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Abstract

:

A field survey of indoor environmental measurements and questionnaires on thermal sensation, overall comfort, and behaviors was conducted in four office buildings in Japan by visiting each office every month over a duration of more than a year during the coronavirus disease 2019 (COVID-19) pandemic. The indoor environment was measured concurrently. We obtained 1047 votes from office workers in their 20s to 60s. The regression and Griffiths’ methods were used to calculate the indoor comfort temperature. A logistic regression analysis was used to develop the occupant behavior model. Over 70% of the occupants found the indoor environment comfortable at a mean comfort temperature of 23.2 to 25.9 °C. Gender differences were observed in thermal sensation and overall comfort, but a gender difference was observed only in the cooling mode for the indoor comfort temperature. An adaptive model was developed for the office buildings in Nagasaki city to predict the indoor comfort temperature from the outdoor air temperature. The proportions of heating, cooling, and fan usage can be predicted from the outdoor air temperature using a logistic regression analysis. The adaptive model and occupant behavior model are useful for the indoor temperature control of the existing buildings and thermal simulation of the new building design.
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1. Introduction


Field studies on thermal comfort in buildings have been performed extensively worldwide in different climates [1]. However, their findings cannot be applied to all countries owing to climate variations. A literature review [2] suggested that existing comfort standards may not necessarily be applicable under various climatic conditions. The proportion of the world’s energy consumption taken up by the consumer sector is 30% [3]. Therefore, it is essential to demonstrate the occupants’ comfort temperature to reduce the amount of energy consumed for air conditioning, which accounts for nearly half of that used by office buildings. In Japan, thermal insulation is insufficient, especially in warm climatic regions compared with cold climatic regions; thus, it is important to suppress energy waste in office buildings by setting the appropriate air conditioning temperature to achieve the carbon-neutral target for 2050. Accordingly, thermal comfort standards suitable for different climates are necessary for efficient energy saving in buildings. The Japanese Government assumes that the recommended indoor temperature for energy saving is 28 °C for space cooling and 20 °C for space heating, but this assumption is not based on field data. Furthermore, observance of this indoor temperature recommendation, which emphasizes energy saving, may lead to deteriorations in the comfort, health, and productivity of occupants [4,5]. It was reported that the evaluation of thermal satisfaction in real offices has practical benefits for improving workplace productivity [6]. It was reported that sick building syndrome (SBS)-related symptoms are more strongly related to the thermal sensation votes rather than to the temperature itself [7]. Therefore, it is necessary to conduct a field survey of occupants in office buildings, examine the indoor temperature and environmental adjustment behaviors of occupants, and clarify appropriate air conditioning temperature settings. Furthermore, the relationship between the comfort temperature of occupants and outdoor air temperature must be elucidated, and an adaptive model according to the regional climate must be provided.



Comfort temperatures have been investigated in various countries. Table 1 [8,9,10,11,12,13,14,15,16,17,18,19,20] lists the outdoor, indoor, and comfort temperatures of office buildings obtained from different field surveys on offices in various countries (other than Japan). Table 1 shows that the comfort temperature (in various modes) in some countries worldwide varies considerably, reflecting the broad range of climates. Additionally, the variation in the comfort temperature (by region) yields a distribution in the range of 17.6 to 29.4 °C in South Asia [8,9,10,11,12,13,14], with a regional difference of 11.8 °C. Conversely, Southeast Asian countries have small differences in the order of 3.3 °C [15,16,17]. Comparing Changsha [18], in China, which has hot summers and cold winters, and Seville [19], a Mediterranean city in Spain, which has very hot summers, the comfort temperatures during the summer season in mixed-mode (MM) are 26.7 °C and 23.6 °C, respectively. Given the differences in climate, it is easy to imagine that the comfort temperature differs between Asia and Europe. Regional differences in the comfort temperature are small in specific areas, because most surveys target office buildings in MM. Herein, mixed-mode, changeover types indicate that building can be in either the free running (FR; heating and cooling are not used during the survey) mode or air-conditioned mode (AC).



Table 2 [8,15,21,22,23,24,25,26] lists the outdoor, indoor, and comfort temperatures of office buildings obtained from different field studies conducted in Japan. First, a study on offices in the Kanto region found that the comfort temperatures ranged from 24.3 to 25.4 °C in the following three modes: FR, cooling (CL), and heating (HT) modes [23]. Another study on offices around Tokyo found that the comfort temperature ranged from 22 to 26 °C and from 22 to 25 °C for the MM and FR modes, respectively [26]. As aforementioned, the comfort temperatures in offices have been surveyed only in limited areas in Japan. In the case of Japan, which spans approximately 3000 km from north to south, the comfort temperature may vary from region to region.



This paper describes the comfort temperatures and occupants’ behaviors by performing thermal environmental measurements and conducting thermal comfort surveys with participants who worked in four office buildings in Nagasaki city in Southwest Japan. The relationship between indoor comfort and outdoor temperatures was also examined to develop an adaptive model [27]. The application of an adaptive model that fits the regional weather conditions can improve the comfort of occupants and concurrently conserve energy. In addition, an important objective of this study was to elucidate the environmental adjustment behavior of the occupants to maximize their ability to adapt to the environment and save energy. This study is expected to provide practicable knowledge to reduce energy consumption in office buildings in warm climatic regions and maintain occupants’ comfort, health, and productivity.



This paper consists of four parts. First, we describe the survey, analysis, and calculation methods. Second, the results and discussion are presented. In the first half, thermal sensation votes and overall comfort votes (classified based on mode, gender, and constitution) are presented. In the middle, the comfort temperature (classified based on mode, gender, and constitution) is presented, and the relationship between indoor comfort and outdoor temperatures is also discussed. In the latter half, occupant behavior is analyzed in terms of the overall tendency and clothing insulation according to gender, and the proportions predicted by the outdoor air temperature are indicated for heating and cooling use, window opening behavior, and fan use using a logistic regression analysis. Third, an overall discussion is presented. Finally, the conclusions drawn from this study are described.




2. Methodology


2.1. Survey Method


2.1.1. Survey Location, Climate, and Survey Period


Nagasaki is located on Kyushu Island in the southwestern part of Japan. The location of Nagasaki City is shown in Figure 1a. Nagasaki City is a port town with a mountainous topography, with the city center consisting of slopes and valleys. The surveyed buildings are located near the city center and are assumed to be more affected by the heat island effect compared to suburban cities. All buildings are situated on a plain. The oldest building is located between a main road near a mountain and a bay, but there is little greenery in the surrounding area. The other buildings are located on the university campus, and the area around the buildings is dotted with tall trees. Thus, the survey location is ecologically rich, although it is located in an urban setting. The climate is classified as Cfa by the Köppen–Geiger climate classification system [28]. It is mild all year round and typically humid in the summer. It rarely snows in the winter. Figure 1b shows the climate in Nagasaki during the survey period concerning the nearest meteorological observatory [29]. The studied buildings were located approximately 1.8 to 5.8 km away from the aforementioned meteorological observatory. The monthly mean outdoor temperature for each month fluctuates from 6.5 to 27.9 °C. The monthly mean temperature is maximal in July and minimal in February. The monthly mean outdoor relative humidity of each month fluctuates from 62 to 87%. The monthly mean horizontal global solar radiation is maximal in May and minimal in December. The survey period was one year, from July 2021 to June 2022, except for B2 building (the survey started one month late).




2.1.2. Characteristics of Target Buildings


We selected four mixed-mode office buildings for the investigation, as building windows can be opened in the season when air conditioning is not used. However, we could not increase the number of buildings for the field survey owing to the coronavirus disease 2019 (COVID-19) pandemic. Table 3 outlines the surveyed buildings and lists the number of thermal comfort votes. In addition, Figure 2 shows the external views of the four office buildings surveyed in this study. The use of the surveyed buildings, except for B4, which is used as a rental office, is for education. The investigated floors are shown in Table 3. As a result of selecting the target buildings, from the viewpoint that it is possible to adjust the environment by opening the windows, the target buildings are conventional (i.e., 50 years has passed since the completion of construction). Since the first energy conservation standard for the residential sector (not mandatory) was issued in 1980, the thermal performance of each studied building was not considered to be high. All surveyed buildings are not high-rise buildings but are mid-rise buildings constructed with reinforced concrete; these types of buildings are common in local areas in Japan. Among the target buildings, a 15-story condominium on the southwest side of B4 casts a shadow on part of the building. The influence of solar radiation was expected to be insignificant, because the blinds on the southwest are normally closed. No high-rise buildings are present around the other three buildings (B1, B2, and B3). However, some trees around B3 cast partial shadows. The surveyed buildings are not modern. As shown in Table 3, the ratio of the glazed area to the building envelope area ranges from 21.7 to 37.7%; therefore, the buildings are not fully glazed. All of the windows have blinds for shading. Air conditioning control is local, and the air conditioning system operates in MM mode for each building. From the viewpoint of the aforementioned building characteristics, the surveyed buildings can be said to be representative of this area. Among the target buildings, B4 is a private office building, and the others are university administration buildings. Compared with B4, the other buildings operate the air conditioning system by considering energy savings and ventilation.




2.1.3. Method of Indoor Thermal Environment Measurement and Questionnaire Survey


The survey was conducted by distributing questionnaire sheets on thermal comfort to office occupants. Concurrently, the thermal environment in the office was measured, as shown in Figure 3. The survey was conducted based on monthly visits; therefore, each office was visited once every month. A series of surveys, consisting of indoor environmental measurements and questionnaires on comfort, was conducted for each group of people in each office. After the completion of measurements in one group, with a duration off approximately 15 min, the same surveys were conducted for the next group. During the initial survey phase, we surveyed the building and the subjects’ attributes. Basic information, such as the construction year, structure, air conditioning system, and number of windows, was obtained for the buildings. Additionally, the survey participants were inquired about their gender, age, height, weight, physical constitution, preferences for space cooling and heating, the environment in which they tend to spend most of their time, and current occupation. For the second and subsequent visits, questionnaires regarding comfort at the time of the visit were distributed among the survey subjects, and they were requested to answer the questionnaire. If a worker who was absent during the initial survey, after the second and ensuing visits, we requested them to answer the questionnaire survey on the basic attributes of the survey subjects and to cooperate with subsequent surveys. Table 4 shows the contents of the questionnaire used in the thermal comfort survey. The printed questionnaire was provided to each occupant (see Appendix A). The subjects were requested to rate their thermal comfort levels, assess their activities and environmental control, and select suitable environmental adjustment behaviors adopted by them 15 min before the survey to experience coolness and warmth from lists that comprised 17 and 16 options, respectively. Regarding environmental adjustment behaviors, the responses provided were converted to “1” was assigned if the corresponding behavior had been chosen, and to “0” was assigned if it had not been selected. Table 5 shows the scales used for the thermal comfort survey. We used a seven-point scale for the thermal sensation vote, and a six-point scale for the overall comfort vote.



The air temperature, relative humidity, globe temperature, air velocity, carbon dioxide concentration, and illumination were measured at 1.1 m above the floor level regarding the physical environmental parameters. Table 6 presents an outline of the measuring instrument. Although the recommended accuracy for the air temperature is 0.2 °C for class C instruments of thermal comfort according to the ISO 7726 [30] standard and ASHRAE 55 [31], measuring instruments with a temperature measurement accuracy of ±0.3 to ±0.5 °C are often used in many studies in Japan [8,23,24,26,32].



A globe thermometer with a diameter of 75 mm was used in the survey. A small globe with a diameter of 75 mm or a black painted table tennis ball has been widely used in field studies [7,8,9,12,15,20,23,24,26,32]. It was reported that small globes underestimate the mean radiant temperature at high radiative loads, especially in hot thermal environments, but they can be used with some restrictions in terms of features that reduce the high response time affecting the standard globe with a diameter of 150 mm [33,34]. The time constant for the globe thermometer with a 150 mm diameter is about 20 min [35], but it is less for the globe thermometer with a diameter of 75 mm, which would be sufficient to stabilize in the indoor space. Measurement of the mean radiant temperature was performed using a 75 mm globe that exhibits a good compromise between accuracy and response time [26].





2.2. Analysis Method


Except for the comparing the trend of the entire vote set, the voting results were analyzed by dividing them into three modes: FR, CL, and HT. Moreover, we examined the indoor comfort temperature of the occupants according to gender, constitution, clothing, and the adoption of environmental adjustment behaviors. Concerning clothing, the occupants were asked to choose the clothes closest to what they wore at the time they voted; the clo value for each selected item was summed to obtain the total clothing insulation. Regarding the environmental adjustment behaviors, the occupants were asked to select all applicable items from lists (composed of 17 and 16 options, respectively, for behaviors conducted 15 min before the survey to become cooler or warmer). SPSS (version 29, IBM, Armonk, NY, USA) was used for the analysis.




2.3. Calculation Method for the Comfort Temperature


2.3.1. Regression Method


The regression analysis is a common analysis method used to predict the variation in one specific variable owing to the variation in another variable. Using this method, the relationship between the thermal sensation vote (TSV) and indoor globe temperature is given by the following linear equation:


TSV = a Tg + b



(1)




where Tg indicates the indoor globe temperature (°C), a is the regression coefficient, and b is the vertical axis intercept.



When this method is used, the globe temperature when TSV is “4. Neutral” is defined as the comfort temperature.




2.3.2. Griffiths’ Method


The comfort temperature can also be derived from the following equation, based on Griffiths’ method [24,27,36]. This method has been used in most field studies.


Tc = Tg + (4 − TSV)/c,



(2)




where Tc exhibits the indoor comfort temperature (°C), and a indicates the Griffiths’ constant corresponding to the thermal sensation changing rate with the indoor globe temperature. In past studies, 0.50 was reported to be an appropriate value for c in Equation (2) [24,27,37]; therefore, we adopted c = 0.50.





2.4. Calculation Method for the Running Mean Outdoor Temperature


The comfort temperature can be predicted using the outdoor air temperature [36]. As an index of the outdoor air temperature, the running mean outdoor air temperature [27], which is the historical outdoor air temperature experienced by occupants, was adopted and derived from the following equation. As aforedescribed, the outdoor temperatures were obtained from the meteorological observatory nearest to the survey site [29].


Trm = αTrm−1 + (1 − α)Tod−1



(3)




where Trm−1 indicates the running mean outdoor air temperature of the previous day (°C), and Tod−1 indicates the daily mean outdoor air temperature of the previous day (°C). α, which indicates the reaction rate to the outdoor air temperature, takes values from 0 to 1; in this case, α = 0.8 [38].




2.5. Estimation of the Occupant Behaviors


A logistic regression analysis was performed to predict occupant behaviors in naturally ventilated buildings [27,39,40]. The same analysis was applied to predict heating and cooling use, window opening, and fan use in this study. The relationship between the probability of an occupant behavior (p) and an outdoor air temperature (To) is expressed by Equations (4) and (5).


logit(p) = loge {p/(1 − p)} = dTo + e



(4)






p = exp(dTo + e)/{1 + exp(dTo + e)}



(5)




where exp indicates the exponential function with the natural logarithm base, d is the regression coefficient for To, and e is a constant in the regression equation.





3. Results and Discussion


In the field study, 1047 votes were obtained from 143 participants. We analyzed the obtained data following their classifications according to mode, gender, and constitution. Table 7 lists the votes for each mode categorized by gender and constitution. Thermal comfort votes were obtained from 84 males and 59 females. The constitution is divided into three categories: “sensitive to heat”, “sensitive to cold”, and “neither sensitive to heat nor cold (neither)”. Regarding constitution, “neither” was the most common answer (by 49 occupants, constituting 34% of the surveyed occupants). The responses “sensitive to heat” and “sensitive to cold” were obtained from 37 and 34 occupants, respectively. The average age of the occupants was 41.9 years, with ages ranging from the 20s to the 60s. Regarding the occupations of the occupants, clerical workers, and design workers accounted for 57.3% and 38.5% of all the occupants, respectively. Occupants had body mass index (BMI) values from 16.1 to 31.2 kg/m2 with an average BMI of 22.3 kg/m2. Eighty percent of the occupants were considered healthy due to having a BMI below 25 kg/m2.



The monthly mode classifications for all studied office buildings are illustrated in Figure 4. The asterisks in Figure 4 indicate that the mode varies depending on the department. The mode changes depending on the season. However, the mode used differs depending on the office, and the FR mode period during the transition from summer to mid-season is shorter than that during the transition from winter to mid-season. The average indoor globe and outdoor air temperatures during the survey period ranged from 22.2 to 26.0 °C and from 9.8 to 27.2 °C, respectively. Thus, the indoor globe temperature differences were found to be small compared with those of the outdoor air temperature.



The predicted mean vote (PMV) [41] was calculated using the results of the thermal environmental measurements (indoor air temperature, relative humidity, mean radiant temperature, and air velocity) and the questionnaire survey responses (clothing insulation and metabolic rate). Table 8 presents the results of the PMV classified by mode, gender, and constitution. The mean PMV for each mode, gender, and constitution was within the comfort range of −0.5 to +0.5. The comfort range of the PMV in the investigated offices accounted for 59.5% based on the indoor thermal measurements. In terms of the mode, the PMV in the FR and CL modes was evaluated to be slightly hotter, and that in the HT mode was evaluated to be slightly colder. Regarding gender, the variability in the PMV was greater in females than in males. The PMV based on the constitution did not differ as much as that based on the mode or gender. Thus, the indoor thermal environment of the office building studied was generally comfortable.



3.1. Thermal Sensation Vote


We analyzed the extent of the thermal sensation variation among occupants in an actual office environment. The following results show how the thermal sensation responses were distributed based on mode, gender, and constitution. Figure 5 illustrates the variation in the TSV categorized based on mode. The TSV varied extensively from “1. Very cold” to “7. Very hot”, and “4. Neutral” was the most frequent response in any mode. The sum of the proportions of “3. Slightly cold”, “4. Neutral”, and “5. Slightly hot” was represented as a thermal comfort zone that ranged from 93 to 97% for each mode. It is suggested that many occupants find the indoor environment in the workspace comfortable. In addition, the average TSV in the HT mode was lower than in the FR and CL modes (p < 0.001).



Figure 6 illustrates the variation in the TSV categorized by gender. The most frequent response from males and females was “4. Neutral”. The proportion of responses within the aforementioned comfort zone was generally high for both genders. Therefore, most occupants were comfortable in the workspace, regardless of their gender. Nevertheless, the average TSV of males was higher than that of females (p < 0.01). Thus, there are significant thermal sensation differences between males and females. This result is consistent with a previous study on student dormitory buildings in Pakistan [42]. Interestingly, this study and the previous study [42] yielded similar trends regarding the significant differences in thermal sensations between males and females, despite the differences in subjects and climates.



Figure 7 illustrates the results of the TSV categorized based on the constitution. The most frequent response was “4. Neither”, regardless of the constitution. Furthermore, occupants sensitive to heat tended to feel hotter than those sensitive to cold or neither. In contrast, occupants sensitive to cold tended to feel colder than those sensitive to heat or neither. Furthermore, there were significant differences in TSV categorized by the constitution. The average TSV in those who were sensitive to heat was significantly higher than that in those who were sensitive to cold (p < 0.001) or neither (p < 0.01). The average TSV associated with those who were sensitive to cold was significantly lower than that associated with those who were sensitive to cold (p < 0.05).



Furthermore, we examined whether the age of occupants affected the thermal sensation. Although the relevant figures are not presented, there was no significant difference in age, except in the CL mode. In the CL mode, the TSV results for participants in their twenties yielded outcomes that were significantly lower than those in other age groups (thirties: p < 0.01, forties: p < 0.05, fifties: p < 0.01, and sixties: p < 0.05).




3.2. Overall Comfort Votes


Next, we analyzed how much the comfort sensation varied among occupants in an actual office environment. Figure 8 illustrates the variation in the overall comfort votes (OC) categorized based on the mode. The OC varied extensively from “2. Uncomfortable” to “6. Very comfortable”. “4. Slightly comfortable” was the most frequent response in any mode accounting for more than half of the OC, and yielded outcomes which ranged from 50.1 to 58.1%. All occupants who provided an answer of “6. Very comfortable” for the OC provided an answer of “4. Neutral” for the TSV. The proportions of occupants who provided answers of “4. Slightly comfortable” to “6. Very comfortable” for the OC for each mode ranged from 72.1 to 78.0%, thus indicating that most occupants felt comfortable in the office environment. Furthermore, the average OC in the HT mode was lower than in the CL mode (p < 0.001).



Figure 9 illustrates the variation in the OC categorized based on gender. The majority of both male and female occupants felt “4. Slightly comfortable”, thus indicating that most respondents felt rather comfortable. Furthermore, there was a significant difference in the comfort sensation between the two genders, and the average OC of males was higher than that of females (p < 0.01).



Figure 10 illustrates in the variation of OC categorized based on the constitution. The most frequent response was “4. Slightly comfortable” for any constitution, and the proportions were as follows: 50.4% of the occupants were sensitive to heat, 60.6% of the occupants were sensitive to cold, and 56.5% of the occupants were neither. The proportion of occupants who reported feeling comfortable was high for all constitutions. There were no significant differences in the comfort sensation votes categorized according to the constitution.



Furthermore, we also examined whether the age of the occupants affected the OC. Although the relevant figures are not presented, there were no significant differences based on age except in the CL mode. In the CL mode, the OC for individuals in their twenties was significantly lower than those for individuals in other age groups (thirties: p < 0.001 and forties: p < 0.05), and these individuals felt more uncomfortable compared with those in other age groups.




3.3. Comfort Temperature


3.3.1. Comfort Temperature Based on Mode


It is important to clarify occupants’ comfort temperatures to ensure efficient energy saving in office buildings. The comfort temperature was obtained in each mode using the regression and Griffiths’ methods. First, as shown in Figure 11, comfort temperatures were calculated in all studied modes from the following regression equation between the TSV and the indoor globe temperature.


FR: TSV = 0.18Tg − 0.41 (N = 398, R2 = 0.33, S.E. = 0.013, p < 0.001)



(6)






CL: TSV = 0.10Tg + 1.46 (N = 384, R2 = 0.01, S.E. = 0.044, p = 0.023)



(7)






HT: TSV = 0.15Tg + 0.29 (N = 265, R2 = 0.12, S.E. = 0.024, p < 0.001)



(8)




where N is the number of responses, R2 is the coefficient of determination of the regression coefficient, S.E. is the standard error of the regression coefficient, and p is the significance level of the regression coefficient.



In Equations (6)–(8), the globe temperature was defined as the comfort temperature when the TSV was “4. Neutral”. The comfort temperature was predicted to be 24.5 °C in the FR mode, 25.4 °C in the CL mode, and 24.7 °C in the HT mode. The coefficients of regression and determination were the highest in the FR mode and the lowest in the CL mode. Thus, the comfort temperatures of all modes yielded narrow ranges (within 1 °C), and the small regression coefficient indicated a possible problem in estimating comfort temperatures [2,23]. Therefore, we applied another method for the comfort temperature prediction.



Figure 12 shows the average comfort temperature calculated using Griffiths’ method in each mode. The comfort temperature calculated based on the mode ranged from 23.2 to 25.9 °C. A larger temperature difference was found in the comfort temperature compared with that calculated using the regression method. Furthermore, the comfort temperature was lower by 0.6 and 1.1 °C in the FR and HT modes, respectively, and was higher by 0.3 °C in the CL mode compared with study previously conducted in office buildings in other areas of Japan [27]. This was probably because the windows were often opened for ventilation when air conditioning units were used.




3.3.2. Comfort Temperature Based on Gender


The aforementioned field survey of dormitories in Pakistan [42] indicated that, although the mean comfort temperatures yielded no significant gender differences, there was a gender difference in thermal sensation. We examined whether the average comfort temperature differed between males and females. Figure 13 illustrates the mean comfort temperatures calculated in each mode according to the gender (with 95% confidence intervals: mean ± 2S.E.). We observed a significant gender difference in the comfort temperature only in the CL mode (p < 0.01), with the comfort temperature for males being lower by 0.4 °C compared with that for females. The tendency of males to prefer lower comfort temperatures than females in the CL mode is because males exhibit more environmental behavioral adjustments to experience coolness than females, as described below. According to a previous study performed in the Aichi prefecture of Japan in winter [25], the mean comfort temperature of males is 1.4 °C lower compared with that of females in heating, ventilation, and air conditioning (HVAC) building cases, although the comfort temperatures for the two genders were found to be almost the same (approximately equal to 25.0 °C) in MM building cases. Similarly to the aforementioned previous study [25], this study showed that the comfort temperatures for the two genders were almost the same in the FR and HT modes.




3.3.3. Comfort Temperature Based on Constitution


Next, we determined whether there was a difference in the average comfort temperature of occupants depending on the constitution. Figure 14 illustrates the mean comfort temperatures calculated in each mode according to the constitution (with 95% confidence intervals: mean ± 2S.E.). Interestingly, there was a significant temperature difference only in the CL mode case. The comfort temperature for the category “sensitive to heat” was significantly lower by 0.8 °C than that for “sensitive to cold” (p < 0.01). It is natural to assume that an occupant who is sensitive to heat feels more comfortable at a lower temperature than an occupant who is sensitive to cold in the CL mode.




3.3.4. Comfort Temperature Based on Age


We also examined whether the age of the occupants affected the comfort temperature. Although the relevant figures are not presented, there was a significant difference based on age, except in the CL mode. In the FR mode, the comfort temperature of the occupants in their twenties was significantly higher than those of the occupants in their forties (p < 0.001) and sixties (p < 0.05). In the HT mode, the comfort temperature of occupants in their twenties was significantly higher than that of occupants in their forties (p < 0.05).




3.3.5. Comfort Temperature Fluctuation in the FR Mode


Comfort temperature differs depending on the region and season [36]. Hence, we examined whether there are monthly and seasonal variations in comfort temperatures in office buildings in Nagasaki City. First, Figure 15 depicts the fluctuation in the comfort temperature in the FR mode observed for eight months during the survey period. It can be observed that the mean comfort temperature exhibited a monthly variation of 4.2 °C in the FR mode. In contrast, the average outdoor air temperature exhibited a larger monthly variation of 8.6 °C compared to the indoor comfort temperature (see Figure 1b).



Similarly, Figure 16 depicts the mean comfort temperature fluctuation for each season in the FR mode. It can be observed that the mean comfort temperature had a seasonal variation of 3.9 °C in the FR mode. In contrast, the seasonal mean outdoor air temperature in the FR mode was minimal in winter (approximately equal to 8.6 °C) and maximal in the summer (approximately equal to 25.2 °C); the outdoor air temperature difference was larger compared with that in the indoor comfort temperature. As described above, the occupants were observed to adapt to the environment in the office buildings (within a range of approximately 4 °C). In a previous study conducted in the Kanto region [23], the monthly and seasonal average comfort temperatures in the FR mode varied from 22.1 to 26.0 °C and from 24.2 to 25.7 °C, respectively. Thus, the mean comfort temperature variation in the FR mode in our survey was larger than that in the Kanto region; this was attributable to the absence of winter data in the FR mode from the Kanto region offices, compared to our survey conducted in Nagasaki. Thus, it was found that the seasonal fluctuation in the comfort temperature differs from region to region in the FR mode.





3.4. Relationship between Indoor Comfort and Outdoor Air Temperatures


Occupants adapt to become comfortable within the outdoor environment, which changes daily. We examined how the indoor comfort temperature relates to the outdoor air temperature according to the studied modes. Figure 17 illustrates this relationship classified into the following two modes and compares the obtained regression equations.


FR: Tc = 0.28Trm + 19.5 (N = 398, R2 = 0.41, S.E. = 0.017, p < 0.001)



(9)






CL and HT: Tc = 0.15Trm + 22.0 (N = 649, R2 = 0.40, S.E. = 0.007, p < 0.001)



(10)







In this study, a value calculated using Griffiths’ method was applied to the Tc. Regarding the CL and HT modes, the regression coefficients were larger compared with those of the CIBSE Guide (0.09) [43] and the Kanto region (0.10) [27]. This can be explained by taking into account that the windows were open, even when the occupants used air conditioners for ventilation in most of the studied office buildings; consequently, it was found that the outdoor air temperature significantly influenced the indoor comfort temperature as compared with other surveys [27,43]. It is suggested that the comfort temperature may have been affected by window opening practices in the CL and HT modes (owing to the COVID-19 pandemic).



Conversely, the FR mode exhibited a different trend from those of the two aforementioned modes, that is, the regression coefficient yielded different values in the two previously conducted studies; specifically, the European Committee for Standardization (0.33) [44] and the Kanto region values (0.15) [27] were obtained. Regarding the FR mode, it was found that the comfort temperatures in Nagasaki City were more significantly affected by the outdoor air temperature compared with other regions. This is presumably attributable to regional differences.




3.5. Occupant Behavior


3.5.1. Occupant Behaviors Adopted to Experience Coolness and Warmth


Next, we analyzed how occupants adapted to the environment and the types of behaviors adopted in their offices. The mean value was calculated for each behavior. In the subsequent figures presented in this paper, only behaviors with positive mean values are shown in ascending order based on gender. Overall, more male occupants were observed to experience coolness (p < 0.001), and more female occupants attempted to experience warmth (p < 0.001); however, these results are not reported herein.



Figure 18 depicts the environmental adjustment behaviors exhibited by the building occupants to experience coolness (with 95% confidence intervals: mean ± 2S.E.). Males tended to attempt more behaviors to experience coolness than females. The most common behavior in both genders was “Ate/drank something cold”. These results are similar to those reported in the study obtained from the offices of the Kanto region [45].



Figure 19 depicts the environmental adjustment behaviors exhibited by the building occupants to experience warmth (with 95% confidence intervals: mean ± 2S.E.). Although females tended to attempt more behaviors to experience warmth than males, the most common behavior exhibited by males was “Ate/drank something warm”. This result is similar to the results reported in the study conducted in the offices of the Kanto region [45]. Conversely, the most common behavior exhibited by females was “Used a lap robe”, followed by “Ate/drank something warm”. Therefore, environmental adjustment behaviors adopted to experience warmth were observed in females but may have occurred less in males.




3.5.2. Clothing Insulation


As aforementioned, occupants adapted to the environment by adopting various environmental adjustment behaviors. Adjusting clothes is also one of the major environmental adjustment behaviors. The amount of clothing calculated from the votes of clothing was compared according to mode and gender. Figure 20 illustrates the mean clothing insulation calculated according to gender in each mode. The mean clothing insulation was significantly higher for males than that for females only in the HT mode (p < 0.001). Additionally, the average number of upper-body clothing items was significantly higher in the case of males (3.0) than that in females (2.6). Moreover, the percentages of corresponding to the wearing of jackets were 68% and 29% in males and females, respectively; herein, jackets refer to clothing items that were worn over vests, cardigans, and other jackets.



As explained in Section 3.5.1., females tended to adopt more environmental adjustments to experience warmth than males. This implies that male occupants adapted to their office environment by increasing the clothing worn by them, whereas female occupants adapted to the office environment by executing more environmental adjustments than males. Interestingly, the differences between the environmental adjustment behaviors of males and females resulted in similar comfort temperatures in the HT mode.




3.5.3. Heating and Cooling Use


Herein, we focus on the heating and cooling use among all the behaviors of the occupants and clarify how these behaviors relate to the outdoor air temperature. A logistic regression analysis was used to predict heating and cooling use. The following regression equations were obtained:


Heating use: logit (p) = − 0.446To + 5.5 (N = 1047, R2* = 0.48, S.E. = 0.031, p < 0.001)



(11)






Cooling use: logit (p) = 0.591To − 13.8 (N = 1047, R2* = 0.58, S.E. = 0.041, p < 0.001)



(12)




where R2* denotes the Cox and Snell R2 for the regression coefficient.



Figure 21 presents the relationship between heating or cooling usage and the outdoor air temperature. Actual measured data are also plotted on the graph. Most data matched the regression equations for both heating and cooling use (the exceptions were when an office did not use the heating system temporarily during visits, despite the low outdoor air temperatures). Generally, the percentage of heating use tends to increase as the outdoor air temperature falls; the percentage of cooling use tends to increase as the outdoor air temperature rises. The regression coefficients for heating and cooling use in the Kanto region [27] were found to be −0.839 and 0.359, respectively. Comparing these outcomes with a previous study in the Kanto region offices [27], outdoor air temperature did not significantly influence heating use in the Nagasaki offices. In contrast, the trend was the opposite for the cooling use. In this study, the regression coefficient for cooling use was larger compared with that for the Kanto region. This was attributed to the opening of windows for ventilation even in the case of cooling use owing to the COVID-19 pandemic. In contrast, the proportion of open to closed windows when heating was used was not as high as that when cooling was used; thus, the impact of the outdoor air temperature on heating use may be smaller compared with that on cooling. Furthermore, a high correlation was observed between heating/cooling use and the outdoor air temperature; accordingly, it was confirmed that it is possible to predict heating/cooling use by using the logistic regression equation in conjunction with the outdoor air temperature.




3.5.4. Window Opening Behavior and Fan Use


We focus herein on window opening behaviors and fan usage among all occupants and clarify how these behaviors are related to the outdoor air temperature using the same method as in the previous paragraph.



First, the following regression equation was derived based on the logistic regression analysis of window opening patterns, provided that the equation applies to the FR mode. The analysis was performed using only the FR mode data (among all the opened window data), because there were data cases in which the window was open for ventilation even in the CL and HT modes owing to the COVID-19 pandemic.


logit (p) = 0.205To − 3.2 (N = 398, R2* = 0.17, S.E. = 0.027, p < 0.001)



(13)







Secondly, as a result of the logistic regression analysis of fan use, the following regression equation was derived for all data.


logit (p) = 0.363To − 10.3 (N = 1047, R2* = 0.31, S.E. = 0.029, p < 0.001)



(14)







Figure 22 presents the relationship between window opening behavior and the outdoor air temperature in the FR mode. Actual data are also plotted on the graph. The percentage of opened windows increases as the outdoor air temperature rises. The regression coefficient for the cases in which windows were opened was 0.205. Conversely, the regression coefficient in the same regression was estimated to be 0.350 (0.507 in Survey 1 and 0.251 in Survey 2) in the Kanto region [27] (where five HVAC buildings and six MM buildings were surveyed) and 0.181 in the United Kingdom (UK) [46] (where seven naturally ventilated buildings and two air-conditioned buildings were surveyed). The regression coefficient of this study was close to that of the UK study [46] compared with that in the Kanto region [27]. Furthermore, the regression coefficient of this study was approximately the same as that obtained in Survey 2 in the Kanto region [27]. The mean window opening proportion in this study was 0.62, which is higher than that in the Kanto region (both Surveys 1 and 2) (0.42) [27]. All four offices surveyed in this study were MM buildings; accordingly, this may explain why the results of the UK study [46] were similar to our results. The correlation between the window opening behavior and outdoor air temperature is not as high as that between the heating/cooling usage and outdoor air temperature. However, the Gaussian regression analysis can be used for the window opening model in further studies [40].



Figure 23 presents the relationship between fan usage and the outdoor air temperature. Actual data are also plotted on the graph. Herein, the fan refers to the one installed in the workspace of the office. The proportion of fan use in offices increases as the outdoor air temperature rises. This trend is the same as that found in the previous study on Japanese dwellings [32]. Herein, the frequency of fan use was higher in the CL mode (36.7%) compared with that in the FR mode (10.2%), and three offices other than B4 used air conditioners in conjunction with fans to cool down the spaces effectively. The regression coefficient of 0.363 (in the case of the fan use) was larger compared to that derived between the window opening behavior and outdoor air temperature for the FR mode case. Although the correlation between fan usage and the outdoor air temperature was not as high as that derived between heating/cooling usage and the outdoor air temperature described in the previous subsection, the fan use proportion may be predicted to some extent by using the logistic regression equation in conjunction with the outdoor air temperature.



Further analysis is needed to improve the window opening and fan use models by collecting more data.






4. Overall Discussion


First, it was observed that both TSV and OC were lower in the HT mode than in other modes. Therefore, thermal sensation was rated to be on the colder side, and overall comfort was rated to be on the slightly uncomfortable side. The comfort temperature in the HT mode was significantly lower than those of other modes. Improving the thermal sensation and overall comfort in the HT mode is required in the surveyed office. Owing to the COVID-19 pandemic, opening the windows in the HT mode may have reduced the thermal sensation and overall comfort. Gender differences were found in both the TSV and OC cases, but constitutional differences were found only in the TSV case. Age differences were observed in both the TSV and OC cases, and the occupants in their twenties yielded lower outcomes than the other age groups. In the office buildings studied in this research, it was shown that the comfort temperature can be estimated from the running mean outdoor air temperature. The regression coefficient was slightly larger compared with that in the Kanto region in the CL and HT modes and larger compared to that in the Kanto region in the FR mode. The fact that ventilation was generated by opening the windows even when the air conditioning was on (owing to the COVID-19 pandemic) may have affected the aforedescribed results. It is suggested that there may be regional differences in the regression equations for predicting indoor comfort temperatures from outdoor air temperatures, even in Japan. Regarding the occupant behaviors, even though there was a tendency for differences between male and female behaviors adopted to experience coolness and warmth, it is interesting that there were no significant differences in the comfort temperatures between genders. Furthermore, using the logistic regression analysis, the proportions of heating/cooling use, window opening, and fan use could be estimated from the outdoor air temperature.



The objects of this study were four buildings in Nagasaki City in the Kyushu region located in the southwestern part of Japan. Nagasaki City belongs to the seventh region of current Japanese energy conservation standards (Revised Energy Conservation Standards enacted in 2016), and the same region includes Fukuoka City, Kumamoto City, and Kagoshima City, which are also representative cities of the Kyushu region and the Shizuoka Prefecture (in the Chubu region) and Kochi Prefecture (in the Shikoku region), which are located in warm climatic areas. The climates of these regions are similar, and office buildings in temperate regions are not only in the same seventh region. Other regions in Honshu Island in Japan would have similar performances, except for modern office buildings in metropolitan areas. Therefore, it is considered that the results of this survey could be applied to existing office buildings in other regional cities in temperate regions in Japan. It is thought that the knowledge obtained from this study could be applied to some extent to the modern cities of East Asian countries with climates similar to temperate regions in Japan.



The comfort temperature obtained from this study could contribute to the minimization of discomfort experienced by some workers, considering the thermal environment of the office, thereby improving productivity. However, it became clear that comfort temperature differences exist according to gender as well as differences in the constitution, such as sensitivity to heat and sensitivity to cold. Among the three modes examined, it was confirmed that there were gender and constitutional differences only in the CL mode case. Therefore, in addition to considering the diversity of workers in office buildings, it is necessary to employ nonuniform air conditioning methods (e.g., personal air conditioning systems and task/ambient air conditioning systems), combine conventional air conditioners and radiant cooling systems, and enforce various measures to improve comfort, health, and the productivity of workers, such as the mitigation of the temperature settings for air conditioning through the active use of air movements and dehumidification and by introducing activity-based workplaces. It is also important to promote the renewal of buildings with highly efficient thermal insulation performance and the renewal of air conditioning equipment with high efficiency in conventional buildings. Furthermore, predicting the occupants’ environmental adjustment behaviors based on the outdoor air temperature and encouraging them to use passive methods (instead of active methods) is useful for reducing energy consumption for space heating and cooling. The findings of this study represent one of the most important issues today—the increased seriousness of global warming and the need to reduce energy in office buildings consumed by space heating and cooling using all conceivable means while maintaining occupant comfort, health, and productivity. The adaptive model and occupant behavior model are useful for the indoor temperature control of the existing buildings and thermal simulation of the new building design.




5. Conclusions


A study on the indoor climate and thermal comfort was performed in four office buildings in the southwestern part of Japan for more than a year. The following conclusions were drawn:




	
Most occupants tended to find indoor environments comfortable. Analysis of different modes revealed that the mean comfort temperatures calculated using Griffiths’ method ranged from 23.2 to 25.9 °C. Furthermore, there were regional differences in the seasonal comfort temperature fluctuations in offices between the Kanto region and Nagasaki City in the FR mode.



	
There were significant differences in the comfort temperature among modes, but a significant difference was found only in the CL mode when comparisons were conducted based on gender and constitution. Although there were significant gender differences in thermal and comfort sensations, the mean comfort temperatures calculated for females were significantly higher than those for males by 0.4 °C only in the CL mode.



	
The results of the environmental adjustment behaviors indicated that females tend to execute more behaviors to experience warmth compared with males. The mean level of clothing insulation for males was significantly higher compared with that of females in the HT mode, although the mean clothing insulation showed no significant gender differences in the FR and CL modes.



	
It was verified that the comfort temperature in any mode varied in conjunction with the outdoor air temperature in office buildings. However, the results indicate that there may be regional differences in the regression coefficients within Japan.



	
An adaptive model was developed for the office buildings in Nagasaki City to predict the indoor comfort temperature from the outdoor air temperature. This model contributes to the predicting the comfort temperature in other cities located in areas with warm climates. A model corresponding to the local climate could be constructed for the adaptive building design.



	
Using a logistic regression analysis, we clarified how the heating/cooling use, window opening behavior, and fan use relate to the outdoor air temperature. The values of the logistic coefficients were in the order of heating/cooling usage, fan usage, and window opening behavior. It was confirmed that the heating/cooling usages were highly related to the outdoor air temperature; correspondingly, the logistic regression equation could be applied to predict the heating and cooling usage proportions based on the outdoor air temperature. It was confirmed that fan use is moderately related to the outdoor air temperature and that the window opening behavior in the FR mode is only weakly related to the outdoor air temperature; correspondingly, further analysis is needed to improve the window opening and fan use models by collecting more data.








Occupants adapt to the office environment by adopting various behaviors. A comfort temperature was attained following the execution of these environmental adjustment behaviors. In this study, no significant gender differences in comfort temperature were observed in the HT mode, although there was a significant gender difference associated with clothing insulation. Conversely, in the CL mode, a significant gender difference in comfort temperature was observed, although no significant gender differences in clothing insulation were found. These results could constitute a good example to allow occupants to adapt to their office environments. Identifying the specific comfort temperature is useful for proper air conditioning temperature settings and for productivity improvements achieved by minimizing the thermal discomfort. It is necessary to prepare various environmental adjustment methods that occupants can freely choose to achieve energy saving while satisfying thermal sensation variations. It is important to strengthen the insulation of conventional buildings and upgrade inefficient equipment. It is considered that the range of adaptation can be expanded by promoting the use of lighter clothing, thus allowing occupants to open and close windows freely and to use individual fans. In addition, adaptive models that consider the local climates can provide useful information for environmental designs that enhance human adaptation to office environments. Given the set carbon neutrality goals, it is becoming increasingly important to design spaces that maximize the adaptation of occupants to the environment and the design of facilities that use the minimum required capacity.




6. Research Limitations


This study is associated with the following limitations:




	
This field study was conducted based on monthly visits. Therefore, it will be necessary to devise a new survey method, such as combinating the existing one with a daily survey.



	
In this study, we selected four office buildings as the surveyed offices (with a high frequency of opening windows), all of which were MM. It is necessary to investigate the HVAC-mode office buildings and compare them with the MM office buildings employed in this study.



	
As the survey was conducted during the COVID-19 pandemic, it was relatively common to observe offices with windows open for ventilation during periods when air conditioning was on, even though mechanical ventilation equipment was installed. This phenomenon did not occur before the COVID-19 pandemic, and it is unclear whether the use of air conditioning practices will be restored to those used during the pre-pandemic period.



	
To predict the window opening proportion based on the outdoor air temperature, it is necessary to improve the prediction accuracy by collecting more data from the office buildings.
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Figure A1. Questionnaire sheet used for the monthly thermal comfort survey in the offices: (a) front and (b) back. 
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Figure 1. Nagasaki, Japan: (a) location and (b) monthly mean outdoor air temperature, relative humidity, and horizontal global solar radiation in Nagasaki during the survey period (July 2021–July 2022) [29]. 
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Figure 2. External views of the four office buildings surveyed in this study: (a) B1, (b) B2, (c) B3, and (d) B4. 
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Figure 3. Measuring instrument and thermal comfort survey: (a) instruments and respondents and (b) instruments. 
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Figure 4. Monthly mode classifications for the studied office buildings. Note: * indicates that the mode varies depending on the department. 
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Figure 5. Variation in the thermal sensation votes categorized based on the mode. 
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Figure 6. Variation of thermal sensation votes categorized by gender. 
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Figure 7. Variation in the thermal sensation votes categorized based on the constitution. 
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Figure 8. Variation in the overall comfort votes categorized based on the mode. 






Figure 8. Variation in the overall comfort votes categorized based on the mode.



[image: Energies 16 06060 g008]







[image: Energies 16 06060 g009] 





Figure 9. Variation in the overall comfort votes categorized by gender. 
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Figure 10. Variation in the overall comfort votes categorized based on the constitution. 
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Figure 11. Relation between the thermal sensation vote and indoor globe temperature in each studied mode. 
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Figure 12. Mean comfort temperature with 95% confidence intervals (mean ± 2S.E.) calculated based on the mode (** p < 0.001). 
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Figure 13. Mean comfort temperatures calculated according to gender for all studied modes (** p < 0.01). 
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Figure 14. Mean comfort temperatures calculated according to the constitution for all studied modes (** p < 0.01). 
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Figure 15. Fluctuation in the mean comfort temperature with 95% confidence intervals (mean ± 2S.E.) for each calendar month in the FR mode. 
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Figure 16. Fluctuation in the average comfort temperature with 95% confidence intervals (mean ± 2S.E.) for each season in the FR mode. 
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Figure 17. Relationships between the indoor comfort temperature and the running mean outdoor air temperature: (a) the FR mode and (b) the CL and HT modes. 
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Figure 18. Mean values of environmental adjustment behaviors adopted to experience coolness and calculated according to gender: (a) males and (b) females. 
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Figure 19. Mean values of environmental adjustment behaviors adopted to experience warmth and calculated according to gender: (a) males and (b) females. 
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Figure 20. Mean clothing insulation with 95% confidence intervals (mean ± 2S.E.) calculated according to gender for all studied modes (*** p < 0.001). 
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Figure 21. Relationship between heating (or cooling) use and the outdoor air temperature: (a) heating and (b) cooling use. 
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Figure 22. Relationship between the window opening behavior and outdoor air temperature in the FR mode. 
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Figure 23. Relationship between fan use and the outdoor air temperature. 
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Table 1. Outdoor, indoor, and comfort temperatures obtained from different field surveys on offices in various countries other than Japan.
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Country

	
City Name

	
References

	
Number of Buildings

	
Mode

	
Survey

Period

	
Variables for Tc

	
Tg, Ta (°C)

	
Tc

(°C)






	
India

	
Chennai

	
Indraganti et al. [8]

	
13

13

	
NV

CL

	
Summer

Summer

	
Tg

Tg

	
30.1

26.9

	
27.6 ***

27.0 ***




	
Hyderabad

	
12

12

	
NV

CL

	
Summer

Summer

	
Tg

Tg

	
29.4

26.0

	
28.1 ***

26.1 ***




	
Chennai, Hyderabad

	
Indraganti et al. [9]

	
28

28

	
NV

CL

	
Summer

Summer

	
Tg

Tg

	
28.8

26.2

	
28.0 ***

26.4 ***




	
Jaipur

	
Dhaka et al. [10]

	
30

	
NV

	
Winter

Autumn

Summer

	
Tg

Tg

Tg

	
21.8

29.0

31.9

	
25.6

27.0

29.4




	
Jaipur

	
Dhaka and Mathur [11]

	
19

	
CL

	
Summer

	
Ta

	
26.0

	
27.5




	
Tezpur, Shillong

	
Singh et al. [12]

	
24

	
NV

	
Autumn

	
Tg

	
27.9

	
27.3 **




	
Darjeeling

	
Thapa et al. [13]

	
3

	
NV

	
Summer

	
Ta

	
21.7

	
21.8 ***




	
Moderate

	
Ta

	
19.3

	
20.5 ***




	
Winter

	
Ta

	
16.3

	
17.6 ***




	
India

	
Manu et al. [14]

	
16

	
NV

	
Summer

Winter

	
Top

Top

	
29.6

22.8

	
25.7

23.7




	
CL

HT

	
Summer

Winter

	
Top

Top

	
24.7

25.5

	
25.3

25.1




	
MM

FR

	
Summer

Winter

	
Top

Top

	
30.2

21.8

	
25.7

23.9




	
Indonesia

	
Bandung

	
Damiati et al. [15]

	
3

	
FR

MM

	
Summer

Summer

	
Top

Top

	
26.7

27.1

	
24.7 ***

27.5 ***




	
Jakarta

	
Karyono [16]

	
7

	
MM

	
Summer

	
Top

	
27.2

	
26.7 **




	
Singapore

	
Singapore

	
Damiati et al. [15]

	
2

	
CL

	
Summer

	
Top

	
23.2

	
26.4 ***




	
Singapore

	
de Dear et al. [17]

	
12

	
CL

	
Summer

	
Top

	
22.9

	
24.2




	
Malaysia

	
Kuala Lumpur

	
Damiati et al. [15]

	
4

	
CL

	
Summer

	
Top

	
24.4

	
25.6 ***




	
China

	
Changsha

	
Wu et al. [18]

	
11

	
MM

	
Summer

	
Top

	
26.9

	
26.7 *




	
Spain

	
Seville

	
Barbadilla-Martin et al. [19]

	
3

	
MM

	
Summer

	
Top

	
23.5

	
23.6




	
Brazil

	
Florianopolis

	
Rupp et al. [20]

	
3

	
NV

HT

	
All

All

	
Top

Top

	
23.4

24.0

	
23.4 ***

24.3 ***








Note: * preferred SET, ** regression and Griffiths method, *** comfort temperature calculated using Griffiths’ method, FR: free running, NV: naturally ventilated, CL: cooling, HT: heating, MM: mixed-mode, Tg: globe temperature, Top: operative temperature, Ta: indoor air temperature.













 





Table 2. Outdoor, indoor, and comfort temperatures obtained from different field surveys on offices in Japan.
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City Name

	
References

	
Number of Buildings

	
Mode

	
Survey

Period

	
Variables

for Tc

	
Tg, Ta (°C)

	
Tc (°C)






	
Sendai, Tsukuba, and Yokohama

	
Goto et al. [21]

	
6

	
FR

CL

HT

	
All

	
SET

	
24.7

	
26.0 *




	
Tokyo

	
Indraganti et al. [8]

	
4

	
NV

CL

	
Summer

Summer

	
Top

Top

	
29.4

27.9

	
25.8 ***

27.2 ***




	
Yokohama and Tokyo

	
Damiati et al. [15]

	
4

	
FR

CL

	
Autumn

Summer

	
Top

Top

	
26.5

25.9

	
25.8 ***

25.8 ***




	
Fukuoka

	
Mustapa et al. [22]

	
4

	
FR

CL

	
Summer

Summer

	
Tg

Tg

	
28.1 26.4

	
26.7 ***

26.6 ***




	
Tokyo and Yokohama

	
Rijal et al. [23]

	
11

	
FR

	
Spring

Summer

Autumn

	
Tg

Tg

Tg

	
24.5

25.8

24.8

	
24.2 ***

25.7 ***

24.9 ***




	
CL

	
Spring

Summer

Autumn

	
Tg

Tg

Tg

	
25.5

26.0

25.9

	
25.1 ***

25.5 ***

25.4 ***




	
HT

	
Spring

Autumn

Winter

	
Tg

Tg

Tg

	
24.3

24.0

23.6

	
24.5 ***

24.2 ***

24.3 ***




	
Tokyo and Kanagawa

	
Takasu et al. [24]

	
5

	
MM

FR

	
ALL

	
SET

SET

	
27.8

27.3

	
25.0 ***

24.3 ***




	
Aichi

	
Khadka et al. [25]

	
7

	
MM

HVAC

	
Winter

	
Ti

	
24.5

24.3

	
25.0 ***

24.8 ***




	
Tokyo, Yokohama,

and Odawara

	
Khadka et al. [26]

	
17

	
MM

	
Spring

Summer

Autumn

Winter

	
Tg

	
25.0

26.3

24.9

22.7

	
24 **




	
FR

	
Spring

Summer

Autumn

Winter

	
Tg

	
25.4

26.1

24.6

22.9

	
23 **








Note: * preferred SET, ** optimum temperature for productivity, *** comfort temperature calculated using Griffiths’ method.













 





Table 3. Outline of the surveyed buildings.






Table 3. Outline of the surveyed buildings.





	Office
	Construction Year
	Façades
	Orientation of

Windows
	Percentage of Glazing (%)
	Surveyed Floor

(Number of Stories)
	Number

of Responses





	B1
	1966
	Concrete
	NE, SE, SW, NW
	33.6
	Fifth (six stories)
	90



	B2
	1967
	Concrete
	N, E, S, W
	27.3
	First (six stories)
	223



	B3
	1970
	Concrete
	N, E, S, W
	37.7
	Third (third stories)
	290



	B4
	1965
	Brick
	NE, SE, SW, NW
	21.7
	Third and fifth

(five stories)
	444







Note: NE: northeast, SE: southeast, SW: southwest, NW: northwest, N: north, E: east, S: south, W: west.













 





Table 4. Contents of the questionnaire used in the thermal comfort survey.
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	Category
	Questioned Contents





	Thermal comfort
	Thermal sensation, thermal preference, thermal acceptability, humidity sensation, humidity preference, air movement sensation, overall comfort, and sweat sensation



	Activity
	Activity in the last 15 min



	Environmental control
	Personal fan use, personal heater use



	Occupant behavior
	Environmental adjustment behavior performed by them 15 min before the survey to experience coolness and warmth



	Clothing
	Type, thickness, and length of the clothes (top and bottom) worn and types of underwear, footwear, and accessories worn










 





Table 5. Scales used for the thermal comfort survey.
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	Scale
	Thermal Sensation Vote
	Overall Comfort Vote





	1
	Very cold
	Very uncomfortable



	2
	Cold
	Uncomfortable



	3
	Slightly cold
	Slightly uncomfortable



	4
	Neutral (Neither hot nor cold)
	Slightly comfortable



	5
	Slightly hot
	Comfortable



	6
	Hot
	Very comfortable



	7
	Very hot
	−










 





Table 6. Outline of the measuring instruments used.
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	Measurement Item
	Measuring

Instrument
	Accuracy





	Temperature

Relative humidity

Carbon dioxide concentration
	TR-76Ui
	±0.5 °C

±5%

±50 ppm ± 5% of indicated value



	Globe temperature
	RTW-31S

Matte black painted 75 mm diameter copper ball
	±0.3 °C



	Air velocity
	Model 6501

Probe (6543-21)
	0.01–0.09 m/s: ±0.02 m/s

1.00–5.00 m/s: ±2% of the indicated value or ±0.02 m/s, whichever is greater



	Illumination

Air temperature

Relative humidity
	TR-74Ui
	Illumination: ±5%

Air temperature: ±0.3 °C

Relative humidity: ±5%










 





Table 7. The number of votes for each mode classified based on gender and constitution.
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Mode

	
Total

	
Gender

	
Constitution




	
Male

	
Female

	
Sensitive to Heat

	
Neither

	
Sensitive to Cold






	
FR

	
398

	
224

	
174

	
98

	
143

	
86




	
CL

	
384

	
226

	
158

	
111

	
122

	
88




	
HT

	
265

	
139

	
126

	
63

	
87

	
72











 





Table 8. Results of the PMV (mean ± standard deviation) classified by mode, gender, and constitution.
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Mode

	
Gender

	
Constitution




	
FR

	
CL

	
HT

	
Male

	
Female

	
Sensitive to Heat

	
Neither

	
Sensitive to Cold






	
0.25 ± 0.69

	
0.35 ± 0.58

	
–0.04 ± 0.69

	
0.24 ± 0.60

	
0.17 ± 0.75

	
0.20 ± 0.66

	
0.19 ± 0.67

	
0.22 ± 0.71
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