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Abstract: The thermal comfort of occupants in the increasing number of modern buildings with
glass curtain wall structures is of significant research interest. As the thermal sensitivity of building
occupants varies with building features, situational factors, and the human body’s thermal balance,
it is necessary to derive the comfort temperature based on field research, which was conducted in
this study in a South Korean office building with a glass curtain wall structure. The influence of
solar radiation on the indoor thermal environment and thermal comfort obtained by measurements
and occupant questionnaires was analyzed using cumulative graphs and a sensitivity analysis.
The observed changes in operative temperature over time confirmed that occupant comfort was
significantly affected by the radiant temperature. Based on this result, two groups (Group A near
the windows and Group B near the interior corridor) were defined for analysis. Owing to the influx
of solar radiation, Group A was more sensitive to changes in the thermal environment (0.67/◦C)
than Group B (0.49/◦C), and the derived comfort temperature for each group differed from the set
temperature by approximately ±2 ◦C. Thus, it was confirmed that the solar radiation introduced
through a glass curtain wall building has a direct impact on the indoor thermal environment and
occupant comfort according to location.

Keywords: glass curtain wall structure; solar radiation; office building; thermal environment; thermal
comfort; operative temperature; thermal sensitivity

1. Introduction

With the rise of the modern construction industry, comfort, beauty, and constant
balance have been sought in the field of architecture. In this regard, transparent envelopes
(e.g., glazed facades, glass curtain walls, glass domes, and skylight windows) have been
applied to many large public buildings [1–3]. The indoor thermal environments of such
structures, including the indoor air temperature, are significantly affected by solar radia-
tion either directly or indirectly depending on the external characteristics of the structure.
Thus, the thermal comfort of building occupants will be affected by variations in solar
radiation throughout the building. In a previous study related to solar radiation, the
radiant temperature was identified as the main cause of a non-uniform indoor thermal
environment [4]. Furthermore, the radiant temperature may act as an important parameter
in the thermal exchange between the human body and the surrounding environment [5].
This exchange eventually affects the indoor air temperature and the thermal comfort of the
occupants [1–3,6–10]. In other words, high solar radiation in summer has a negative impact
on the thermal comfort of building occupants [11–14]. In addition, the increased heat pro-
vided by solar radiation requires more energy to power cooling devices [14]. As occupants
near high-temperature areas may feel more discomfort, it is important to seek methods to
maintain overall thermal comfort throughout transparent envelope buildings [1].
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Thermal comfort is affected by situations beyond the human body’s heat balance physics,
such as climate setting, social conditions, economic considerations, other situational factors,
and particularly the building exterior. Nielsen [15] exposed six subjects to an artificial “sun”
and proved that solar radiation has an important influence on the physiological condition
of the human body. A number of studies have also mentioned that solar radiation affects
indoor thermal sensation [16–18]. However, previous studies currently consider only basic
factors (temperature and humidity) when studying the thermal comfort of occupants, and
most of them do not consider solar radiation [1]. This cannot take into account the effects
of intense solar radiation and hot weather on indoor radiation temperatures in summer. In
addition, there is a limit to analyzing high-rise buildings of transparent sheath structure with
previous studies because there may be differences in radiation temperature and indoor air
temperature [1]. Therefore, it is necessary to determine how much solar radiation affects indoor
thermal environment and occupant comfort [1]. As transparent envelopes are widely used
in modern buildings [19–21], research on the thermal comfort related to the solar radiation
permitted through such envelopes is clearly required.

Office space is the representative use of buildings with transparent envelopes. In
offices, heating, ventilation, and air-conditioning (HVAC) systems cannot be controlled
in individual units, and physical control (such as that provided by discrete temperature
control systems, windows, and blinds) is limited. This limited control of the indoor thermal
environment affects the building performance and the thermal comfort of its occupants.
As a result, it is difficult to ensure occupant comfort in public buildings or large office
buildings with transparent envelopes. Yet thermal comfort plays an important role in the
satisfaction of office occupants with their environment, as manifested in work productivity,
and other work performance metrics [22–24]. Indeed, the thermal environment of an office
has been found to be correlated with work efficiency in addition to the comfort, health, and
safety of building occupants [25–27]. Mak et al. [28] mentioned that among the aspects
of indoor thermal environment, temperature has the largest impact on the productivity
of office building occupants. Maula et al. [29] showed that inappropriate temperature
adversely affects the mood, motivation, and concentration of building occupants. It has
also been observed that work productivity decreases when the indoor air temperature
increases from a medium level (e.g., 21 to 25 ◦C) to a high level (e.g., 26 ◦C or higher) [30,31].
Notably, any estimate of thermal comfort is affected by the temperature in the immediate
vicinity of the human body [1]. Therefore, it is necessary to conduct research on the aspects
of the indoor thermal environment that have the largest impact on thermal comfort and
work productivity in offices [25,32].

When this is integrated, there is a lack of research on thermal comfort associated with
solar radiation in modern buildings. Therefore, the thermal comfort of modern buildings
(curtain walls) lacking prior research is studied. In particular, since the curtain wall struc-
ture is highly influenced by solar radiation, an analysis was conducted in consideration
of this. Unlike previous studies, this study studied the correlation between solar radia-
tion and comfort introduced into the curtain wall structure. A previous study of office
thermal environments [33] found that different occupants in the same space often have
different thermal preferences. Additionally, the non-uniform indoor thermal environment
directly affects the heat released from the human body [5]. Thus, the typical thermal
environment of an office building, which depends on the characteristics of the building
and space within, cannot guarantee the comfort of all building occupants. The building
envelope structure, building type, indoor thermal environment control, and occupant
characteristics are all important information when conducting research to improve building
energy use and occupant comfort [33]. Indeed, identifying such information addresses the
limitations of previous research on the thermal comfort of occupants in buildings [2,34].
Huizenga et al. [35] evaluated the window performance for a human’s thermal comfort
in various windows systems (solar heat gain coefficient, U-value, solar transmissivity,
window region and frame, etc.). They concluded that this new high-performance window
can gain solar heat and reduce cooling cost during the summer season and relieve thermal
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discomfort. Moreover, simulation studies have shown that solar radiation [36] and ther-
mal characteristics [37] of windows could have a substantial effect on occupants’ thermal
comfort [38]. Therefore, an analysis of the thermal environment according to occupant
location in an office is required to inform research on occupant comfort in transparent
envelope buildings.

In this study, a field experiment was therefore performed in an actual office building
with a transparent envelope consisting of curtain walls instead of a laboratory (cham-
ber) to reliably reflect the actual indoor thermal environment of an office and inform an
analysis of the thermal comfort of its occupants. Unlike previous studies, the changes in
indoor air temperature and radiant temperature over time were examined to investigate
the influence of solar radiation on occupant comfort. The thermal comfort of the occu-
pants who responded to changes in the indoor thermal environment was thus analyzed
according to their location relative to the curtain wall. Different comfort temperatures were
then derived and analyzed based on the thermal sensitivity of the occupants according
to location.

By identifying thermal comfort levels in the non-uniform indoor thermal environment
of a building with a transparent envelope, the results of this study contribute to the
preparation of efficient measures for individual thermal control to improve the overall
thermal comfort of office occupants.

2. Methods

Objective physical data and subjective personal data were collected for analysis in
this study using field experiments [39–42]. The physical factors of the indoor thermal
environment are the objective data measured using equipment, whereas the personal factors
are the subjective data obtained through a questionnaire survey. The factors that affect the
thermal comfort of indoor occupants include: (1) environmental factors, such as the air
temperature, relative humidity, wind speed, and radiant temperature, and (2) individual
factors, such as clothing and activities [43]. Therefore, in this study, the environmental
factors related to occupant comfort were set as objective physical factors based on previous
studies. These consisted of the temperature and humidity [44,45], which are the basic
descriptors of the indoor environment. As office characteristics in summer [46] were the
subject of this study, the average clothing insulation (clo) level and the metabolic rate (met)
were calculated to be 0.5 and 1.2, respectively. The subjective data were collected from
office occupants using a questionnaire. Prior consent was acquired from the participants
for all processes, including data survey, sharing, storage, and requirements.

2.1. Field Data Collection

Laboratory chamber research relies upon an artificial environment and provides a
limited ability to simulate and measure factors such as solar radiation and wind speed [2,47].
This study accordingly targeted a transparent envelope building to conduct field research
on the correlation between solar radiation and thermal comfort [2] using equipment in
an actual office space. The target building was an office building at K University in
Daegu, South Korea, with a curtain wall structure through which a large quantity of heat is
introduced by solar radiation (Table 1). Notably, Daegu exhibits slightly higher temperature
than the surrounding areas because its basin topography inhibits the release of heat. In
addition, the target building experiences a large influx of solar radiation because school
buildings up to four stories in height are distributed around it. The target building has
transparent curtain walls on its north and east faces that consist of highly air-tight, low-e
double glazing with insulation film. U-value is 1.690 W/m2K, and solar heat gain coefficient
(SHGC) is 0.486. The experimental space was located in the northeast corner of the ninth
floor of the office building and had an area of approximately 133 m2 (15.78 m × 8.46 m).
The indoor air temperature was set to 26 ◦C based on domestic regulations related to indoor
air temperature in summer [48]. Three system air conditioners and eight energy recovery
ventilation systems (ERVs) with 0.5 m × 0.5 m square vents were installed in the ceiling



Buildings 2022, 12, 58 4 of 15

of the experimental space. These cooling and ventilation systems were controlled by the
central HVAC system.

Table 1. Overview of the target building.

Category Content
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Location Sangyeok-dong, Buk-gu, Daegu
Scale One basement floor and 17 floors above the ground

Facility Building G of K University
Total floor area 37,277 m2

Experimental area 133 m2

Facility use Office space
Cooling method Central HVAC system (central cooling system)
Building features 24 mm low-e double glass

U-value 1.690 W/m2K
SHGC 0.486

The experiments were performed from 09:00 to 18:00, except during lunch time from
11:30 to 13:00, every day in July when the average outdoor air temperature was higher than
30 ◦C. During the experimental period, the average outdoor temperature was 32.4 ◦C, the
maximum temperature was 35.5 ◦C, and the standard deviation was 2.2. The indoor air
temperature, relative humidity, wind speed, and radiant temperature were recorded every
15 min using the equipment detailed in Table 2. These instruments were located at
40 equipment points arranged in a 2 m × 2 m grid 1.2 m above the floor, as shown in
Figure 1 (additional measurements were performed under the air conditioner vents to con-
sider their influence). Figure 1 also shows the locations of the questionnaire respondents
(subject points).

Table 2. Test range and precision of the measurement instruments.

Model Environmental Parameters Measured Test Range Precision Resolution

TESTO 480
Air temperature (TA, ◦C) 0–50 ◦C ±0.1 ◦C 0.1 ◦C

Radiant temperature (Tr, ◦C) 0–120 ◦C −40 to 1000 ◦C -

Data logger Air temperature (TA, ◦C) 0–50 ◦C -
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2.2. Subjects and Thermal Comfort Questionnaire

The heat dissipation rate of a subject’s body is proportional to the amount of activity
they undertake, and varies depending on their, clothing, metabolic rate, and body surface
area. The standard deviations (σ) of the amount of clothing and the metabolic rate of the
subjects who participated in this study were found to be between approximately 10–20%,
thereby minimizing their influence on the experiment results [49]. The subjects were all in
their twenties and thirties, and a total of 40 office occupants (17 male and 23 female) in the
study area were randomly selected to complete the questionnaire. All subjects were healthy
and took no medication. They were requested to avoid alcohol, smoking, and intense
physical activities at least 12 h before the experiments [2]. Table 3 shows the personal
characteristics of the subjects, as obtained through the questionnaire.

Table 3. Personal characteristics of the experimental subjects.

Subjects Age Height (cm)

Mean σ Mean σ

Male (N:17) 26.4 1.5 175 6.5
Female (N:23) 25.6 1.8 166.3 6.2

σ is standard deviation.

The subjects entered the experimental space 30 min before the start of the experiment
to ensure time for adaptation to the thermal environment. Each subject then completed a
questionnaire to identify their comfort sensation vote (CSV) and thermal sensation vote
(TSV) [50] every 15 min starting at the beginning of the experiment; the questionnaire
response interval was same as the objective data measurement interval.

The two questionnaire items were ranked on a seven-point scale based on the seven-
level sensory scale of the ASHRAE Standard and ISO 10551 [44,51,52], as shown in Figure 2.
For TSV, a ranking of 1 indicates feeling cold, 4 indicates feeling neutral, and 7 indicates
feeling hot; for CSV, a ranking of 1 indicates feeling very uncomfortable, 4 indicates feeling
neutral, and 7 indicates feeling very comfortable.
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Figure 2. Questionnaire items and rating scale used in this study: (top) the seven-point scale for
the thermal sensation vote (TSV) and (bottom) the seven-point scale for the comfort sensation vote
(CSV).

3. Results and Discussion

Table 4 is the average hourly data for solar radiation in the experimental area (Daegu)
at the time of the experiment. At 14:00 of the day, the highest solar radiation was
2.97 MJ/m2, and at 18:00, the lowest solar radiation was 1.03 MJ/m2.
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Table 4. Mean solar radiation data per hour in the experimental area.

(MJ/m2)
Time

9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00

Solar radiation 1.56 1.62 2.28 2.58 2.70 2.97 2.78 2.00 1.5 1.03

Table 5 summarizes the physical and subjective data measured in this study. The
average of TA was 25.7 ◦C, but the average of Tr was 26.7 ◦C. The average of TSV was
slightly warm, and the average of CSV was derived as neutral.

Table 5. Summary of physical and subjective data.

Data
Physical Subjective

TA (◦C) Tr (◦C) TSV CSV

Max 30.5 35.5 - -

mean 25.7 26.7 5 4

σ 1.5 2.7 1.5 1.3
σ is standard deviation.

3.1. Occupant Thermal Comfort according to the Difference between Indoor Air Temperature and
Radiant Temperature

Figure 3 shows the changes in indoor air temperature (TA) and radiant temperature
(Tr) over time. Both TA and Tr were high near the windows in the north and in the
afternoon. During the experiment, TA ranged from a minimum of 23.15 ◦C at 10:00 to a
maximum of 28.93 ◦C at 17:00, while Tr ranged from a minimum of 23.25 ◦C at 10:00 to a
maximum of 33.35 ◦C at 17:00. Though the minima and maxima of both temperatures each
occurred at the same time of day, TA increased from north to south whereas Tr increased
from northwest to southeast.

The distribution of Tr showed notable characteristics that were not observed in that of
TA; Tr increased in the central part of the indoor space over time and was exceptionally
high in the southeast direction. These differences resulted from the presence of furniture
(a partition) installed in the office space, suggesting that the radiant temperature was
exceptionally high because the heat could not be dissipated in the air.

Figure 4a,b show the TSV and CSV responses of the subjects, respectively, according
to TA. The blue area indicates that the indoor air temperature is the same as the radiant
temperature, whereas the red area indicates that these temperatures are different. In
Figure 4a, when TA = 28 ◦C (ii), the responses exhibit similar distributions regardless of
Tr, with the largest percentage of responses (~35%) indicating the slightly warm TSV (5)
when Tr = 28 ◦C (blue), whereas when Tr = 30 ◦C (red), the largest percentage of responses
(~43%) indicated the neutral TSV (4). However, when TA = 26 ◦C (i), a wider distribution
of responses can be observed for Tr = 28 ◦C (red) than for Tr = 26 ◦C (blue), with ~44%
indicating the neutral TSV (4) and 20% each indicating the cold (1) cool (2), and slightly
warm (5) TSVs in the former case. Thus, the distribution of TSV responses was wider when
Tr was not the same as TA. Therefore, TSV results responded the most to the neutral when
the indoor temperature was 26 degrees (i). In addition, when the indoor temperature was
28 degrees (ii), the response was highest to neutral and slimly warm.
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(b) and 17:00 (c).

In Figure 4b, when TA = 26 ◦C (i), the largest percentage of responses indicated the
neutral CSV (4) whether Tr = 26 or 28 ◦C. However, when Tr = 26 ◦C (blue), more responses
were distributed to the two uncomfortable CSVs (2 and 3), whereas when Tr = 28 ◦C (red),
more responses were distributed to the two comfortable CSVs (5 and 6). When TA = 28 ◦C
(ii), the same percentage of responses (28%) indicated the comfortable CSV (6) for Tr = 28
and 30 ◦C. However, 43% of responses indicated the neutral CSV (4) when Tr = 30 ◦C (red),
whereas only ~20% of responses indicated the neutral CSV (4) when Tr = 28 ◦C, with 28%
indicating the slightly uncomfortable CSV (3). Thus, the distribution of CSV responses was
wider when Tr = TA. Therefore, most of the occupants responded to the neutral when the
indoor temperature was 26 degrees (i). In addition, when the indoor temperature was 28 ◦C
(ii), the response was high to neutral and comfortable.
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Figure 4. Thermal comfort response results according to the difference between the TA and Tr:
(a) TSV for (i) TA = 26 ◦C and (ii) TA = 28 ◦C, and (b) CSV for (i) TA = 26 ◦C and (ii) TA = 28 ◦C.

The analysis results presented in Figure 4 indicate a clear difference between the
TSV and CSV results. In addition, considerably different thermal comfort results were
observed according to the indoor air temperature and radiant temperature. In particular,
when the indoor air temperature was different from the radiant temperature, the TSVs
of the occupants were distributed among several different and often opposing scores. In
other words the blue areas in Figure 4 indicate an even distribution across the five vertices,
whereas the red areas indicate an uneven distribution with a high response at a few specific
vertices. It was also found that the comfort of the occupants varied depending on both the
radiant temperature and the indoor air temperature. This confirms the influence of the
building characteristics (curtain walls); it appears that the radiant temperature showed
significant changes under the influence of the solar radiation introduced through the curtain
walls, which also had a significant influence on thermal comfort. Thus, a simple comparison
between the indoor air temperature and radiant temperature is only of limited utility when
analyzing the thermal comfort of office occupants. To provide a more detailed analysis,
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thermal comfort was estimated in Section 3.2 based on the accumulated mean thermal
sensation vote (mTSV) according to the temperature change.

3.2. Thermal Sensation Changes and Comfort Temperature over Time

The changes in thermal sensations of the subjects were analyzed using the TSV re-
ported at each location. In previous studies, TSV has been used as a representative index
for general thermal comfort evaluation [53]. The changes in TSV over time are shown in
Figure 5, in which the greater the value, the larger the change. The average change in TSV
at all ten subject locations was 0.55, with an average maximum of 1.80 and an average
minimum of 0, indicating that there were subjects who experienced no thermal change. A
σ of 0.45 was calculated for all data. At 10:00, 14:00, and 17:00, the average change in TSV
was 1.22, 1.12, and 1.23, respectively, at point A; 0.58, 1.08, and 0.71, respectively, at point
B; 0.02, 0.35, and 0.40, respectively, at point C; 0.90, 1.80, and 1.05, respectively, at point D;
0.13, 0.17, and 0.32, respectively, at point E; 0.34, 0.69, and 0.50, respectively, at point F; 0.31,
0.61, and 0.67, respectively, at point G; 0.52, 0.92, and 0.25, respectively, at point H; 0.00,
0.06, and 0.05, respectively, at point I; and 0.21, 0.20, and 0.11, respectively, at point J. Thus,
the changes in TSV at point D were the largest, followed by those at A, B, H, G, F, C, E, J,
and I.
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Figure 5. Changes in the thermal sensations of the subjects.

The changes in TSV at each point were divided into two groups according to their
proximity to the windows. Points A, B, D, F, G, and H, which showed changes exceeding
the average, were combined together in Group A (Male 50: Female 50); all of these points
were close to the windows, where they received high solar radiation. Points C, E, I, and
J, which showed changes smaller than the average, were combined together in Group B
(Male 15: Female 75); all of these points were relatively far from the windows and closer to
the interior corridor. The average and σ of the change in the TSV of Group A were 0.81 and
0.13, respectively, whereas those of Group B were 0.17 and 0.07, respectively, confirming a
significant difference between the thermal comfort experienced by the two groups over the
course of the day.

The overall σ of the changes in TSV was 1.31. The mTSV was calculated to quantify
the change in TSV over the course of the day, with a positive value indicating a change to a
warmer sensation, zero indicating no change, and a negative value indicating a change to a
cooler sensation. For Group A, mTSV was 5 (slightly warmer) and the corresponding σ

was 1.25. For Group B, mTSV was 3 (slightly cooler) and the corresponding σ was 1.19.
The mTSV results of each group were analyzed using a Probit regression analysis to

estimate their respective levels of thermal comfort [54]; the results are shown in Figure 6. In
Figure 6a, the highest curve represents the warm TSV (6) and the lowest curve represents
the cold TSV (1). As the temperature increases from 23 to 28 ◦C, the curves representing
the warm (6) and slightly warm (5) TSVs increase faster than the others. In Figure 6b,
Group B only reported only five TSVs from cold (1) to slightly warm (5); the highest curve
represents the slightly warm TSV (5) and the lowest curve represents the cold TSV (1). As
the temperature increases from 22 to 26 ◦C, the curve representing the slightly warm TSV
(5) increases faster than the others.
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For both groups, the lowest curve represents the cold TSV (1), but a generally warmer
thermal sensation scale is shown in Figure 6a than in Figure 6b because the highest curve
in the former represents the warm TSV (6) whereas that in the latter represents the slightly
warm TSV (5). In addition, the proportion of cold TSV (1) decreases with increasing indoor
air temperature in Figure 6a but increases with increasing indoor air temperature in in
Figure 6b. The comprehensive analysis results thus confirm that Group A felt warmer
than Group B, indicating that the vicinity of Group A to the windows resulted in a higher
temperature in the same office space. Based on these results, it can be determined that
a clear difference in comfort temperature exists between the two groups and thus in the
thermal environments of their respective spaces.

The comfort temperature results for each group, derived by regression analysis of the
neutral score in Figure 6a,b, are shown in Table 6. The comfort temperature was derived
from the Top and the mean of TSV. It was found to be at a significant level through the
derived R2 and p values. The average comfort temperature for all groups was found to be
26.6 ◦C. Goto et al. [55], who used the same indoor set temperature as this study (26 ◦C),
stated that the comfort temperature preferred in office buildings was approximately 26 ◦C.
Furthermore, Madhavi et al. [56] identified 27.1 ◦C as the comfort temperature, which is
also similar to the average comfort temperature obtained in this study.

Table 6. Regression analysis of comfort temperature according to group.

Group Regression Equation R2 p Value Comfort Temperature

Group A y = 0.402x − 9.968 0.515 0.000 24.7 ◦C
Group B y = 0.307x − 8.735 0.378 0.001 28.4 ◦C

The comfort temperature for Group A was found to be 24.7 ◦C for whereas that for
Group B was 28.4 ◦C. Thus, the respondents in Group A felt comfortable at a temperature
approximately 2 ◦C lower than the current indoor set temperature of 26 ◦C, whereas
those in Group B felt comfortable at a temperature approximately 2 ◦C higher than the
set temperature. Consequently, the comfort temperatures in different spaces differed by
approximately 3.7 ◦C, indicating that the comfort temperature is clearly dependent on the
occupant location, even in the same space.

Tanabe et al. [57] performed experiments in six different office buildings, finding that
the occupant thermal satisfaction level was 75% at an indoor air temperature of 25 ◦C, but
dropped to 40% at 28 ◦C. However, a comfort temperature of 28.4 ◦C was obtained for
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Group B in this study. Thus, despite a consistent temperature of 28◦C, the analysis results
were different depending on the presence of solar radiation and occupancy environment.

3.3. Analysis of Sensitivity to the Mean Thermal Sensation and Indoor Operative Temperature

Figure 7 shows the sensitivity analysis of the mean thermal sensation (MTS) to the
indoor operative temperature (Top) for Groups A and B, in which a strong positive corre-
lation can be observed between MTS and Top [39]. In the figure, the size of the bubble is
proportional to the number of responses to the temperature change in the TSV results, and
the slope of the regression equation thus represents the thermal sensitivity of the group to
changes in Top. A low sensitivity indicates that the temperature change is not felt, whereas
a high sensitivity indicates that the temperature change is directly felt. The overall average
sensitivity was found to be 0.58/◦C. The slope for Group A (0.67/◦C) is higher than that for
Group B (0.49/◦C), indicating that Group A was more sensitive to changes in the indoor
air temperature, and that Group B could accept a higher temperature. Therefore, Group B
can set the temperature higher than 26 ◦C. Group B feels that they are comfortable with the
temperature higher than average. This control can save cooling energy and at the same
time, can keep the comfort of occupants having the characteristics of Group B. This will be
a positive control.
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Group B was likely less sensitive than Group A because the increase in solar radiation
admitted through the curtain wall over the course of the day primarily affected Group
A. In addition, the amount of change in MTS with temperature confirmed that Group A
could not adapt to the temperature change and reacted more sensitively because the large
temperature change in the area near the windows owing to the influx of solar radiation.
Therefore, a temperature lower than the setting temperature is needed to Group A. Going
further, temperature control by hour for reacting to the influence of solar radiation is needed.
Thus, the results of this study indicate that sensitivity differs significantly according to the
indoor thermal environment at the occupant location in an office space.

A previous study on thermal comfort in various building types [58] found that the uni-
versally adopted sensitivity (Griffiths constant) was close to 0.5/◦C by Michael Humphreys.
This value is not significantly different from the sensitivity results derived in this study; it
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is particularly similar to the sensitivity result obtained for Group B (0.49/◦C). Furthermore,
the comfort temperature (28.7 ◦C in [59] compared to 28.4 ◦C for Group B in this study)
of the occupants with low sensitivity (0.255/◦C in [59] compared to 0.49/◦C for Group B
in this study) was found to be relatively high. These occupants can clearly accept higher
temperatures in summer.

Indeed, this study showed similar estimates for sensitivity as previous studies.
Rupp et al. [58] estimated that the thermal sensitivity of office buildings in a subtropi-
cal climate, which is similar to the climate of Korea, was 0.568/◦C. They also derived a
sensitivity of approximately 0.440/◦C in air-conditioned offices. These circumstances are
comparable to those obtained through field research in summer in this study, but the de-
rived results are different. Additional data are therefore required to confirm the validity of
these results. Rupp et al. [58] mentioned that it remained necessary to avoid reliance on uni-
versal thermal sensitivity results by conducting further research because thermal sensitivity
is not constant. They also emphasized the necessity of deriving the comfort temperature
based on field research data. The field research conducted in this study was accordingly
used to derive the comfort temperatures. However, research including more variables
remains required to compensate for the limitations of such field research at present.

Thermal comfort is significantly affected by the exterior, type, and geographical loca-
tion of a building along with situational factors and the human body’s thermal balance [39].
In this study, field measurements were performed, and subjective sensations collected in an
office space experiencing a large influx of solar radiation in a building with a transparent
envelope. The analysis confirmed that the solar radiation introduced into an indoor space
has a direct impact on the indoor air temperature and the thermal comfort of the occupants.
Similarly, Moon [15] conducted research on the relationship between solar radiation and
indoor thermal comfort and emphasized that solar radiation must be considered during
the design of HVAC systems, as solar radiation increases body temperature [11,17]. Since
numerical data describing the influx of solar radiation were insufficient in this study, it
remains necessary to collect additional relevant data. The inclusion of such data should be
further discussed in future research to obtain definitive results describing thermal comfort
in buildings. Thus, in future work, solar radiation data will be measured, and revised
regression coefficients will be estimated using all relevant data.

4. Conclusions

In this study, the influence of solar radiation on the indoor thermal environment
and thermal comfort of occupants in an office building with a transparent envelope was
analyzed using measurements and questionnaire responses. The analysis results showed
that there was a clear difference between the indoor air temperature and radiant temper-
ature owing to the transparent envelope of the building. The comfort of occupants in a
group subjected to the significant influence of solar radiation (Group A) was compared
with that of a group less affected by solar radiation (Group B), confirming the effect of
solar radiation. The overall average sensitivity of the questionnaire respondents was
0.58/◦C, and the average comfort temperature was found to be 26.6 ◦C. The sensitivity of
Group A was 0.67/◦C—higher than the average sensitivity—whereas that of Group B was
0.49/◦C—lower than the average sensitivity. The comfort temperature of Group A was
24.7 ◦C—approximately 2 ◦C lower than the set temperature (26 ◦C)—whereas that of
Group B was 28.4 ◦C—approximately 2 ◦C higher than the set temperature. In the anal-
ysis results, the two groups exhibited prominent differences in comfort according to the
influence of solar radiation in a single office space. This indicates that solar radiation
affects the indoor operative temperature, which is directly related to the thermal comfort of
the occupants.

The derived comfort temperatures differed from the set temperature by approximately
±2 ◦C depending on the occupant location in the office. In particular, it was found that the
solar radiation introduced through the transparent envelope eventually had a direct impact
on the indoor thermal environment of the office and the comfort of its occupants. As a
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result, the simple form of temperature control typically applied through the central HVAC
system in an office building can create a thermal imbalance among occupants. Therefore,
the results of this study could be used to account for the effects of solar radiation through
transparent envelopes when investigating individualized measures to properly control
the indoor thermal environment and thereby maintain the thermal comfort of occupants.
Additional research on the relationship between the thermal comfort of occupants and
solar radiation remains to be conducted by collecting numerical data describing the solar
radiation inside building spaces.
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