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Sue-Young Choi, Soo-Jin Lee and Seung-Yeong Song * 

Department of Architectural and Urban Systems Engineering, Ewha Womans University, Seoul, South Korea 
* Correspondence: archssy@ewha.ac.kr 

Abstract 

The building sector accounts for approximately 30% of global energy use. The demand for energy-
efficient, high-performance buildings is increasing given the increasing awareness of the climate 
crisis. The building envelope greatly influences overall building energy performance. Considering 
the broad shift from passive to adaptive systems, smart window technologies are attracting attention. 
Despite their potential, few scholars have examined occupant comfort in spaces with smart windows. 
This gap is addressed herein by comparatively analyzing occupants’ responses to thermal and visual 
environments in a room with a smart window (RoomSW) and a room with a conventional window 
(RoomCW) in a residential building in winter. The smart window is operated via a glare-prevention 
tint control strategy, whereby the tint level is adjusted stepwise when glare occurs. The results reveal 
that under thermal conditions comparable to those in an actual dwelling, wintertime smart window 
tinting for glare prevention does not decrease occupants’ thermal sensation or satisfaction. Regarding 
visual comfort, the conditions in both the RoomSW and RoomCW satisfy the minimum indoor 
illuminance requirements, but glare occurs in the RoomCW. The questionnaire results indicate 
greater satisfaction with the luminous environment in the RoomSW relative to the RoomCW. This 
difference is statistically significant (p < 0.05). 

Keywords: smart window; thermal comfort; visual comfort; experiment; survey 
 

1. Introduction 

The building sector accounts for 30% of global energy consumption and 27% of the total CO2 
emissions; in the absence of appropriate measures, its share is projected to increase to approximately 
70% by 2050 [1]. As the climate crisis driven by global warming becomes a tangible reality, the 
demand for energy-efficient, high-performance buildings continues to grow. Among the various 
components of a building, the envelope, in particular, significantly influences its overall energy 
performance. However, conventional passive envelope systems often exhibit suboptimal energy 
performance [2,3]. With the increasing conversion of passive systems into adaptive systems [4], smart 
window technologies have emerged. 

Smart windows represent functional glazing systems that can be used to control solar radiation 
entering a building by adjusting the solar heat gain coefficient (SHGC) and visible transmittance (VT). 
These systems are classified into passive and active types depending on whether electrical power is 
required for their operation. The smart window applied in this study is an active suspended particle 
device (SPD) window, which operates on the principle that particles randomly dispersed in the off 
(tinted) state become aligned in the on (clear) state, allowing light to pass through. SPD smart 
windows are characterized by a very short switching (tinting) time and by the ability to finely adjust 
the transmittance at multiple levels according to the magnitude of the applied alternating current 
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(AC) power. The operating principle of the smart window is illustrated in Figure 1, which shows its 
appearance in the tinted and clear states. By appropriately controlling the smart window in response 
to indoor and outdoor environmental conditions and occupant preferences, it is possible to achieve 
both energy savings and increased occupant comfort. With growing interest in green buildings and 
sustainable architecture and advances in related technologies, the smart window market is expected 
to expand in the future. According to a market research report by the International Market Analysis 
Research and Consulting (IMARC) group [5], the smart window market size is projected to increase 
from USD 1.2773 billion in 2023 to USD 3.88 billion in 2032, corresponding to a compound annual 
growth rate (CAGR) of approximately 12.7%. 

Numerous scholars have conducted simulations and experiments focused on the multifaceted 
performance of smart windows. Mesloub et al. [6] evaluated the energy-saving potential and visual 
comfort improvement levels of SPD smart windows using the simulation tools Diva-for-Rhino and 
EnergyPlus. The smart window was operated under three control conditions, namely, fully clear, 
fully tinted, and automatically tinted according to incident solar radiation, and it was compared to a 
conventional window for each orientation. The simulation results were as follows: (1) in the fully 
tinted case, the cooling energy demand significantly decreased compared with that in the other cases, 
but the very low VT made it difficult to establish an adequate luminous environment, and (2) in the 
case where the window was automatically controlled to tint according to solar radiation, energy 
savings could be achieved while blocking glare and providing appropriate daylighting. 

 
Figure 1. Schematic of the operating principle and tinting/clear states under different modes. 

Masi et al. [7] conducted an experiment in a test room measuring 5.0 m in width and depth and 
6.0 m in height to investigate the lighting and cooling energy-saving performance of smart windows. 
The results revealed that when the smart window was in a clear state, the lighting energy demand 
was the lowest and the cooling energy demand was the highest, leading to the greatest overall energy 
demand. In contrast, the case in which the window was tinted on the basis of the work plane 
illuminance reduced the total lighting and cooling energy demand by 3%, yielding the most favorable 
overall performance. Lee, Choi, and Song [8] installed an SPD smart window in a typical residential 
building and analyzed its effects on thermal and visual comfort and energy performance during the 
intermediate season (September–October) and the heating season (December) according to sky 
conditions and a tint control strategy. Four tint control cases were considered: fully clear (Case 1); 
tinting when the indoor air temperature exceeded 24°C (Case 2); tinting to maintain an indoor work 
plane illuminance of at least 200 lx (Case 3); and tinting to prevent glare while ensuring the minimum 
required illuminance (Case 4). The experimental results revealed that in the intermediate season, an 
automatic control strategy based on indoor work plane illuminance was considered effective, 
whereas in the heating season, an automatic control strategy triggered by glare occurrence was 
considered effective in terms of balancing visual comfort and heating energy performance. Ghosh, 
Norton, and Duffy [9] installed a conventional window and an SPD smart window in two cubic test 
boxes with dimensions of 0.7 m × 0.7 m × 0.7 m and evaluated daylighting performance under 
different sky conditions. Useful daylight illuminance (UDI), daylight factor (DF), and daylight glare 
index (DGI) were adopted as evaluation metrics. The results indicated that setting the transmittance 
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of the SPD smart window to an intermediate level was effective for maintaining the UDI, DF, and 
DGI values within appropriate ranges. 

Smart windows are still considered an emerging technology, and real-world applications remain 
relatively limited. For their wider use and adoption, it is necessary to evaluate their performance 
levels across various applications and establish appropriate control strategies. However, although 
smart windows adjust the SHGC and VT through tinting and directly influence occupants’ thermal 
and visual comfort levels, existing studies on smart windows have seldom addressed occupant 
comfort [10,11]. In addition, research analyzing how occupants actually perceive spaces where smart 
windows are applied is very scarce. To address this research gap, an experiment is conducted to 
investigate how the wintertime tinting of smart windows affects people, and occupants’ responses to 
thermal and visual environments in a space with a tinted smart window or a conventional window 
are compared and analyzed. 

First, thermal and visual comfort evaluation indices for the occupants were examined, after 
which the evaluation items, indices, and test cases were defined. Participants were then recruited, 
and measurements and surveys were conducted in an experimental building where a smart window 
and a conventional window were installed. Data were collected on temperature, predicted mean vote 
(PMV), work plane illuminance, new daylight glass index (DGIN), and survey responses to the 
thermal and visual environments. These data were used to analyze the impacts of the wintertime 
tinting of smart windows on the perceived thermal and visual comfort levels of the occupants. The 
aims of this study were to promote the efficient use of smart windows and contribute to the 
realization of sustainable, high-performance buildings. 

2. Review of Occupant Comfort Indicators 

2.1. PMV 

Thermal sensation is a concept that represents the perceived degree of cold or warmth, and ISO 
7730 [12] and ASHRAE Standard 55 [13] define it using a seven-point scale from –3 to +3 (Table 1). 
An index that represents the thermal sensation of occupants on this seven-point scale is the PMV, for 
which the range from –0.5 to +0.5 is regarded as representing thermally comfortable conditions. 

Table 1. Thermal sensation scale. 

Value Thermal sensation 
-3 Cold 
-2 Cool 
-1 Slightly cool 
0 Neutral 

+1 Slightly warm 
+2 Warm 
+3 Hot 

The PMV model, proposed by P.O. Fanger [14], is calculated by combining four physical 
environmental variables, i.e., air temperature, relative humidity, mean radiant temperature (MRT), 
and air velocity, and two personal variables, namely, metabolic rate (met) and clothing insulation 
(clo). By considering all six factors that influence thermal sensation, the PMV is distinguished from 
other indices, such as effective temperature (ET) and operating temperature (OT), and it enables the 
assessment of thermal sensation while considering diverse occupant activity and clothing levels. The 
use of the PMV is recommended only when the air velocity is less than 0.20 m/s, and is the PMV can 
be derived from Equations (1)–(4). 
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𝑃𝑃𝑃𝑃𝑃𝑃 =  [0.303 × 𝑒𝑒𝑒𝑒𝑒𝑒(−0.036 × 𝑀𝑀) + 0.028]  ×

⎩
⎨

⎧
(𝑀𝑀 −𝑊𝑊) − 3.05 ×  10−3  ×  [5733 − 6.99 × (𝑀𝑀 −𝑊𝑊) −  𝑃𝑃𝑎𝑎] 

− 0.42 ×  [(𝑀𝑀−𝑊𝑊) − 58.15]
− 1.7 ×  10−5  × 𝑀𝑀 ×  (5867 −  𝑃𝑃𝑎𝑎) − 0.0014 × 𝑀𝑀 × (34 −  𝑡𝑡𝑎𝑎)

− 3.96 ×  10−8  ×  𝑓𝑓𝑐𝑐𝑐𝑐  ×  [(𝑡𝑡𝑐𝑐𝑐𝑐 + 273)4 −  (𝑡𝑡𝑟𝑟� + 273)4] −  𝑓𝑓𝑐𝑐𝑐𝑐  ×  ℎ𝑐𝑐  ×  (𝑡𝑡𝑐𝑐𝑐𝑐 −  𝑡𝑡𝑎𝑎)⎭
⎬

⎫
      (1) 

𝑡𝑡𝑐𝑐𝑐𝑐 = 35.7 − 0.028 × (𝑀𝑀 −𝑊𝑊) −  𝐼𝐼𝑐𝑐𝑐𝑐  ×  {3.96 ×  10−8  ×  𝑓𝑓𝑐𝑐𝑐𝑐  ×  [(𝑡𝑡𝑐𝑐𝑐𝑐 + 273)4 −  (𝑡𝑡𝑟𝑟� + 273)4 ] +
 𝑓𝑓𝑐𝑐𝑐𝑐  ×  ℎ𝑐𝑐  ×  (𝑡𝑡𝑐𝑐𝑐𝑐 −  𝑡𝑡𝑧𝑧)}                                                                           
(2) 

ℎ𝑐𝑐 =  �
2.38 ×  |𝑡𝑡𝑐𝑐𝑐𝑐 −  𝑡𝑡𝑎𝑎|0.25    𝑓𝑓𝑓𝑓𝑓𝑓    2.38 ×  |𝑡𝑡𝑐𝑐𝑐𝑐 −  𝑡𝑡𝑎𝑎|0.25  > 12.1 × �𝑣𝑣𝑎𝑎𝑎𝑎
12.1 × �𝑣𝑣𝑎𝑎𝑎𝑎                     𝑓𝑓𝑓𝑓𝑓𝑓    2.38 ×  |𝑡𝑡𝑐𝑐𝑐𝑐 −  𝑡𝑡𝑎𝑎|0.25  < 12.1 × �𝑣𝑣𝑎𝑎𝑎𝑎

�             (3) 

𝑓𝑓𝑐𝑐𝑐𝑐 = �1.00 + 1.290 × 𝐼𝐼𝑐𝑐𝑐𝑐     𝑓𝑓𝑓𝑓𝑓𝑓     𝐼𝐼𝑐𝑐𝑐𝑐  ≤ 0.078 𝑚𝑚2𝐾𝐾/𝑊𝑊 
1.05 + 0.645 × 𝐼𝐼𝑐𝑐𝑐𝑐     𝑓𝑓𝑓𝑓𝑓𝑓     𝐼𝐼𝑐𝑐𝑐𝑐  > 0.078 𝑚𝑚2𝐾𝐾/𝑊𝑊 

�                             (4) 

𝑀𝑀 = metabolic rate (𝑊𝑊/𝑚𝑚2); 
* 1 metabolic rate = 1 met =58.2 𝑊𝑊/𝑚𝑚2; 
𝑊𝑊 = effective mechanical power (𝑊𝑊/𝑚𝑚2); 
𝐼𝐼𝑐𝑐𝑐𝑐 = clothing insulation (𝑚𝑚2𝐾𝐾/𝑊𝑊); 
* 1 clothing unit = 1 clo = 0.155 𝑚𝑚2𝐾𝐾/W; 
𝑓𝑓𝑐𝑐𝑐𝑐 = clothing surface area factor; 
𝑡𝑡𝑎𝑎 = air temperature (℃); 
𝑡𝑡𝑟𝑟�  = mean radiant temperature (℃); 
𝑣𝑣𝑎𝑎𝑎𝑎 = relative air velocity (𝑚𝑚/𝑠𝑠); 
𝑃𝑃𝑎𝑎 = water vapor partial pressure (Pa); 
ℎ𝑐𝑐 = convective heat transfer coefficient (𝑊𝑊/𝑚𝑚2); 
𝑡𝑡𝑐𝑐𝑐𝑐 = clothing surface temperature (℃). 

2.2. DGIN 

According to the International Commission on Illumination (CIE) [15], glare is classified into 
discomfort glare and disability glare. Discomfort glare refers to glare that causes discomfort without 
impairing the visibility or visual performance of the occupant. Conversely, disability glare refers to 
glare that temporarily causes a physical impairment of visual function such that the occupant cannot 
see a given object. To make appropriate use of the benefits of daylighting in buildings, glare control 
is essential. In contrast to research on disability glare, research on the mechanisms underlying glare 
discomfort, particularly glare caused by daylight, is limited [16,17], and because glare is inherently 
based on the subjective judgment of an occupant, evaluating both its occurrence and intensity is 
difficult. Nonetheless, several indices have been studied and developed to provide an objective 
evaluation of glare, including the unified glare rating (UGR), visual comfort probability (VCP), 
daylight glare probability (DGP), and daylight glare index (DGI). Among these parameters, DGP and 
DGI have been developed for the assessment of glare induced by daylight rather than electric 
lighting, and both are calculated using the same variables with different weights. 

On the basis of experimental results obtained with an artificial large-area light source, 
Hopkinson [18] modified the British glare index (BGI) and proposed the DGI calculation formulas 
given in Equations (5) and (6). BGI, developed at a building research station, is an early index that 
was introduced for the quantitative assessment of glare. Subsequently, Chauvel [19] compared 
subjectively assessed glare with glare values derived from the calculation formulas and, by replacing 
𝐿𝐿𝑠𝑠 in the denominator of Equation (6) with 𝐿𝐿𝑤𝑤, redefined the expression for G (Equation (7)). 

𝐷𝐷𝐷𝐷𝐷𝐷 = 10 log∑ 𝐺𝐺𝑛𝑛
𝑖𝑖=1                                                      (5) 

𝐺𝐺 = 0.478 ×  � 𝐿𝐿𝑠𝑠1.6 × 𝛺𝛺𝑖𝑖
0.8

𝐿𝐿𝑏𝑏+(0.07𝜔𝜔0.5 × 𝐿𝐿𝑠𝑠)
�                                                  (6) 
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𝐺𝐺 = 0.478 ×  � 𝐿𝐿𝑠𝑠1.6 × 𝛺𝛺𝑖𝑖
0.8

𝐿𝐿𝑏𝑏+(0.07𝜔𝜔0.5 × 𝐿𝐿𝑤𝑤)
�                                                 (7) 

𝐿𝐿𝑠𝑠: Luminance of each segment of the light source (𝑐𝑐𝑐𝑐/𝑚𝑚2); 
𝐿𝐿𝑏𝑏: Average luminance of environmental surfaces within the field of view (𝑐𝑐𝑐𝑐/𝑚𝑚2); 
𝐿𝐿𝑤𝑤: Composition-weighted window luminance (𝑐𝑐𝑐𝑐/𝑚𝑚2); 
𝛺𝛺: Solid angle of the light source (𝑠𝑠𝑠𝑠); 
𝜔𝜔: Solid angle of the window (𝑠𝑠𝑠𝑠). 
However, in these equations, deriving 𝐿𝐿𝑠𝑠 ,, 𝐿𝐿𝑏𝑏, and 𝐿𝐿𝑤𝑤 using a luminance meter or imaging 

technique is not straightforward and suffers from limited accuracy, and additional data processing is 
required to define surfaces with uniform luminance levels. In relation to these issues, Nazzal [20] 
devised a method based on illuminance measurements instead of luminance. After further 
modification and refinement, the proposed DGIN [21], which enables the evaluation of discomfort 
glare caused by direct sunlight. A DGIN is an index that can be applied to nonuniform light sources 
that has been developed to better account for occupant comfort. The DGIN is obtained using Equation 
(8), and glare is considered to occur when its value exceeds 22 (Table 2). The variables related to 
Equation (8) are determined by Figure 2 and Equations (9)–(16). 

DGIN = 8𝑙𝑙𝑙𝑙𝑙𝑙10  �0.25 � �∑(𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒
2 𝛺𝛺𝑝𝑝𝑝𝑝)�

�𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎+0.07(∑(𝐿𝐿𝑤𝑤𝑤𝑤𝑤𝑤
2  𝜔𝜔𝑁𝑁))0.5�

��           (8) 

Table 2. DGIN scale. 

DGIN Level of glare 
16 Just perceptible 
18 Perceptible 
20 Just acceptable 
22 Acceptable 
24 Just uncomfortable 
26 Uncomfortable 

 
Figure 2. Schematic diagram for the DGIN calculation. a is the width of the window; b is the height of the window, 
d is the distance between the window and the measurement position (m); and 𝐸𝐸𝑉𝑉,𝑒𝑒𝑒𝑒𝑒𝑒

𝑖𝑖𝑖𝑖 , 𝐸𝐸𝑉𝑉,𝑎𝑎𝑎𝑎𝑎𝑎
𝑖𝑖𝑖𝑖 , and 𝐸𝐸𝑉𝑉,𝑤𝑤𝑤𝑤𝑤𝑤

𝑖𝑖𝑖𝑖  are the 
measured illuminance values. 

X = a/2d, Y = b/2d                                                          (9) 

A = 𝑋𝑋/[√(1 + 𝑋𝑋2)], B = 𝑌𝑌/[√(1 + 𝑋𝑋2)], C = 𝑌𝑌/[√(1 + 𝑌𝑌2)], D = 𝑋𝑋/[√(1 + 𝑌𝑌2)]       (10) 

𝜙𝜙 = (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)/𝜋𝜋                                              (11) 

𝛺𝛺𝑝𝑝𝑝𝑝 = 2𝜋𝜋𝜋𝜋                                                               (12) 

𝜔𝜔𝑁𝑁 = [𝑎𝑎𝑎𝑎 cos(arctan (𝑋𝑋)) cos(arctan (𝑌𝑌))]/𝑑𝑑2                                  (13) 

𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 =  𝐸𝐸𝑉𝑉,𝑒𝑒𝑒𝑒𝑒𝑒
𝑖𝑖𝑖𝑖 /[2(𝜋𝜋 − 1)]                                                      (14) 

𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎 =  𝐸𝐸𝑉𝑉,𝑎𝑎𝑎𝑎𝑎𝑎
𝑖𝑖𝑖𝑖 /𝜋𝜋                                                           (15) 

𝐿𝐿𝑤𝑤𝑤𝑤𝑤𝑤 = 𝐸𝐸𝑉𝑉,𝑤𝑤𝑤𝑤𝑤𝑤
𝑖𝑖𝑖𝑖 /2𝜋𝜋𝜋𝜋                                                         (16) 
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3. Materials and Methods 

3.1. Evaluation Indicators and Case Definitions 

As indicated in Table 3, the evaluation items and indices for thermal and visual comfort were 
defined. Temperature and thermal sensation were selected as evaluation items for thermal comfort, 
whereas glare and indoor illuminance were selected as evaluation items for visual comfort. For 
temperature, dry bulb and globe temperatures were adopted as objective evaluation indices. For 
thermal sensation, the PMV was used as an objective index, and the thermal sensation vote (TSV) and 
a questionnaire on satisfaction with the thermal environment were employed as subjective indices. 
For glare, the DGIN was adopted as an objective evaluation index, whereas for indoor illuminance, 
work plane illuminance was used as an objective index, and survey responses on perceived indoor 
brightness and brightness satisfaction were used as subjective indices. For thermal comfort, objective 
assessments based on dry bulb temperature, globe temperature, and PMV were compared with the 
subjective questionnaire responses of the subjects. For visual comfort, objective analyses of glare 
occurrence and illuminance adequacy were conducted using the DGIN and work plane illuminance, 
and these results were compared with the subjective questionnaire responses of the subjects. 

From an energy performance perspective, in winter, it is advantageous not to tint smart 
windows because tinting can reduce solar heat gains and thereby increase heating energy 
consumption. However, even in winter, it is necessary to prevent glare by tinting the smart window. 
Previous research [8] has shown that in winter, a glare prevention tint control strategy that keeps the 
smart window clear under normal conditions and tints it in a stepwise manner when glare is likely 
to occur is the most effective strategy when both energy and comfort are considered. Accordingly, in 
this study, occupant thermal and visual comfort levels were evaluated with a glare prevention tint 
control strategy, which is expected to be widely applied as a smart window tint control approach for 
winter because it can maximize the benefits of smart windows.  

Table 3. Evaluation items and indicators. 

Category Item Indicator 
Types of indicators 

Objective Subjective 

Thermal comfort 

Temperature 
Dry bulb temperature O  

Globe temperature O  

Thermal  
sensation 

PMV O  
TSV and thermal environment satisfaction 

survey 
 O 

Visual comfort 

Glare DGIN O  

Indoor  
illuminance 

Work plane illuminance O  
Perceived brightness and 

brightness satisfaction survey  O 

A glare prevention tint control algorithm for the smart window was developed to maintain a 
horizontal work plane illuminance of at least 200 lx at the center of the room while preventing glare. 
The minimum indoor illuminance requirement was set in reference to the Korean Industrial Standard 
(KS A 3011) [22]. In the case study building, horizontal work plane illuminance and indoor vertical 
illuminance at the window plane were measured, and a regression equation was derived (Figure 3), 
from which it was confirmed that to ensure a horizontal work plane illuminance of at least 200 lx, the 
indoor vertical illuminance at the window plane had to be at least 1,814 lx. Accordingly, the VT values 
and tinting levels of the smart window were subdivided into ten steps according to the outdoor 
illuminance level (Table 4). For the smart window installed in this study, the VT ranged from a 
minimum of 0.013 in the fully tinted state to a maximum of 0.333 in the clear state, as shown in Table 
9. For example, when the measured outdoor illuminance (outdoor vertical illuminance at the window 
plane) was 80,000 lx, the smart window tinted to a VT of 0.034 (tinting level 9), thereby reducing VT 
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so that glare would not occur while maintaining a horizontal work plane illuminance of at least 200 
lx at the center of the room. 

 

(a)                                                                 (b) 

Figure 3. (a) Cross-sectional diagram of illuminance measurement equipment installation. (b) Regression 
formula for indoor horizontal work plane illuminance and indoor vertical window plane illuminance. 

Table 4. Smart window VT values and tinting levels based on outdoor illuminance. 

Outdoor illuminance (lx) VT Smart window tinting level 
 ≥ 139,476 0.013 Level 10 (Full-tinting) 
≥ 53,330 0.034 Level 9 
≥ 17,270 0.105 Level 8 
≥ 11,700 0.155 Level 7 
≥ 9,397 0.193 Level 6 
≥ 7,990 0.227 Level 5 
≥ 7,284 0.249 Level 4 
≥ 6,768 0.268 Level 3 
≥ 6,455 0.281 Level 2 
≥ 6,254 0.290 Level 1 
6,254 > 0.333 Level 0 (Clear) 

The evaluation cases for thermal and visual comfort were all configured under the same 
environmental conditions. The thermal environment was controlled so that the PMV remained 
within ±0.5, a common control target for indoor thermal environments [13], to approximate typical 
residential indoor conditions. In the luminous environment, no electric lighting was used to evaluate 
daylighting performance, and the minimum indoor illuminance requirement was set to 200 lx [22]. 
Because glare prevention tint control was not activated under overcast conditions, the analysis was 
limited to clear days, as determined on the basis of sky conditions. 

Sky conditions were determined from hourly total cloud cover data obtained from the Open 
MET Data Portal of the Korea Meteorological Administration (KMA) [23]. Total cloud cover 
represents the fraction of the sky dome covered by clouds, and the World Meteorological 
Organization (WMO) expresses cloud cover in eighths using the unit okta [24]. When clouds covered 
approximately 5/8 of the sky (5 oktas), direct solar radiation decreased sharply, whereas diffuse solar 
radiation still had a significant effect. The WMO classifies conditions with a cloud cover of 6/8 or 
more as cloudy (Table 5), and Matuszko [25] reported that the highest solar radiation intensity could 
be observed for total cloud cover levels between 3/8 and 6/8 because of the reflection and scattering 
effects of convective cumulus clouds. On the basis of the WMO classification and previous research 
findings, conditions with a total cloud cover of less than 6/8 were defined as clear days and those 
with 6/8 or more were defined as cloudy days. 
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Table 5. Definition of oktas. 

Weather symbols Oktas Definition Category 

 
0 oktas (0/8) Sky clear (SKC) Fine 

 
1 okta (1/8) Few clouds (FEW) Fine 

 
2 oktas (2/8) FEW Fine 

 
3 oktas (3/8) Scattered clouds (SKT) Partly cloudy 

 
4 oktas (4/8) SKT Partly cloudy 

 
5 oktas (5/8) Broken clouds (BKN) Partly cloudy 

 
6 oktas (6/8) BKN Cloudy 

 
7 oktas (7/8) BKN Cloudy 

 
8 oktas (8/8) Overcast (OVC) Overcast 

3.2. Experimental Building 

The case study building is a multifamily residential-type experimental building located in 
Sejong, Republic of Korea, and it is oriented to the southwest. Each floor consists of one 84 m² unit 
(Unit 101) and one 59 m² unit (Unit 102) (Figure 4). An SPD smart window was installed on the main 
façade of Unit 101, whereas a conventional double-glazed window was installed on the main façade 
of Unit 102. Bedroom 3 in Unit 101 (RoomSW, room with a smart window) and Bedroom 2 in Unit 
102 (RoomCW, room with a conventional window) were selected as the experimental spaces because 
their floor areas were similar and their window sizes were identical, making them suitable for 
comparative analysis. No additional solar control devices were installed in the RoomSW or 
RoomCW, and the internal heat gains due to occupants, lighting, and equipment were kept the same 
in both rooms. The window performance characteristics for each room are summarized in Table 6. 

 

Figure 4. Experimental building floor plan. 
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Table 6. Performance values of the windows. 

  U value(𝑾𝑾/𝒎𝒎𝟐𝟐𝑲𝑲) SHGC VT 

RoomSW Full tinting 0.929 0.150 0.013 
Untinting (Clear) 0.290 0.333 

RoomCW 0.943 0.352 0.523 

3.3. Measurements 

To evaluate the thermal and visual comfort levels of the occupants associated with smart 
window tinting, the experimental setup and instruments were arranged as shown in Figure 5. To 
measure thermal environmental variables, multifunctional environmental meters (Ⓘ, Ⓙ; model: 
Testo 480) were installed in the RoomSW and RoomCW at a height of 0.6 m at the center of each 
room, positioned 1.0 m away from the window. The dry bulb temperature, globe temperature, and 
PMV were recorded at 1-minute intervals, and the met and clo values were entered according to the 
conditions of the occupants who responded to the TSV questionnaire. To measure the luminous 
environmental variables, illuminance sensors (Ⓐ–Ⓗ ; model: TR-74Ui) were installed. The data 
collected from illuminance sensors Ⓑ, Ⓒ, Ⓔ, and Ⓕ installed on the front and rear surfaces of the 
shields (Figure 5(c)), together with the data from sensors Ⓖ and Ⓗ attached to the indoor side of 
the window, were used to calculate the DGIN, whereas illuminance sensors Ⓐ and Ⓓ installed at a 
height of 0.85 m above the floor were used to measure the indoor work plane illuminance. The 
dimensions of the shields and the locations of all the instruments were determined and set in 
accordance with the DGIN calculation method and procedures presented in previous research [21]. In 
addition, an illuminance sensor for operating the glare prevention tint control algorithm was installed 
separately outdoors. To avoid shading effects that could occur if it were attached directly to the 
window, it was mounted vertically on the exterior wall adjacent to the window. All illuminance data 
were recorded at 1-minute intervals. 
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Figure 5. (a) and (b) Equipment installation sections of Room SW and Room CW, respectively. (c) Shields. (d) 
Overall view of equipment installation (shown for Room SW). 

3.4. Subjects 

A total of 16 participants participated in the experiment. A preexperiment questionnaire was 
used to collect data on participants’ age, height, weight, personal preferences for thermal and 
luminous environments, and health conditions on the day of the experiment (Table 7). All 
questionnaire data were anonymized, and all participants provided consent for the use of their 
information. Participants were advised to refrain from strenuous exercise and alcohol consumption 
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on the day before the experiment, and all of them underwent a 30-minute stabilization period [26] in 
a waiting area prior to the start of the experiment. Participants who normally wore glasses or contact 
lenses did so during the experiment. The experiments were conducted in accordance with the ethical 
principles of the 1964 Declaration of Helsinki [27]. All the participants were fully informed about the 
experimental procedures and details and were advised that they had the right to withdraw from the 
experiment at any time and for any reason. 

Table 7. Participant characteristics. 

 Mean Median Min Max 
Age 33.4 25.0 21.0 59.0 

Height (cm) 161.2 161.5 155.0 168.0 
Weight (kg) 55.4 54.0 47.0 68.0 

BMI 21.3 20.8 19.3 24.9 

3.5. Experimental Procedures 

In December 2023 (winter), TSV, thermal environment satisfaction, brightness perception, and 
brightness satisfaction surveys were conducted a total of eight times (Table 8), with two participants 
taking part in each session. The sky conditions on each survey date were checked, and the survey 
dates corresponding to the thermal and visual comfort evaluation cases were organized as shown in 
Table 9. 

Table 8. Survey dates and corresponding sky conditions. 

Survey dates 
12/03 12/06 12/10 12/13 12/17 12/20 12/24 12/31 

Cloudy Cloudy Clear Cloudy Clear Cloudy Clear Cloudy 

Table 9. Thermal and visual comfort evaluation cases and corresponding survey dates. 

Category Case Sky condition Environmental condition Survey date 
Thermal comfort Case WT1 Clear day Adjusted to maintain a 

PMV range of ±0.5 
12/10, 12/17, 12/24 

Visual comfort Case WV1 

Before entering the RoomSW and RoomCW, all participants spent a certain period in a waiting 
area for stabilization. The waiting area was controlled such that the PMV was within ±0.5 and the air 
velocity was below 0.2 m/s [13], and the horizontal illuminance was set to 400–500 lx using electric 
lighting. All participants wore clothing corresponding to an insulation level of 1.0 clo, and the 
metabolic rate was set to 1.0 met (seated, relaxed) [12]. As shown in Figure 6, the experiment was 
conducted such that two participants first spent 30 minutes stabilizing in the waiting area and then 
moved to the RoomSW and RoomCW, where they remained for 40 minutes. This process was 
repeated twice in a crossover manner (total duration of 140 minutes). Each participant experienced 
both the RoomSW and RoomCW once, resulting in two data sets per room being obtained for each 
experimental day. 
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Figure 6. Survey procedure diagram. 

Before the participants entered, both the RoomSW and RoomCW were kept open, and the 
thermal environment was adjusted using heating equipment so that the PMV was maintained within 
±0.5. The surveys were conducted between 12:00 and 15:00, when solar radiation was relatively 
strong. After the participants entered, the doors were closed, and the experiment was conducted 
without electric lighting. Using heating equipment that automatically turned off upon reaching the 
target temperature and turned back on when the temperature fell below the target, the PMV in the 
experimental rooms was maintained within ±0.5 throughout the experimental period. From the time 
the participants entered the RoomSW and RoomCW, they responded to questionnaires on the TSV, 
their satisfaction with the thermal environment, the perceived brightness, and their satisfaction with 
the brightness at 10-minute intervals. The questionnaire scales for each evaluation item and a scene 
of the occupants completing the survey are shown in Figure 7. On the basis of the questionnaire 
results, the subjective responses of the occupants to the thermal and luminous environments were 
quantified. 

 
Figure 7. (a) 7-point scales for TSV (top), brightness perception (middle), and satisfaction (bottom), and occupant 
surveys conducted in the (b) RoomSW and (c) RoomCW. 

3.6. Data Processing and Analysis 

During the survey period, environmental variables related to thermal and visual comfort levels 
were measured at 1-minute intervals, and the questionnaire responses of the occupants were 
collected at 10-minute intervals. In accordance with the experimental schedule, which was designed 
so that the two participants alternated between the rooms, survey data for both thermal and visual 
comfort in the RoomSW and RoomCW were obtained from a total of six participants for each room 
(two participants per day over three days). At 10-minute intervals, the measurement data and the 
occupant questionnaire responses were collected and examined, and average values of each variable 
over the entire survey period were obtained. 

Statistical analysis was performed using paired sample t tests in IBM SPSS Statistics®. Since each 
participant completed the questionnaire five times at 10-minute intervals from the time of entry, a 
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total of 30 questionnaire responses were obtained for each survey item. When the number of data 
points was 30 or more, it could be assumed that both the sample and population followed a normal 
distribution; therefore, a separate normality test was not conducted. Under a specific directional 
hypothesis that when one group was either smaller or larger than the other, a one-tailed test was 
used. Conversely, a two-tailed test was used to examine whether there was a difference between the 
two groups without assuming any directionality, and the p value was checked accordingly. The 
significance level (α), which is the criterion for determining the p value, is generally set to 0.05 [28–
30]. In this study, a result was regarded as statistically significant when the p value of the one-tailed 
test was less than 0.05. 

In addition, the effect size was examined to determine the practical magnitude of the differences 
between groups. Effect size is an index used to assess statistical power, and in the case of t tests, 
Cohen’s d is typically used [31,32]. Cohen’s d is interpreted in terms of its absolute value, and it 
indicates how large the actual difference between groups is. A value of 0.2 ≤ Cohen’s d < 0.5 is 
interpreted as a small effect, 0.5 ≤ Cohen’s d < 0.8 as a medium effect, and Cohen’s d ≥ 0.8 as a large 
effect. 

4. Results 

4.1. Thermal Comfort 

4.1.1. Dry Bulb and Globe Temperatures 

On the three clear days analyzed (10, 17, and 24 December), the average tinting level of the smart 
window during the survey period (12:00–15:00) was level 8 (Figure 8), and Figure 9 shows the 
temperature indices over the 40-minute survey period. The dry bulb temperatures in the RoomSW 
and RoomCW (Figure 9(a)) ranged from approximately 19°C to 24°C, and the globe temperature 
(Figure 9(b)) ranged from 20°C to 25°C. Prior to the experiment, the indoor temperature range 
corresponding to the PMV within ±0.5 was identified and used to set the target temperature. The 
heaters were operated such that they switched off automatically upon reaching the setpoint and 
switched on again when the temperature fell below it. As a result, the dry bulb and globe 
temperatures varied within a certain range, and the mean dry bulb and globe temperatures during 
the survey period were 21.4°C and 22.3°C, respectively, in the RoomSW and 21.3°C and 22.1°C, 
respectively, in the RoomCW. Statistical analysis revealed that the differences in dry bulb and globe 
temperatures between the two rooms were not statistically significant, and the effect sizes were very 
small, indicating a minimal difference (Table 10). 

 
Figure 8. Smart window tinting level during the survey period in RoomSW. 
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Figure 9. Boxplots of thermal comfort indicators during occupancy in the RoomSW and RoomCW. 

4.1.2. Thermal Sensation 

The thermal sensation indices during the 40-minute survey period are shown in Figure 9. The 
PMV values (Figure 9(c)) in both rooms were controlled to remain within ±0.5 throughout the survey, 
in accordance with the predefined environmental conditions, and the mean PMV values in the 
RoomSW and RoomCW were 0.0 and +0.1, respectively. With respect to the TSV responses of the 
occupants (Figure 9(d)), the TSV values in both RoomSW and RoomCW were within the comfort 
range except at the time of entry, and the occupants generally perceived the rooms to be cooler than 
those indicated by the PMV index. The mean TSV values were –0.5 and –0.4 in the RoomSW and 
RoomCW, respectively, indicating no substantial difference between the two spaces. In the case of 
thermal environment satisfaction (Figure 9(e)), large variations were observed depending on 
individual tendencies, and the mean satisfaction scores were 0.0 and –0.1 in the RoomSW and 
RoomCW, respectively, indicating no substantial difference between the two rooms, similar to the 
TSV responses. Statistical analysis revealed that the differences in PMV, TSV, and thermal 
environment satisfaction between the two rooms were not statistically significant, and considering 
the effect sizes, these differences could be interpreted as practically negligible (Table 10). Although 
the glare prevention tint control algorithm was in operation, the subjective thermal sensation and 
satisfaction of the occupants did not differ from those in the room with a conventional window. The 
results suggested that in the absence of a meaningful difference in the physical thermal environment, 
smart window tinting would not induce changes in the thermal sensation or satisfaction of the 
occupants, and its influence would likely be further reduced by the fact that the smart window was 
not in a fully tinted state. 

Table 10. Statistical results of the paired samples t test for thermal and visual comfort indicators. 

  Average P value Cohen’s d 
Thermal 
comfort 

RoomSW_DT – RoomCW_DT -0.10 0.28 0.11 
RoomSW_GT – RoomCW_GT -0.08 0.33 0.08 
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RoomSW_PMV – RoomCW_PMV 0.01 0.36 0.07 
RoomSW_TSV – RoomCW_TSV +0.07 0.33 0.08 

RoomSW_TS – RoomCW_TS +0.13 0.30 0.10 

Visual 
comfort 

RoomSW_DGIN – RoomCW_ DGIN -14.49 <0.001 4.00 
RoomSW_WPI – RoomCW_WPI -1271.02 <0.001 1.08 

RoomSW_BP – RoomCW_BP -1.03 <0.001 0.64 
RoomSW_BS – RoomCW_BS +1.03 <0.001 0.68 

DT: dry bulb temperature, GT: globe temperature, TS: thermal satisfaction, WPI: work plane illuminance, BP: 
brightness perception, BS: brightness satisfaction. 

4.2. Visual Comfort 

4.2.1. Glare 

The glare index data during the 40-minute survey period are shown in Figure 10. In the 
RoomSW, the DGIN (Figure 10(a)) remained below 22, the threshold for judging the occurrence of 
glare, throughout the survey, indicating that glare did not occur. In contrast, in the RoomCW, the 
mean DGIN exceeded 22 at all times, and when interpreted with reference to the median, the DGIN 
was above 22 in more than half of the cases, indicating that glare occurred. The mean DGIN values in 
the RoomSW and RoomCW were 9.6 and 24.1, respectively. Statistical analysis revealed that the 
difference in the DGIN between the two rooms was statistically significant (p < 0.001), and considering 
the effect size (Cohen’s d ≥ 0.8), this difference could be interpreted as very large in practical terms 
(Table 10). 

4.2.2. Indoor Illuminance 

The indoor illuminance data during the 40-minute survey period are shown in Figure 10. In the 
RoomSW, the indoor work plane illuminance (Figure 10(b)) remained between 200 lx and 600 lx 
throughout the survey period, satisfying the minimum illuminance requirement. In the RoomCW, 
the work plane illuminance ranged from 500 lx to 7,000 lx, showing much greater variation in the 
measured illuminance than in the RoomSW and generally exceeding the minimum required 
illuminance of 200 lx by a large margin. The mean work plane illuminance values were 342.7 lx in the 
RoomSW and 1,614.7 lx in the RoomCW. The mean values of the perceived brightness (Figure 10(c)) 
and brightness satisfaction (Figure 10(d)) of the occupants were +0.4 and +1.4, respectively, in the 
RoomSW and +1.5 and +0.2, respectively, in the RoomCW. On the basis of the response scales, the 
participants perceived RoomCW to be brighter than RoomSW was, whereas their level of satisfaction 
with the luminous environment was greater for RoomSW. Statistical analysis revealed that the 
differences in work plane illuminance, perceived brightness, and brightness satisfaction between the 
two rooms were statistically significant (p < 0.001). When the effect sizes were considered, the 
difference in work plane illuminance (Cohen’s d ≥ 0.8) was interpreted as very large in practical terms, 
whereas the differences in perceived brightness and brightness satisfaction (0.5 ≤ Cohen’s d < 0.8) 
were interpreted as medium or greater (Table 10). These results indicated that the participants clearly 
distinguished the brightness levels of the two rooms and that the magnitude of the difference in 
perceived brightness and satisfaction between the two spaces was substantial. 
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Figure 10. Boxplots of visual comfort indicators during occupancy in the RoomSW and RoomCW. 

5. Discussion 

This study aimed to provide appropriate control strategies and support the efficient operation 
of smart window technologies by analyzing the impact of wintertime smart window tinting on the 
perceived thermal and visual comfort levels of occupants. To this end, evaluation items, indices, and 
cases for thermal and visual comfort were defined. An experimental environment was established in 
a residential-style test building equipped with both a smart window and a conventional window. 
Data on the indoor temperature, PMV, DGIN, work plane illuminance, and occupant questionnaire 
responses related to thermal and visual comfort were collected to enable a comprehensive 
comparative analysis of the effects of smart window tinting on thermal and visual comfort. In the 
experiments, the smart window was operated under a glare prevention tint control strategy, in which 
the tint level was adjusted stepwise only when glare occurred. This technology could be widely 
applied as a smart window tint control method in winter. The main findings of this study were as 
follows: 

1. With respect to thermal comfort, the thermal environment in the occupied spaces was 
appropriately controlled so that the PMV remained within the target range of ±0.5. The dry 
bulb and globe temperatures were maintained within a certain range. According to the 
occupant survey results, in the test spaces reproducing the thermal environment of an actual 
dwelling, there was no substantial difference between RoomSW and RoomCW in terms of the 
thermal sensation and satisfaction levels of the occupants under the smart window glare 
prevention tint control strategy. The results of the paired-samples t test confirmed that the 
differences between RoomSW and RoomCW were not statistically significant (p > 0.05). 
Therefore, wintertime smart window tinting for glare prevention did not impair the thermal 
sensation or satisfaction of occupants. 

2. With respect to visual comfort, glare did not occur in RoomSW, whereas in the RoomCW, the 
DGIN exceeded 22, indicating the occurrence of glare. For the indoor illuminance, both 
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RoomSW and RoomCW satisfied the minimum required illuminance of 200 lx. According to 
the occupant survey results, the participants were satisfied with the luminous environment in 
both RoomSW and RoomCW, with higher levels of satisfaction in RoomSW. These findings 
were confirmed to be statistically significant (p < 0.05). 
The limitations of this study were as follows: Because the analysis was limited to clear days on 

which glare prevention tint control was implemented, it was not possible to secure a large sample 
size. To obtain reliable analytical results, it would be necessary to recruit additional participants and 
increase the sample size. In addition, the experimental exposure time was short and restricted; if the 
occupants were to stay for a longer period, as in an actual residential environment, the intermittent 
tinting of the smart window for glare prevention could influence their thermal and visual comfort. 
To further verify the validity of winter glare prevention tint control using smart windows, scholars 
should investigate occupant thermal and visual comfort levels during long-term exposure. 
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