11. Energy load on the south side on the winter solstice (heating) (W/m2).

Time
Electrochromic Smart Window (U-Value 1.1) Architectural Window (U-Value 2.685,

1.771, 1.165)

EC (0.15) EC (0.20) EC (0.25) EC (0.30) EC (0.35) EC (0.40) CC (0.70) CL (0.57) LL (0.49)

1 2.308 0.917 0 0 0 0 0 0 0

2 2.31 0.918 0 0 0 0 0 0 0

3 3.084 0.92 0 0 0 0 0 0 0

4 3.804 0.921 0 0 0 0 0 0 0

5 4.547 1.318 0 0 0 0 0 0 0

6 5.158 2.055 0 0 0 0 0 0 0

7 57.589 56.043 53.992 49.962 46.428 43.582 56.003 48.533 41.883

8 37.292 35.971 33.952 32.101 30.118 28.389 41.002 33.767 27.994

9 16.655 14.982 12.71 10.708 8.664 7.759 17.899 12.082 7.547

10 8.745 6.202 3.266 1.16 0.404 0.343 2.562 1.176 0.298

11 6.777 3.875 1.197 0 0 0 0 0 0

12 0.692 0 0 0 0 0 0 0 0

13 0 0 0 0 0 0 0 0 0

14 0 0 0 0 0 0 0 0 0

15 0 0 0 0 0 0 0 0 0

16 1.23 0 0 0 0 0 0 0 0

17 6.174 2.62 0.436 0 0 0 0 0 0

18 15.093 12.268 9.312 6.552 3.71 1.307 0.948 0.327 0

19 22.28 19.827 17.157 15.011 12.114 9.415 11.486 9.135 5.889

20 22.752 20.544 18.064 16.184 13.638 11.135 15.359 12.006 8.317

21 28.137 26.089 23.756 22.003 19.782 17.426 23.02 18.993 15.019

22 28.489 26.609 24.406 22.686 20.758 18.506 25.121 20.584 16.361

23 2.358 1.003 0 0 0 0 0 0 0

24 2.297 0.912 0 0 0 0 0 0 0

Total 277.771 233.994 198.248 176.367 155.616 137.862 193.4 156.603 123.308

Among the control groups, the LL architectural windows were the most efficient,
and the CC and CL windows with relatively high U-values were found to have increased



Sustainability 2021, 13, 1815 13 of 30

heating load despite their high g-values. For the smart windows, the higher the g-value,
the lower the heating load; even if the g-value was low in a certain section, the heating
load was calculated as 0. When the schedule in Table 12 was applied, the daily heating
load was 137.862 W/m2, which was higher than that of LL architectural windows but more
efficient than CC and CL windows. Smart windows to which the schedule was applied
have a 11.8% higher heating load than LL architectural windows. Therefore, the heating
load can be reduced by 12.0–28.7% when smart windows are used rather than CC and CL
windows. A graph comparing the energy load of the electrochromic window applied with
the schedule to those of the control windows is shown in Figure 6.

Table 12. Smart window g-value schedule for the south side on the winter solstice.

Time 1 2 3 4 5 6 7 8 9 10 11 12

g-value 0.25 0.2 50.25 0.25 0.25 0.25 0.40 0.40 0.40 0.40 0.40 0.40

Time 13 14 15 16 17 18 19 20 21 22 23 24

g-value 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.25 0.25
Sustainability 2021, 13, x FOR PEER REVIEW 13 of 29 
 

 
Figure 6. Energy load comparison on the south side on the winter solstice. 

3.2. East Side Analysis 
3.2.1. Spring Equinox Analysis 

On the east side of the building on the spring equinox, both cooling energy and heat-
ing energy were required. The total daily cooling and heating load is shown in Table 13. 

Table 13. Energy load of the east side on the spring equinox (cooling/heating) (W/m2). 

Time 
Electrochromic Smart Window (U-Value 1.1) Architectural Window (U-Value 2.685, 

1.771, 1.165) 
EC (0.15) EC (0.20) EC (0.25) EC (0.30) EC (0.35) EC (0.40) CC (0.70) CL (0.57) LL (0.49) 

1 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 
2 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 
3 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 
4 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 
5 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 
6 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 
7 0/37.058 0/35.85 0/35.556 0/34.933 0/35.18 0/34.858 0/49.546 0/41.63 0/35.307 
8 0/18.004 0/16.896 0/16.577 0/16.436 0/16.913 0/17.002 0/26.954 0/21.633 0/17.525 
9 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 

10 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 
11 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 
12 0.107/0 0.116/0 0.126/0 0.135/0 0.145/0 0.147/0 0.209/0 0.178/0 0.16/0 
13 1.531/1.277 1.666/0 1.802/0 1.939/0 2.08/0 2.104/0 3.005/0 2.56/0 2.296/0 
14 3.11/0 3.388/0 3.668/0 3.952/0 4.242/0 4.293/0 6.154/0 5.234/0 4.689/0 
15 3.998/0 4.354/0 4.714/0 5.077/0 5.449/0 5.515/0 7.896/0 6.72/0 6.021/0 
16 4.143/0 4.511/0 4.883/0 5.259/0 5.643/0 5.71/0 8.172/0 6.956/0 6.234/0 
17 4.148/0 4.517/0 4.889/0 5.265/0 5.649/0 5.717/0 8.181/0 6.963/0 6.241/0 
18 2.95/2.111 3.211/1.516 3.474/1.534 3.74/1.35 4.013/1.101 4.06/0.841 5.804/2.711 4.943/1.701 4.431/0 
19 0.55/9.658 0.598/8.842 0.647/8.935 0.696/8.756 0.747/8.555 0.756/8.091 1.078/13.331 0.919/10.22 0.824/7.353 
20 0/10.287 0/9.61 0/9.791 0/9.772 0/9.724 0/9.284 0/16.109 0/12.143 0/8.613 
21 0/15.665 0/15.096 0/15.311 0/15.403 0/15.433 0/15.038 0/22.903 0/18.395 0/14.549 
22 0/16.02 0/15.491 0/15.735 0/15.915 0/16.032 0/15.66 0/24.303 0/19.418 0/15.359 
23 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 
24 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 

Total 130.617 125.662 127.642 128.628 130.906 129.076 196.977 159.613 129.602 

Figure 6. Energy load comparison on the south side on the winter solstice.

3.2. East Side Analysis
3.2.1. Spring Equinox Analysis

On the east side of the building on the spring equinox, both cooling energy and heating
energy were required. The total daily cooling and heating load is shown in Table 13.

The g-value of smart windows that can minimize the load was derived for each hour,
taking into account both cooling and heating energy. From 0 to 6 o’clock, the load was
calculated as 0 regardless of the g-value, and at 6 to 7 o’clock, the best g-value was 0.40. The
g-value of 0.30 was the best at 7 to 8 o’clock. At 8 to 12 o’clock, the load was 0 regardless
of the g-value, and at 11 to 12 o’clock, a g-value 0.15 was found to be the most efficient.
From 12 to 13 o’clock, a g-value of 0.20 was associated with the lowest load, and at 13 to
17 o’clock, the g-value of 0.15 corresponded to the lowest load. From 17 to 18 o’clock, a
g-value of 0.25 produced the lowest load; at 18 to 22 o’clock, a g-value of 0.40 produced
the lowest load; and at 21 to 22 o’clock, a g-value of 0.20 corresponded to the lowest load.
After 22:00, the load was calculated as 0 regardless of the g-value. The final schedule is
shown in Table 14. For times with the same load, a lower g-value was adopted for privacy
purposes at night, and a higher g-value was adopted for mining during the day.
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Table 13. Energy load of the east side on the spring equinox (cooling/heating) (W/m2).

Time
Electrochromic Smart Window (U-Value 1.1) Architectural Window (U-Value

2.685, 1.771, 1.165)

EC (0.15) EC (0.20) EC (0.25) EC (0.30) EC (0.35) EC (0.40) CC (0.70) CL (0.57) LL (0.49)

1 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

2 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

3 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

4 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

5 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

6 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

7 0/37.058 0/35.85 0/35.556 0/34.933 0/35.18 0/34.858 0/49.546 0/41.63 0/35.307

8 0/18.004 0/16.896 0/16.577 0/16.436 0/16.913 0/17.002 0/26.954 0/21.633 0/17.525

9 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

10 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

11 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

12 0.107/0 0.116/0 0.126/0 0.135/0 0.145/0 0.147/0 0.209/0 0.178/0 0.16/0

13 1.531/1.277 1.666/0 1.802/0 1.939/0 2.08/0 2.104/0 3.005/0 2.56/0 2.296/0

14 3.11/0 3.388/0 3.668/0 3.952/0 4.242/0 4.293/0 6.154/0 5.234/0 4.689/0

15 3.998/0 4.354/0 4.714/0 5.077/0 5.449/0 5.515/0 7.896/0 6.72/0 6.021/0

16 4.143/0 4.511/0 4.883/0 5.259/0 5.643/0 5.71/0 8.172/0 6.956/0 6.234/0

17 4.148/0 4.517/0 4.889/0 5.265/0 5.649/0 5.717/0 8.181/0 6.963/0 6.241/0

18 2.95/2.111 3.211/1.516 3.474/1.534 3.74/1.35 4.013/1.101 4.06/0.841 5.804/2.711 4.943/1.701 4.431/0

19 0.55/9.658 0.598/8.842 0.647/8.935 0.696/8.756 0.747/8.555 0.756/8.091 1.078/13.331 0.919/10.22 0.824/7.353

20 0/10.287 0/9.61 0/9.791 0/9.772 0/9.724 0/9.284 0/16.109 0/12.143 0/8.613

21 0/15.665 0/15.096 0/15.311 0/15.403 0/15.433 0/15.038 0/22.903 0/18.395 0/14.549

22 0/16.02 0/15.491 0/15.735 0/15.915 0/16.032 0/15.66 0/24.303 0/19.418 0/15.359

23 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

24 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

Total 130.617 125.662 127.642 128.628 130.906 129.076 196.977 159.613 129.602

Table 14. Smart window g-value schedule for the east side on the spring equinox.

Time 1 2 3 4 5 6 7 8 9 10 11 12

g-value 0.15 0.15 0.15 0.15 0.15 0.15 0.40 0.30 0.40 0.40 0.40 0.15

Time 13 14 15 16 17 18 19 20 21 22 23 24

g-value 0.20 0.15 0.15 0.15 0.15 0.20 0.40 0.40 0.40 0.25 0.15 0.15

When the schedule was applied, the minimum value of the cooling and heating load
was calculated as 121.853 W/m2, while those of the existing building windows CC, CL,
and LL were 196.977, 159.613, and 129.602 W/m2. Thus, the cooling and heating loads
could be reduced by 6.0% to 38.1% when smart windows were used rather than control
windows based on data from the eastern equinox. A graph comparing the energy load of
the electrochromic window applied with the schedule to those of the control windows is
shown in Figure 7.
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3.2.2. Summer Solstice Analysis

On the summer solstice, only cooling energy was required. In all cases, it was con-
firmed that the lower the g-value, the lower the cooling load. The total daily cooling load
is shown in Table 15.

Table 15. Energy load on the east side on the summer solstice (cooling) (W/m2).

Time
Electrochromic Smart Window (U-Value 1.1) Architectural Window (U-Value

2.685, 1.771, 1.165)

EC (0.15) EC (0.20) EC (0.25) EC (0.30) EC (0.35) EC (0.40) CC (0.70) CL (0.57) LL (0.49)

1 6.013 6.551 7.098 7.654 8.225 8.327 12.019 10.195 9.111

2 5.94 6.469 7.007 7.553 8.114 8.214 11.858 10.05 8.984

3 5.705 6.204 6.711 7.226 7.755 7.849 11.278 9.578 8.574

4 5.365 5.789 6.221 6.666 7.127 7.207 10.245 8.732 7.843

5 5.302 5.72 6.14 6.567 7.004 7.077 9.998 8.529 7.669

6 5.336 5.757 6.18 6.61 7.051 7.127 10.129 8.637 7.754

7 5.536 6.004 6.482 6.973 7.478 7.567 10.837 9.216 8.258

8 5.827 6.342 6.866 7.398 7.944 8.041 11.562 9.82 8.79

9 9.501 10.869 11.473 12.726 13.587 14.001 20.041 16.855 15.32

10 6.889 7.593 8.003 8.71 9.243 9.358 12.967 11.113 9.962

11 6.696 7.451 7.937 8.705 9.298 8.794 12.974 10.512 9.36

12 6.387 7.002 7.377 7.998 8.516 8.37 11.837 9.897 9.021

13 5.763 6.279 6.586 7.099 7.503 7.708 10.547 9.117 8.336

14 5.983 6.493 6.796 7.307 7.698 7.87 10.703 9.297 8.481

15 6.058 6.569 6.867 7.369 7.751 7.918 10.735 9.304 8.515

16 6.217 6.735 7.035 7.543 7.928 8.09 10.924 9.492 8.688

17 6.598 7.122 7.417 7.929 8.312 8.488 11.313 9.891 9.091

18 6.217 6.717 7.003 7.49 7.856 8.051 10.69 9.382 8.638

19 5.698 6.097 6.481 6.886 7.287 7.37 9.946 8.676 7.923
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Table 15. Cont.

Time
Electrochromic Smart Window (U-Value 1.1) Architectural Window (U-Value

2.685, 1.771, 1.165)

EC (0.15) EC (0.20) EC (0.25) EC (0.30) EC (0.35) EC (0.40) CC (0.70) CL (0.57) LL (0.49)

20 5.445 5.841 6.202 6.601 6.984 7.079 9.549 8.336 7.616

21 5.227 5.613 5.964 6.352 6.726 6.818 9.215 8.039 7.341

22 6.287 7.116 7.189 8.008 8.303 9.1 11.094 10.181 9.943

23 6.474 7.07 7.678 8.295 8.928 9.038 12.986 11.03 9.874

24 6.401 6.987 7.585 8.192 8.816 8.928 12.836 10.907 9.767

Total 146.865 160.39 170.298 183.857 195.434 198.39 276.283 236.786 214.859

The daily cooling load of smart windows with a g-value of 0.15 was the lowest, at
146.865 W/m2. A schedule was also prepared, as shown in Table 16, because the g-value of
0.15 showed the best performance in all sections. The cooling loads for the control windows,
CC, CL and LL, were 276.283, 236.786, and 214.859 W/m2. We found that application of the
smart windows with the summer day schedule rather than control windows can reduce the
cooling load by 31.6% to 46.8%. A graph comparing the energy load of the electrochromic
window applied with the schedule to those of the control windows is shown in Figure 8.

Table 16. Smart window g-value schedule on the east side on the summer solstice.

Time 1 2 3 4 5 6 7 8 9 10 11 12

g-value 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

Time 13 14 15 16 17 18 19 20 21 22 23 24

g-value 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
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10 4.76/0 5.098/0 5.434/0 5.779/0 6.131/0 6.187/0 8.42/0 7.317/0 6.66/0 
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14 4.76/0 5.101/0 5.445/0 5.8/0 6.165/0 6.224/0 8.59/0 7.415/0 6.722/0 
15 4.76/0 5.103/0 5.46/0 5.83/0 6.209/0 6.272/0 8.688/0 7.494/0 6.785/0 
16 4.766/0 5.121/0 5.484/0 5.857/0 6.239/0 6.302/0 8.732/0 7.531/0 6.818/0 
17 4.76/0 5.103/0 5.449/0 5.807/0 6.175/0 6.235/0 8.614/0 7.432/0 6.735/0 
18 4.76/0 5.098/0 5.434/0 5.779/0 6.131/0 6.187/0 8.42/0 7.317/0 6.66/0 
19 4.76/0 5.1/0 5.44/0 5.788/0 6.144/0 6.201/0 8.459/0 7.344/0 6.68/0 
20 4.676/0 5.034/0 5.39/0 5.744/0 6.105/0 6.164/0 8.42/0 7.317/0 6.65/0 
21 3.76/0.234 4.093/0 4.43/0 4.771/0 5.119/0 5.181/0 7.413/0 6.31/0 5.655/0 
22 2.974/0.679 3.237/0 3.504/0 3.773/0 4.049/0 4.098/0 5.863/0 4.991/0 4.473/0 
23 2.575/0 2.803/0 3.033/0 3.266/0 3.504/0 3.546/0 5.071/0 4.317/0 3.87/0 
24 2.228/0 2.425/0 2.624/0 2.825/0 3.03/0 3.066/0 4.383/0 3.732/0 3.346/0 

Total 90.871 95.525 101.302 107.407 113.921 114.318 163.565 138.164 122.609 

Figure 8. Energy load comparison on the east side on the summer solstice.

3.2.3. Autumnal Equinox Analysis

On the autumnal equinox, both cooling energy and heating energy were required, and
the cooling load was higher than that on the spring equinox. The total daily cooling and
heating load is shown in Table 17.
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Table 17. Energy load on the east side on the autumnal equinox (cooling/heating) (W/m2).

Time
Electrochromic Smart Window (U-Value 1.1) Architectural Window (U-Value

2.685, 1.771, 1.165)

EC (0.15) EC (0.20) EC (0.25) EC (0.30) EC (0.35) EC (0.40) CC (0.70) CL (0.57) LL (0.49)

1 2.354/0 2.564/0 2.776/0 2.991/0 3.21/0 3.248/0 4.653/0 3.959/0 3.547/0

2 2.468/0 2.687/0 2.908/0 3.131/0 3.36/0 3.4/0 4.864/0 4.141/0 3.711/0

3 1.794/0 1.952/0 2.111/0 2.273/0 2.438/0 2.467/0 3.524/0 3.002/0 2.692/0

4 1.332/0 1.453/0 1.574/0 1.698/0 1.824/0 1.846/0 2.654/0 2.255/0 2.018/0

5 1.329/0 1.45/0 1.572/0 1.696/0 1.822/0 1.845/0 2.655/0 2.254/0 2.017/0

6 0.8/0 0.871/0 0.943/0 1.016/0 1.091/0 1.104/0 1.581/0 1.345/0 1.205/0

7 0.642/9.473 0.689/9.096 0.738/8.616 0.788/8.333 0.84/8.086 0.847/7.391 1.224/14.805 1.031/10.171 0.925/6.801

8 1.722/0.266 1.876/0 2.031/0 2.189/0 2.349/0 2.378/0 3.408/0.203 2.899/0 2.597/0

9 3.959/0 4.277/0 4.604/0 4.936/0 5.507/0 5.568/0 7.661/0 6.639/0 6.062/0

10 4.76/0 5.098/0 5.434/0 5.779/0 6.131/0 6.187/0 8.42/0 7.317/0 6.66/0

11 4.76/0 5.098/0 5.434/0 5.779/0 6.131/0 6.187/0 8.42/0 7.317/0 6.66/0

12 4.76/0 5.098/0 5.434/0 5.779/0 6.131/0 6.187/0 8.42/0 7.317/0 6.66/0

13 4.76/0 5.098/0 5.434/0 5.779/0 6.131/0 6.187/0 8.42/0 7.317/0 6.66/0

14 4.76/0 5.101/0 5.445/0 5.8/0 6.165/0 6.224/0 8.59/0 7.415/0 6.722/0

15 4.76/0 5.103/0 5.46/0 5.83/0 6.209/0 6.272/0 8.688/0 7.494/0 6.785/0

16 4.766/0 5.121/0 5.484/0 5.857/0 6.239/0 6.302/0 8.732/0 7.531/0 6.818/0

17 4.76/0 5.103/0 5.449/0 5.807/0 6.175/0 6.235/0 8.614/0 7.432/0 6.735/0

18 4.76/0 5.098/0 5.434/0 5.779/0 6.131/0 6.187/0 8.42/0 7.317/0 6.66/0

19 4.76/0 5.1/0 5.44/0 5.788/0 6.144/0 6.201/0 8.459/0 7.344/0 6.68/0

20 4.676/0 5.034/0 5.39/0 5.744/0 6.105/0 6.164/0 8.42/0 7.317/0 6.65/0

21 3.76/0.234 4.093/0 4.43/0 4.771/0 5.119/0 5.181/0 7.413/0 6.31/0 5.655/0

22 2.974/0.679 3.237/0 3.504/0 3.773/0 4.049/0 4.098/0 5.863/0 4.991/0 4.473/0

23 2.575/0 2.803/0 3.033/0 3.266/0 3.504/0 3.546/0 5.071/0 4.317/0 3.87/0

24 2.228/0 2.425/0 2.624/0 2.825/0 3.03/0 3.066/0 4.383/0 3.732/0 3.346/0

Total 90.871 95.525 101.302 107.407 113.921 114.318 163.565 138.164 122.609

The g-value of smart windows that minimizes the load was derived for each hour,
taking into account both cooling and heating energy. Excluding 6 to 8 o’clock and 21
to 22 o’clock, smart windows with a g-value of 0.15 were associated with the lowest
cooling and heating loads. At 6 to 7 o’clock, a g-value of 0.40 was found to be the most
advantageous, and at 7 to 8 o’clock, a g-value of 0.20 was found to be the most advantageous
in terms of energy use. Also, a g-value of 0.20 was beneficial at 21–22 h. The final schedule
is shown in Table 18.

Table 18. Smart window g-value schedule on the east side on the autumnal equinox.

Time 1 2 3 4 5 6 7 8 9 10 11 12

g-value 0.15 0.15 0.15 0.15 0.15 0.15 0.40 0.20 0.15 0.15 0.15 0.15

Time 13 14 15 16 17 18 19 20 21 22 23 24

g-value 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.20 0.15 0.15

When the schedule was applied, the minimum value of the cooling and heating load
was calculated as 88.466 W/m2, while those of the existing building windows, CC, CL, and
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LL, were 163.565, 138.164, and 122.609 W/m2. Thus, the cooling and heating loads could be
reduced by 27.8–45.9% when smart windows were used rather than control windows based
on data from the autumnal equinox on the east side of the building. A graph comparing
the energy load of the electrochromic window applied with the schedule to those of the
control windows is shown in Figure 9.
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3.2.4. Winter Solstice Analysis

On the winter solstice, only heating energy was required. The total daily heating load
is shown in Table 19.

Table 19. Energy load on the east side on the winter solstice (heating) (W/m2).

Time
Electrochromic Smart Window (U-Value 1.1) Architectural Window (U-Value

2.685, 1.771, 1.165)

EC (0.15) EC (0.20) EC (0.25) EC (0.30) EC (0.35) EC (0.40) CC (0.70) CL (0.57) LL (0.49)

1 4.454 3.62 3.946 4.47 3.001 2.569 8.7 2.309 2.092

2 5.267 4.478 4.572 5.28 3.604 3.352 9.61 3.177 2.378

3 5.962 5.363 5.498 6.414 4.659 4.274 10.844 4.437 3.293

4 6.438 5.712 6.007 6.887 5.212 4.829 11.496 5.234 3.83

5 6.996 6.305 6.6 7.45 5.832 5.485 12.298 6.035 4.528

6 7.419 6.764 7.045 7.87 6.322 5.992 12.809 6.435 5.1

7 66.138 68.079 71.709 72.928 72.776 72.686 94.6 82.335 74.4

8 43.871 44.803 46.796 49.466 49.426 49.432 66.877 55.986 50.932

9 22.07 22.355 23.712 25.689 25.157 25.449 39.146 30.48 26.507

10 16.159 15.519 15.898 16.892 15.501 16.386 24.496 19.035 17.585

11 18.888 17.79 17.763 18.355 16.756 20.501 25.997 23.518 22.022

12 20.402 19.718 20.037 20.977 19.245 22.447 29.647 26.178 23.361

13 23.237 23.111 23.975 25.424 24.393 24.511 34.62 27.764 24.769

14 20.117 19.985 20.822 22.223 21.307 21.633 31.681 25.007 21.975

15 19.643 19.559 20.435 21.881 21.021 21.302 31.549 24.808 21.673

16 19.531 19.605 20.573 22.123 21.405 21.579 32.483 25.33 22.007
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Table 19. Cont.

Time
Electrochromic Smart Window (U-Value 1.1) Architectural Window (U-Value

2.685, 1.771, 1.165)

EC (0.15) EC (0.20) EC (0.25) EC (0.30) EC (0.35) EC (0.40) CC (0.70) CL (0.57) LL (0.49)

17 20.142 20.449 21.651 23.416 22.942 22.9 35.348 27.317 23.515

18 25.615 26.163 27.59 29.543 29.327 29.119 43.164 34.221 29.908

19 31.831 32.454 33.97 36.002 35.876 35.678 50.687 41.242 36.649

20 31.807 32.491 34.029 36.11 36.04 35.858 51.378 41.74 36.919

21 36.797 37.513 39.101 41.177 41.163 41.011 56.856 47.04 42.132

22 36.857 37.597 39.187 41.323 41.37 41.224 57.325 47.42 42.415

23 0.701 0 0 0 0 0 2.424 0 0

24 3.754 3.526 3.242 3.839 2.078 1.695 7.155 2.49 0.947

Total 494.096 492.959 514.158 545.739 524.413 529.912 781.19 609.538 538.937

When considering heating energy, the g-value of smart windows that can minimize
the load for each hour was derived as shown in Table 20. From 0 to 6 o’clock, g-value of
0.40 was the best, and from 6 to 9 o’clock, g-value of 0.15 was the best. From 9 to 12 o’clock,
g-value 0.35 had the least heating load, g-value 0.20 at 12 to 15 had the least heating load,
and g-value 0.15 at 15 to 22:00 had the least heating load. Became. It was found that the
heating load was 0 when the g-value was 0.20 or higher at 22–23 h, and the heating load
was the lowest when the g-value was 0.40 at 23–24 h.

Table 20. Smart window g-value schedule on the east of the winter solstice.

Time 1 2 3 4 5 6 7 8 9 10 11 12

g-value 0.15 0.15 0.15 0.15 0.15 0.15 0.40 0.20 0.15 0.15 0.15 0.15

Time 13 14 15 16 17 18 19 20 21 22 23 24

g-value 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.20 0.15 0.15

When applying the schedule, the minimum value of the heating load was calculated
as 477.012 W/m2. The existing architectural windows CC, CL, and LL were calculated
as 781.19 W/m2, 609.538 W/m2, and 538.937 W/m2. It was found that the heating load
can be reduced by 11.5% to 38.9% compared to general building windows based on the
winter solstice period on the east side. The graph comparing the energy load of the
electrochromic window applied with the schedule and the architectural window is as
shown in the Figure 10.

3.3. West Side Analysis
3.3.1. Spring Equinox Analysis

On the east side of the building on the spring equinox, both cooling energy and heating
energy were required. The total daily cooling and heating load is shown in Table 21.
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Figure 10. Energy load comparison on the east side on the winter solstice.

Table 21. Energy load on the west side on the spring equinox (cooling/heating) (W/m2).

Time
Electrochromic Smart Window (U-Value 1.1) Architectural Window (U-Value 2.685,

1.771, 1.165)

EC (0.15) EC (0.20) EC (0.25) EC (0.30) EC (0.35) EC (0.40) CC (0.70) CL (0.57) LL (0.49)

1 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

2 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

3 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

4 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

5 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

6 0/0 0/0 0/0 00 0/0 0/0 0/0 0/0 0/0

7 0/36.692 0/36.116 0/35.682 0/35.017 0/34.851 0/34.682 0/48.189 0/40.664 0/34.403

8 0/22.499 0/22.255 0/22.133 0/21.963 0/22.418 0/22.488 0/34.898 0/28.266 0/23.624

9 0/5.135 0/4.867 0/4.746 0/4.585 0/5.006 0/5.142 0/16.932 0/10.671 0/6.293

10 0/4.045 0/3.774 0/3.64 0/3.492 0/3.863 0/4.044 0/15.197 0/9.334 0/5.235

11 0/2.902 0/2.57 0/2.389 0/2.297 0/2.519 0/2.835 0/12.955 0/7.825 0/4.1

12 0.11/1.565 0.12/1.201 0.13/0.963 0.139/0.882 0.149/1.246 0.152/1.701 0.218/9.63 0.186/5.533 0.167/2.509

13 1.576/2.664 1.717/2.316 1.859/2.265 2/2.249 2.144/2.45 2.177/2.654 3.14/9.139 2.667/5.826 2.401/3.23

14 3.201/0 3.492/0 3.784/0 4.077/0 4.373/0 4.44/0 6.43/1.783 5.454/1.825 4.903/0.241

15 4.116/0 4.488/0 4.863/0 5.238/0 5.617/0 5.703/0 8.251/0 7.001/0 6.296/0

16 4.265/0 4.65/0 5.037/0 5.425/0 5.817/0 5.906/0 8.618/0 7.247/0 6.518/0

17 4.271/0 4.656/0 5.043/0 5.431/0 5.824/0 5.912/0 8.754/0 7.255/0 6.525/0

18 3.037/0 3.31/0 3.584/0 3.858/0 4.136/0 4.199/0 6.062/0 5.149/0 4.633/0

19 0.566/6.306 0.617/5.872 0.668/5.452 0.718/3.884 0.77/2.569 0.782/1.834 1.127/0.883 0.957/0.874 0.862/0.594

20 0/8.646 0/8.547 0/8.265 0/7.177 0/6.053 0/5.331 0/5.911 0/4.801 0/3.412

21 0/14.407 0/14.314 0/14.358 0/13.576 0/12.797 0/12.204 0/15.246 0/12.938 0/10.789

22 0/14.992 0/14.891 0/15.117 0/14.592 0/14.027 0/13.534 0/18.209 0/15.1 0/12.5

23 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

24 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

Total 140.995 139.773 139.978 136.6 136.629 135.72 231.572 179.573 139.235

The g-value of smart windows that can minimize the load was derived for each hour,
taking into account both cooling and heating energy. From 0 to 6 o’clock, the load was
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calculated as 0 regardless of the g-value, and at 6 to 7 o’clock, a g-value of 0.40 was the
best. From 7 to 12 o’clock, a g-value of 0.30 was the best. From 12 to 13 o’clock, a g-value
of 0.20 was associated with the lowest load, and from 13 to 18 o’clock, a g-value of 0.15
was the most efficient. From 18 to 22 o’clock, a g-value of 0.40 corresponded to the lowest
load, and after 22:00, the load was 0 regardless of the g-value. The final schedule is shown
in Table 22.

Table 22. Smart window g-value schedule on the west side on the spring equinox.

Time 1 2 3 4 5 6 7 8 9 10 11 12

g-value 0.15 0.15 0.15 0.15 0.15 0.15 0.40 0.30 0.30 0.30 0.30 0.30

Time 13 14 15 16 17 18 19 20 21 22 23 24

g-value 0.20 0.15 0.15 0.15 0.15 0.15 0.40 0.40 0.40 0.40 0.15 0.15

When the schedule was applied, the minimum value of the cooling and heating load
was calculated as 124.648 W/m2. The values for the control windows, CC, CL, and LL,
were 231.572, 179.573, and 139.235 W/m2, respectively. Thus, the cooling/heating load
could be reduced by 10.5% to 46.2% by the use of smart windows rather than control
windows based on data from the spring equinox on the western side of the building. A
graph showing the energy load of the electrochromic window applied with the schedule
compared with those of the control windows is shown in Figure 11.
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3.3.2. Summer Solstice Analysis

On the summer solstice, only cooling energy was required. In all cases, it was con-
firmed that the lower the g-value, the lower the cooling load. The total daily cooling load
is shown in Table 23.

The daily cooling load of smart windows with a g-value of 0.15 was the lowest, at
147.376 W/m2. In addition, the schedule was also prepared, as shown in Table 24. The g-
value of 0.15 showed the best performance in all sections. The cooling loads for the control
windows, CC, CL and LL, were 279.458, 239.468, and 216.727 W/m2, respectively. Thus, use
of the smart windows applied with the summer day schedule rather than control windows
can reduce the cooling load by 32.0% to 47.3%. A graph comparing the energy load of
the electrochromic window applied with the schedule to those of the control windows is
shown in Figure 12.
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Table 23. Energy load on the west side on the summer solstice (cooling) (W/m2).

Time
Electrochromic Smart Window (U-Value 1.1) Architectural Window (U-Value

2.685, 1.771, 1.165)

EC (0.15) EC (0.20) EC (0.25) EC (0.30) EC (0.35) EC (0.40) CC (0.70) CL (0.57) LL (0.49)

1 6.19 6.752 7.321 7.894 8.478 8.612 12.561 10.624 9.529

2 6.116 6.668 7.228 7.791 8.365 8.496 12.394 10.474 9.396

3 5.877 6.396 6.923 7.455 7.995 8.118 11.787 9.979 8.966

4 5.535 5.977 6.424 6.881 7.349 7.454 10.704 9.097 8.198

5 5.471 5.906 6.343 6.781 7.224 7.321 10.444 8.885 8.015

6 5.505 5.944 6.384 6.825 7.272 7.372 10.582 8.997 8.107

7 5.706 6.193 6.689 7.194 7.71 7.826 11.324 9.602 8.635

8 6 6.538 7.083 7.631 8.189 8.316 12.109 10.24 9.193

9 6.701 7.306 8.155 8.548 8.679 8.808 11.456 10.417 9.7

10 5.798 6.114 6.489 6.884 7.267 7.355 9.86 8.643 7.96

11 6.107 6.437 6.768 7.128 7.52 7.607 10.132 8.905 8.215

12 6.162 6.507 6.856 7.198 7.549 7.617 10.169 8.918 8.214

13 5.669 6.02 6.372 6.725 7.126 7.212 9.797 8.536 7.826

14 5.935 6.37 6.81 7.264 7.749 7.401 10.238 8.611 7.929

15 6.549 7.156 7.772 8.392 9.022 8.273 12.331 9.91 8.788

16 7.394 8.05 8.721 9.396 10.105 9.952 14.532 12.136 10.729

17 7.602 8.263 8.934 9.611 10.313 10.341 14.941 12.603 11.367

18 6.591 7.115 7.645 8.176 8.723 8.864 12.419 10.685 9.736

19 5.996 6.515 7.04 7.565 8.105 8.242 11.682 10.012 9.086

20 5.617 6.019 6.427 6.84 7.26 7.377 10.183 8.822 8.06

21 5.375 5.767 6.159 6.552 6.95 7.464 9.68 8.955 8.157

22 6.233 7.057 7.654 8.343 9.265 9.402 13.151 11.564 10.387

23 6.661 7.284 7.916 8.553 9.201 9.346 13.57 11.491 10.323

24 6.586 7.199 7.82 8.447 9.086 9.233 13.412 11.362 10.211

Total 147.376 159.553 171.933 184.074 196.502 198.009 279.458 239.468 216.727

Table 24. Smart window g-value schedule on the west side on the summer solstice.

Time 1 2 3 4 5 6 7 8 9 10 11 12

g-value 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

Time 13 14 15 16 17 18 19 20 21 22 23 24

g-value 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

3.3.3. Autumnal Equinox Analysis

On the autumnal equinox, both cooling energy and heating energy were required, and
the cooling load was greater than that on the spring equinox. The total daily cooling and
heating load is shown in Table 25.
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Table 25. Energy load on the west side on the autumnal equinox (cooling/heating) (W/m2).

Time
Electrochromic Smart Window (U-Value 1.1) Architectural Window (U-Value 2.685,

1.771, 1.165)

EC (0.15) EC (0.20) EC (0.25) EC (0.30) EC (0.35) EC (0.40) CC (0.70) CL (0.57) LL (0.49)

1 2.424 2.643 2.864 3.085 3.309 3.36 4.862 4.125 3.709

2 2.54 2.769 2.999 3.23 3.463 3.516 5.082 4.314 3.881

3 1.847 2.012 2.178 2.345 2.513 2.551 3.682 3.127 2.814

4 1.371 1.497 1.624 1.751 1.88 1.909 2.774 2.349 2.11

5 1.367 1.494 1.621 1.749 1.878 1.908 2.774 2.349 2.109

6 0.823 0.898 0.973 1.048 1.124 1.142 1.652 1.402 1.26

7 0.657/10.526 0.704/9.709 0.753/9.12 0.805/8.671 0.863/8.278 0.876/7.378 1.266/13.747 1.075/9.419 0.967/6.733

8 1.773/5.939 1.934/5.495 2.096/5.079 2.258/4.778 2.422/4.449 2.459/3.648 3.561/9.466 3.02/5.763 2.716/3.108

9 4.043 4.396 4.75 5.095 5.44 5.516 7.83 6.694 6.054

10 4.919 5.27 5.621 5.971 6.326 6.401 8.781 7.612 6.955

11 4.919 5.27 5.621 5.971 6.326 6.401 8.781 7.612 6.955

12 4.919 5.27 5.621 5.971 6.326 6.401 8.781 7.612 6.955

13 4.919 5.27 5.621 5.971 6.326 6.401 8.781 7.612 6.955

14 4.919 5.273 5.63 5.991 6.36 6.426 8.952 7.681 6.999

15 4.985 5.417 5.863 6.339 6.865 6.652 9.736 8.07 7.217

16 5.431 5.937 6.477 7.06 7.687 7.671 11.517 9.557 8.52

17 5.479 5.988 6.57 7.189 7.851 7.968 12.063 10.038 8.982

18 4.919 5.27 5.645 6.052 6.5 6.63 9.79 8.237 7.402

19 4.919 5.272 5.626 5.981 6.36 6.416 8.843 7.661 6.975

20 4.826 5.2 5.573 5.933 6.298 6.377 8.781 7.612 6.946

21 3.87 4.219 4.57 4.921 5.277 5.358 7.745 6.574 5.913

22 3.061 3.337 3.615 3.893 4.174 4.238 6.126 5.2 4.677

23 2.651 2.889 3.129 3.369 3.612 3.667 5.298 4.498 4.046

24 2.294 2.5 2.707 2.914 3.124 3.171 4.579 3.888 3.499

Total 100.34 105.933 111.946 118.341 125.031 124.441 185.25 153.101 134.457
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The g-value of smart windows that can minimize the load was derived for each hour,
taking into account both cooling and heating energy. Excluding 6 to 8 o’clock, smart
windows with a g-value of 0.15 showed the lowest cooling and heating loads. From 6
to 8 o’clock, a g-value of 0.40 was the most advantageous. The final schedule is shown
in Table 26.

Table 26. Smart window g-value schedule on the west side on the autumnal equinox.

Time 1 2 3 4 5 6 7 8 9 10 11 12

g-value 0.15 0.15 0.15 0.15 0.15 0.15 0.40 0.40 0.15 0.15 0.15 0.15

Time 13 14 15 16 17 18 19 20 21 22 23 24

g-value 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

When the schedule was applied, the minimum value of the cooling and heating load
was calculated as 95.806 W/m2, while those of the existing building windows, CC, CL, and
LL, were 185.25, 153.101, and 134.457 W/m2. Thus, the cooling and heating loads could be
reduced by 28.7–48.3% by use of the smart windows rather than control windows based on
data from the autumnal equinox on the west side of the building. A graph comparing the
energy load of the electrochromic window applied with the schedule to that of the control
windows is shown in Figure 13.
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3.3.4. Winter Solstice Analysis

On the winter solstice, only heating energy was required. The total daily heating load
is shown in Table 27.

The g-value of smart windows that can minimize the load was derived for each hour
by considering the energy used for heat, as shown in Table 28. From 0 to 6 o’clock, a g-value
of 0.40 was the best, and from 6 to 14 o’clock, a g-value of 0.15 was the best. At 14 to 17:00,
a g-value 0.35 corresponded to the lowest heating load. At 17 to 22:00, a g-value of 0.20
was associated with the lowest heating load, and at 22 to 23:00, the load was 0 regardless of
the g-value. From 23 to 24:00 h, the heating load was the lowest when the g-value was 0.40.
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Table 27. Energy load on the west side on the winter solstice (heating) (W/m2).

Time
Electrochromic Smart Window (U-Value 1.1) Architectural Window (U-Value

2.685, 1.771, 1.165)

EC (0.15) EC (0.20) EC (0.25) EC (0.30) EC (0.35) EC (0.40) CC (0.70) CL (0.57) LL (0.49)

1 4.232 4.38 3.325 3.681 2.544 1.52 5.842 3.779 0.793

2 5.082 4.921 4.236 4.141 3.298 2.529 6.976 4.868 1.022

3 5.804 5.937 5.005 5.338 4.327 3.541 8.398 6.128 2.28

4 6.284 6.43 5.549 5.889 4.912 4.02 9.279 6.916 2.669

5 6.856 7.005 6.154 6.496 5.588 4.722 10.171 7.736 3.445

6 7.291 7.437 6.652 6.985 6.102 5.272 10.715 8.111 4.079

7 66.575 71.038 72.136 72.638 73.156 72.792 93.176 83.759 74.946

8 44.77 46.749 47.639 49.796 50.676 50.186 66.646 59.321 51.839

9 26.844 28.731 29.547 31.609 32.363 32.042 48.025 40.984 33.674

10 25.166 26.88 27.556 29.467 30.116 29.921 44.963 38.463 31.515

11 23.69 25.151 25.627 27.31 27.735 27.753 41.335 35.617 29.178

12 22.773 24.1 24.479 26.014 26.328 26.405 39.103 33.836 27.736

13 24.544 25.863 26.211 27.724 27.891 27.67 40.147 34.809 28.972

14 20.327 20.676 20.19 20.872 20.138 24.353 31.463 31.577 26.36

15 15.81 15.34 14.103 13.947 12.733 17.758 21.334 22.71 20.346

16 12.671 12.386 11.298 11.295 10.298 11.341 17.093 15.005 12.124

17 14.948 15.049 14.376 14.744 14.134 14.123 21.264 18.103 14.183

18 24.47 25.388 25.428 26.536 26.562 26.001 36.586 31.778 26.377

19 31.551 32.75 33.101 34.489 34.786 34.228 46.912 41.046 34.988

20 31.76 33.053 33.525 34.993 35.428 34.912 48.494 42.224 35.878

21 36.897 38.274 38.809 40.374 40.869 40.371 54.493 47.969 41.457

22 37.063 38.468 39.067 40.675 41.243 40.775 55.309 48.575 41.972

23 0 0 0 0 0 0 1.434 0 0

24 4.095 3.968 2.569 2.54 1.5 0.957 4.354 3.148 0

Total 499.503 519.974 516.582 537.553 532.727 533.192 763.512 666.462 545.833

Table 28. Smart window g-value schedule on the west side on the winter solstice.

Time 1 2 3 4 5 6 7 8 9 10 11 12

g-value 0.40 0.40 0.40 0.40 0.40 0.40 0.15 0.15 0.15 0.15 0.15 0.15

Time 13 14 15 16 17 18 19 20 21 22 23 24

g-value 0.15 0.15 0.35 0.35 0.35 0.15 0.15 0.15 0.15 0.15 0.15 0.40

When applying the schedule, the minimum value of the heating load was calculated as
475.956 W/m2. The values for the control windows, CC, CL, and LL, were 763.512, 666.462,
and 545.833 W/m2. Thus, the heating load can be reduced by 12.8% to 37.6% by use of
smart windows rather than control windows based on data from the winter solstice on
the west side of the building. The graph comparing the energy load of the electrochromic
window applied with the schedule to that of the control windows is shown in Figure 14.
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4. Conclusions

The data on energy load per hour for electrochromic smart windows and existing
windows under the as-developed schedules are shown in Table 29. Since the above
schedules do not reflect special weather conditions, such as cloudy days, snow, and rain,
the annual cooling and heating energy load was not calculated, and the load was summed
for 4 sunny days representing each season.

Table 29. Total energy consumption (W/m2).

Direction Window Type Spring
Equinox

Summer
Solstice

Autumnal
Equinox Winter Solstice Sum

South

EC 61.351 119.715 68.788 137.862 387.716

CC 111.577 222.162 166.684 193.4 693.823

CL 94.813 190.032 132.588 156.603 574.036

LL 77.699 172.996 112.468 123.308 486.471

Reduction rate 21.0–45.0% 30.8–46.1% 38.8–58.7% −11.8–28.7% 20.3–45.0%

East

EC 121.853 146.865 88.466 477.012 834.196

CC 196.977 276.283 163.565 781.19 1418.015

CL 159.613 236.786 138.164 609.538 1144.101

LL 129.602 214.859 122.609 538.937 1006.007

Reduction rate 6.0–38.1% 31.6–46.8% 27.8–45.9% 11.5–38.9% 17.1–41.2%

West

EC 124.648 147.376 95.806 475.956 843.786

CC 231.572 279.458 185.25 763.512 1459.792

CL 179.573 239.468 153.101 666.462 1238.604

LL 139.235 216.727 134.457 545.833 1036.252

Reduction rate 10.5–46.2% 32.0–47.3% 28.7–48.3% 12.8–37.6% 18.6–42.2%

When comparing the derived cooling and heating loads, the cooling and heating loads
of buildings with electrochromic smart windows were low for all seasons except winter.
On the winter solstice, electrochromic smart windows were found to be more efficient than
all control windows except the LL architectural windows on the south side.
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On the spring equinox, the efficiency of smart windows on the eastern side of the
building was somewhat insufficient compared to those on the south and west sides. The
smart windows showed the maximum efficiency in comparison with the CC architectural
windows on the west side, with a 46.2% reduction in the energy load for heating and
cooling. For LL architectural windows on the eastern side, use of smart windows produced
a 6% reduction in energy load for cooling and heating, the minimum reduction that
was recorded.

On the summer solstice, a similar energy load reduction was found regardless of
direction. Compared to CC architectural windows on the west side, the smart windows
produced the maximum reduction in energy load for cooling and heating, at 47.3%. For
LL architectural windows on the south side, smart windows showed a 30.8% reduction in
cooling and heating energy loads, the minimum that was recorded.

On the autumnal equinox, smart windows on the south side were superior to those
on the east and west sides. Compared to CC architectural windows on the south side,
smart windows produced an energy savings for cooling and heating of 58.7%, the greatest
savings among all control groups. Compared to LL architectural windows on the east
side, smart windows produced an energy load reduction of 27.8%, representing the lowest
energy load reduction rate in the autumn.

On the winter solstice, the reduction in energy load associated with use of smart
windows on the east and west sides was superior to that on the south side. The smart
windows were most efficient in comparison to the CC windows on the east side, at 38.9%.
Compared to LL architectural windows on the south side, smart windows produced a
rather low performance of −11.8%.

The sum of the cooling and heating energy loads was derived for all four seasons. For
the south side, energy savings of 20.3% to 45.0% are possible for each sunny day in all four
seasons, making summer the season in which the greatest increase in energy efficiency is
possible. Energy savings of 17.1–41.2% on the east side and 18.6–42.2% on the west side are
possible. The energy load for each solar term is summarized in Figures 15–17.
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should be adjusted based on the time of day. Therefore, this study differs from previous 
studies in that it suggests the proper state of electrochromic windows according to time 
of day through the four seasons, which reflects the weather in the various seasons. There-
fore, the study is significant in that it takes into account the controlled state of electro-
chromic windows in automated buildings. Third, it is meaningful in that it presents a 
method of calculating the energy performance required for the creation of the algorithm. 
In addition, the results of this study can be used as a standard for investigating the prop-
erties of smart windows. 

This study has the following limitations. In smart windows, the g-value changes in 
conjunction with the VLT. A VLT that is too low does not sufficiently transmit sunlight 
through to the inside of the building, so the window does not serve as a window. There-
fore, a minimum VLT standard that can provide indoor lighting is required. In addition, 
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The significance of this study is as follows. First, it identifies the most efficient direction
of a building to which electrochromic smart windows are applied. Second, the g-values
of electrochromic smart windows can be changed, but there is no standard for which
algorithm should be used to determine the g-value; thus, the schedule presented by this
study is significant in that it can serve as a standard. In previous studies, energy efficiency
or environmental analysis of smart windows was conducted through an analysis of annual
data. For this reason, there was insufficient data on how electrochromic windows should be
adjusted based on the time of day. Therefore, this study differs from previous studies in that
it suggests the proper state of electrochromic windows according to time of day through
the four seasons, which reflects the weather in the various seasons. Therefore, the study is
significant in that it takes into account the controlled state of electrochromic windows in
automated buildings. Third, it is meaningful in that it presents a method of calculating the
energy performance required for the creation of the algorithm. In addition, the results of
this study can be used as a standard for investigating the properties of smart windows.

This study has the following limitations. In smart windows, the g-value changes in
conjunction with the VLT. A VLT that is too low does not sufficiently transmit sunlight
through to the inside of the building, so the window does not serve as a window. Therefore,
a minimum VLT standard that can provide indoor lighting is required. In addition, this
study is limited in that the analysis was not conducted on all days of the year; energy
analysis was performed only on the sunny days of the spring equinox, summer solstice,
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autumn equinox, and winter solstice, representing the four seasons. Therefore, it is nec-
essary to construct a database with more data measured on different days of the year.
Alternatively, researchers could develop an algorithm to measure the energy consumption
of buildings in real time and change the properties of smart windows. As a follow-up
study, we will investigate methods of evaluating and controlling the lighting properties of
smart windows.
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