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Abstract: Thermal comfort and lighting conditions are essential aspects of indoor environmental quality. They are considered to influence the productivity of room users. The paper presents the experimental test results of research conducted in the university educational building of Kielce University of Technology (Central Poland) using anonymous questionnaires and physical measurements of indoor air parameters with a high-precision microclimate meter. It covers the analysis of the subjective assessment of thermal sensations, acceptability and preference, as well as productivity, lighting and air quality in eleven rooms (both lecture rooms and classrooms). The study analyses the impact of the indoor environment (mostly air temperature and illuminance) on the subjective sensations of the respondents they expressed in the questionnaires. The experiments have enabled us to provide valuable insights into developing the proper indoor environmental conditions to maximise room users' comfort and productivity.
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1. Introduction
Thermal comfort is a key aspect of everyday life, significantly impacting the well-being and efficiency of people in various environments. As society progresses and climatic conditions change, issues related to thermal comfort are becoming more and more important both in the context of building design and in the field of research on the relationship between humans and the environment. Understanding and ensuring appropriate thermal comfort is becoming a priority in architecture, environmental engineering and urban design. However, the mechanisms influencing the thermal sensations of individuals are complicated, covering both physiological and psychological aspects. Therefore, researching thermal comfort is essential for the effective design of spaces that not only serve a functional purpose and promote users' health and mental well-being.
Thermal comfort is the level of awareness at which an individual experiences satisfaction with the thermal environment. In turn, thermal sensations are a subjective assessment of the environment as "cold" or "hot" (ASHRAE Standard 55-2017). The authors of (Su et al. 2023) focus on the research analysis of how people perceive and react to various environmental thermal conditions. They also raise issues related to the impact of heterogeneous thermal conditions on the experience of thermal comfort, thermoregulatory behaviour of people and possible implications for the design of thermal environments. The authors (Kramer et al. 2023) discuss a study on thermal comfort conducted in 13 air-conditioned office buildings in Australia. This article focuses on personal differences in the perception of thermal comfort based on observations made during a field study, in which they found a high level of discomfort among residents (as much as 28%) caused by the cold and hypothermia of the workplace. They also showed that offices are characterised by extremely heterogeneous internal thermal conditions, significantly affecting user dissatisfaction. The range of comfort temperatures for office workers in different cities and building types was thoroughly examined in the literature review conducted as part of this study. Research conducted in Singapore (Wang et al. 2018) concerned both houses without air conditioning (NV) and offices with air conditioning (AC), with designated neutral temperatures of 28.5°C and 24.2°C, respectively. A study (Taib et al. 2022) conducted in air-conditioned offices in Singapore found that the optimal temperature range for these environments is between 23.6°C and 26.4°C, with 24.8°C considered a neutral temperature. In turn, the authors (Allah et al. 2023) demonstrated several factors affecting thermal comfort, including workplace dress codes and an environment with diverse ventilation techniques. Workers who had the opportunity to choose from various clothing insulation options expressed greater thermal satisfaction than those required to adhere to restrictive clothing standards. It highlights the importance of providing a variety of clothing options to enable adjustments to individual comfort preferences. Thermal conditions perceived as optimal by humans are subjective and depend on the specific climate.
A study conducted (Singh et al. 2018) during the summer in India, which included 900 mostly male students, focused on assessing thermal comfort in naturally ventilated classrooms. The average comfort temperature was 29.8°C. The rooms had an average air temperature of 30.4°C (ranging from approximately 26.6°C to approximately 36°C). It was reported that 59% of respondents expressed a neutral feeling of warmth, and 69% indicated "no change" as their preferred temperature. Additionally, approximately 81% of the responses were within the comfort range. The survey indicates that most participants were satisfied with conditions that could be considered unsatisfactory for European respondents. The authors (Yang et al. 2018) presented research in school buildings that assessed the health and thermal comfort of school-age people in 54 classrooms in the Netherlands. They measured parameters such as carbon dioxide concentration, temperature and air humidity. Research showed that students were most bothered by noise and sunlight. Less than 40% of respondents did not like the temperature in the classroom, with a wide temperature range (from 21°C to 26.2°C). The authors (Homed et al. 2012) concluded that air temperature and humidity have the greatest impact on the feeling of thermal comfort.
A study (Jungsoo & Richard 2018) focused on analysing activities regulating thermoregulation in students. As part of their study, they surveyed primary and secondary school students. Respondents were asked to assess their current thermal comfort and express their classroom temperature preferences. Additionally, students were asked about their adaptive habits, such as changing clothes, opening windows, using fans, etc., in case of thermal discomfort. Based on the 4866 responses collected, the authors concluded that students preferred colder climatic conditions. However, primary school students showed a wider range of tolerance in terms of thermal sensations.
It must be added that the indoor thermal environment is also investigated in buildings supplied with heat through the district heating systems, as indicated in (Nogaj et al. 2017, Stokowiec et al. 2023, Turski & Sekret 2017). However, regardless of the type of heat source, the most crucial aspect in terms of thermal comfort is always an efficient way of releasing heat from the human body to the environment as latent or sensible heat (Koshlak & Pavlenko 2020, Orman 2014, Orman & Chatys 2011, Pavlenko & Szkarowski 2018). This issue is especially vital when using radiant heat sources (Dudkiewicz et al. 2022).
Research on thermal comfort in the context of productivity shows that optimal thermal conditions are crucial for effective work. People working in rooms with thermal comfort demonstrate increased efficiency, concentration and problem-solving ability. Appropriate thermal conditions may also affect psychomotor aspects of work, such as reaction speed or precision of movements. The researchers (Akimoto et al. 2010) conducted tests in which they compared thermal comfort with productivity, analysing parameters such as air temperature, radiation temperature, airflow speed and relative humidity. In the context of feeling tired, the study showed that the most common complaint among participants was drowsiness, which mainly depended on the type of work performed. According to the study's results (Aghniaey & Lawrence 2017), relative humidity had a stronger and more direct effect on productivity and thermal comfort than carbon dioxide. It was found that relative humidity positively affected the productivity and thermal comfort of users up to 55%. A study (Tsay et al. 2022) in Taiwan involving participants aged 20 showed that the most comfortable conditions for the subjects occurred in the temperature range from 25.4°C to 27.4°C. However, the optimal temperature from the point of view of productivity turned out to be different for women, amounting to 25°C, then for men, where it was higher and amounted to 27°C. It was also discovered that the colour of the walls can significantly impact work efficiency. In the authors' research (Latini et al. 2021), conducted on a group of 23 people, the impact of wall colour on users' efficiency was assessed at two different temperatures and using three different wall colours. The study results indicated that the most favourable wall colour was white, while red negatively impacted the participants' comfort at work. The authors (Xie et al. 2023) conducted a study on thermal comfort and productivity, in which they showed that increasing control of the personal environment marginally affects the improvement of occupant comfort. The authors showed that residents with control over thermal conditions show significant preference differences. However, no significant effects on thermal preferences are observed without such a belief. The tests carried out in Poland (Dudkiewicz et al. 2021) on 323 students in a Wroclaw University of Science and Technology lecture room showed that the largest willingness to work was at the mean room temperature of 24.28°C. Moreover, it was also reported that the neutral temperature was not perceived as comfortable.


In turn, research on the impact of lighting on thermal comfort was conducted by the authors (Hu et al. 2023), who showed that people staying indoors for a short time are more sensitive to changes in lighting. It should be noted that people spending a longer time in a given place may adapt to a darker environment, but such conditions will not provide them with adequate lighting. Therefore, when designing lighting in an underground building, special attention should be paid to the comfort of people staying there for a short time, and the needs of those who spend more time there should be considered, ensuring a brighter working environment. The optimal summer temperature range for people staying in the building for longer periods was 25.6-26.3°C; for shorter periods, it was 24.5-24.8°C. In work, (Elbellahy et al. 2024), day lighting was assessed in a dry and hot climate in Saudi Arabia. The research showed that the daily illumination did not exceed 100lx. Only in a few workplaces the daylight exceeded this value. The results showed that 73.1% of respondents were satisfied with the lighting intensity at temperatures ranging from 14.3-25.33°C.
To sum up, creating thermal comfort conditions in the workplace or study is an investment in the effectiveness of the team and the overall quality of the tasks performed. Room users who feel comfortable in terms of temperature are more likely to engage in work, which translates into increased productivity and the quality of services provided. Previously, the authors focused on the phenomenon of the sick building syndrome (Krawczyk et al. 2023), while the present paper analyses selected indoor environment parameters and their impact on human sensations due to the importance of this issue in several aspects (Amanowicz et al. 2023, Kotrys-Działak & Stokowiec 2023). The insufficient data available in the literature regarding the analysed research area needs to be supported by new data, which is the aim of the present paper.
2. Experimental
Thermal comfort tests were carried out in the Central part of Poland in the Swietokrzyskie Voivodship at the Kielce University of Technology, i.e. in the Energis building (Faculty of Environmental Engineering, Geodesy and Renewable Energy). This smart building dates back to 2012 and has mechanical ventilation, and a BMS (Building Management System) that manages the entire building. The building has 22 classrooms, staff offices, and laboratories for research. The building in question is shown in Photo 1.
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Photo 1. Department of Environmental Engineering, Geodesy and Renewable Energy at Kielce University of Technology

The research involved analysing the subjective assessment of thermal sensations, acceptability and preferences, productivity, lighting and air quality in eleven rooms. The research was carried out using two methods, i.e. measuring microclimate parameters using specialised equipment, the Testo 400 meter and its probes, and conducting and analysing anonymous surveys completed by respondents during the research. 110 users assessed thermal comfort. Photo 2 below shows the Testo 400 microclimate meter with probes.
[image: ]
Photo 2. Testo 400 microclimate meter with probes: light intensity (yellow circle) and air temperature and humidity (blue circle)
3. Results and Discussion
3.1. Thermal sensations and preferences
The results obtained from the questionnaire surveys allowed the respondents to assess the thermal sensations in the examined rooms. First, the respondents were asked about their feelings (TSV - Thermal Sensation Vote), which are on a seven-point scale following the (ASHRAE Standard 55 2017) and the international standard (ISO Standard 7730 2005). On the x-axis, these values mean: 0 – comfortable, 1 – pleasantly warm, 2 – too warm, 3 – too hot, -1 – pleasantly cool, -2 – too cool and -3 – too cold. The question was: "How could you rate your thermal sensation now?". Figure 1 below shows a chart showing the frequency of responses regarding thermal sensations felt by the respondents.

[image: 1.TSV,czestosc.WMF]
Fig. 1. Frequency of response given by respondents regarding thermal sensations

Using questionnaires, the students expressed their opinion on the thermal sensations (how they felt). The figure shows the results for the eleven analysed rooms. Zero means a comfortable and most favourable state, while the positive values (1, 2, 3) describe that the person feels warmth (1) or strong heat (3), while negative (-1, -2, -3) is the opposite (cool and then cold). In general, it can be noted that respondents indicated that the rooms were warm (positive TSV values). It is probably due to the prevailing temperature in the rooms, which most often ranged from 21.5°C to 25.5°C. In the presented diagram, it was noted that the answer comfortable was the most frequently given. It amounted to more than 36.36% of all the answers provided. Then, the students chose pleasantly warm and too warm, which were 30.91% and 19.09%, respectively. Almost 5% answered pleasantly cool and too cool. The least chosen option was the answer too hot, which amounted to 4.0%. Less than 5% chose the answer too cold and too hot. The next graph of Figure 2 shows the relationship between TSV (Thermal Sensation Vote) and air temperature (AT) in the surveyed rooms.

[image: ]
Fig. 2. Mean thermal sensation vote vs air temperature

[bookmark: _Hlk156922455]The graph above shows the relationship between air temperature and the average results of thermal sensation voting conducted in 11 rooms. From the graph, it can be concluded that thermal sensations are in fact closely related to air temperature (although the regression coefficient was only R2 = 0.30). As the air temperature increases, the average TSV value also increases. At the same time, it is worth noting that the most comfortable conditions (i.e. -0.5<TSV<0.5) were observed for temperatures in the range of 21.5°C to 22°C. The resulting relationship is of the following form:
TSV = 0.2828AT - 6.3761	 (1)
Another question related to the feeling of temperature inside rooms is about the preferences of the surveyed people (TPV – Thermal Preferences Vote).

[image: 3.TPV,czestosc.WMF]
Fig. 3. Frequency of response given by respondents regarding thermal preferences

When asked about their preferences regarding a possible change in air temperatures, respondents had the following answers to choose from: -2 – definitely cooler, -1 – cooler, 0 – normal, +1 – warmer, +2 – definitely warmer. The chart shows that most respondents, i.e. 57 out of 110 people (51.82% of all respondents), admitted that they would like the room temperatures to remain unchanged. 38 people (34.55%) would like there to be cooler in the room, 13 people (11.82%) to be warmer, and one person each (about 1%) would like there to be a definitely cooler and definitely warmer. The research results are reflected in Figure 1. Since many respondents assessed the indoor environment as too warm, they would like to reduce the air temperature, which is shown in Figure 3 by a significant number of people who marked the answer (-1). Undoubtedly, TSV and TPV must be closely correlated, which is confirmed by Figure 4.

[image: ]
Fig. 4. Relationship between thermal sensation vote (TSV) and thermal assessment vote (TAV)

Based on the analysis of 110 surveys, the relationship between average thermal sensations and preferences was presented. Average ratings for Thermal Subjective Sensation (TSV) and Thermal Subjective Preferences (TPV) were calculated for each of the 11 rooms. It is noticeable that people who felt thermal comfort (TSV = 0) preferred no temperature changes (TPV close to 0). The linear approximation of 11 points determining the average values from the rooms turned out to be so precise that for TSV = 0, we obtain TPV = 0.1. From the above data, it is worth noting that thermal comfort was present in 7 rooms. It means that the respondents rated their well-being as comfortable and did not want any changes in the rooms examined. However, they found three rooms too cold and similarly wanted the room to be warmer. Only one room was too warm for the respondents, so they wanted the temperature in the room to be lower. The coefficient of determination for this relationship is very high and amounts to R2 = 0.94, and the correlation between these two variables is strong, which is presented as:
TPV = -0.5151TSV + 0.1192	(2)
3.2. Overall comfort, lighting conditions and productivity
The research asked respondents about their general well-being (GSV) in the examined rooms. When asked, "How do you feel overall?" respondents had five answers to choose from: positive values meant good and very good, "0" meant indifferent, and negative values meant bad and very bad. Below is a frequency chart (Figure 5) regarding the respondents' feelings.

[image: 7.GSV czestosc.WMF]
Fig. 5. Frequency of responses provided about General Sensation Vote (well-being)
Regarding temperatures and air humidity, almost 50% of respondents were satisfied with the indoor environment. Only 7.27% of respondents did not respond to the climate conditions well, and they marked the answer as bad. It may probably be related to factors other than the thermal environment. 39.09% of respondents were indifferent to indoor conditions. 4.55% of respondents felt very well. 
Good lighting where we do our work or study should be necessary to perform our tasks comfortably and qualitatively. Lighting should have a positive impact on the quality of work performed. The level of light intensity can also affect concentration during school or work. Therefore, the respondents were asked to complete a survey about the lighting in the examined rooms, as illustrated in Figure 6.

[image: ]
Fig. 6. Light intensity assessment (LIA) in the rooms according to respondents

According to the people survey, this chart shows the overall assessment of lighting in the Energis building. The temperature for the tested rooms ranged from 21.5°C to 25.5°C, and the light intensity ranged from 23.8 to 505lx. Respondents rated the lighting according to the scale: -1 – too weak, 0 – appropriate, 1 – too strong. The analysis of the results showed that the respondents generally rated the lighting in the room as appropriate at around 52.73%. For about 46.36%, the lighting was too strong, and for about 1%, it turned out to be too weak. However, this does not change the fact that more than half of the surveyed people rated the lighting as appropriate and were satisfied with its intensity. Figure 7 shows the relationship between the average well-being score (GSV) and the average lighting score (LIA). 

[image: ]
Fig. 7. Relationship between the average well-being rating and the mean lighting rating

When comparing the average rating on lighting in the rooms studied with the rating on well-being, the study showed that the range of best well-being (maximal value of GSV) is for the LIA value of 0.3. It means that the lower or higher the light intensity, the worse people feel. However, the regression coefficient is very low 
(R2 = 0.02), thus this conclusion is difficult to prove decisively. It means that people cannot accurately relate the magnitude of illumination with rating on well-being. The next figure shows the measured light intensity and the average lighting evaluation according to the respondents. One data point was removed due to a possible large error.

[image: ]
Fig. 8. Relationship between the average rating of lighting in the studied rooms and the intensity of lighting 

The figure above shows data on the average lighting rating (based on questionnaires) for 10 rooms and the light intensity meter (x-axis) results. Out of the classrooms, only 2 classrooms were satisfactory regarding the light intensity, which ranged from 274lx to 303lx. The standard (EN 12464-1: 2012) indicates that the satisfactory light intensity in classrooms is 300 lx. The light intensity in most rooms ranged from 23.8 to 505lx. The equation for the LIA (Light Assessment Vote) value in Figure 8 is:
LIA = 0.003x - 0.20936	(3)
where x is the illuminance value and the regression coefficient was only R2 = 0.07. As the illuminance rose, people reported higher LIA values, which is in agreement with common sense and knowledge and proved the correctness of the experimental set-up.
The survey also asked respondents about their assessment of productivity (i.e. their subjective ability to acquire knowledge, which they determined independently), as shown in Figure 9.

[image: 9]
Fig. 9. Overall assessment of student productivity for the audited classrooms throughout the building

The figure presents the frequency of the answers regarding the learning productivity in the building under study, where -1 is weak, 0 is normal, and 1 is high. It can be seen in the chart that the most frequently given answer was normal, which amounted to 66.36% of all the answers. The second answer, 27.27%, was weak, while high was the least chosen answer (6.36%).
The impact of positive well-being on work efficiency is quite subjective. It requires a detailed discussion on the impact of atmospheric conditions indoors on the learning abilities of the respondents. Figure 10 shows the relationships between the air temperature in 11 different rooms and the average work efficiency results reported in the surveys.

[image: ]
Fig. 10. The average productivity assessment in the rooms and air temperature

From the chart above it can be concluded that the temperature from 21°C to 22°C provides highest productivity. However, looking at the downward trend, the productivity above 24°C will be lower. The figure shows that the best learning productivity occurs at the temperature of 21.5°C. It means that students learn best because they are warm enough. The resulting linear fit formula is:
Productivity = -0.0772AT + 1.662	(4)
where x – air temperature. The regression coefficient turned out to be R2 = 0.33. The data show that the higher the air temperature, the lower the quality of learning. The next chart (Figure 11) shows the relationship between the average productivity and well-being ratings. 

[image: ]
Fig. 10. Relationship between the average productivity rating in rooms and the average general well-being

The diagram illustrates the mean survey ratings, comparing the relationship between well-being and productivity in the examined rooms. It is important to highlight that when individuals experience a sense of comfort indoors, their productivity increases. As expected, the linear regression line (depicted in red) follows a logical pattern – people demonstrate enhanced work and learning capabilities when they are content with their indoor surroundings. The linear fit equation takes the following form:
Productivity = 0.216GSV - 0.2972	(5)
and the regression coefficient amounts to R2 = 0.05. Upon scrutinising the graph above, one can observe that an improvement in well-being might correlate with an elevation in productivity, although the regression coefficient is very low. People work more efficiently when they feel satisfied and happy.
4. Summary and Conclusions
The respondents were generally satisfied with their indoor thermal conditions. A relation between thermal sensation and air temperature was confirmed. Similarly, a strong correlation between thermal sensations and thermal preferences was observed.
The investigation conducted within a building revealed that 53% of individuals expressed contentment with the lighting conditions. Specifically, students clearly prefer lighting ranging from 200 to 400 lux, with the most favourable conditions perceived at 300 lux.
In a broader sense, the overall light intensity was deemed appropriate, although a few respondents found it excessively bright. Productivity levels were generally considered normal. It was inversely proportional to air temperature and proportional to the well-being of the students. It underscores the importance of conducting further research to ascertain whether the relationships among the tested variables will become more pronounced.

The work in the paper was supported by the project: "REFRESH – Research Excellence For Region 
Sustainability and High-tech Industries, (VP2), (Reg. No.: CZ.10.03.01/00/22_003/0000048) 
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