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Abstract: The paper analyses thermal sensations, preferences and acceptability as well as humidity sensations of
students in the intelligent building "Energis" of the Kielce University of Technology (Poland). The tests were performed
in 8 lecture rooms, during which the volunteers filled in the anonymous questionnaires (with 3 to 7 possible answers for
each question) and — simultaneously — physical air parameters were measured with Testo 400 microclimate meter. The
study aimed to determine if the intelligent building provides proper indoor environment conditions during the heating
season and to assess the accuracy of the standard methodology for thermal comfort determination. Experimental
analysis of thermal and humidity sensations revealed that a share of the respondents critically assessed the indoor
environment: 17% regarding temperature and 30% regarding humidity. Moreover, the standard methodology for thermal
comfort calculations proved overwhelmingly inaccurate compared to the experimental data (with the results for 6 rooms
being beyond the 50% error range). Since smart buildings are still not very common in Central Europe, the experimental
data obtained in the study can be valuable both from the scientific but also practical point of view — providing useful data
for building engineers and designers.
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1. Introduction

Nowadays, buildings are more advanced, equipped with sophisticated systems and even intelligent (also
called "smart"). However, despite a lot of effort by designers and constructors, such buildings might not pro-
vide the proper level of indoor thermal comfort.

The number of research works on smart buildings' indoor climate is relatively low compared to traditional
buildings' large databases. In (Merabtine et al. 2018), indoor air quality and thermal comfort experienced in
a smart building in France were described. It was reported that dissatisfaction in the analysed space occurred,
as well as a high carbon dioxide concentration value, which exceeded the allowable values. In the paper
(Debska 2021), tests with about hundred and seventy students were conducted in a smart university building.
The range of indoor temperature values was 19.3-27.6°C. The study showed that over twenty per cent of the
respondents were uncomfortable or did not accept the prevailing conditions. A relatively high level of carbon
dioxide was also observed. The students considered humidity generally fine, but some complained that the
air was too dry. A similar study (Krawczyk 2021) focused on thermal comfort in a selected lecture hall at an
intelligent facility. It was reported that more than 50% of the respondents expressed neutral thermal sensa-
tions, and over 30% were pleasantly cool or warm. Thus, there were ca. 20% who showed dissatisfaction.
The BMI index was also identified as a factor that impacted thermal sensations. The Fanger model of ther-
mal comfort was challenged as being inaccurate concerning intelligent buildings. Two buildings (one tradi-
tional and one intelligent) were compared (Krawczyk & Krakowiak 2021) concerning thermal comfort per-
formance during the summer. The authors stated that the most crucial issue is how the buildings are managed
in view of providing comfortable conditions. In that paper also, the Fanger model was verified, and it failed
to correctly determine people's thermal sensations. The authors (Majewski et al. 2017) claimed that the ma-
jority of the respondents in the intelligent building classrooms, which the authors investigated, were dissatis-
fied regarding their thermal sensations (it was especially visible with female respondents). This study was
done on over a hundred people in three classrooms during the Polish summer season. The experimental study
(Biatek & Koltuk 2021) was also focused on a smart building. The authors stated that almost twenty per cent
of the respondents in the considered room were unsatisfied with their thermal environment conditions. They
indicated that it was too warm for them. Still, none regarded the temperature as unpleasant (the majority
claimed it was quite acceptable). This paper also investigated lighting conditions in this building, proving
that they were generally fine.
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Providing proper indoor conditions for people and satisfying them is a complicated issue. It requires,
among others, careful design and operation of heating systems (Wojtkowiak & Amanowicz 2020, Aman-
owicz & Wojtkowiak 2021) or ventilation air filtering processes (Dabek et al. 2002, Kusmierek et al. 2014).
The phenomenon of thermal acceptability depends on indoor air parameters. Still, it might also be influenced
by the proper design of the building and several other issues — for example, heat transfer problems as de-
scribed in (Pavlenko 2020, Pafcuga et al. 2021, Hecko et al. 2021, Pavlenko 2021, Pavlenko & Koshlak
2022). Thermal acceptability is a subjective assessment of each person, but it could be stated that age, health
condition, prior and current physical activity as well as taking medications could play a role. Based on the
literature review, the current study has focused on determining thermal comfort in an intelligent building in
winter weather conditions, as these seem less common. As a result, the performance of the intelligent build-
ing regarding thermal comfort conditions will be known. Moreover, a comparison will be presented between
the actual questionnaire results of thermal sensation votes and the calculation results according to the Fanger
model. In Poland, studies on the indoor environment are occasionally published — e.g.: (Dudkiewicz &
Jezowiecki 2009, Maliszewska et al. 2019), but in terms of thermal comfort, they are quite rare, especially
when it comes to the analyses of subjective sensations in intelligent buildings.

The study aims to critically assess if the intelligent building provides proper indoor environment condi-
tions regarding air temperature and relative humidity during the heating season in the Central European cli-
mate. Such a study, accompanied by an accurate assessment of the standard thermal comfort methodology
conducted at an intelligent building during winter, can provide new insights into the phenomenon of indoor
environment perception in such buildings.

2. Equipment and Testing Method

The tests were performed in the intelligent building "Energis" teaching rooms, located on the Kielce Uni-
versity of Technology campus (central Poland). The building is situated in the Western part of the campus
and connected to the neighbouring traditional building with the bridge. The considered building and the
bridge (on the left-hand side) are presented in Figure 1.

£ W
Fig. 1. Intelligent building "Energis" of Kielce University of Technology

The facility was built a decade ago thanks to significant funding received from the European Union. It has
a building management system (BMS), which runs and controls various building services. It uses numerous
sources of renewable energy. The wind turbine, solar collectors and photovoltaic systems are located on the
rooftop, while in the basement, there are heat pumps that generate heat for the central heating and domestic
hot water systems. Moreover, proper thermal insulation reduces heat losses and ventilation systems are
equipped with rotational heat recovery units. Apart from its teaching role, the building is also a laboratory
— all the data regarding energy generation and consumption, indoor environment, occupation times, etc., are
stored and can be analysed and processed.



Investigation of Thermal Comfort in the Intelligent Building... 47

The study covered the analyses of the answers regarding the subjective sensations, preferences and accepta-
bility of temperature and humidity in eight rooms given by sixty respondents in anonymous questionnaires.
Table 1 presents the basic data of the rooms where the study took place (some of the rooms were used twice).

Table 1. Data of the rooms where the tests took place

Window Room dimensions
Room orientation Length Width Height
1 E 10.5 7.7 2.9
2 E 11.9 7.7 2.9
3 W 18.0 8.1 2.9
4 W 13.8 8.1 2.9
5 w 5.9 8.0 2.9
6 W 7.8 8.0 29

Usually, filling in the questionnaire took up to a few minutes so that the normal teaching activities were
not interrupted. As the students were filling in the questionnaires, the measurements of indoor air tempera-
ture, relative humidity, velocity, and carbon dioxide concentration were done with the microclimate meter
Testo 400 equipped with adequate probes located at the height of a sitting person in each of the analysed
rooms. The measurements took place when the air parameters' readings stabilised (when the probes were
thermally accommodated to the room environment). The probing time was 1 sec. and data recording was
manually stopped after the questionnaires were completed and the study was finished in a given room. The
system also measured other parameters, such as illuminance and ambient pressure, however, they were not
used further for thermal comfort analyses. It must be emphasised that three separate probes recorded the air
temperature values. However, the measurement results obtained with the most precise probe were the only
ones to be considered. Figure 2 presents the meter on the tripod in lecture room no 1.14 during the measure-
ments. The study took place in the Polish winter conditions in January with the outside air temperature in the
range -1°C to +1°C. Thus, low humidity values were recorded in rooms during the measurements (moisturising
of air was not provided with the mechanical ventilation systems of the building).

Fig. 2. Microclimate meter located in a lecture hall

3. Results and Discussion

The testing was performed in 8 lecture rooms during the winter season. They were chosen to represent
typical lecture rooms (no 1-4 in Tab. 1) and classrooms (no 5-6 in Tab. 1) in the intelligent building as well
as two window orientations: East and West (other window orientations do not occur in the building's teach-
ing rooms). The microclimate meter determined the physical parameters in each room where the tests took
place. Figure 3 presents example changes in air temperature, relative humidity and carbon dioxide concentra-
tion for 20 minutes (starting from the beginning of the lecture) for one room.
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Fig. 3. Variation of air temperature, relative humidity and carbon dioxide concentration in a lecture room

It can be seen that at first — as the students enter the room — the concentration of carbon dioxide is low
and amounts to ca. 450 ppm. As the lecture progresses, the level of CO, increases due to breathing. Varia-
tions of this parameter, observed in the graph, might be linked with the measurement uncertainties (maximal-
ly £ 50 ppm). A similar trend is visible for temperature. The presence of the students results in heating the
air. The relative humidity values were typically low during the measurements due to the season (winter is
characterised by dry air conditions within rooms). In all 8 rooms, the recorded air temperature was up to
24.1°C, humidity up to 34.7%, and carbon dioxide concentration up to 990 ppm. The measurement uncertain-
ty of air temperature and relative humidity were 0.3°C and up to 1%, respectively. Concerning air tempera-
ture and carbon dioxide concentration, the measurement error was constant and the same for all the investi-
gated rooms. In the case of relative humidity, it depended on the measured value (as a percentage of it) and,
thus, it became lower for low humidity values (but — as mentioned above — the maximal error of relative
humidity determination did not exceed 1%).

An important part of the study was the collection of students' subjective responses regarding the indoor
environment and their sensations. They expressed their opinions on several issues using anonymous ques-
tionnaires. In terms of their thermal sensations (how they felt thermally), the results for all the rooms are
presented in Figure 4. In the figure, "zero" means the neutral and, at the same time, most favourable state,
while the positive values ("+1", "+2", "+3") describe that the person feels warmth "+1" or strong heat "+3",
while negative ones "-1", "-2", "-3" the opposite (cool, then cold and very cold, respectively).

The smart building provided proper conditions to about 83% of the volunteers (calculated as the total
number of responses "-1", "+1", and "0"). Quite many: ca. 40% felt fine ("0" — neutral), and 43% were 'still
fine' and provided answers: "+1" and "-1". However, it needs to be seen that about 17% expressed negative
opinions about their thermal state — the respondents felt hot (votes "+2", "+3") and cold "-2". These respons-
es are considered unsatisfactory and are linked with negative opinions about the indoor environment. Conse-
quently, the considered building failed to provide the students with a high level of comfort — at least in the
rooms analysed in the present study.

Naturally, some differences might have been caused by the individual preferences of the students, but it is
quite true that many were dissatisfied and would like to change the temperature, as presented below in Figure 5.

This figure shows how many respondents wanted to increase the temperature ("+1") and how many of
them would welcome its reduction ("-1"). The biggest number of students would like the temperature to be as
it was (almost 65%) and did not want any change ("0" on the graph). On the other hand, there were quite
many respondents (ca. 20%) who wanted to slightly increase the temperature "+1" and ca. 15% who wanted
to decrease it "-1". No willingness for considerable temperature changes was expressed by the respondents
(no votes of "+2" and "-2"), even though such answers were present in the questionnaire form provided to
them. The figure proves that despite a large number of satisfied people (namely 65%), quite many wanted
some change in air temperature, especially its slight increase. It might indicate that people in the Central
European region tend to like warmer environments, at least during the winter season when the measurements
were carried out. The opposite might be true if the testing was performed in other regions where the climate
is warmer.
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Fig. 4. Frequency of occurrence for thermal sensation vote in 8 lecture rooms
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Fig. 5. Frequency of occurrence for thermal preference vote in 8 lecture rooms

Naturally, the preference to change the indoor temperature should be closely dependent on the air temper-
ature's current value. This dependency has been presented in Figure 6 together with error bands for tempera-
ture (T) measurements and thermal preference vote (TPV) — calculated based on the individual questionnaire
answers as the mean value for the whole group of students situated in a given room (of a certain ambient
temperature value T).
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Fig. 6. Thermal preference vote vs indoor air temperature
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In this graph, the mean values of thermal preferences for each room (eight in total) have been related to
the air temperature prevailing there. The results have been approximated with the polynomial fit function,
and the obtained function took the following form:

TPV =52.9 - 4.3T + 0.09T* (1)

with the R? value of 0.59.

It is clearly visible that in high-temperature environments, people want a reduction in the temperature
value, and in the lower-temperature region, the opposite is true. However, the dependence has turned out not
to be linear. In (Aghniaey et al. 2019), a slightly different trend line was applied. However, compared to the
present study, the operative room temperature was used instead of air temperature. Moreover, the R? value
was lower and amounted to 0.52. The polynomial and not the linear character of the dependence between
thermal preferences and indoor air temperature in Figure 6 can be explained by the fact that people might be
more sensitive to colder thermal environments and, thus, at lower temperatures, their preference towards higher
temperatures is stronger (and, consequently, the curve in Figure 6 is steeper in the range of 21.5-22°C).
The opposite is true for higher temperatures (above 23°C), which do not seem to cause such a strong prefer-
ence for temperature reduction.

Overall, the students considered the ambient atmosphere in the analysed rooms of the smart building to be
acceptable — the detailed questionnaire study results have been shown in Figure 7 for all eight rooms consid-
ered in the tests.
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Fig. 7. Frequency of occurrence for thermal acceptability vote in 8 lecture rooms

Very negative opinions about the thermal environment (marked as "-1") were not recorded at all, and only
a few students expressed a negative opinion ("0" on the graph). Almost all showed relative acceptability
(denoted as "+1") or even comfort (marked as "+2"). The level of high thermal comfort was expressed by ca.
50% of students, which correlates well with Figure 4. It also proves that air temperature is not the only pa-
rameter influencing thermal comfort, especially in smart buildings where the tests were made.

The other parameter, which might somewhat impact human well-being, is the relative humidity of indoor
air. Figure 8 presents the students' assessment of humidity, where the most favourable value is "0" (neutral
state), while "-1" and "-2" mean that the air is 'dry' or 'too dry', respectively. Similarly, "+1" and "+2" denote
'wet' or 'too wet' air, respectively.

As can be seen in the graph, the most significant majority (over 70%) assessed the humidity as fine.
However, a large group of students considered the air as 'dry' and 'too dry' (about 25%). It might be caused
by the relatively low humidity level in the tested rooms (due to winter conditions and low moisture content
in the outside air). Naturally, it is typical of the winder conditions but proves that the level of comfort in the
analysed smart building is not high enough (despite its technical sophistication). That is the reason why quite
many student respondents (about the same share as those who described the air as being 'dry' or 'too dry')
wanted an increase in the value of relative humidity — as shown in Figure 9, where "0" marked by the re-
spondents in the questionnaires means "no change", while a preference for an increase in relative humidity is
denoted as "+1" and decrease as "-1".
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Fig. 8. Frequency of occurrence for humidity assessment vote in 8 lecture rooms
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Fig. 9. Frequency of occurrence for humidity preference vote in 8 lecture rooms

This figure is a reflection of Figure 5. Those who felt fine did not want any change, while those who ex-
perienced dry air would welcome increased humidity. However, some students still considered the air as wet
and would like it to be drier. However, these votes were marginal. Nevertheless, this must have been related
to individual preferences.

A close correlation exists between how people feel in a certain room and their preferences. For example,
if someone feels hot, they would like to reduce the indoor temperature; when they feel cold, the thermal
preferences are positive (they would welcome an increase in air temperature). The same should be true for
humidity — if people assess the air as too humid, they would welcome a reduction in relative humidity. Fig-
ure 10 shows how thermal sensation vote is related to thermal preference vote and humidity assessment vote
is related to humidity preference vote (dots on the graph represent mean values of the considered parameters
— calculated based on the questionnaires in each of the considered eight rooms).

As can be seen, there is a strong linear relation between the indoor environment assessment and the pref-
erences for changing or maintaining it. The values of the coefficient of determination R? are 0.89 for thermal
preference vote (TPV) vs thermal sensation vote (TSV) and 0.80 for humidity preference vote (HPV) vs
humidity assessment vote (HAV), while the obtained equations have taken the following forms:

TPV =-1.945TSV + 0.519 ()
HPV =-0.946HAV + 0.036 3)
It might also be concluded that people tend to be more sensitive to thermal sensations (the fitting line is

steeper) than humidity sensations. It seems to agree with the everyday experience when we consider air too
wet or too dry only when the relative humidity significantly exceeds or falls below certain values.
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Fig. 10. Relation between thermal sensation vote, humidity assessment vote and thermal/humidity preference vote
in 8 lecture rooms

Experimental analysis of the thermal and humidity sensations experienced by the students of the smart
building revealed that a share of the respondents critically assessed the indoor environment — both in terms of
temperature and humidity. However, another important aspect is the ability to properly determine the sensa-
tions of the people in a given room (of certain indoor air parameters) so that proper indoor air parameters are
set, and the HVAC (heating, ventilation and air conditioning) systems provide adequate air treatment. Con-
sequently, a comparison has been made between the actual thermal sensations of the students (based on the
questionnaire survey data) in each room and the calculation results according to the international standard
(ISO Standard 7730 2005) that enables to determine the mean value of thermal sensations (called 'PMV'
— predicted mean vote) based on the indoor environment parameters such as air temperature, air velocity,
water vapour partial pressure and others. The calculation methodology also requires data on the metabolic
rate of the people (their activity level) and the thermal insulation of their clothing. Figure 11 compares the
actual thermal sensation votes TSV (the mean value for each room based on the questionnaires) and the
PMYV value. The red line denotes the line of ideal congruence of the experimental data and calculation results
(when PMV =TSV).
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PMV (calculation results)

-3.0 T T T T T T y T

—
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
TSV (experiment)

Fig. 11. Comparison of the experimental test results for 8 rooms and calculation results according to the methodology
in (ISO Standard 7730 2005)

It seems that the methodology for thermal comfort determination available in the standard could not
properly determine the actual thermal sensations of the room users in the intelligent building. The calculation
results of PMV were close to the actual experimental data of TSV only in one case (the data point is close to
the red line in Figure 11). The data points for six rooms are quite distant from the ideal congruence line of
PMV =TSV and beyond the 50% accuracy range. Thus, it can be concluded that the calculation method has
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not been successful in determining thermal sensations in the smart building (possibly due to mechanical ven-
tilation and indoor environment control strategies).

The study's main limitation is that it took place only in winter conditions. Additionally, the respondents
were familiar with the building's indoor conditions (because they had studied there for some time), so their
perceptions could have been slightly affected by the fact that they got used to the indoor environment of the
considered intelligent building. However, it must be added that these two factors are unlikely to influence the
obtained general results.

3. Summary and Conclusions

Thermal comfort measurements performed in winter in the smart building provided valuable knowledge
regarding that kind of building. It was observed that almost all the students accepted the environmental condi-
tions in the considered teaching rooms despite various responses about their willingness to change the tempera-
ture and humidity. However, the study indicates that even in smart and sophisticated buildings, indoor condi-
tions might not be fine for all people — both with regard to temperature and humidity. It might be a problem or
concern for those responsible for properly managing such facilities, especially during the winter, when prob-
lems with low relative humidity in the indoor air can occur.

The comparison of the calculation results according to the methodology presented in the international
standard and the actual experimental results for eight rooms has shown significant discrepancies, and the
calculation method has not been successful in this case. It might be related to the use of mechanical ventila-
tion and indoor environment control strategies set by the building management unit.

Future studies of this subject should focus on broadening the experimental database to include all the sea-
sons and possibly more varied volunteer groups. It would be most appropriate to conduct the studies for at
least sixty groups (occupying sixty rooms) at an equal share in each season — namely fifteen. Detailed analy-
sis of subjective sensations of people in modern smart buildings can help their managers to properly set the
indoor conditions within those facilities for the higher comfort of their users.

The work in the paper was supported by the project:
"SP2023/094 Specific research in selected areas of energy processes".
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