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 12 

Abstract: Solar radiation is closely related to the energy buildings consume for cooling, heating, 13 
and lighting purposes. Glazing is the only material of the building envelope that transmits solar 14 
radiation and needs to be appropriately designed to reduce energy c ㅈ onsumption. Currently, 15 
smart glass technology is being actively investigated and developed for effective solar radiation 16 
control. Among the various types of smart glass, electrochromic glazing is one of the most 17 
promising technologies, as it can adjust transmittance on its own, has a wider transmittance range 18 
in both the clear and darkened states, and consumes less electricity. Considering the importance of 19 
solar radiation adjustment in electrochromic glazing technology, this study attempted to develop 20 
an optimal control method for electrochromic glazing. Toward this goal, the solar radiation 21 
incident on vertical surfaces and outdoor temperature conditions were controlled in three regions 22 
with different climatic characteristics, and the annual cooling, heating, and lighting loads, 23 
discomfort glare, and interior illumination were analyzed. This approach enabled the optimal 24 
conditions with respect to visual comfort to be determined. Subsequently, the EDPI (Energy and 25 
daylight performance index) was used to optimize control conditions for each region, thereby 26 
producing integrated evaluations from results with different units and properties. The proposed 27 
control method will be utilized to develop a control algorithm and a control system to reduce 28 
building energy consumption. 29 

Keywords: electrochromic glazing; building energy; daylight performance; optimal control; 30 
climate zone; EnergyPlus 31 

 32 

1. Introduction 33 

1.1. Research Background and Objective 34 
Energy saving technology is being actively investigated and developed in the architectural 35 

industry, and regulations concerning building energy consumption tend to be strengthened in 36 
many countries around the world. Especially, because the building envelope is directly related to 37 
the amount of energy required for cooling, heating, and lighting, energy saving technologies have 38 
been investigated and developed in many relevant areas including insulation, airtightness, and 39 
solar radiation control. 40 

In recent years, smart glass, of which the transmittance can be controlled to adjust the amount 41 
of solar radiation entering a building, has been actively developed. Various types of smart glass 42 
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products have been developed, including those with electrochromic (EC), thermochromic (TC), 43 
photochromic (PC), and polymer-dispersed liquid crystal (PDLC) coatings [1]. These smart glass 44 
products can control transmittance without the aid of shading devices such as blinds or rolling 45 
shades; instead, transmittance is easily adjusted by using electric signals [2].  46 

Each type of smart glass that is being developed has its particular advantages and 47 
disadvantages. Electrochromic glazing has a wide transmittance range covering the entire solar 48 
spectrum in both the clear (transparent) and colored (darkened) states, and can be driven at a low 49 
voltage of 5 V or below [3]. In addition, if electricity supply is required only when the transmittance 50 
changes, it would not be necessary to supply electricity below the desired transmittance [4]. On the 51 
other hand, the disadvantage of EC glazing is that, when the transmittance changes, EC glazing has 52 
a slow response time that conventionally exceeds 10 minutes [5]. Thermochromic glazing changes 53 
its transmittance according to ambient temperature [6], and photochromic glazing varies the 54 
transmittance depending on ambient brightness [7]. Both thermochromic and photochromic 55 
windows can adjust their transmittance without power supply, which is a common advantage. 56 
However, automatic transmittance adjustment operates regardless of the user’s intention, which is a 57 
disadvantage. Unlike EC glazing, PDLC glazing has a quick response time of less than 1 second and 58 
its transmittance range does not cover the entire solar spectrum. Thus, this type of glazing is 59 
advantageous for privacy protection because it can operate in both the transparent and translucent 60 
states [8]. Unlike EC glazing, PDLC glazing needs continuous power supply to maintain a 61 
transparent state [9].  62 

Thus, among the above-mentioned smart glass products, EC glazing enables users to adjust 63 
transmittance over a wide range and does not need continuous power supply to maintain its state. 64 
Therefore, EC glazing is the most promising technology to control the solar radiation entering 65 
buildings. Studies on this type of smart glass are being actively conducted, and many prototypes 66 
have been released [10].  67 

Among the studies on EC glazing, a study concerned with building energy saving showed that 68 
the application and operation of EC glazing in office buildings could reduce energy consumption 69 
by 20% [11]. Another study revealed that appropriate application of EC glazing reduced energy 70 
consumption more than the conventional glass products for buildings and the energy consumption 71 
could be reduced by over 54% in regions with a Mediterranean climate [12]. The impact of EC 72 
glazing on thermal and visual comfort was also examined [13]. Other studies analyzed the optical 73 
properties of EC glazing to derive the optimal transmittance according to the building types and 74 
weather conditions or simulated building energy consumption and daylight performance for 75 
analysis purposes [14,15]. In addition, a recent study considered a new type of EC glazing, which 76 
can selectively control radiation in the near-infrared range, i.e., it only plays a thermal role but is 77 
not visible [16]. Photovoltaic EC glazing is also being developed. Because photovoltaic panels 78 
produce power that is stored in a battery and can be used for tinting, no separate power supply is 79 
necessary and thus no energy is consumed during operation. Moreover, this type of smart EC 80 
glazing can be controlled by smartphones via a wireless IoT network, which provides users with 81 
advanced convenience as compared to traditional shading devices [17]. Slow response is one of the 82 
major disadvantages of EC glazing. To solve this problem, a metallic mesh with hardly visible 83 
electrodes is applied to the electrochromic coating to enhance the speed of electric flow and 84 
accelerate the response of EC glazing [18]. 85 

EC glazing can be utilized as solar radiation controller that easily adjusts its transmittance in 86 
response to electric signals. Accordingly, it is very important to minimize the consumption of 87 
cooling, heating, and lighting energy and optimize the indoor daylight conditions by appropriately 88 
adjusting the transmittance according to the external environment [19]. In this study, solar radiation 89 
and outdoor temperature were selected as the control variables to derive the optimal control 90 
conditions for EC glazing. We analyzed the extent to which the use of EC glazing to control 91 
transmittance affects the variation in the building load and daylight performance. The literature 92 
review presented in this section focused on previous studies that proposed optimal conditions for 93 
EC glazing control in the Korean climate [20]. Based on these studies, this study attempted to derive 94 
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the optimal conditions for controlling EC glazing in three climatic zones based on the solar 95 
radiation and temperature control conditions.   96 

1.2. Research Method and Scope 97 
The following methodology was used in this study: data relating to the optical properties of 98 

the clear and colored states of an EC glazing specimen (50 mm×50 mm), which was previously 99 
proposed, were used to derive the transmittance and reflectance data of double-glazing by using 100 
the LBNL Window 7.4 software. Transmittance and reflectance data thus obtained were input into 101 
EnergyPlus 8.5, which is a simulation tool for dynamic analysis of building energy. The energy and 102 
daylight performance of office buildings were analyzed under different control conditions of EC 103 
glazing. 104 

The performance evaluation was conducted by selecting three cities that are located in 105 
different climatic zones: Moscow in Russia, Inchon in Korea, and Riyadh in Saudi Arabia. With 106 
respect to building energy consumption, 1) Moscow is mostly affected by winter, 2) Inchon is 107 
affected by both winter and summer, and 3) Riyadh is mostly affected by summer. Weather data 108 
available on the EnergyPlus website were used. The analysis was conducted by controlling the 109 
transmittance of EC glazing using the following coloring conditions: 1) 100 W/m2 2) 200 W/m2, 3) 110 
300 W/m2, 4) 400 W/m2, and 5) 500 W/m2 according to the solar radiation and 6) 0 °C, 7) 5 °C, 8) 111 
10 °C, 9) 15 °C, and 10) 20 °C according to the outdoor temperature. These two variables were 112 
selected to represent the external environment for EC glazing control to simplify the process with 113 
the aim of facilitating the commercialization of a control algorithm and hardware. These two 114 
control variables are the most closely related to the building envelope and the cooling, heating, and 115 
lighting loads. Finally, a method for achieving the maximum energy reduction using the control 116 
variables thus simplified was derived.   117 

The total cooling, heating, and lighting loads, the annual amount of time during which the DGI 118 
(Daylight Glare Index) is below 22, and the annual amount of time during which the comfort 119 
interior illuminance (150~1500 lx) was maintained were analyzed for each of the weather conditions 120 
according to the control conditions. Finally, an integrated analysis of the building energy loads and 121 
daylight performance was carried out by using the EDPI (Energy and Daylight Performance Index), 122 
which was developed in previous studies, to derive the optimal control conditions for each climatic 123 
region. Figure 1 illustrates the overall flow of this study. 124 

125 
Figure 1. Research guideline and flowchart. 126 
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2. Optical Properties of Electrochromic Glazing 127 
The optical properties data used in this study were obtained by analyzing a specimen of the EC 128 

glazing developed by the authors of this study. The total spectrum data of the optical properties of 129 
EC glazing formed the results of a previous study [20]. The EC glazing that was used in this study 130 
consisted of a transparent conductive object, an electrochromic layer, an ion storage layer, and 131 
electrolytes. TEC 10 of Pilkington was used as the transparent conductive object. Coatings of WO3 132 
(tungsten trioxide) 400 nm and NiW (nickel tungsten) 400 nm were sputtered onto the 133 
electrochromic layer and the ion storage layer, respectively. LiClO4 gel-type electrolytes were used.  134 

A spectrum analyzer (Optizen POP spectrometer) was used to analyze the optical properties. 135 
The transmittance and reflectance in the spectral wavelength range of 0.3~2.5 μm (0.005 μm 136 
intervals) were measured by applying voltage of 2 V and −2 V for 5 minutes to maintain the clear 137 
and colored states. The raw transmittance and reflectance data captured by the spectrum analyzer 138 
were imported into the LBNL (Lawrence Berkeley National Laboratory) Optic 5.1 program. In this 139 
way, the average spectral data pertaining to the solar transmittance, solar reflectance, visible 140 
transmittance, and visible reflectance were derived for EC single glazing, as presented in Table 1 141 
[21]. As seen in the table, the solar transmittance (Tsol) of the EC glazing specimen could be 142 
controlled within the ranges of 48.1% and 6.5% in the clear and colored states, respectively. Visible 143 
transmittance (Tvis) proved to be adjustable within the ranges of 64.8% and 12% in the clear and 144 
colored states, respectively. 145 

Because single glazing cannot be used for buildings, paired glass is required for heat 146 
insulation. Accordingly, the above data relating to EC single glazing were processed by the LBNL 147 
Window 7.4 program to construct the double glass for this study. The values computed for the 148 
optical properties and heat insulation are included in Table 2 [22]. These values were used to 149 
analyze the building energy and daylight performance according to the control variables (solar 150 
radiation and outdoor temperature) for each climatic region.  151 

Table 1. Optical properties data of EC single glazing in the clear or colored state 152 

Division EC Glass (Clear) EC Glass (Colored) 
Thickness (mm) 3 3 

Solar Transmittance 
front 0.481 0.065 
back 0.481 0.065 

Solar Reflectance 
front 0.214 0.181 
back 0.190 0.168 

Visible Transmittance 
front 0.648 0.120 
back 0.648 0.120 

Visible Reflectance 
front 0.128 0.074 
back 0.111 0.062 

Front and back side emissivity 0.840 0.840 
Conductivity (W/mK) 1.000 1.000 

Table 2. Optical and heat insulation properties of EC double glazing 153 

Division 

Electrochromic double glazing  
(6-mm EC Glass + 12-mm Air + 6-mm Low-e) 

Clear mode Darkened mode 

U-value1 1.639 1.639 

SHGC2 0.408 0.127 

Tvis3 0.521 0.096 

1Thermal transmittance; 2Solar heat gain coefficient; 3Visible transmittance 154 
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3. Simulation Conditions 155 

3.1. Overview of Analytical Simulation Model 156 
This study used EnergyPlus 8.5, which was developed by the DOE (Department of Energy) of 157 

the US government, as a building energy simulation tool [23]. The building energy and daylight 158 
performance were analyzed by varying the EC glazing control conditions. EnergyPlus provides a 159 
switchable glazing component for controlling EC glazing, calculates the transmittance, reflectance, 160 
and absorption of solar radiation, and enables a detailed analysis of the building energy and load 161 
[24]. Additional advantages of EnergyPlus include the DGI (Daylight Glare Index) analysis 162 
component, which enables the analysis of glare as representing daylight performance, and a 163 
daylight sensor for analyzing interior luminance [25]. Figure 2 shows the analysis model for the 164 
simulation, which is a three-story office building. The model is divided into perimeter zones and a 165 
core zone. This study focused on the middle floor, and the southern, eastern, and western perimeter 166 
zones, which were affected by solar radiation, were analyzed. The analysis model had a floor area 167 
of 50 m × 50 m, a story height of 3 m, and a 60% window area ratio [20]. 168 

The envelope of the analysis model was constructed in accordance with the heat insulation 169 
requirements of the Building Energy Code (2016), and the electrochromic double glass derived by 170 
using the LBNL Windows tool described in Section 2, was used to represent the properties of glass. 171 
The temperatures of the analysis model were set to 20 °C and 26 °C in accordance with the indoor 172 
temperature requirements for calculating the capacities of cooling and heating systems in the 173 
Building Energy Code [26]. The Ideal Loads Air System, which is provide by EnergyPlus for 174 
analyzing loads by excluding as much interruption caused by system variables as possible was 175 
applied as the HVAC system [27]. As for internal heat gain, overhead lighting contributed 176 
10.8 W/m2, the peak occupancy was 22.3 m2/person, and an equipment contribution of 8.6 W/m2 177 
were applied according to the standards of ASHRAE Fundamentals (2009) [28]. The office schedule 178 
provided by the datasets of EnergyPlus was used as the schedule of internal heat gain contributed 179 
by the human body, lighting, and other devices. The outside airflow rate was set to 1.1 m3/m2h 180 
based on the operational rule of the Building Energy Efficiency Rating System.  181 

 182 
Figure 2. EnergyPlus Openstudio simulation model (a) and model explanation (b)[20]. 183 

To evaluate the performance in terms of lighting energy reduction, this study applied 184 
dimming control by taking 700 lx as the baseline of interior luminance when the building energy 185 
performance was analyzed by controlling EC glazing transmittance. EnergyPlus provides a 186 
component that enables three types of dimming control: stepwise, continuous, and continuous/off. 187 
Continuous dimming control was selected for this study. In other words, 100% lighting energy was 188 
consumed at an interior luminance of 0 lx, whereas no lighting energy was consumed at 700 lx. The 189 
interior luminance was continuously controlled from 0 to 700 lx.  190 
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Table 3. Exterior wall and glass properties of the analysis model 191 

Division Materials Thermal & Optical Properties 

Exterior wall 
200 mm concrete 
155 t insulation 

19 mm gypsum board 

U-value 
0.202 W/m²K 

Exterior Floor 
105 mm insulation 
200 mm concrete 

U-value 
0.291 W/m²K 

Exterior Roof 

100 mm concrete 
220 mm insulation 
Ceiling air space 

Acoustic tile 

U-value 
0.136 W/m²K 

Glazing 
26 mm double glazing  

(8 mm Electrochromic + 12 air + 6 mm 
low-e glass) 

Clear Darkened 

SHGC 0.408 
Tvis 0.521 

U-value 1.639 

SHGC 0.127 
Tvis 0.096 

U-value 1.639 

3.2 Climate zone and weather data 192 
This study used the weather data available on the EnergyPlus website [29]. The weather data 193 

pertaining to the following three cities were used as being representative of each characteristic 194 
climate zone: 1) Moscow in Russia (cold climate), 2) Inchon (also written as Incheon) in Korea (hot 195 
& cold climate), and 3) Riyadh in Saudi Arabia (hot climate).  196 

Moscow in Russia is located in the continental climate zone. However, as compared to other 197 
European cities of the same latitude, Moscow shows a larger variation in weather and has 198 
especially cold weather in winter. The climatic conditions of Inchon in Korea are dominated by cold 199 
continental anticyclone conditions during winter and hot and humid oceanic anticyclone conditions 200 
during summer. Accordingly, because Inchon has a continental climate with an annual temperature 201 
range of approximately 30 °C, both summer and winter occur in this city. Riyadh in Saudi Arabia 202 
has a desert climate. The annual mean temperature is 32~38 °C and the highest temperature is 203 
48 °C. The climate is hot and dry. Influenced by the continental climate, after sunset in summer, 204 
evenings are cool and are often characterized by a strong northeasterly wind accompanied by 205 
airborne dust and sand.  206 

Table 4 presents the results of the analysis of the weather data from the EnergyPlus website for 207 
each climate zone. The annual highest and lowest temperatures, respectively, were 30.5 °C and 208 
−25.0 °C in Moscow, 32.6 °C and −11.7 °C in Inchon, and 45.6 °C and 4.0 °C in Riyadh. Thus, Riyadh 209 
has the highest temperature and Moscow the lowest. The mean temperature was also the highest in 210 
Riyadh, followed by Inchon and Moscow. The same ranking applied for solar radiation, that is, 211 
Riyadh, Inchon, and Moscow. Based on these characteristics of the three climatic zones, the energy 212 
and daylight performance of the EC glazing were analyzed according to the control conditions 213 
presented in section 3.6.  214 

Table 4. Results of comparative analysis of weather data for each climate zone 215 

Division Moscow Inchon Riyadh 

Outdoor 
Temperature 

Max 30.5 32.6 45.6 

Min −25.0 −11.7 4.0 

Average 5.5 11.9 26.2 

Direct Solar 
Radiation 

Max 873.4 1013.7 935.3 

Min - - - 

Average 74.6 86.7 258.5 
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3.6. Control conditions of EC glazing 216 
This study attempted to derive a control method that could minimize the control variables of 217 

EC glazing and satisfy every condition regarding building energy and daylight performance. To 218 
simplify the control variables, this study restricted the range of external conditions to outdoor 219 
temperature and solar radiation.  220 

First, EC glazing was controlled by varying the amount of solar isolation on the vertical 221 
surfaces: 1) 100 W/m2 2) 200 W/m2, 3) 300 W/m2, 4) 400 W/m2, and 5) 500 W/m2. When each 222 
respective solar radiation value is exceeded, the EC glazing is darkened; otherwise, it becomes 223 
clear.  224 

Second, the EC glazing was controlled by varying the outdoor temperature as follows: 6) 0 °C, 225 
7) 5 °C, 8) 10 °C, 9) 15 °C, and 10) 20 °C. In other words, the EC glazing is darkened when the 226 
temperature exceeds each specified temperature; otherwise, it becomes clear.  227 

Ten conditions were set according to the solar radiation on the vertical surfaces and outdoor 228 
temperatures. The clear state of the EC glazing was maintained as the baseline. The EnergyPlus 229 
analysis model described in section 3.1 was utilized by applying the aforementioned ten control 230 
conditions and the energy and daylight performance were analyzed for each climate zone. The 231 
results are presented in section 4. 232 

4. Results and Discussion 233 

4.1. Analysis results of cooling, heating, and lighting load by varying the solar radiation 234 
Glazing, which is the only part of a building that transmits solar radiation, is directly related to 235 

the cooling, heating, and lighting load. Especially, as the main function of smart glass is to control 236 
the solar radiation transmitted into indoor space, solar radiation is a control variable that needs to 237 
be preferentially considered when controlling EC glazing. Accordingly, solar radiation was set as a 238 
control variable and used to obtain the results presented in this section. For each climate zone 239 
represented by Moscow in Russia, Inchon in Korea, and Riyadh in Saudi Arabia, respectively, the 240 
EC glazing was controlled by varying the solar radiation to calculate the total annual cooling, 241 
heating, and lighting load. Then, the results of the calculation were analyzed and compared, and 242 
the optimal control condition for solar radiation was derived for each climate zone.  243 

The solar radiation was measured on the vertical surfaces on which EC glazing was installed. 244 
When the amount of radiation exceeded the criteria set in section 3.6, the EC glazing was controlled 245 
to be colored. The cooling and heating loads were determined by using the Ideal Load Air System 246 
model of EnergyPlus 8.5 according to the control conditions for EC glazing. The loads necessary to 247 
achieve the set temperatures of 20 °C and 26 °C for cooling and heating, respectively, were 248 
calculated. This study applied lighting control to examine the lighting load required to maintain a 249 
suitable interior luminance, along with the cooling and heating loads. An interior luminance of 250 
700 lx was set as the baseline, and continuous dimming control was adopted as the lighting control 251 
method to evaluate the impact of the lighting load for different transmittances of the EC glazing.   252 

Table 5. Total annual cooling, heating, and lighting loads in Moscow according to solar radiation 253 
control 254 

Load(kWh) Baseline 100 W/㎡ 200 W/㎡ 300 W/㎡ 400 W/㎡ 500 W/㎡ 

Heating 32,729.3 35,059.3 34,730.3 34,335.5 33,930.0 33,592.6 

Cooling 15,149.9 8,899.4 9,196.9 9,993.8 11,144.9 12,391.7 

Lighting 6,424.0 9,853.9 7,273.5 6,841.2 6,610.2 6,504.2 

Total  54,303.2 53,812.6 51,200.6 51,170.5 51,685.1 52,488.5 
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 255 
Figure 3. Total annual cooling, heating, and lighting loads in Moscow according to solar radiation 256 

control 257 

Table 6. Total annual cooling, heating, and lighting loads in Inchon according to solar radiation 258 
control 259 

Load(kWh) Baseline 100 W/㎡ 200 W/㎡ 300 W/㎡ 400 W/㎡ 500 W/㎡ 

Heating 10,966.1 13,915.5 13,547.1 13,153.4 12,548.4 12078.9 

Cooling 24,608.2 18,912.5 19,410.1 20,301.6 21,261.5 22102.7 

Lighting 4,770.1 9,099.3 5,786.6 5,274.8 4,993.0 4,855.9 

Total 40,344.4 41,927.3 38,743.8 38,729.8 38,803.0 39,037.6 

 260 
Figure 4. Total annual cooling, heating, and lighting loads in Inchon according to solar radiation 261 

control 262 

Table 7. Total annual cooling, heating, and lighting loads in Riyadh according to solar radiation 263 
control 264 

Load(kWh) Baseline 100 W/㎡ 200 W/㎡ 300 W/㎡ 400 W/㎡ 500 W/㎡ 

Heating 0.0 0.9 0.6 0.4 0.2 0.0 

Cooling 86,239.4 62,334.7 63,139.6 64,756.4 66,827.2 69,896.1 

Lighting 4,040.4 9,727.1 5,987.0 5,232.9 4,782.3 4,461.2 

Total 90,279.8 72,062.7 67,127.2 69,989.6 71,609.6 74,357.4 
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 265 
Figure 5. Total annual cooling, heating, and lighting loads in Riyadh according to solar radiation 266 

control 267 

First, as shown in Table 5 and Figure 3, the analysis results for Moscow, Russia, revealed that, 268 
when EC glazing was controlled according to the solar radiation, the annual load was reduced 269 
under all control conditions relative to the baseline. In Moscow, among the control conditions for 270 
EC glazing, the annual load was decreased by the smallest amount at 100 W/m2 and decreased by 271 
the largest amount at 300 W/m2. The total annual load of Moscow was mostly affected by the 272 
difference in cooling load, which was related to the extent to which the EC glazing was controlled. 273 
Figure 6 shows the monthly loads for Moscow. Clearly, controlling the EC glazing according to the 274 
solar radiation has a larger effect on the cooling load in summer than in winter.  275 

Second, the analysis results for Inchon, Korea are presented in Table 6 and Figure 4. These 276 
results indicate that, except for 100 W/m2, the annual load decreased under all the control 277 
conditions for EC glazing, with the greatest decrease at 300 W/m2. When solar radiation of 278 
100 W/m2 was used, the annual load increased. This was explained as follows: the small amount of 279 
solar radiation transmitted at 100 W/m2 resulted in a high heating load during winter, as shown in 280 
Figure 7, and required the lighting load during summer to be high because of the low interior 281 
luminance. 282 

Third, as shown in Table 7 and Figure 5, the analysis results for Riyadh, Saudi Arabia, revealed 283 
that the annual load was lower than the baseline under all control conditions for EC glazing, with 284 
the largest decrease in load at 200 W/m2. Figure 8 shows that, unlike Moscow and Inchon, the 285 
annual load of Riyadh decreased. This is attributable to the cooling-based weather patterns of 286 
Riyadh. In other words, the cooling load could be considerably reduced by shading, which resulted 287 
in the observed marked decrease in the total annual load.  288 

An analysis of the variations in the total annual load as a result of controlling the EC glazing 289 
by varying the amount of solar radiation revealed that Moscow, Inchon, and Riyadh had the 290 
smallest loads at 300 W/m2, 300 W/m2, and 200 W/m2, respectively. In particular, Riyadh showed a 291 
decrease in the annual load of as much as 23.4% at 200 W/m2, which was the most remarkable effect. 292 
Inchon and Moscow showed decreases of 4.0% and 5.8%, respectively, in the annual load, at 293 
300 W/m2. Accordingly, EC glazing was especially effective in Riyadh and a similar region, both of 294 
which show a cooling-based weather pattern. Our analysis of the results for the three cities 295 
suggested that setting the EC glazing to be colored in the range 200~300 W/m2 with respect to the 296 
total annual load would be adequate.  297 
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 299 
Figure 6. Total monthly cooling, heating, and lighting loads in Moscow according to solar radiation 300 

control 301 

 302 
Figure 7. Total monthly cooling, heating and lighting loads in Inchon according to solar radiation 303 

control 304 

 305 
Figure 8. Total monthly cooling, heating, and lighting loads in Riyadh according to solar radiation 306 

control 307 
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4.2. Analysis of daylight performance according to solar radiation control 308 
Apart from decreasing the cooling, heating, and lighting load, the analysis of which is 309 

presented in section 4.1, the smart glass for solar radiation control also needs to prevent glare and 310 
ensure an appropriate interior luminance from the users’ viewpoint. Therefore, the DGI related to 311 
glare and interior luminance was analyzed according to EC glazing control by performing an 312 
EnergyPlus 4.8 simulation. 313 

DGI was proposed by Hopkinson. It is recommended that an office building has a DGI value 314 
of 22 or below [30]. The DGI was investigated by analyzing the percentage of time during which the 315 
DGI value was 22 or below for the total annual time of 8,760 hours by using the EnergyPlus 8.4 316 
simulation tool. The appropriate luminance range of 150−1500 lx, as specified by KS (Korean 317 
Industrial Standard) A 3011 for office buildings, was adopted [31]. The percentage of time during 318 
which the appropriate interior luminance range of 150−1500 lx was satisfied for the total annual 319 
time of 8,760 hours was calculated. Analysis of the interior luminance excluded all forms of artificial 320 
lighting and only natural light was considered.  321 

Table 8 and Figure 9 and 10 show the analysis results for DGI and interior luminance. The DGI 322 
results revealed that all the solar radiation control conditions provided excellent performance 323 
relative to the baseline. For Moscow, Inchon, and Riyadh 100 W/m2 was optimal. The higher the 324 
amount of solar radiation, the more disadvantageous the condition was with respect to DGI.  325 

The results obtained for the interior luminance showed that, irrespective of the amount of solar 326 
radiation, EC glazing delivered excellent performance relative to the baseline. Similar to the result 327 
of the DGI analysis, the optimal amount of solar radiation for Moscow, Inchon, and Riyadh was 328 
100 W/m2.  329 

The best performance was attained for both the DGI and interior luminance when setting the 330 
solar radiation to 100 W/m2. An examination of the 100 W/m2 with respect to the cooling, heating, 331 
and lighting load discussed in section 4.1, showed a smaller decrease in the load for Moscow than 332 
under other conditions, an increase in the load above the baseline for Inchon, and no improvement 333 
in the case of Riyadh. Accordingly, the cooling, heating, and lighting loads and the daylight 334 
performance need to be comprehensively evaluated.  335 

Table 8. Percentage of DGI values below 22 and comfort illuminance according to solar radiation 336 
control 337 

Division 
DGI below 22 (%) Daylight Illuminance 150−1500 lx (%) 

Moscow Inchon Riyadh Moscow Inchon Riyadh 

Baseline 67.9 70.8 63.5 49.7 48.0 42.1 

100 W/m2 89.6 92.2 91.7 76.7 77.1 78.1 

200 W/m2 83.5 86.4 80.9 67.8 66.2 73.0 

300 W/m2 78.0 80.5 74.2 60.7 59.1 65.8 

400 W/m2 73.6 76.1 70.4 55.6 53.8 59.5 

500 W/m2 70.5 73.1 67.4 52.2 50.0 52.5 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 October 2018                   doi:10.20944/preprints201810.0663.v1

Peer-reviewed version available at Sustainability 2019, 11, 287; doi:10.3390/su11010287

http://dx.doi.org/10.20944/preprints201810.0663.v1
http://dx.doi.org/10.3390/su11010287


 12 of 22 

 338 
Figure 9. Percentage of annual DGI below 22 according to solar radiation control 339 

 340 
Figure 10. Percentage of annual comfort illuminance according to solar radiation control 341 

4.3. Analysis results for cooling, heating and lighting load according to temperature control 342 
This section presents an analysis of the difference in the sum of the annual cooling, heating, 343 

and lighting loads for each climate zone, that is, Moscow, Inchon, and Riyadh. Similar to solar 344 
radiation, outdoor temperature is another representative factor that directly affects the energy 345 
requirements of a building. If the outdoor temperature increases, the interior cooling load also 346 
increases. When the EC glazing is colored to block solar radiation and thus to reduce the cooling 347 
load, the building energy requirement is reduced. This is the goal of temperature control. However, 348 
the outdoor temperature conditions under which the EC glazing needs to be colored to prevent 349 
solar radiation from entering in each climate zone remain unclear. Accordingly, this study assumed 350 
five temperature conditions of 0 °C, 5 °C, 10 °C, 15 °C, and 20 °C and derived optimal control 351 
temperatures by using an exhaustive search method. 352 

Table 9. Total annual cooling, heating and lighting loads in Moscow as a function of temperature 353 
control 354 

Load(kWh) Baseline 0 ℃ 5 ℃ 10 ℃ 15 ℃ 20 ℃ 

Heating 32,729.3 33,391.8 33,062.1 32,784.4 32,734.9 32,730.2 

Cooling 15,149.9 8,870.6 8,893.6 9,131.0 10,060.2 12,293.6 

Lighting 6,424.0 11,600.8 10,517.3 9,431.9 8,368.7 7,202.4 

Total 54,303.2 53,863.2 52,473.1 51,347.2 51,163.8 52,226.2 
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 355 
Figure 11. Total annual cooling, heating, and lighting loads in Moscow according as a function of 356 

temperature control 357 

Table 10. Total annual cooling, heating, and lighting loads in Inchon as a function of temperature 358 
control 359 

Load(kWh) Baseline 0 ℃ 5 ℃ 10 ℃ 15 ℃ 20 ℃ 

Heating 10966.1 12080.7 11443.0 11035.0 10967.4 10966.6 

Cooling 24608.2 19372.0 19398.2 19648.8 20351.8 21599.7 

Lighting 4770.1 11386.2 10625.3 9577.9 8641.7 7306.9 

Total 40344.4 42838.9 41466.4 40261.6 39960.9 39873.2 

 360 
Figure 12. Total annual cooling, heating, and lighting loads in Inchon as a function of temperature 361 

control 362 

Table 11. Total annual cooling, heating, and lighting loads in Riyadh as a function of temperature 363 
control 364 

Load(kWh) Baseline 0 ℃ 5 ℃ 10 ℃ 15 ℃ 20 ℃ 

Heating 0.0 1.1 1.1 0.3 0.0 0.0 

Cooling 86,239.4 62,429.1 62,439.8 62,866.7 64,477.8 67,819.5 

Lighting 4,040.4 10,899.0 10,897.0 10,828.1 10,333.8 9,511.3 

Total 90,279.8 73,329.1 73,337.9 73,695.1 74,811.6 77,330.8 
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 365 
Figure 13. Total annual cooling, heating, and lighting loads in Riyadh as a function of temperature 366 

control 367 

The analysis results are as follows. First, as shown in Table 9 and Figure 11 for Moscow, using 368 
the EC glazing for temperature control could reduce the annual load under every condition relative 369 
to the baseline. Controlling the EC glazing at 0 °C resulted in the smallest decrease in the annual 370 
load, whereas the largest decrease in the annual load was obtained at 15 °C. Similar to solar 371 
radiation control, the total annual load for Moscow was considerably affected by the difference in 372 
the cooling load according to EC glazing control. Figure 14 shows the monthly loads for Moscow. 373 
As in the case of the solar radiation control, temperature control for EC glazing had a larger effect 374 
on the cooling load. 375 

Second, the results of the analysis for Inchon, Korea, are provided in Table 10 and Figure 12. 376 
The annual load was increased above the baseline at 0 °C and 5 °C but was decreased below the 377 
baseline at 15 °C and 20 °C. Among those temperature control conditions, the decrease in the 378 
annual load was largest at 20 °C. On the other hand, the annual load was increased when the 379 
temperature was set to 0 °C and 5 °C. This is because the smallest amount of solar radiation was 380 
received at 0 °C and 5 °C, which increased both the heating and lighting loads. Accordingly, as 381 
shown in Figure 15, the monthly load increased during winter. Similar load patterns are displayed 382 
all year round both under the baseline condition and the other temperature conditions including 383 
10 °C, 15 °C, and 20 °C. As the winter temperatures of Inchon remain below 10 °C, EC glazing 384 
always maintains the transparent state, thereby producing a similar load to the baseline. During 385 
summer, solar radiation is prevented from entering and the cooling load is reduced, but the impact 386 
of the increase in the lighting load is greater, which offsets the decrease in the cooling load.  387 

Third, the results of the analysis for Riyadh, Saudi Arabia, are presented in Table 11 and Figure 388 
13. The total annual load is lower than the baseline under every temperature condition for EC 389 
glazing. The decrease in the load is the largest at 0 °C. Figure 16 illustrates that, unlike Moscow and 390 
Inchon, the total annual load for Riyadh decreased. This is because the weather patterns of Riyadh 391 
emphasized the need for cooling operations and thus the cooling load was reduced by preventing 392 
solar radiation from entering, which could lower the total annual load.  393 

The above-mentioned results regarding temperature control for EC glazing were examined 394 
more comprehensively. This examination showed that Moscow, Inchon, and Riyadh have the 395 
smallest load at 15 °C, 20 °C, and 0 °C, respectively. In particular, Riyadh achieved a decrease of 396 
18.8% in the annual load at 0 °C, which was the best performance. The annual load for Inchon 397 
decreased by 1.2% at 20 °C, whereas for Moscow the load decreased by 5.8% at 15 °C. Using the 398 
solar radiation condition for which the best performance was obtained in section 4.1, the percentage 399 
by which the annual load decreased was 23.4% for Moscow, 4.0% for Inchon, and 5.8% for Riyadh. 400 
Thus, solar radiation control for EC glazing is more effective than temperature control for reducing 401 
the cooling, heating, and lighting load in all the target cities except Riyadh. 402 
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 403 
Figure 14. Total monthly cooling, heating, and lighting loads according to temperature control in 404 

Moscow 405 

 406 
Figure 15. Total monthly cooling, heating, and lighting loads according to temperature control in 407 

Inchon 408 

 409 
Figure 16. Total monthly cooling, heating, and lighting loads according to temperature control in 410 

Riyadh 411 
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4.4. Analysis results for daylight performance according to temperature control 412 
Table 12 and Figure 17 and 18 provide the results of the analysis of the DGI and interior 413 

illuminance. The DGI result shows that all the temperature conditions for EC glazing outperformed 414 
the baseline. The best performance was obtained when the EC glazing was controlled at 0 °C in 415 
Moscow, Inchon, and Riyadh. The higher the temperature, the more disadvantageous the condition 416 
was with respect to DGI. However, the result obtained for interior illuminance deviated from that 417 
of DGI. The performance with respect to interior illuminance is optimal at 10 °C, 5 °C, and 10 °C, for 418 
Moscow, Inchon, and Riyadh, respectively. 419 

Analysis of the cooling, heating, and lighting loads, presented in section 4.3, revealed that the 420 
performance for Moscow, Inchon, and Riyadh was optimal at 15 °C, 20 °C, and 0 °C, respectively. 421 
However, with respect to DGI, all three cities performed the best at 0 °C. In addition, with respect to 422 
interior luminance, Moscow, Inchon, and Riyadh displayed the best performance at 10 °C, 5 °C, and 423 
10 °C, respectively. 424 

As in the case of solar radiation control, comprehensive evaluation and analysis are necessary 425 
to derive an optimal control condition with respect to both the energy and lighting environments. 426 
Accordingly, in section 4.5, the EDPI is utilized to comprehensively analyze the total annual 427 
cooling, heating, and lighting loads, DGI, and interior luminance. 428 

Table 12. Percentage of DGI values below 22 and comfort luminance range according to 429 
temperature control 430 

Division 
DGI under 22 (%) Daylight Illuminance 150−1500 lx (%) 

Moscow Inchon Riyadh Moscow Inchon Riyadh 

Baseline 67.9 70.8 63.5 49.7 48.0 42.1 

0 ℃ 88.6 89.9 91.8 55.1 54.4 64.2 

5 ℃ 87.5 87.9 91.8 58.2 55.2 64.3 

10 ℃ 84.9 84.9 91.7 59.2 54.8 64.6 

15 ℃ 81.2 82.3 90.6 58.6 54.7 64.1 

20 ℃ 75.2 78.6 87.0 56.0 53.7 63.8 

 431 
Figure 17. Percentage of annual DGI values below 22 according to temperature control 432 
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 433 
Figure 18. Percentage of annual comfort illuminance according to temperature control 434 

4.5. Derivation of optimal control conditions by comprehensively considering energy and daylight 435 
environment 436 

The daylight performance was analyzed with respect to the cooling, heating, and lighting load, 437 
DGI, and interior illuminance in sections 4.1 to 4.4. The results clarified the advantages and 438 
disadvantages in terms of the control conditions of EC glazing for each climate zone. However, the 439 
optimal characteristics identified thus far are varied and this prevented an optimal control method 440 
for each climate zone to be determined. Accordingly, a method for comprehensive evaluation is 441 
required. In this section, the EDPI (Integrated Energy and Daylight Performance Index), which was 442 
developed in a previous study, is used to comprehensively evaluate the performance with respect 443 
to energy and the daylight environment [19]. As shown in Eq. 1, the EDPI evaluates performance by 444 
obtaining percentiles from the comparison of the actual maximum and minimum values for each 445 
component of the sum of the annual cooling, heating and lighting loads, the percentage of annual 446 
DGI values below 22, and the percentage of annual interior comfort luminance.  447 

For example, in the case of Moscow, if the percentage of the annual DGI values below 22 under 448 
the different temperature conditions is calculated by using 𝐸𝑃𝐷𝐼௜௝ , the value of component i 449 
indicates the percentage of DGI values below 22 under the different temperature and solar 450 
radiation conditions, and condition j represents every temperature and solar radiation condition. 451 
Considering the percentage of annual DGI values below 22 in Table 12, when the score for the 452 
control condition of 5 °C in Moscow is calculated, the Actual 𝑋௜௝ 𝑣𝑎𝑙𝑢𝑒  is 87.5%, 453 Minnimum 𝑋௜௝ 𝑣𝑎𝑙𝑢𝑒  is 67.9%, and Maximum 𝑋௜௝ 𝑣𝑎𝑙𝑢𝑒  is 89.6% (actual values when the solar 454 
radiation is 100 W/m2). Substituting these values into Eq. 1 yields a result of 90.4. Based on Table 13, 455 
the percentage 𝐸𝑃𝐷𝐼௜௝ of annual DGI values below 22 for the optimal temperature condition in 456 
Moscow is 90.4.  457 

Accordingly, the 𝐸𝑃𝐷𝐼௜௝ of the sum of the annual cooling, heating, and lighting loads, the 458 
percentage of annual DGI values below 22, and that of annual comfort luminance is derived for 459 
each control condition for EC glazing for each climate zone. Then, an integrated performance 460 
evaluation becomes possible by calculating the mean value of data thus derived.  461 𝐸𝐷𝑃𝐼௜௝ =  ஺௖௧௨௔௟ ௑೔ೕ ௩௔௟௨௘ିெ௜௡௜௠௨௠ ௑೔ೕ ௩௔௟௨௘ ெ௔௫௜௠௨௠ ௑೔ೕ ௩௔௟௨௘ିெ௜௡௠௨௠ ௑೔ೕ ௩௔௟௨௘ × 100                  (1)  462 

The results of the EDPI analysis were as follows. First, in the case of Moscow, solar radiation of 463 
200 W/m2 proved to be the best condition. Based on the EDPI, among the ten conditions, this 464 
condition ranked second in terms of decreasing the annual load. As regards the daylight 465 
environment, the condition of 200 W/m2 was ranked fourth in preventing discomfort glare and 466 
second in the percentage of annual comfort luminance. Although the condition of 200 W/m2 did not 467 
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record the best score in terms of the load and daylight environment, it proved to be the best 468 
condition by comprehensively considering complex factors and combining high scores. 469 

In the case of Inchon, as for Moscow, the solar radiation of 200 W/m2 was the best condition. 470 
Based on the EDPI, solar radiation of 200 W/m2 was ranked second in all the following categories: 471 
the cooling, heating, and lighting loads, the percentage of annual DGI values below 22, and the 472 
percentage of annual comfort luminance. The condition of 100 W/m2 produced the best result, that 473 
is, 100 points regarding the daylight environment but was ranked ninth regarding the annual load 474 
among the ten conditions. The condition of 300 W/m2 was ranked first regarding the annual load 475 
but had a low ranking with respect to the daylight environment. Accordingly, by considering the 476 
complex factors comprehensively and by combining the high scores, solar radiation of 200 W/m2 477 
was determined to ensure the best performance in Inchon. 478 

Finally, in the case of Riyadh, unlike Moscow and Inchon, solar radiation of 100 W/m2 proved 479 
to be optimal. This solar radiation condition ranked fourth among the ten conditions in terms of 480 
decreasing the annual load. With respect to the daylight environment, solar radiation of 100 W/m2 481 
ranked first both with respect to the percentage of annual DGI values below 22 and the percentage 482 
of annual comfort luminance. The second best solar radiation, 200 W/m2, ranked first regarding the 483 
annual load. With respect to the daylight environment, solar radiation of 200 W/m2 ranked fifth in 484 
the percentage of annual DGI values below 22 and second in the percentage of annual comfort 485 
luminance. Although solar radiation 200 W/m2 yielded good results, the comprehensive evaluation 486 
showed that solar radiation of 100 W/m2 scored 95.4 points whereas for 200 W/m2 the score was 82.5 487 
points. This indicates that solar radiation of 100 W/m2 is the optimal control condition for Riyadh. 488 

In summary, solar radiation of 200 W/m2 was optimal for Moscow and Inchon, whereas 489 
100 W/m2 provided the best results for Riyadh.  490 

As for the top 30% of the conditions in each climate zone, solar radiation of 200 W/m2 (EDPI 491 
79.2) was the best for Moscow, followed by 100 W/m2 (EDPI 71.9) and temperature of 10 °C (EDPI 492 
69.3). For Inchon, solar radiation of 200 W/m2 (EDPI 78.4) was the best condition, followed by 493 
100 W/m2 (EDPI 74.1) and 300 W/m2 (EDPI 61.2). For Riyadh, solar radiation of 100 W/m2 (EDPI 494 
95.4) was the best condition, followed by 200 W/m2 (EDPI 82.5) and temperature of 5 °C (EDPI 80.6). 495 
Thus, in each one of the climate zones we analyzed, the solar radiation on a vertical surface was a 496 
more effective variable in controlling EC glazing than the outdoor temperature. 497 

Table 13. Integrated evaluation of energy and daylight performance using EDPI 498 

Division 

EDPI 

EDPI Chart DGI 
below 

22 

Lux 
150− 

1500 lx 

Total 
Load 
(kWh) 

Average 

Moscow 

Baseline 0.0 0.0 0.0 0.0 

 

100 W/m² 100.0 100.0 15.6 71.9 

200 W/m² 71.8 67.0 98.8 79.2 

300 W/m² 46.8 40.7 99.8 62.4 

400 W/m² 26.3 21.9 83.4 43.8 

500 W/m² 11.9 9.3 57.8 26.3 

0 ℃ 95.5 20.0 14.0 43.2 

5 ℃ 90.4 31.5 58.3 60.0 

10 ℃ 78.5 35.2 94.2 69.3 

15 ℃ 61.5 33.0 100.0 64.8 

20 ℃ 33.7 23.3 66.2 41.1 
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Inchon 

Baseline 0.0 0.0 60.7 20.2 

 

100 W/m² 100.0 100.0 22.2 74.1 

200 W/m² 73.0 62.5 99.7 78.4 

300 W/m² 45.6 38.1 100.0 61.2 

400 W/m² 24.8 19.9 98.2 47.7 

500 W/m² 10.9 6.9 92.5 36.8 

0 ℃ 89.6 22.0 0.0 37.2 

5 ℃ 80.0 24.7 33.4 46.0 

10 ℃ 65.9 23.4 62.7 50.7 

15 ℃ 53.8 23.0 70.0 48.9 

20 ℃ 36.3 19.6 72.2 42.7 

Riyadh 

Baseline 0.0 0.0 0.0 0.0 

 

100 W/m² 100.0 100.0 86.1 95.4 

200 W/m² 61.7 85.8 100.0 82.5 

300 W/m² 37.7 65.8 95.9 66.5 

400 W/m² 24.5 48.3 88.3 53.7 

500 W/m² 13.7 28.9 75.3 39.3 

0 ℃ 100.0 61.4 80.1 80.5 

5 ℃ 100.0 61.7 80.1 80.6 

10 ℃ 99.7 62.5 78.4 80.2 

15 ℃ 95.8 61.1 73.1 76.7 

20 ℃ 83.1 60.3 61.2 68.2 

5. Conclusions 499 

In this study, Moscow in Russia, Inchon in Korea, and Riyadh in Saudi Arabia were selected as 500 
representative cities for each of three climate zones. Ten conditions for controlling EC glazing were 501 
set according to the outdoor temperature and amount of solar radiation. The optimal control 502 
condition was derived for each climate zone with respect to the cooling, heating, and lighting load 503 
and daylight performance. The results of the analysis can be summarized as follows. 504 

 505 
(1) The results of the analysis of the total annual loads according to the solar radiation control for 506 

EC glazing showed that the best conditions for Moscow, Inchon, and Riyadh were 300, 300, 507 
and 200 W/m2, respectively. The annual load decreased by 23.4% at 200 W/m2 in Riyadh, which 508 
was the best result. As for the other cities, the annual load was decreased by 4.0% at 300 W/m2 509 
in Inchon and 5.8% at 300 W/m2 in Moscow.  510 
When the daylight performance was analyzed by controlling the solar radiation for EC glazing, 511 
the percentage of annual DGI values below 22 was the highest for solar radiation of 100 W/m2 512 
in each of the cities that were considered. Higher solar radiation was found to be more 513 
disadvantageous with respect to DGI. The results of the analysis of the percentage of annual 514 
comfort luminance showed that solar radiation of 100W/m2 was the best condition for every 515 
city, which corresponded with the DGI analysis result.  516 
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(2) Analysis of the total annual loads according to the temperature control for EC glazing yielded 517 
the best performance at 15 °C for Moscow, 20 °C for Inchon, and 0 °C for Riyadh. In particular, 518 
Riyadh achieved an 18.8% decrease in the annual load at 0 °C, which was the best performance 519 
overall. In the case of Inchon, the annual load decreased by 1.2% at 20 °C, and Moscow showed 520 
a 5.8% decrease at 15 °C.  521 

(3) Analysis of the daylight performance according to temperature control for EC glazing showed 522 
that the percentage of annual DGI values below 22 was the highest at 0 °C in every city. 523 
However, the result obtained for interior illuminance exhibited a trend that differed from that 524 
of DGI. The performance with respect to interior illuminance for Moscow, Inchon, and Riyadh 525 
was optimal at 10 °C, 5 °C, and 10 °C, respectively.  526 

(4) Although the advantages and disadvantages of each control condition for EC glazing could be 527 
identified for each climate zone, an integrated method for evaluating the performance in terms 528 
of both the cooling, heating, and lighting load and the daylight environment was required. 529 
This study utilized the EDPI to comprehensively evaluate the energy and daylight 530 
performance. The EDPI-based comprehensive analysis showed that solar radiation of 531 
200 W/m2 was the optimal condition for Moscow and Inchon, whereas 100 W/m2 was optimal 532 
for Riyadh. As for the top 30% of conditions in each climate zone, solar radiation of 200 W/m2 533 
was the best condition for Moscow, followed by 100 W/m2 and temperature of 10 °C. For 534 
Inchon, solar radiation of 200 W/m2 was the best condition, followed by 100 W/m2 and 535 
300 W/m2. For Riyadh, solar radiation of 100 W/m2 was the best condition, followed by 536 
200 W/m2 and temperature of 5 °C. Thus, in every climate zone that was analyzed, the solar 537 
radiation incident on a vertical surface was a more effective variable in controlling EC glazing 538 
than the outdoor temperature. Ultimately, solar radiation of 100~200 W/m2 proved to be the 539 
optimal control condition. 540 

This study used weather data of three climate zones, constructed a single analysis model, and 541 
restricted the use of the model to an office building. As the representative climate zones were 542 
arbitrarily selected in this study, the optimal control results cannot be standardized. Apart from 543 
this, the format of the analysis model was fixed; thus, the results do not imply that the optimal 544 
control conditions identified in this study are applicable to every type of building. Accordingly, 545 
based on the results of this study, future studies on EC glazing control are planned to analyze more 546 
diverse climate zones and to use an analysis model reflecting various building forms and purposes, 547 
properties of the building envelope, and the window-to-wall ratio. 548 
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