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Abstract: People tend to spend considerable amounts of time in buildings; thus the issue of providing
proper indoor environmental quality is of significant importance. This paper experimentally analyses
the subjective sensations of the occupants of intelligent and traditional buildings with the focus on
possible differences between these two types of buildings. The study is based on a large database
of 1302 questionnaires collected in 92 rooms where simultaneous measurements of the indoor
environment physical parameters (air and globe temperature, relative humidity, carbon dioxide
concentration, and illuminance) were carried out. Their impact on the subjective assessment of the
indoor environment has been presented and analysed. The results show that the occupants seemed to
be more favourable towards the indoor conditions in the intelligent building; however, the differences
in comparison to the traditional buildings were not considerable. Similarly, self-reported productivity
proved to be higher in the intelligent building, while the optimal range of air temperature, which
ensured highest productivity, was 22-25 °C. Moreover, a strong correlation between the occupants’
overall comfort and their perception of the air quality has been found.

Keywords: building performance; indoor environmental quality; productivity

1. Introduction

Nowadays, people spend more and more time within buildings—mostly in homes,
work places, or educational facilities. According to [1,2], adults can spend up to ca. 90%
of their time indoors. Consequently;, it is crucial to provide the building occupants with
high-quality indoor environment in order to create healthy conditions and ensure their sat-
isfaction, high productivity, and learning performance. However, creating such favourable
conditions (of optimal air temperature and relative humidity, low carbon dioxide concentra-
tion, etc.) would typically involve increased energy costs for building operation—mainly
related to the energy consumption by heating, ventilation, and air conditioning systems.
Thus, scientific effort is currently applied to find the optimal solution between proper
indoor environmental quality and energy consumption.

A general term used to describe conditions inside buildings is the ‘indoor environ-
mental quality’, which encompasses temperature, sound, and lighting conditions, together
with indoor air quality [3]. A subjective assessment of the indoor environmental quality
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experienced by each person is typically studied using questionnaires. According to Sekel-
laris et al. [4] the relationships between self-perceived indoor environmental conditions
and room users’ comfort are dependent on the socio-cultural background, together with
personal and building features. The workers proved to be generally satisfied with their
overall comfort. On the other hand, Geng et al. [5] conducted tests in the 35 m? office room
at Tsinghua University in Beijing (China) on the controlled indoor atmosphere, in which
21 participants took part. It was reported that the largest overall dissatisfaction occurred
for the air temperature of 16.2 °C (ca. 70% of the respondents were dissatisfied), while the
air temperature of 24 °C proved to be most favourable, with nobody being dissatisfied and
over half of the people feeling satisfied and very satisfied. Kim et al. [6] conducted field
tests in the educational building of the United Arab Emirates University campus. About
60% of the participants felt uncomfortable regarding the overall indoor environmental
quality, while the remaining 40% felt neutral. Such unfavourable results were caused by
many factors (indicated by the respondents in the questionnaires), which included cold and
stuffy air, as well as draught in the air. Despite much research in this area—as indicated by
Altomonte et al. [7]—there are still many questions to be dealt with on how to properly
design well-being in the indoor environment, but the key physical factors can be given as
lighting conditions, temperature, sound, and air quality. However, overall comfort does
not depend only on the indoor air parameters, but also on other factors. Goger et al. [8]
found out that noise coming from indoors and outdoors (including ventilation and air
conditioning systems) limited access to daylight, as well as the view to the outside; build-
ing and work aesthetics, as well as personal control over building systems, can influence
occupants’ satisfaction.

Indoor air quality is a crucial part of indoor environmental quality, and its physical
measure is usually associated with the carbon dioxide concentration. Building standards
and guidelines throughout the world set certain CO, limits; for example, according to the
European standard [9], the limiting value is 800 ppm beyond the background level for a
building of category II (such as the public utility educational buildings investigated in
the present study). On the other hand, Borowski et al. [10] proposed an air quality scale
based on the large literature data and stated that, for a CO; level below 1000 ppm, the air
quality is “good” or “very good”, while the range 1000-1400 ppm indicated “moderate” air
quality, and the level 1400-2000 ppm was still acceptable. Higher values should be avoided.
Vilcekova et al. [11] carried out testing of the indoor air quality within five classrooms
located in a traditional building in the Slovak Republic. The tested group consisted of
34 students of up to 15 years old and 5 teachers. The CO; levels were relatively high and
ranged from 577 to 1787 ppm (despite open windows). The subjective assessment of the
air quality revealed that ca. 53% of the students rated it as acceptable and almost 73%
rated it as stuffy. Additionally, they considered poor air quality as the largest problem.
Aguilar et al. [12] performed tests in a naturally ventilated Spanish polytechnic building.
The CO; levels ranged from 400 to 1676 ppm, which exceeded the allowable limit of
900 ppm. The experimental study of Kim et al. [6] revealed that, despite a low CO,
concentration (mean value of 465 ppm), the subjective assessment of indoor air quality
was low, with 63% of the respondents feeling uncomfortable and the rest (37%) feeling
neutral. The respondents complained about poor ventilation performance because of the
lack of operable windows. The problem of inadequate ventilation has also been addressed
in [13,14]. On the other hand, Aflaki et al. [15] performed tests in a library building in
the tropics and found that the average carbon dioxide concentration was ca. 480 ppm
(while at some points up to 588 ppm), which was quite low and acceptable. One of a
very few studies on indoor air quality in intelligent buildings was presented by Rolando
et al. [16], who performed the long-term monitoring of indoor air quality in 305 apartments
of the residential intelligent buildings at the KTH University in Sweden. The median
monthly CO, concentration values were between 400 and 600 ppm. However, the authors
pointed out that the study contained measurement errors caused by possible malfunctions
of the sensors.
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Although air quality is typically related to the CO, concentration, Geng et al. [5]
assessed air quality satisfaction as a function of air temperature (in the range from 16.2 °C
to 27.7 °C). The authors reported the highest satisfaction for the lowest temperature of
16.2 °C, while the largest dissatisfaction was observed for the air temperature values of
22 °C and 24 °C. The results indicate that the level of CO; alone ought not to be regarded
as the only factor affecting subjective user-reported indoor air quality. This claim is backed
by Clements et al. [17], who conducted experiments in a research living lab facility. The
authors claimed that the CO, concentration was maintained at acceptable levels and hardly
ever exceeded 800 ppm; however, the study participants reported poor satisfaction with
the air quality at certain times. It was stated that this poor perception might have been
a result of getting rid of the natural light while introducing noise, rather than being a
result of air quality degradation. Similarly, in [18], it was reported that people tested at an
elevated temperature of 30 °C assessed the air quality as worse in comparison to a thermal
environment of 22 °C. Thus, it is important to consider air quality in a broader sense rather
than limiting it to the CO; level. It is especially crucial, because indoor environment quality
can influence the overall satisfaction of room residents and their productivity, as reported
by Lee et al. [19], who also indicated a difference in the indoor air quality perception
between different occupations of the same building. The influence of the indoor air quality
on occupants’ productivity was addressed by Lee et al. [20]. The economic loss caused by
a reduction in the work performance of the employees caused by high levels of CO, was
also calculated.

As mentioned above, productivity seems to be influenced by indoor environmental
quality. Although productivity can be assessed from different points of view, it is usu-
ally associated with the ability to perform certain tasks and/or absorb new knowledge.
This issue is especially important in office/factory workplaces, as well as in educational
buildings. Kaushik et al. [21] analysed an interconnection between the quality of the in-
door environment and the productivity of office room users in Qatar. The carbon dioxide
concentration proved to have an impact on productivity, with its optimum level of up
to 650 ppm, as well as relative humidity (up to 60%) and indoor air temperature (in the
optimal range 22-25 °C). Geng et al. [5] studied the indoor air quality perception and
productivity in office rooms. A relation was observed between thermal environment and
productivity. In [22], the influence of the indoor environmental quality on self-estimated
performance in the tropical climate of Cameroon was presented. It was reported that air
parameters affected productivity, which increased at the temperature within the range of
17.5 °C-23.4 °C, while the optimal performance could be observed at the neutral level of
thermal sensation. On the other hand, total thermal discomfort was observed above 28 °C,
which highly reduced the worker’s performance. Lan et al. [18] analysed twelve people
performing neuro-behavioural and office tests at the neutral temperature of 22 °C and
the elevated temperature of 30 °C. When the subjects felt warm, their task performance
decreased. It was suggested that productivity problems can occur independently of discom-
fort. Similar results, but extended to the lower temperatures, were obtained by Li et al. [23],
who analysed students’ performance (in a testing climate chamber). It was concluded that a
temperature considered as relatively warm or cold caused a larger time of response, as well
as a lower accuracy, thereby leading to decreased performance. Wu et al. [24] presented
experiments on 18 subjects. Physiological and psychological test results proved that the
performance of the volunteers was more influenced by humidity at high temperatures
(4-10% greater than at low temperatures). The authors found no consistent relation between
the performance and the inflow of fresh air at temperatures lower than 25 °C. Liu et al. [25]
experimentally analysed the impact of air temperature and relative humidity on the perfor-
mance of 36 students. The learning performance variations proved to be consistent with
their environmental comfort; however, relative humidity had a more profound effect than
air temperature in such a way that, in low humidity environments, the performance was
reduced because of eye dryness and the airway mucosa.
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Providing proper indoor conditions for maximal occupants’ performance and pro-
ductivity might require energy input. Kiirker and Eskin [26] reported that a significant
productivity increase (of 46%) can be obtained, but this comes at the cost of elevated energy
consumption. On the other hand, productivity can also be improved by the use of fans
(which reduce the need for expensive air conditioning operation), as was claimed in [27].

Despite the overwhelming evidence of the impact of the indoor environmental quality
on productivity, some reports seem to contradict these claims. Porras-Salazar et al. [28]
analysed models and literature data on the relation between temperature and work per-
formance. The authors normalised the data reported by others and tried to develop a
correlation using various techniques (including regression models, models using the max-
imal adaptability framework, as well as machine learning). However, they were unable
to find any link between air temperature and work performance. Besides, the effects of
task complexity, accuracy, or climate were not significant. It proves that the problem of
the interaction between productivity and indoor air parameters needs to be studied more
thoroughly, which is further confirmed by the review paper about a link between thermal
comfort and productivity [29], which covered almost 130 papers. The authors noticed that
the vast majority of the papers were based on hypotheses, while studies conducted with
the use of an experimental apparatus are quite limited because of involving only a few
samples or due to certain environmental factors, as well as insufficient representation by
the participants. It was concluded that the relationships between productivity and thermal
comfort have not been broadly studied. Consequently, questions to be answered still exist.

Equally important and not fully understood is the impact of indoor light conditions
on occupants’ subjective sensations. Moreover, as indicated by Ghita et al. [30], the proper
management of the existing lighting systems can lead to a 20% reduction in energy costs
if mixed light sources are correctly optimised. Consequently, the methods of building
lighting performance improvement have been currently investigated, which integrate
building simulation and architectural design tools (e.g., [31]). However, the photometric
measurement of illuminance within rooms does not fully capture the subjective personal
component of lighting quality. Thus, questionnaire surveys are necessary. In the study [11],
over 60% of the students considered classroom lighting to be very good or good, while
30% rated it as acceptable, but the respondents claimed that very strong light from the
lamp was the biggest problem. On the other hand, three quarters of teachers considered
lighting in the classroom as good and voiced concerns about too much daylight, as well as
poor artificial light. It can be seen that the opinions of the pupils and staff were different,
which indicates that lighting is highly subjective. Ricciardi and Buratti [32] investigated
the lighting conditions in seven Italian classrooms. The mean values of illuminance were
quite low and ranged from 74 to 453 lux; however, no data or correlations were presented
between the perceived lighting conditions and illuminance. Aguilar et al. [12] performed
tests in the Spanish educational building and collected 908 questionnaires. The lighting
ranged from 110 to 594 lux, and high numbers of the dissatisfied were observed. The
satisfaction level with the lighting conditions of home offices was investigated in [33] as
an online survey. The authors observed some differences in the satisfaction level due to
participants’ gender, occupation, and geographical location. Moreover, students proved
to be less satisfied than professionals with the lighting conditions. A confirmation of
the subjective nature of light assessment can be found in [34], where the results of an
experimental study on customers in cafes were presented.

Despite the fact that the minimal value of illuminance is set in standards and guidelines
(e.g., [35,36]) public utility buildings might not be able to offer proper lighting conditions
to their users. Aflaki et al. [15] assessed the indoor environment in a traditional library
building and indicated poor lighting conditions—with the light intensity in the reading
zone found to be below 300 lux. Idkhan and Baharuddin [37] conducted a study on sixty
students in the laboratory of a traditional university building in Indonesia. The average
light intensity amounted to 422.14 lux, which was below the national standard requirement.
Similar results of poor lighting were recorded in nursing offices in New Zealend [38], where
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an average value of 254 lux was obtained. This indicates a worldwide problem of lighting
conditions indoors. It is especially vital due to the fact that the light intensity can affect the
subjective thermal sensations of room users [39], as well as productivity [40].

Despite the relatively numerous studies available in the literature on indoor environ-
mental quality and productivity, very few were conducted in intelligent buildings. This
could be related to the fact that such buildings are still not very common. According to a
definition of an “intelligent building” given in [41], the fundamental constituents of such a
building are mainly the following: building management and automation systems, together
with information communication networks. Such buildings—according to [42]—should
keep the occupants comfortable, as well as environmentally satisfied. What is more, an
intelligent building should maximise their users’ performance and efficiently manage the
available resources while—at the same time—maintaining operational costs at minimal
levels [43]. As pointed out by Omar [44], there exists no commonly acknowledged defini-
tion of an intelligent building; however, the most characteristic features are the following:
the presence of building management and automation systems, as well as sensors, the
usage of smart materials and intelligent skins (including interactive facades), passive de-
sign (considering the window-to-wall-ratio and orientations towards the sun), and the
application of renewable resources. Moreover, intelligent buildings should be characterised
by environmental friendliness, space utilisation, cost-effectiveness, human comfort, work
efficiency, etc. [44]. In practice, buildings are typically considered “intelligent” when they
are operated by a BMS (building management system) and all the building services (HVAC
systems, lights, fire protection systems, etc.) have been interconnected with one another [45].
Consequently, a building where a study was conducted (bearing the name “Energis”) has
been considered as an archetype for “intelligent building”—due to the presence of the BMS
and the automatic control of the systems/services installed there (including renewable
energy systems).

It needs to be noted that comparative analyses of indoor environmental quality have
been carried out in green buildings vs. conventional buildings, with the majority of studies
being in favour of the green buildings (e.g., ref. [46]), though some indicating mixed
results (e.g., ref. [47]). However, green buildings are not the same as intelligent/smart
buildings. According to [48], a green building is about life cycle effects, the efficient use
of the resources, as well as the performance of the buildings, while the core of smart
buildings is the integration of building technology systems—they are about the efficiency
of construction and augmented management tools, as well as occupant functions.

It might be anticipated that human sensations will be different in intelligent buildings
in comparison to the traditional ones for two reasons. First, the high level of technical
sophistication of intelligent buildings, combined with air treatment and its filtration, can
have an impact on the indoor air parameters, including the air quality (as well as indirectly
affecting thermal sensations, as was pointed out in [49]). However, it can also affect
subjective sensations of safety, lighting, as well as outdoor noise reduction (because of
closed windows). Secondly, the possibility of the occupants to be able to adjust the indoor
environmental parameters in order to suit individual needs, the feeling of “being more in
control” of the indoor conditions, can indirectly affect the subjective sensations of people.

Subjective human sensations seem to be different in various locations around the
world depending on the climate, cultural factors, the accommodation potential of people,
habitual actions, etc., and comparative studies on indoor environment presented in the
literature are mostly performed in buildings located outside Eastern Europe, probably due
to there still being a marginal number of intelligent/sustainable buildings in this region.
Thus, no study has been found in the literature that thoroughly addresses the issue of the
differences between occupants’ perceptions of the indoor environment and productivity
in traditional and intelligent buildings based on a large database collected throughout
all four seasons in Eastern Europe. Moreover, the literature (e.g., [28,29]) suggests that
the interaction between productivity and the indoor air parameters needs to be studied
more thoroughly. Experimental reports might even contradict one another and/or have
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been conducted on a small number of participants. The present study aims to clarify the
discrepancies found in the literature regarding the impact of indoor environmental quality
on productivity. Consequently, the paper aims to bridge these two research gaps.

In addition, the indoor environment control strategies in modern high-tech buildings can
utilise artificial intelligence tools. As indicated in the review paper by Halhoul-Merabet et al. [50],
the performance of Al-based control systems for shaping the proper indoor environment
is not yet fully satisfactory—mainly because of the fact that these algorithms need large
amounts of real-world data—which, according to the authors, is currently lacking. Thus, the
comparative analysis presented in the paper regarding traditional and intelligent buildings
can provide valuable new data that can also be used in Al control algorithms’ development.

2. Materials and Methods

In order to conduct a study in the same climatic and cultural conditions, five educa-
tional buildings located in the same city (Kielce, Poland) were selected for the investigation.
Among them, the newest one (completed in 2012) is the “Energis” building. It has been con-
sidered “intelligent” according to the definition [41] and due to the fact that it is equipped
with a BMS system that controls the operation of all building services (heating, ventilation,
air conditioning, lighting, etc.). The traditional buildings originate from the 1970s. They
have recently undergone renovation, which improved the thermal performance of the build-
ings (with improved thermal insulation and new heating systems) but have not changed
the operation of the buildings. The largest difference between the intelligent and traditional
buildings lies in the ventilation system operation: in the “Energis” mechanical ventilation,
heat recovery is used, as well as air conditioning (provided with cassette indoor units
connected to rooftop chillers), which is turned on/off using control panels in each room,
while in the traditional buildings utilising natural ventilation are mostly used with no air
conditioning systems installed. Thus, opening windows occurs frequently during warm
and hot days. Moreover, the additional difference is the sensation of larger level of control
over the indoor air parameters in the intelligent building (both during the summer and
winter time), as opposed to the conditions in the traditional buildings, where the influence
of the outside air conditions is more pronounced. Figures 1 and 2 present “Energis” and
one of the traditional buildings (called “A”), respectively. Table S1 of the Supplementary
Material presents the main technical data of the analysed buildings.

Figure 1. Intelligent building “Energis”—Western fagade.

The experimental procedure consisted of performing measurements of the physical
parameters within each room (air, globe temperature, air flow velocity, relative humidity,
carbon dioxide concentration, and illumination) with a micro-climate meter as well, as
using the anonymous questionnaires filled out by the room occupants. Table 1 presents the
technical data of the testing system used.



Energies 2023, 16, 6663 7 of 21

Figure 2. Traditional building “A”—Western fagade.

Table 1. Details of the microclimate meter (according to the manufacturer’s data [51]).

No Parameter Measuring Range Measuring Accuracy
1 Air temperature —20-70 °C +0.3°C
2 Relative humidity 0-100% £0.6+0.7% of the value
3 Globe temperature 0-120 °C +15°C
4 CO; level 0-10,000 ppm £50 ppm+3% of the value
5 Illuminance 0-100,000 lux 6%
6 Ambient pressure 700-1100 hPa +3 hPa

The measuring unit was situated where the respondents were seated in order to ensure
that the most accurate indoor parameters were collected. In most cases, that was the very
centre of the room, though it could have been different when tests took place in large lecture
rooms if attendance during the classes was relatively low. Figure 3 shows the micro-climate
meter located in a lecture room of the intelligent building (left-hand side) and in a classroom
of the traditional building (right-hand side).

illuminance probe
air speed probe

CO,probe air temperature “\ \
and relative humidity probcl

(a) (b)

Figure 3. The micro-climate meter with the probes: (a) in the intelligent building; (b) in the tradi-
tional building.

Obviously, values of the physical parameters registered in the rooms showed varia-
tions throughout the experimental sessions. Figure 4a,b present example variations in air
temperature, relative humidity, and CO, concentration in rooms of the traditional building
(a) and intelligent building (b) (data recorded for the winter conditions). As can be seen,
changes of the indoor parameters due to the presence of people were more pronounced
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for the traditional building, while in the case of the intelligent building, they seem to be
more stable (probably due to the operation of mechanical ventilation and more intense
air exchange).

O K 50 T T T T T T 1400 £ O X 50 T T T T T T 1400 g
o N o - =
9 g air temperature = ] :g air temperature =
2E 454 relative humidity 1200 5 ZE 454 relative humidity [ é
o 2 —e— CO, concentration 14 s g 2 —e— CO, concentration o
o 2 {HHH’HHH 1000 2 2o 2 L1000 £
52 eeteas! g 52 g
28 40 HHHH} S L5 401 °
® Q {«H}Hﬁ 800 3 RS { HHHHHHH-SOO 8
...... : T I :
35-HHHH{ leoop O 35+ Leoo ©
11
T111IIITI3H - B P rsdausanseeppnoRasans SRR ERRRRES)
30+ TTTTTTTTIIITTIIIIIIIIIIllllllllllll-400 30 [P I EE L 400
o TriTidra i AL
¢ty TTTITITL
L 200 200
PR I 2 2 25
TAA ; ; ; ; ; ; 0 I:IIIIIIII:IIIIIII:::II?IIIIIIIIIIIIIIIIIIIII?IIIIII 0
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
t, sec t, sec
(a) (b)

Figure 4. Example variations in the values of air temperature, relative humidity, and CO, con-
centration (winter conditions), together with measurement error bands: (a) traditional building;
(b) intelligent building.

Experimental procedure involved simultaneous measurements of the values of phys-
ical indoor parameters and the anonymous questionnaire surveys conducted in every
room. In total, 890 questionnaire forms were collected in the intelligent building “Energis”
and 412 were collected in the traditional buildings. The number of datasets (where a set
is related to data collected in one room covering environmental parameters, as well as
questionnaire answers) amounted to 67 in “Energis” and 25 in the traditional buildings,
while the number of people in each room (each set) ranged from 10 to 56 (the details of the
rooms are presented in the Supplementary Material—Table S2). The discrepancy between
the number of participants (and rooms) in the intelligent and traditional buildings results
from the fact that access to the intelligent building was easier. Despite this discrepancy, the
sample size of the traditional buildings is large enough to draw proper conclusions.

The participants were both full-time and part-time students. Table 2 presents the basic
data of the volunteers who took part in the anonymous surveys: parameters included
age, height, weight, BMI index, and thermal resistance of their clothes according to the
information provided in the questionnaires.

Table 2. Data of the respondents.

Parameter Intelligent Traditional
Building Buildings
Number of women/men, - 399/491 241/171
Age, y.o. 18-58 19-65
(range, mean value/standard deviat.) 21.8/2.57 23.5/5.4
Height, m 150-198 150-200
(range, mean value/standard deviat.) 174.3/10.3 172.3/9.4
Weight, kg 42-115 41-121
(range, mean value/standard deviat.) 71.4/149 69.8/15.6
BMI, kg /m? 15.1-37.6 16.2-39.3
(range, mean value/standard deviat.) 23.3/3.5 23.4/3.8
Clothes’ thermal resistance, clo 0.31-1.36 0.30-1.40

(range, mean value/standard deviat.) 0.61/0.16 0.53/0.17
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The respondents were asked to give answers regarding subjective sensations regarding
air quality, lighting conditions, productivity, and general feelings by marking the appropri-
ate response in the questionnaire. The design of the questionnaire was influenced by the
standards [52,53] and journal papers [54-56]. Productivity of the respondents was assessed
by themselves as a subjective evaluation (as in other studies such as [8,19,21,22,57]). The
room users filled the questionnaires ca. 15-20 min after entering the room to allow for the
accommodation to the indoor environmental conditions. The measurements took place
from March 2021 till June 2022.

Test results provided in the following section will be the basis for discussion regarding

the comparison of the subjective sensations experienced in traditional and intelligent
educational buildings.

3. Test Results
3.1. Overal Comfort and Air Quality

The tests were performed in 92 rooms, where 67 of them were located in the intel-
ligent building “Energis”, while 25 were located in traditional buildings situated on the
university campuses (all the buildings were situated within a short distance from each
other). During the study of the indoor air temperature in "Energis”, it ranged from 20.4 to
26.8 °C, the relative humidity ranged from 19.7 to 58.9%, and the carbon dioxide level
ranged from 508 to 1524 ppm. These same parameters in the traditional buildings were the
following: 20.0-29.7 °C, 25.9-65.8%, and 509-2470 ppm, respectively. The data regarding
these fundamental indoor air parameters have been shown in Figure 5.

N
o
o
o

2000

2

CO. concentration, ppm

Figure 5. Air temperature, relative humidity, and CO, level in the “Energis” (1) and traditional
buildings (2).

As can be seen, the intelligent building provided more comfortable conditions, as was
evidenced by lower maximal temperatures and a much lower carbon dioxide level, which
in the traditional buildings reached almost 2500 ppm. Apart from the measured values,
it is, however, crucial to verify if the differences in the indoor air parameters influenced
the subjective assessment of the human sensations of well-being (overall comfort) in the
analysed buildings.

Figure 6 (and Table S3 of the Supplementary Material) presents the results of the
questionnaire study for the parameter “General Sensation Vote” (GSV), which describes
the occupants’ overall satisfaction/dissatisfaction. The volunteers were asked the question
regarding how they generally felt in the room at the moment of competing the questionnaire

form. Possible answers to choose from were the following: “very good” (+2), “good” (+1),
“neutral” (0), “bad” (—1), or “very bad” (—2).
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frequency, %

-2 -1 0 1 2
general sensation vote

Figure 6. Distribution of General Sensation Votes in the “Energis” (1) and traditional buildings (2).

The largest number of people in all the buildings felt “neutral” (0). However, in the
intelligent building, 42% of the participants indicated that they felt “good”—as opposed to
33% in the traditional buildings. The share of the “very good” responses was about 4.4%
for all the buildings. The occupants seemed to be more favourable towards the conditions
in “Energis”, though the differences in their sensations were not as significant as might
have been anticipated based on the indoor air parameters alone. Probably, the students,
after months and/or years of studying in the traditional buildings, were accommodated
and became accustomed to the general conditions prevailing there. This result does not
support the claim by Kaushik et al. [21], who pointed out that maintaining proper values of
indoor environmental quality parameters could require larger energy consumption. As can
be seen in Figure 6, a comparable level of satisfaction was provided by traditional buildings
(equipped only with natural ventilation) in comparison to the intelligent building equipped
with HVAC systems.

On the other hand, high levels of carbon dioxide—as observed in Figure 5—might
have influenced the perception of the indoor air quality. In the questionnaire, the volunteers
assessed the air quality by marking the answers: “very good” (+2), “good” (+1), “neither
good nor bad” (0), “bad” (—1), or “very bad” (—2). The results have been shown in Figure 7
(and Table S4 of the Supplementary Material).
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indoor air quality vote

Figure 7. Air quality assessment in the “Energis” (1) and traditional buildings (2).

The largest number of the respondents (slightly over half) considered the air quality
as “neither good nor bad” and ticked “(0)”. However, in the traditional buildings, 16.5%
of the students assessed the air quality as “bad” or “very bad”, as opposed to 7.8% in the
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intelligent building. This confirms the more favourable conditions present in “Energis” and
might be related (possibly among other factors) to the lower levels of carbon dioxide there.
Figure 8 presents a relation between the mean Indoor Air Quality Vote (IAQV) in each
room (calculated as the average value of individual answers to this question collected in
one room) and the CO; concentration in this room, together with the linear fit (black line).

LB e
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indoor air quality vote
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CO, concentration, ppm

Figure 8. Relation between mean Indoor Air Quality Vote responses in room and CO,
concentration—data for 67 rooms in “Energis” (1) and for 25 rooms in the traditional buildings
(2); black line: linear fit.

At the highest CO; levels, the vote was about “neutral”, despite the trend indicating
that, as the carbon dioxide concentration increased, the respondents considered the air
quality as poorer.

However, the regression coefficient R? of the trend line was only 0.02. Thus, no major
conclusions regarding the impact of carbon dioxide can be drawn. However, it seems that
the perception of the respondents might have been shaped by other factors such as the
presence of odours in the rooms, as well as the air temperature, as has been indicated in [5].

It seems that the perceived indoor air quality can influence the general well-being
of room users. In order to verify this assumption, a graph has been prepared (Figure 9),
which relates the General Sensation Vote and Indoor Air Quality Vote for 92 rooms (as
mean values of these parameters based on the questionnaire answers for individual rooms).

1,54
1,04

0,5

general sensation vote

0,0+

0,5

-1,04

_115 T T T T T 1
-1,5 -1,0 -0,5 0,0 0,5 1,0 15

indoor air quality vote

Figure 9. Relation between mean General Sensation Vote responses and mean Indoor Air Quality
Vote responses for each room—data for 67 rooms in “Energis” (1) and for 25 rooms in the traditional
buildings (2); the black line: linear fit.
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The analysis of the above figure reveals a strong correlation between the occupants’
well-being (overall comfort) and their perception of the air quality. As the subjective
assessment of air quality became more positive, the General Sensation Vote also increased.
The coefficient of determination R? was quite high and equaled 0.69, while the actual
equation takes the form of the following:

GSV = 0.9359 IAQ + 0.0709, (1)

The data collected in 92 rooms, covering 1302 questionnaire responses, show that
the well-being of the room users depends not only on thermal sensations (as commonly
considered), but also on the perception of the air quality. Thus, building managers should
pay much attention to the problem of proper ventilation and air purity due to its influence
on residents’ satisfaction, which might be of significant importance in commercial and
educational buildings (leading to consumer satisfaction and students’ learning perfor-
mance, respectively).

3.2. Lighting Conditions

Intelligent buildings are typically equipped with computer-controlled systems and
efficient lighting devices. Thus, the lighting conditions for people residing in individual
rooms (doing office work, studying, etc.) are expected to be high. The questionnaire
contained a question regarding this issue. The students were asked about their assessment
of the lighting conditions in a room, where they were situated, and could choose from the
following answers: “too strong” (+1), “appropriate” (0), or “too weak” (—1). Figure 10
(and Table S5 of the Supplementary Material) presents the results for the intelligent and
traditional buildings separately.
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Figure 10. Assessment of light intensity conditions in the “Energis” (1) and traditional buildings (2).

The results indicate that all the buildings provided adequate lighting conditions for
83% and 85% of the respondents in the “Energis” and traditional buildings, respectively.
The percentage shares of the votes “too strong” and “too weak” were also comparable.
Thus, the use of traditional (even simple) lighting systems might be equally efficient—at
least in educational buildings.

The light intensity experienced by the room users might not be influenced only by
the illuminance generated by the lighting systems, but also by other factors such as the
proper distribution of light sources in the ceiling, the reflective properties of the walls, etc.
In order to verify this assumption, a relation between the mean Light Intensity Assessment
(LIA) in each room (calculated as the average of the individual answers) and the value
of illuminance (I) recorded in that room has been considered and presented in Figure 11,
together with the polynomial fit (black line).
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Figure 11. Relation between mean Light Intensity Assessment in each room and illuminance—data
for “Energis” (1) and the traditional buildings (2)—limited to 1100 lux; black line: Lorentz fit.

Naturally, as illuminance in the room increased, the respondents assessed the light
intensity as stronger. However, the relation was not straightforward. The values of
illuminance below 200 lux were considered as inadequate (LIA < —0.5) for a few rooms,
but the same light intensity was regarded as fine (LIA close or equal to 0) in many rooms.
The differences might be related to the design and location of the light sources in the ceiling
and the reflective properties of the walls. Typically, higher values of illuminance were
recorded in the traditional buildings; however, these values did not improve the perception
of the respondents. Thus, it can be concluded that the same light conditions might be
obtained at lower illuminance. Consequently, the energy consumption for lighting could be
reduced, which is crucial for proper energy management in buildings and possible financial
savings, as well as environmental protection due to reduction in the CO, generation for
energy production.

It needs to be noted that the standard [35] stipulates that the required illuminance
for classrooms be 300 lux and 500 lux for meeting, conference, and reading rooms, while
Balocco and Calzolari [58] claim that visual tasks such as reading and writing need il-
luminance within the range of 300-750 lux. Consequently, the recorded values in the
present study were often too low to provide proper lighting conditions for the occupants.
Inadequate lighting in educational buildings was also reported in [17,37].

Based on Figure 11, it can be stated that the increase in illuminance up to 600 lux
typically led to elevated light intensity assessment. However, further rises, e.g., above
600 lux, did not result in higher LIA values. This might further support the statement that
there might be no necessity to use excessive light intensity values in buildings. The weak
relation observed in Figure 11 might be explained by the fact that the perception of lighting
conditions can be shaped by other factors such as the presence of glows, reflections, or even
air temperature (as indicated in [5]).

Considering further the perception of the lighting conditions, it might be anticipated
that this issue would also influence human well-being. Namely, the highest General
Sensation Vote responses would be observed when the lighting conditions are assessed as
adequate (when the mean LIA for the room is around 0). The data from 1302 questionnaires
(Figure 12) did not support this claim; however, in the area of positive Light Assessment
Vote responses (—0.25 < LIA < +0.25)—marked in the figure with the green box—the great
majority (ca. 84%) of mean the General Sensation Vote responses were positive (GSV > 0).
This might suggest a weak interconnection between these two parameters.
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Figure 12. Mean General Sensation Vote vs. mean Light Intensity Assessment for each room—data
for 67 rooms in “Energis” (1) and for 25 rooms in the traditional buildings (2); green box: the area of
GSV >0 and —0.25 < LIA < +0.25.

It has to be noted that Kim et al. [6] claimed that their respondents felt uncomfortable
due to the glare of daylight and reflection coming from large windows, as well as due to
having no control over it. Thus, increased light intensity would be experienced, which
might be assessed in the negative way.

3.3. Productivity

The indoor environment influences human well-being and might have an impact on
productivity (considered as ‘learning potential” in the present study). The tests performed
in the educational buildings were focused on the assessment of self-reported productivity
(P). The respondents answered the following question: “How do you rate your current
productivity (your potential to absorb knowledge)?”. The students chose from the follow-
ing: “strong (better than usual)” (+1), “normal (as usual)” (0), or “weak (worse than usual)”
(—1). The results for all the buildings have been presented in Figure 13 (and Table S6 of the
Supplementary Material).
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Figure 13. Self-reported productivity in the “Energis” (1) and traditional buildings (2).

The respondents considered themselves to be more productive in the intelligent
building: this resulted in 6.6% of the share of the answers (1) as opposed to 3.9% in the
traditional buildings. Moreover, the share of the answer “weak” (—1) (indicating worse
than usual productivity) was higher in the traditional buildings (28.9%) as opposed to



Energies 2023, 16, 6663

15 of 21

22.1% in “Energis”. The differences might not be significant, but it is quite clear that the
additional cost of maintenance and the technological sophistication of heating, ventilation,
air conditioning, or lighting systems in the smart “Energis” building might be justified if it
contributes to improved productivity, especially in educational or office buildings.

Ensuring the well-being of room users is important—as was considered earlier in the
paper and referred to as the General Sensation Vote in the questionnaire. It seems, however,
that the subjective assessment of well-being and productivity might be interconnected.
People tend to work more efficiently when they feel satisfied and happy. Figure 14 typically
confirms this assumption. The data of the 1302 questionnaire responses clearly shows that,
as the subjective assessment of well-being (GSV) increased (as the average value calculated
for a group situated in a considered room), their productivity (learning potential), also
expressed as the mean values for 92 rooms, rose linearly.
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Figure 14. Mean self-reported productivity vs. mean General Sensation Vote for each room—data for
67 rooms in “Energis” (1) and for 25 rooms in the traditional buildings (2); black line: linear fit.

The obtained mathematical formula for the dependence takes the form of the following:
P =0.2994GSV — 0.281 2

and the outcome was quite clear (R? = 0.40), considering the fact that it covered all the
buildings, various groups of students, and broad ranges of indoor air parameters and
lighting conditions, and as well as the fact that both the analysed parameters (productivity
and general sensation) are highly subjective. A similar distribution of data points and an
almost identical linear fitting equation could have been obtained if the General Sensation
Vote responses in Figure 14 were replaced with Indoor Air Quality Vote responses. It might
have been anticipated due to a strong relation between air quality and well-being (as was
observed in Figure 9).

The impact of well-being on productivity is quite subjective and should be accompa-
nied by a discussion on the influence of indoor air parameters on the learning potential
of the respondents. Figure 15 presents the relation between the air temperature (T) in
92 rooms and the mean values of productivity reported in the questionnaire responses.

Although the coefficient of determination of R? = 0.21 was low, a trend in the changes
can be clearly noticed, with the maximum learning potential occurring at the air temper-
ature of about 22 °C-23 °C. However, the highest productivity of the room users was
observed in a wider range of temperature values: from 22 °C to 25 °C, as is indicated by
the green box on the graph. These values are quite high, and, thus, the energy demand for
heating in the winter season might need to be higher. Naturally, this can be a phenomenon
observed only in climates where the winter conditions might be harsh, while the summer
conditions are quite mild and people tend to prefer warmer environments (e.g., in Cen-
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tral and Eastern Europe, as indicated by Debska et al. [59] and Majewski et al. [60]). It
should be emphasized that the traditional buildings provided the largest air temperature
values (about and over 29 °C), and the self-reported productivity reported for these four
high-temperature data points (Figure 15) amounted to ca. —0.5, which indicates a low
learning potential of the respondents. The spread of the data points in Figure 15 is quite
significant due to the fact that productivity is highly subjective and might be influenced
by individual preferences and the mood of a certain volunteer, as well as current health
condition, hunger, etc. However, in educational and office buildings, the lighting conditions
might also be of significant importance due to the fact that the working activities there

are mostly focused on writing and reading. The optimal values observed in the present

European study (22-25 °C) are in agreement with the data from other climate conditions
(for example, Geng et al. [5] reported the air temperature of 22 °C as most favourable
following the research tests conducted in China), while Kaushik et al. [21] presented the
optimal temperature range of 22-25 °C for an office located in the hot climate of Qatar.
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Figure 15. Mean self-reported productivity vs. air temperature for each room—data for 67 rooms in

“Energis” (1) and for 25 rooms in the traditional buildings (2); black line: polynomial fit, green box:

area of highest productivity values.

According to [25], relative humidity proved to have more profound effect on produc-

tivity than air temperature. Thus, a relation between relative humidity (RH), together with
air temperature and self-reported productivity, has been given in Figure 16.

0,25

self-reported productivity

Figure 16. Mean self-reported productivity vs. relative humidity and air temperature for each
room—data for 67 rooms in “Energis” (1) and for 25 rooms in the traditional buildings (2).
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It seems that the highest values of productivity were reported in the wide range
of relative humidity values (from ca. 20% to 46%). As opposed to the data presented
in [25], dry environments did not cause a decrease in productivity; however, a humid
micro-climate indeed seemed to worsen the self-reported productivity readings. It can be
related to the fact that productivity was influenced by other factors (mostly air temperature)
as well, which could have had a stronger impact—especially given that (as evidenced in
Figure 16) typically high-humidity environments of lower productivity occurred in the
traditional buildings, where the influence of other factors adversely affecting productivity
(such as traffic noise due to open windows and high indoor air temperature) could be
more pronounced.

It needs to be added that Kaushik et al. [21] reported an optimal relative humidity
value of up to 60% in their study conducted in Qatar.

Due to the fact that, in educational buildings, reading and writing are the most com-
mon tasks, another possible factor that can potentially have an influence on productivity is
the level of illuminance. Figure 17 shows a relation between the mean value of self-reported
productivity (calculated in each room) and the light intensity measured in those rooms.
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Figure 17. Mean self-reported productivity vs. illuminance for each room—data for 67 rooms in

“Energis” (1) and for 25 rooms in the traditional buildings (2); black line: polynomial fit, green box:
area of highest productivity values; illuminance range up to 1600 lux.

As can be seen, the most optimal level of illuminance with regard to productivity
was answered in the question in the questionnaire on participants’ past activity, with the
possible 200400 lux. Such lighting condition seemed to enable proper working conditions
at the desks of the individual respondents. It needs to be mentioned that there was a large
discrepancy between the results for individual rooms due to the impact of other factors
on productivity. However, lighting conditions should be considered and acknowledged
by building managers so that the most optimal indoor environment can be maintained in
buildings. Apart from providing more adequate indoor environment parameters, a method
of improving productivity might be the introduction of breaks during the classes (or at
work), which would be long enough to ensure that people are able to perform a physical
activity such as walking. The influence of the past activity (before coming to the classroom
and completing the questionnaire) on productivity has been presented in Figure 18. The
activity level was taken as the mean value for a given group in the room. The answers to
choose from were the following: “sitting” (0), “walking of at least 10 min” (1), “moderate
physical activity” (2), or “intense physical activity” (3).
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Figure 18. Mean self-reported productivity vs. past activity level (PAL)—data for 67 rooms in
“Energis” (1) and for 25 rooms in the traditional buildings (2); black line: linear fit.

Due to a low value of the coefficient of determination, no relation should be considered
here, but it needs to be noted that the vales of the activity level in the current study
were typically (0) or (1) due to the fact that the tests were performed in the educational
buildings, and the students either sat or walked before lectures. Only a few out of the
1302 volunteers indicated that they partook in moderate or intense physical activity. This
might be quite understandable when performing tests in educational or office buildings;
however, it undoubtedly influenced the relation between the activity level and productivity.
Nevertheless, physical activity might have a favourable impact on learning potential.

It also needs to be noted that—as indicated by [8]—apart from the indoor environment
physical parameters, productivity can depend on other factors such as individual space
and personal control. This could explain the relatively weak correlations observed in some
cases presented above. However, the indoor environmental quality is an important factor
and should be maintained at high levels in order to contribute to high productivity.

Kaushik et al. [21] pointed out that maintaining the proper levels of indoor envi-
ronmental quality parameters could require larger energy consumption, but the profits
obtained from the fact that the occupants are more productive and healthier could be larger
than an increase in the energy cost for the building operation. In a simulation study [26],
a 46% productivity increase was reported due to indoor environment improvement, which
required an increase in annual energy consumption of 11.7%. However, the large dataset
from the 1302 questionnaire responses presented in the paper suggest that the difference
between intelligent and traditional buildings regarding human sensations might not be that
significant. Naturally, the intelligent building (equipped with HVAC systems) typically
provided better performance, but the difference could not be considered as considerable,
probably due to the adaptation of the occupants.

4. Conclusions

The experimental study was conducted in Polish intelligent and traditional buildings.
Based on the analysis of the 1302 questionnaire responses completed by the volunteers, as
well as micro-climate metre data analysis, the following conclusions can be drawn:

1.  The occupants seemed to be more favourable towards the conditions in “Energis”,
though the differences in their sensations were not so significant as might have been
anticipated based on the indoor air parameters alone. Despite less favourable indoor air
conditions (higher indoor air temperature and carbon dioxide concentration), the overall
comfort of the occupants in the intelligent and traditional buildings were comparable.

2. A subjective assessment of the indoor air quality indicated that more favourable
conditions were present in the intelligent building, which might be related to the
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lower levels of carbon dioxide and possibly other factors such as a higher level of
user control.

3. A strong correlation between the occupants” well-being (overall comfort) and their
perception of the air quality has been found.

4. The occupants’ subjective assessment of the lighting conditions in both intelligent
and traditional buildings was comparable, despite clear differences in the lighting
systems’ design and operation. It might be related to the adaptation of the room users
to the existing conditions over a long period of time, which the students had spent in
the buildings in the course of their study periods (months or even years in the same
educational building).

5. The increase in illuminance by up to 600 lux typically led to an elevated light intensity
assessment. However, exceeding the threshold of 600 lux did not increase the subjec-
tive assessment. Thus, there might be no need to use excessive light intensity values
in buildings, which can reduce the energy costs.

6.  Self-reported productivity proved to be higher in the intelligent building and seemed
to be influenced by the overall comfort of the occupants. As the subjective assessment
of the respondents’ well-being increased, so did the self-reported productivity.

7. The highest productivity of the respondents was observed at the indoor air tempera-
ture of 22 °C-25 °C. Similar values were reported by studies conducted in other parts
of the world.
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count, %. Table S6. Self-reported productivity—frequency count, %.
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