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Abstract: This paper considers microclimate to be one of the main contributors to thermal comfort in
educational buildings. The influence of microclimate on well-being and productivity is considered.
The role of microclimatic parameters is assessed from the perspective of building design, focusing
on approaches to regulating these parameters. We also describe the formation of microclimate
and the factors directly affecting it. The state of the microclimate of classrooms of an educational
institution was analyzed, providing estimates of people’s real thermal sensations. The microclimate
was assessed by the Fanger method. The PMV and PPD comfort indices were calculated for this
purpose. The calculations were carried out thrice, i.e., based on the data obtained by using measuring
equipment, based on the data from the survey and based on a SolidWorks model. Calculations
in the program were carried out to validate the measured values and visualize the process of the
distribution and localization of comfort indices. The results confirm that the indoor microclimate
was generally favorable, and the PMV values obtained from the survey of people’s real sensations
of thermal comfort were higher than the calculated PMV values. It was established that the PMV
and PPD values corresponding to the largest deviations from the norm were as follows: —0.74/17%
(PMV /PPD) for the calculation based on the real values of microclimatic parameters and 0.70/15.3%
(PMV/PPD) for the calculation based on people’s thermal sensations. For applying the Fanger
method for thermal comfort analysis in an educational institution in St. Petersburg, we upgraded
the procedure, introducing a questionnaire survey. The mean PMV values calculated by the Fanger
method were 0.16 lower than the PMV values obtained by the survey.

Keywords: microclimate; thermal comfort; microclimatic parameters; Fanger method

1. Introduction
1.1. Effect of Microclimate on Humans

Providing comfortable conditions in classrooms is one of the dominant factors in
students” academic performance. It is the indoor microclimate that largely determines
the well-being and productivity of people. The thermal comfort experienced by people
given a favorable combination of microclimatic parameters is crucial for high productivity
and disease prevention. If the microclimatic parameters deviate from the optimal values,
processes aimed at regulating heat production and heat loss are initiated in the human
body to maintain a constant temperature [1,2].

Studies dedicated to the influence of microclimate on training efficiency indicate that
microclimate can affect both the emotional and physical state of a person and, ultimately,
their health. If the indoor microclimatic conditions are poor, the so-called sick building
syndrome can occur among building occupants, consequently increasing the number of
students suffering from respiratory diseases, leading to decreased productivity and frequent
absences from class due to poor health [34].
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1.2. Fanger’s Model of Thermal Comfort

Thermal comfort is a state of satisfaction with the thermal environment. An approach
to evaluating thermal comfort aimed at reducing the influence of subjective thermal per-
ception by building occupants on the evaluation procedure, offering a predictive model for
obtaining the estimates, was formulated by P. Ole Fanger [5,6].

However, the first comfort equation does not take into account the individual char-
acteristics of a person and other environmental parameters. Moreover, the first condition
does not account for the requirements relative to the gas composition of the air (for ex-
ample, the CO, concentration) [7,8]. The microclimatic conditions that satisfy only the
Fanger equation can hardly be regarded as comfortable. The geographical location is also
important for setting the range of permissible temperatures, as the optimal temperatures
can vary dramatically depending on the region [9].

1.3. Prediction Methods

The existing approaches and methods for calculating heat and mass transfer in rooms
are largely generalized, often producing significant deviations of indoor microclimatic
parameters from the normalized ones [10-12]. This discrepancy is due not only to the
deviations from design solutions during construction but also to variations in the thermal
characteristics of buildings over time. Furthermore, international standards (including
those based on ASHRAE 55) used to design microclimate systems are too general in nature,
failing to fully take into account the peculiarities of climatic or other conditions of the
region where construction works are planned.

Predicted Mean Vote (PMV) is the comfort index introduced by Fanger. This is a
person’s sense of satisfaction with the environment, expressed as a mean estimate of
thermal sensation. PMV is measured on a seven-point scale (where +3 corresponds to hot,
+2 to warm, +1 to slightly warm, 0 to neutral, —1 to slightly cool, —2 to cool and —3 to cold).
The target PMV value is zero, corresponding to the ideal conditions for a person [13-15].

PMV depends on four microclimatic parameters (air temperature, humidity, air move-
ment and mean radiant temperature) and two individual parameters (metabolic rate and
thermal insulation characteristics of clothing) [16,17].

There are three approaches to calculating PMV, listed as follows:

1.  Using the equation from GOST ISO 7730-2009 “Ergonomics of the thermal environ-
ment” [18], developed based on ASHRAE Standard 55 [19].

2. Using the table of PMV values from GOST ISO 7730-2009, (if the relative air humidity
is 50%).

3. Direct measurements performed by using an integrated sensor for operative and
equivalent temperatures.

PPD is a comfort index for the predicted percentage of dissatisfied subjects [20]. This
index is calculated based on the PMV indicator, allowing one to account for the thermal
discomfort of some of the people. The thermal environment is considered acceptable if 80%
of the people in the same room are satisfied with it (the PMV index in this case is in the
range from —0.5 to +0.5), but even in the case where PMV is zero, PPD is equal to 5%. Thus,
there is always a percentage of people dissatisfied with the indoor microclimate; PPD is
never less than 5% but always tends to a minimum.

The goal of this study is to evaluate the effectiveness of assessing people’s thermal
comfort by various methods. The main objectives are to analyze the state of the microclimate
of classrooms in an academic building, measure the real-life values of the microclimatic
parameters, calculate the comfort indices based on the measurement data and compare
them with the indices obtained based on people’s real sensations of thermal comfort,
create a mathematical model based on the selected software to confirm the reliability of
the calculated PMV and PPD values and visualize the results, and suggest solutions for
eliminating obstacles.
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2. Materials and Methods
2.1. Measurement Procedure

Real indoor microclimate parameters were measured in compliance with the regula-
tions set out in the GOST 30494-2011 standard [21].

Classrooms of the Hydro-2 Building at Peter the Great St. Petersburg Polytechnic
University were selected for this study. The first reason why this building was chosen is that
its shape is a parallelepiped, which is typical for educational institutions in St. Petersburg;
thus, the results obtained can be extrapolated to the buildings of other college or university
campuses. Secondly, the building has rectangular rooms, which are very convenient for
taking measurements. Thirdly, the sizes of the rooms in the building are suitable for
accommodating a focus group (20-60 students, which corresponds to 14 classes). During
the measurements, the number of people was fixed, and they were not allowed to enter or
leave the auditorium. The distribution of people within the audience was also monitored
in order to avoid situations where most of the focus group was located in a certain part of
the audience.

In total, three devices were used in this study (Figure 1), i.e., a JD-3002 air quality tester
(for measuring CO, concentrations in the air, with measuring range of 350-2000 ppm; relative
humidity measuring range: 0-99%), a Testo 435 multifunction measuring instrument (for
measuring air temperature, with measuring range from —50 °C to +150 °C; air speed mea-
suring range: 0-60 m/s) and a Fluke thermal camera (for measuring radiant temperature,
with measuring range from —10 °C to +1200 °C).

A

(a) (b) (c)

Figure 1. Equipment: (a) Testo 435. (b) JD-3002 air quality tester. (c) Fluke thermal camera.

The error and resolution of the measuring equipment were determined before the
procedure. JD-3002: resolution for CO, measurements of &1 ppm; measurement resolution
for relative humidity of 0.1% RH. Testo 435: measurement error for air temperature of
£0.3 °C; measurement error for air speed of £0.01 m/s. Fluke: £5% of readings in °C.

The thermal camera was calibrated, and the indoor temperature and the type of
reflective surface were set. The Testo meter was set to self-calibrate at startup. The windows
in the classroom were closed. The measurements were started 30 min after the subjects were
seated. In parallel with the measurements, the survey began. It took 15 min to complete
the questionnaire, after which the results were collected.

The number of measurements varied depending on the specific requirements or
problems. The total number of points per classroom and their locations were individually
adjusted according to the seating arrangement of the students in the classroom.

Three measurements were taken at each point (the measuring instruments were fixed
to keep them stable) with an interval of at least 5 min. Measurements for people seated in
the room were carried out at the following heights: 0.1 m from the floor, 0.6 m from the floor
and 1.7 m from the floor (GOST 30494-2011). The measuring instruments were installed
at least 0.5 m away from walls and other objects to exclude the influence of the sources
of heat and moisture. The instruments were placed in the center of the walls between the
windows to take the readings from points near the walls.
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Thermal comfort was estimated in 9 classrooms. This study was conducted in several
stages: (1) Full-scale measurement of the main microclimatic parameters, with the values
being recorded manually. (2) Assessment of real thermal sensations of people in the selected
rooms by means of a questionnaire survey and analysis of the data obtained. (3) Calculation
of thermal comfort by the Fanger method by using PMV and PPD indices. (4) Comparison
of the calculation results based on experimental values of microclimatic parameters and
normative values.

The measurements were carried out on different days within the same range of outdoor
temperatures (3 days in April, 4 days in May and 2 days in September 2023). The days
for the measurements were selected in accordance with GOST 30494-2011; the weather
was cloudy, while the outdoor temperature was in the range of 15-20 °C. The outdoor air
temperature was initially recorded before commencing the measurements (Table 1) and
subsequently monitored multiple times throughout the measurements to ensure that it
remained at or above 15 °C. The time of measurements, the period from 10:00 to 14:00, was
also recorded. Detailed information on the classrooms selected is given in Table 1.

Table 1. Additional information.

Room

1 2 3 4 5 6 7 8 9

Survey period

Outdoor temperature, °C
Number of points

Stand

Windows

Questionnaire number

Apr Apr May Sep May May May Sep Apr
15.6 16.1 19.2 17.3 18.5 18.1 19.7 17.4 15.6

8 8 8 8 8 7 9 9 9
No No No No No No No No No
Yes Yes Yes Yes Yes Yes Yes Yes Yes

22 30 34 23 27 35 53 42 50

All classrooms were closed rooms with single-sided natural ventilation. Additional
equipment (such as air conditioning or fans) was not used. Before taking measurements,
windows and doors were checked—they had to be closed to create a more stable and
permanent microclimatic environment.

We also decided to determine the CO, concentration (ppm) in the air. The CO, values
are not necessary for calculating thermal comfort by the Fanger method. However, if the
carbon dioxide level is high, this means that there are problems with ventilation inside
the room, thus problems with the microclimate. According to ASHRAE, 600-800 ppm
is the optimal value, 1000 ppm is the level at which discomfort is felt by 50% of people,
1400 ppm is the maximum permissible value, and the quality of air with higher CO, levels
is considered poor.

The radiant air temperatures (t,,4) and the resulting temperatures (t,.s) were calculated
based on the measurements taken. The radiant air temperatures were used to calculate
the Fanger comfort indices (EN-16798) [22]. The resulting temperatures were necessary for
comparison with the normative values set out in GOST 30494-2011.

Figure 2 shows the plans of Rooms 1-9, marking the points in which the measurements
were taken. Distances are given in meters.

The results obtained at various points for air temperature, air speed, relative humidity,
CO, concentration in the rooms are summarized in Tables 4-6.

Additional information for the classrooms required for this study is given in Table 1.
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Figure 2. Plans: (a) Room 1. (b) Room 2. (¢) Room 3. (d) Room 4. (e) Room 5. (f) Room 6. (g) Room 7.
(h) Room 8. (i) Room 9.

2.2. Survey of Real Thermal Sensations of People in Rooms
The goal of the questionnaire survey was to determine the real thermal sensations of
people occupying the room. In total, 316 people in the nine classrooms participated in the
survey. The questionnaire consisted of the following questions:
1. “Which classroom are you in?” This question was asked to record the specific location
of the subject, because the survey was carried out in nine different classrooms.
2. The subjects were asked how old they were, because metabolism declines with age.
3. “Where are you sitting right now?” This question was asked to determine the approxi-
mate distance between the subject and the window as a source of cold air, because
warm air can be distributed unevenly in a classroom.
4. “What are you wearing?” This question was asked because the type of clothing can
affect thermal sensations.
5. “Rate on the following scale how you feel”. The subjects were presented with a scale
from —3 to +3, where —3 corresponds to cold, —2 to cool, —1 to slightly cool, 0 to
neutral, +1 to slightly warm, +2 to warm and +3 to hot.
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6. “What do you think is the outdoor temperature right now?” This question was asked
because the subjective perception of the temperature outside the window can affect
the thermal comfort of people in the room.

7. “Do you feel any local discomfort?” This question was asked to gain for a more
accurate understanding of the state of the indoor microclimate.

The state of the microclimate was assessed by means of a survey because the concept
of thermal comfort is rather subjective [23]. In turn, the results obtained in the survey could
help systematize and correlate the data produced in the calculation based on the readings
taken with the instruments and provided by the digital model.

2.3. Calculation by Fanger Method

The Fanger model allows one to predict people’s thermal sensitivity and degree of
discomfort. It includes indicators such as PMYV, an indicator predicting the mean thermal
sensitivity for a large group of people based on the balance of the human body temperature
on a 7-point scale, and PPD, an indicator predicting the percentage of people dissatisfied
with the thermal environment.

The PMV value can be calculated according to the information from ASHRAE-55,
EN-16798 and GOST ISO 7730-2009.

2.4. Simulation of Thermal Comfort in SolidWorks

A model of thermal comfort was constructed for two of the classrooms to additionally
verify the results and the reliability of the data obtained by the survey. The classrooms
selected were Room 5 and Room 7. These classrooms had the same layout but contained a
different number of people. The focus of the simulation was on the main variables affecting
the state of the indoor microclimate, with people as the main heat sources. However,
people’s subjective thermal sensations were not taken into account. The models were
developed in the SolidWorks software package.

The models of the lecture halls in the Hydro-2 Building at Peter the Great St. Petersburg
Polytechnic University were used as a basis for simulation in Revit 2021 software. The
models were constructed from the latest plans of the building to reproduce the geometry
more accurately.

A conceptual model of a person inside the classroom was constructed at the prepara-
tory stage. Since humans release heat and moisture, they must be included into the resulting
model. The level of detail of the human body in the geometrical description only slightly
affects the local distribution of the heat transfer coefficient on the human body surface and
the local distributions of speed and temperature in the immediate vicinity of a person but
has virtually no effect on the indoor microclimatic parameters obtained as a result of a
numerical simulation of air distribution. We decided to simplify the conceptual model of
the human body to make the computational processes easier. However, the general sizes
and proportions of the human body were preserved for more accurate distribution of the
results and visualization [24]. The model used in this study is shown in Figure 3.

The subsequent simulation in SolidWorks was divided into the following stages:

e  Formation of the model base taking into account the main dimensional characteristics
and design features.
e  Material selection as follows:

- “Human” material (simulating the thermo-physical properties of the human body
for the model shown in Figure 3).

- “Air” material (selected for the space bounded by the enclosures to simulate heat
losses and heat production).

- Materials of enclosures (for walls, ceilings and windows, brick, concrete and glass
were selected as materials, respectively).

- Materials of additional elements (for desks, benches and doors, wood was selected
as a material).
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e Imposition of the following boundary conditions:

- Indoor temperature (a temperature of 22 °C was set for the selected classrooms,
which corresponds to the normal air temperature in the classrooms (before people
enter and stay there)).

- The pressure in the classroom was set to 101.325 kPa.

- Outdoor temperature (given by the incoming airflow and corresponding to the
air temperature on the corresponding measurement days, equal to 19 and 17 °C,
respectively, for Rooms 5 and 7).

- Heat generated by people (the mean thermal dissipation rate of a person at rest,
taken equal to 90 W).

- Simulation of natural ventilation (we simulated the supply and return airflow;
since ventilation was mostly natural, we selected the windows and the door as
working surfaces, respectively (imitation of ventilation); an incoming gas flow was
set at the inlet (windows) (the inlet velocity was measured by an air quality tester
and was equal to 1 m/s); the ambient pressure at the outlet (ventilation, door)
was set to 101.25 kPa for the gas phase (flow in both directions was possible)).

- Ano-slip condition was imposed at the phase boundary (air speed = 0 m/s).

Generation of computational mesh.
Selection of solution parameters as follows:

- Selection of calculated values for thermal comfort.
- Selection of physics.
- Selection of number of computational iterations.

The creation and running of the computational scenario.
Analysis of results and assessment of thermal comfort.

The finite element model consisted of 218,593 finite elements, of which 95,409 were
solid and 123,184 were gaseous (liquid/fluid) for Room 5. The model of Room 7 consisted
of 231,021 finite elements, of which 142,189 were solid and 88,832 were gaseous. The
finite elements at the phase boundary were reduced (thickened) to calibrate the finite
element model.

The simulation results are presented in Section 3.4.

Figure 3. Models of human body: Model used in this study.

3. Results
3.1. Results Based on Manual Measurements

The values of the microclimatic parameters recorded by using the instruments are
shown in Table 2. Examples are also provided for a range of calculated values.
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Table 2. Measurement results for Room 1.

Measurement No. Measurement Point Height from Floor, m Tempoe(r:ature, Air Speed, m/s Hf;l&tllt‘; ? o, CO; Concentration, ppm

0.1 28.0 0.09 325 390

1 0.6 28.5 0.09 32.6 398
1.7 29.0 0.09 32.5 400

0.1 26.0 0.09 29.9 385

2 0.6 26.3 0.09 29.9 385
1.7 26.9 0.09 29.9 385

0.1 26.0 0.10 28.7 385

3 0.6 26.1 0.09 28.5 385
1.7 26.5 0.10 28.7 385

0.1 24.8 0.09 28.1 385

4 0.6 25.0 0.10 28.1 385
1.7 25.2 0.09 28.1 385

1 0.1 23.5 0.11 29.9 392
5 0.6 23.5 0.10 29.9 390
1.7 23.7 0.09 29.9 392

0.1 23.7 0.09 354 420

6 0.6 23.7 0.09 35.6 425
1.7 23.8 0.09 35.8 427

0.1 23.1 0.09 30.4 404

7 0.6 23.5 0.10 30.6 400
1.7 23.9 0.09 30.7 412

0.1 22.6 0.09 30.0 463

8 0.6 22.8 0.09 30.6 460
1.7 22.8 0.09 30.3 475

0.1 28.2 0.10 32.8 398

1 0.6 28.2 0.09 33.0 400
1.7 29.3 0.09 329 420

0.1 26.2 0.09 30.0 400

2 0.6 26.8 0.10 29.9 405
1.7 27.3 0.09 29.2 403

0.1 26.2 0.09 29.1 390

3 0.6 26.0 0.09 28.8 392
1.7 26.3 0.09 28.8 402

0.1 249 0.10 28.7 387

4 0.6 249 0.09 28.5 392
1.7 25.2 0.09 28.5 393

2 0.1 24.0 0.09 29.5 412
5 0.6 243 0.10 29.0 420
1.7 242 0.11 28.8 418

0.1 24.2 0.09 354 458

6 0.6 24.0 0.09 35.4 450
1.7 24.3 0.09 35.2 451

0.1 235 0.10 30.2 417

7 0.6 23.7 0.09 30.7 413
1.7 23.9 0.09 30.0 429

0.1 22.8 0.10 30.2 475

8 0.6 23.0 0.10 29.8 490
1.7 229 0.09 29.7 492

0.1 29.0 0.09 32.5 405

1 0.6 29.0 0.09 32.3 413
1.7 28.6 0.09 32.3 422

0.1 26.7 0.09 29.8 401

2 0.6 26.8 0.09 29.8 407
1.7 26.9 0.09 28.3 408

0.1 26.9 0.09 28.6 405

3 0.6 27.1 0.09 28.9 418
1.7 27.2 0.09 28.7 425

0.1 24.8 0.09 28.1 385

4 0.6 25.3 0.09 27.7 395
1.7 25.3 0.09 27.6 396

3 0.1 24.3 0.09 29.5 423
5 0.6 24.3 0.09 29.0 421
1.7 244 0.10 28.6 420

0.1 242 0.09 35.6 465

6 0.6 24.1 0.10 35.7 463
1.7 24.1 0.10 35.0 470

0.1 23.6 0.09 29.7 424

7 0.6 23.6 0.09 29.5 427
1.7 23.8 0.09 29.7 439

0.1 23.0 0.09 30.0 502

8 0.6 23.0 0.09 29.7 506
1.7 23.1 0.10 29.7 499

The results are presented for one room (Room 1) as an example.
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Air temperature f,; at the measurement points is calculated with the formula
to1 +toe Ttz
tyi = LT, M

where t( 1, tg¢ and t; 7 are the air temperatures at the 0.1 m, 0.6 m and 1.7 m heights from
the floor and i is the point number.
Below is an example for point 1 from Table 2.

28.0 + 28.5 + 29.
b = 8.0+ 835+ 90:28.5(0(:)

Air temperature ¢, in the audience during measurement x is calculated with the
formula
ot pi
t, = 1*7, 2
P = = @

where t,; is the air temperature at point I and 7 is the total number of points.
Below is an example for Room 1, measurement 1.

28.5+264 +26.2+25.0+23.6 +23.7 +23.5 4+ 22.7
= 2T AT H2EBLLBOLBILBILIET _ 550 (°¢)

Relative humidity ¢,;, air speed v,; and CO;p; concentration are calculated in the same
way as the air temperature.

Additional characteristics of the enclosing structures for Room 1 are indicated in
Table 3.

Table 3. Areas of enclosing structures. Room 1.

Wall 1 Wall 2 Wall 3 Wall 4 Floor Ceiling

Width, m 6.4 8.5 6.4 8.5 6.4

Height, m 3.6 8.5

Square, m 23.0 30.6 23.0 30.6 54.4
Surface temperature, °C 26.4 26.9 27.2 26.1 24.7 27.9

For the rest of the classrooms, the measurements were made in the same way as for
Room 1.

Further, Table 4 provides a summary of the total values of the microclimatic parameters
in each of the classrooms. They were calculated based on finding the means calculated in
each measurement cycle.

The PMV and PPD indices are determined by calculating the radiant air temperatures
in accordance with the following formula:

)3 (Ai : ts)
trad Y A; ’ 3)
where A; is the area of the inner surface of enclosures and heaters, m?, and t; is the
temperature of the inner surface of enclosures and heaters, °C.
Obtaining the areas of the enclosures and the temperatures of their internal surfaces
allows one to calculate the radiant air temperature of the rooms.
Below is an example for Room 1.

26.4-23.0+26.9-30.6 +27.2-23.0+26.1-30.6 +24.7-54.4 +27.9-54.4

rad —

=265 (°
23.0+30.6 +23.0 +30.6 + 54.4 + 54.4 65 (°C),

Table 5 gives the radiant air temperatures for the classrooms considered.
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Table 4. Resulting values.
Temperature, Overall Relative Over:all Air Speed, Overall Air CO, Concen- Overall CO,
Room Measurement oC T o  Jie o Relative . Concentra-
emperature, °C Humidity, % St o m/s Speed, m/s tration, ppm R
Humidity, % tion, ppm
1 25.0 30.7 0.09 405
1 2 25.2 25.2 30.6 30.5 0.09 0.09 421 419
3 25.4 30.3 0.09 431
1 247 27.3 0.09 392
2 2 249 249 28.0 279 0.09 0.09 403 402
3 25.1 28.5 0.09 410
1 249 32.8 0.09 416
3 2 25.0 25.0 329 329 0.09 0.09 422 421
3 25.1 33.0 0.09 425
1 26.9 34.6 0.09 904
4 2 27.0 27.0 34.9 34.9 0.09 0.09 913 912
3 27.1 35.3 0.09 920
1 247 30.9 0.09 544
5 2 249 249 30.5 30.7 0.09 0.09 513 527
3 25.0 30.7 0.09 526
1 24.3 65.7 0.09 513
6 2 249 24.4 62.3 63.0 0.09 0.09 517 509
3 24.6 61.0 0.10 498
1 24.6 374 0.09 787
7 2 249 25.0 36.4 38.8 0.09 0.09 792 803
3 25.4 42.5 0.09 831
1 234 55.0 0.10 431
8 2 23.7 23.7 50.9 52.6 0.09 0.10 418 435
3 239 52.0 0.10 457
1 24.5 39.5 0.10 463
9 2 25.0 249 40.5 40.1 0.10 0.10 526 509
3 25.0 40.2 0.10 538
Table 5. Radiant temperatures in classrooms.
Room 1 Room 2 Room 3 Room 4 Room 5 Room 6
Radiant temperature, °C 26.5 24.6 24.4 26.2 24.0 227
Room 7 Room 8 Room 9
Radiant temperature, °C 26.7 22.7 23.7

Now, let us calculate the resulting temperatures (t,s) for the given classrooms. We
calculate them with the formula

2

. tov + trad

t}’eS -

7

(4)

where ty, is the measured temperature in the classroom, given in Table 3, and t,,; is the
radiant air temperature.
Below is an example for Room 1.

tres =

252+ 26.5

2

=259 (°C),

Table 6 shows the resulting temperatures for each classroom.

Table 6. Resulting temperatures in classrooms.

Room 1 Room 2 Room3 Room4 Room5 Room 6
Resulting temperature, °C 259 24.8 24.7 26.6 24.5 23.6
Room 7 Room 8 Room 9
Resulting temperature, °C 259 23.2 24.3
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3.2. Results Based on EN-16798 Calculator

The PMV and PPD values were determined with a calculator based on Formulas (5)
and (9). The values of the parameters in the formulas (see below) were obtained from
real measurements. The calculator is based on the formulas below for calculating PMV
and PPD.

For PMYV,

PMV = [0.303 - exp(—0.036 - M) + 0.028]-
{ (M—W)—3.05-1073-[5733 = 6.99 - (M — W) — pa] —0.42 - [ (M — W) — 58.15}]

~1.7-107°- M - (5867 — p,) — 0.0014 - M - (34 — t,) } ©)
—3.96-1078 - fuy - [(tq +273)* — (F +273)*] = fur - he - (teg — ta)

where t; (°C) is the surface temperature of clothing, calculated by the formula

ty = 35.7 — 0.028(M — W) — I; — {3.96 1078 F[(ta +273)* — (F+273)*] + fuhe(ta — ta)} ©6)

he (W/(m?2-K)) is the coefficient of convective heat transfer, calculated by the formula

= 2.38|te — talo2s, if 2.38|ty — ta]o2s > 12.1/Var, )
¢ 12.0\Nar, if 2.38|ty — taloos < 12.1\/Var

fe1 is the surface area coefficient of clothing, calculated by the formula

_ [1.00 +1.2901, if I,; < 0.078 m? - K/W, @®)
fa = 1.05 + 1.6451, if I; > 0.078 m? - K/W,
and M (W/m?) is the metabolic rate.
The PPD index is found as a function of PMV by the formula
PPD = 100 — 95 exp(—0.03353 - PMV* — 0.2179 - PMV?) )

Also, based on the data from Table 2, the PD index was additionally calculated. While
PMYV and PPD show discomfort due to the cold or heat for a person’s body as a whole,
PD shows the percentage of people who are dissatisfied with the temperature difference
between the upper and lower parts of the body. The PD index is a measure of “local
discomfort”. If this value is low (lower than 3%), then this indicates the reliability and
feasibility of a study (according to GOST R ISO 7730-2009). This means that the distribution
of heat in the study room is uniform, which makes it possible to more accurately assess the
state of the microclimate in the room as a whole.

Before calculating the PD index, a visual assessment of the temperature readings taken
at the heights of 0.1 m and 1.7 m was carried out. The difference between these values was,
on average, no more than 1-1.5 °C. To carry out a statistical assessment, in each room, we
selected the point with the largest vertical temperature difference.

PD is calculated by using the following formula:

100

PD =
1+ exp(5.76 — 0.856At,,,)

(10)

Below is an example for Room 1, measurement 2, point 1.

100

PD =
T+ exp(5.76 — 0.856 - (29.3 — 28.2)

= 0.80 (%)

The calculation results are presented in Table 7 below.
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Table 7. Calculation results.
Room PMYV Value PPD Value, % PD Value, %
1 0.07 5 <0.80
2 —-0.29 7 <0.41
3 —0.26 6 <0.37
4 0.43 9 <0.74
5 —0.36 8 <0.41
6 —0.52 11 <0.62
7 0.21 6 <041
8 —0.74 17 <0.48
9 —0.34 7 <0.52

As evident from the results obtained, the most comfortable environments were created
in Rooms 1, 3 and 7. The percentage of those dissatisfied with the state of the microclimate
was the highest in Rooms 6 and 8. Some of the likely factors that had a negative impact on
the microclimatic parameters in these classrooms were the insufficient thermal insulation
characteristics of enclosures and issues with HVAC operation.

According to the calculated PD values, the local discomfort caused by the vertical
temperature difference was small enough, so we assumed that it did not influence the
respondents’ answers. Figure 4 shows the percentage of dissatisfied people (PD) as a
function of the difference in air temperature between the head and feet.

PD, %
09 —
0.8
0.7
0.6
0.5

0.4

0.3

02 -

01

T
0.0 01 02 03 04 05 06 07 08 09 10 11 12 At.°C

Figure 4. Local discomfort caused by vertical temperature differences for Room 1 (R1), Room 2 (R2),
Room 3 (R3), Room 4 (R4), Room 5 (R5), Room 6 (R6), Room 7 (R7), Room 8 (R8) and Room 9 (R9).

3.3. Survey Results

The results of the survey are summarized in Table 8. The number of people in the
focus group ranged from 22 to 53 people.

Below is an example of PMV and PPD calculation for Room 1.

The PMYV value can be found from the survey results as the mean value of responses
for thermal sensations from —3 (cold) to +3 (hot):

(=3) -0+ (=2)-2+(~=1)-3+0-84+1-6+2-3+3-0
22

PMV = =023
The PPD index is found as a function of PMV by the formula
PPD = 100 — 95 exp(—0.03353 - (0.23)* —0.2179 - (0.23)%) = 6.1%

For the rest of the classrooms, the calculations were made in the same way as for
Room 1. The results of PMV and PPD are presented in Table 9.
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Table 8. Survey results.
2‘ Location Type of Clothing Thermal Sensations
g By the Inthe  Away From Long- Slightl Slightl
8 W’y Y T-Shirt Sleeved  Sweatshirt Cold Cool 8OUY Neutral 81YY  Warm Hot
2 indow Center the Window Shirt Cool Warm
1 5 10 7 5 9 8 0 2 3 8 6 3 0
2 10 13 7 7 10 13 2 5 5 9 4 4 1
3 11 13 10 8 11 15 2 4 8 10 5 3 2
4 7 5 11 0 7 16 0 1 4 5 4 9 0
5 7 12 8 6 9 12 0 4 9 6 5 3 0
6 9 13 13 20 11 4 0 8 6 15 4 2 0
7 17 16 20 4 15 34 1 3 2 25 9 10 3
8 19 13 10 15 21 6 1 9 9 17 5 1 0
9 14 26 10 11 14 25 2 7 13 15 6 6 1
Total
76 107 133 8 43 59 110 48 41 7
Table 9. PMV and PPD calculation results from survey data.
Room PMYV Value PPD Value, %

1 0.23 6.1

2 —0.20 5.8

3 —0.15 5.5

4 0.70 15.3

5 —0.22 6.1

6 —0.40 8.3

7 0.51 10.4

8 —0.55 11.3

9 —0.24 6.2

We can conclude from the data obtained that the people in Rooms 4, 7 and 8 felt the
least comfortable. A significant part of the respondents noted that they were experiencing
discomfort, namely, that they were too warm or hot. A possible explanation for this is that
the largest number of people in these classrooms (with approximately equal areas) were
dressed in warm clothes and many were seated far from the windows. It may also indicate
that insufficient measures are taken for natural or mechanical ventilation in the classrooms.

People in the other classrooms felt comfortable. They were evenly distributed through-
out the rooms, with no preference for any particular type of clothing. (Figure 5).

Temperature sensations

Hot Cold

= Cold

Warm

m Cool 26%
15%

Slightly cool

= Neutral

m Slightly warm

Neutral
26%

m Warm

Slightly warm
18%

m Hot

Figure 5. Overall thermal sensations.

Slightly cool
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3.4. Results Based on SolidWorks Model

The resulting finite element model for Room 5 consisted of 218,593 finite elements, of
which 95,409 were solid and 123,184 were gaseous (liquid/fluid). The model of Room 7
consisted of 231,021 finite elements, of which 142,189 were solid and 88,832 were gaseous.
The finite elements at the phase boundary were reduced (thickened) to calibrate the finite
element model.

Figure 6 shows the results obtained with SolidWorks 2022 software.

THN

(b)

Figure 6. (a) Simulation results for Room 5, PMV index. (b) Simulation results for Room 5, PMV
index on human body. (c) Simulation results for Room 7, PMV index.

Table 10 summarizes the comfort indices for Rooms 5 and 7, calculated by three differ-
ent approaches, i.e., based on the real thermal sensations of the respondents (method 1),
based on the measurements obtained with a calculator (method 2) and based on the digital
model (method 3).

Table 10. General results of PMV calculation for Rooms 5 and 7.

Calculation Method Room 5 Room 7
Method 1 —0.22 0.51
Method 2 —0.36 0.21
Method 3 —-0.3/-04 0.2/0.28

It is clear that the results obtained by method 2 and method 3 are very close in values.
In view of this, we can assume that the number of people and the air temperature were the
crucial factors that influenced the state of the microclimate in the classrooms. The results
obtained by method 1 were higher than those obtained by other calculation methods in
two cases. This may indicate that people tend to perceive the temperature as higher than it
actually is.

Additionally, it is important to maintain the balance of space per person. Drastically
different results were obtained for two rooms that had the same dimensions but a different
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number of people, with one being occupied by half of the people occupying the other.
Negative values of the calculated parameters were obtained in the first case, and positive
in the second one.

Temperature slices were generated during the modeling process to analyze temper-
ature propagation gradients, as illustrated in Figure 7. According to human physiology,
individuals are the most sensitive to temperatures from the waist to the head. This is
because the significant difference in body temperature and indoor air results in the highest
heat transfer in this region.

Temperature [*C]
251
246

241
27
232
228

/

Figure 7. Temperature gradient in Room 5.

At the same time, the local discomfort that a person might experience was checked
by recording disturbances in the propagation of air masses. If disruptions were identified,
comparisons of the questionnaire responses with the individual’s location in the model
were made. When local discomfort significantly influenced the objectivity of responses in
the questionnaire, the answer was disregarded.

Such modeling perfectly shows local discomfort in the room (where the legs are colder
than the upper body). The spread of local discomfort and the learning of its influence on
the perception of the thermal sensations of a person are planned to be considered in more
detail in further studies.

3.5. Overall Results

The PMV and PPD values obtained by using a calculator based on the measured
parameter values deviated from the calculated PMV and PPD values obtained by inter-
viewing the people in the room. The reason for the discrepancy in the results may be
the “universality” of the Fanger method, which takes into account the main microclimatic
parameters but does not take into account things such as individual characteristics of the
body, mentality, geographical location and a number of other local factors.

Table 11 summarizes the results for microclimatic parameter measurements, the PMV
and PPD parameter values based on the survey, and the PMV and PPD parameter values
obtained by using a calculator based on measurements and normalized values.
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Table 11. General results of this study.
Microclimatic Parameters Thermal Sensations Obtained by Real Thermal
Room Name, Unit of ASHRAE 55 (Ideal Real Calculator Based on Measurements Sensations Obtained by
Measurement Conditions) (ASHRAE 55) Survey
Temperature, °C 19-21 252
. ! Neutral Neutral
1 Air speed, m/s 0.2-03 0.09 (PMV1 = 0.07 (PMV2 = 0.23
Relative humidity, % 30-45 30.5 PPDI = 5%) PPD2 = 6.1%)
CO; concentration, ppm 500-600 419 =0 B
Temperature, °C 19-21 249 Neutral
) Air speed, m/s 0.2-0. 0.09 Neutral (PMV1 = —0.29 (PMVZuin 20
Relative humidity, % 30-45% 27.9 PPD1 =7%) PPD2 - 5 8"./)
CO; concentration, ppm 500-600 402 B
Temperature, °C 19-21 25.0
. ’ Neutral Neutral
3 Airspeed, m/s 02-03 009 (PMV1 = —0.26 (PMV2 = —0.15
Relative humidity, % 3045 32.9 PPDI = 6%) PPD2 = 5.5%)
CO; concentration, ppm 500-600 421 v T
Temperature, °C 19-21 27.0 Slichtl
4 Air speed, m/s 0.2-0.3 0.09 Neutral (PMV1 = 0.43 (Iil‘%/w%’ f”g%‘
Relative humidity, % 3045 349 PPD1 = 9%) PPD2 = I5 39 )
CO; concentration, ppm 500-600 912 T o
Temperature, °C 19-21 249
: ’ Neutral Neutral
5 Airspeed, m/s 0.2-0.3 0.09 (PMV1 = —0.36 (PMV2 = —0.22
Relative humidity, % 3045 30.7 PPDI = 8%) PPD2 = 6.1%)
CO; concentration, ppm 500-600 527 seo TR
Temperature, °C 19-21 24.4 Sliehtl 1
. Air speed, m/s 0.2-0.3 0.09 (Plvl[%l o 2%052 Neutral (PMV2 = —0.40
Relative humidity, % 30-45 63.0 PPDI1 B 11‘,/' ) PPD2 = 8.3%)
CO, concentration, ppm 500-600 509 - ©
Temperature, °C 19-21 25.0 .
. ’ Neutral Slightly warm
7 Air speed, m/s 0.2-03 0.09 (PMV1 = 0.21 (PMV2 = 0.51
Relative humidity, % 30-45 38.8 PPDI = 6%) PPD2 = 10.4%)
CO; concentration, ppm 500-600 580 o TR
Temperature, °C 19-21 23.7 . .
Air speed, m/s 0.2-03 010 Slightly cool Slightly cool
8 ! m/s (PMV1 = —0.74 (PMV2 = —0.55
Relative humidity, % 30-45 52.6 PPDI = 17%) PPD2 = 11.3%)
CO; concentration, ppm 500-600 435 T T
Temperature, °C 19-21 24.9
. ’ Neutral Neutral
9 Air speed, m/s 0.2-03 0.10 (PMV1 = —0.34 (PMV2 = —0.24
Relative humidity, % 30-45 40.1 PPDI = 7%) PPD2 = 6.2%)
CO; concentration, ppm 500-600 509 o oo

Also, for the obtained PMV and PPD values, the average values are calculated by
taking into account the standard deviation (SD). The standard deviation is calculated
as follows:

(11)

where ¢ is standard deviation, x; represents each observed value of a feature, M is the
arithmetic mean and # is the number of observations (sample size).

Table 12 shows the average values for PMV and PPD, taking into account the standard
deviation based on the measurements made and based on the questionnaire.

Table 12. Mean values of PMV and PPD.

Calculation Method PMViean £ SD PPDpean = SD
Based on measurements —0.20 £ 0.37 8.44 + 3.68
Based on survey —0.04 £0.42 8.33 + 3.36

The results suggest that values derived from measurements and regulatory documents
closely align with those obtained from survey data processing, reflecting people’s real
perceptions of warmth. The use of the Fanger method as a calculation base was found to
be acceptable for performing a general assessment and obtaining information about the
microclimate within the selected educational institution in St. Petersburg.
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The results from Table 11 also indicate a fairly good state of the indoor microclimate,
in terms of people occupying the selected rooms. Most of them felt neutral, i.e., they did
not experience elevated or low temperatures, which is optimal (Figure 8).

Slighthy warm
0%

Slightly warm Slightly cool
20% 20%

Slightly cool
22%

Neutral
60%
= Shghtlycool = Neutral = Skghtly warm

m Slightly cool = Neutral = Slightly warm
(a) (b)

Figure 8. Generalized diagrams for calculation results: (a) Results obtained by using calculator based
on ASHRAE 55 and measured microclimatic parameter values. (b) Results obtained based on survey.

The following pattern emerged: the PMV values calculated with the survey data
were higher than those obtained with the measurements. This suggests that people felt
the temperature to be higher than its actual value (without the influence of additional
factors and stimuli). This trend must be taken into account in order to obtain more accurate
estimates of the state of a microclimate.

However, while the obtained results can provide a general idea of a microclimate’s
state, refining the Fanger method and tailoring it to the specific location and focus group
is imperative when considering the microclimate as one of the key factors influencing
people’s well-being and productivity. This way;, it will be possible to reduce the degree of
discrepancy between the calculated values and the real perception of people, perform a
better assessment and reduce the number of situations, as in Rooms 4, 7 and 8, for which
the difference in PPD values, compared with other rooms under consideration, was much
higher. In rooms where the state of the microclimate is different from “neutrality”, it is
important to perform a correct assessment in order to understand the degree of discomfort
of people and take measures to normalize the values of the microclimatic parameters to the
necessary extent.

4. Discussion

Two calculation scenarios were run for PMV and PPD in the given rooms based on the
main microclimatic parameters. The calculations were carried out based on the existing
regulatory framework, the survey conducted and the measured values of microclimatic
parameters. Verification was also carried out in SolidWorks for two of the classrooms con-
sidered.

We can conclude from the results that the calculated values based on the measurements
and the values obtained by the survey had certain differences but were generally in good
agreement [25].

The PMV values calculated based on people’s real thermal sensations were higher
than the PMV values obtained by using a calculator. Moreover, the concentration of carbon
dioxide in the rooms did not exceed the permissible levels, which indicates fairly good air
quality [26].

We found that the mean deviation of the PMV index calculated by the Fanger method
from the value obtained by the survey was 0.16. By taking this value as an additional



Sustainability 2024, 16, 3388

18 of 21

coefficient for calculating the comfort index within the educational institution considered,
we can more accurately assess the real situation from the percentage of people satisfied with
the state of the microclimate (PPD). Figure 9 shows convergence graphs for the comfort
indices obtained by the survey and the microclimatic parameter values measured by the
Fanger method [27].
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Figure 9. Convergence of comfort indices: (a) PMV for survey and Fanger method. (b) PPD for survey
and Fanger method. (c) PMV for survey and Fanger method accounting for additional coefficient.
(d) PPD for survey and Fanger method accounting for additional coefficient.

By providing estimates of people’s real thermal sensations, the survey established that
the state of the microclimate was optimal for 29% of the subjects (—0.5 < PMV < 0.5 (tends
to 0%) and PPD = 5-10%), 34% of people experienced slight deviations from their most
favored thermal sensations (—1.0 < PMV < —0.5 and —0.5 < PMV < —1.0; PPD = 10-25%),
30% noted that the state of the microclimate was satisfactory but not fully comfortable for
them and 7% experienced discomfort.

The extrema of the PMV and PPD indices were detected in Room 4 (with the method
based on the survey of the focus group) and Room 8 (with the method based on EN-16798),
amounting to —0.74/17% (PMV /PPD) and 0.70/15.3% (PMV /PPD), respectively. Notably,
different classrooms were deemed the “least comfortable” depending on the method used.
The difference may have been due to the human factor or the qualitative composition of the
air, namely, an increased concentration of carbon dioxide. The maximum air temperature
and carbon dioxide concentration levels in this study were recorded in Room 4: 27 °C and
912 ppm. A similar situation was observed in Room 7: 25 °C and 803 ppm. Both of these
rooms were specifically voted the least comfortable in the survey assessing the real thermal
sensations of the participants. Together, a relatively high air temperature and an increased
concentration of CO; could distort people’s thermal sensations [28].

In this paper, we analyzed the state of the microclimate in the classrooms of the Hydro-
2 Building at Peter the Great St. Petersburg Polytechnic University, focusing on the analysis
of thermal comfort and the real thermal sensations of people occupying the classrooms. We
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confirmed that the deviation of the microclimatic parameter values from the optimal ones
does indeed affect people’s sense of satisfaction.

Temperature is one of the key parameters of microclimate, considerably affecting
people. Low temperature induces chills and increases the risk of diseases. On the other
hand, high temperatures can lead to the overheating of the body, fatigue and a decrease in
concentration. Since classrooms are visited by a large number of people, who are constant
sources of heat, maintaining an optimal temperature is an important challenge [29].

Humidity also plays a significant role. Mold can germinate in environments with high
humidity, potentially causing respiratory problems. Low humidity causes dry skin and
irritation of the mucous membranes. Increased humidity enhances the perceptions of cold
and heat. As a result, people may feel thermal discomfort even if optimal temperatures are
maintained [30,31].

Airflow speed also has an effect on humans. If the circulation is too intense or constant,
this causes discomfort and increased heat loss through the skin. Insufficient air circulation
leads to accumulation of dust in the room. Constructing efficient HVAC systems and adopt-
ing proper ventilation practices can provide a means for regulating thermal sensations [32].
It is also important to monitor air quality. Polluted air is the cause of allergic reactions
and serious diseases. For example, increased CO, concentration can impair cognitive
function and makes it difficult to assess the real state of thermal comfort [33]. The feeling
of “stuffiness” can be perceived by people as an elevated temperature. Although these
sensations often go together, they may have different causes.

The importance of maintaining a balance of microclimatic parameters cannot be
underestimated. Deviations from optimal values of temperature, humidity, air speed and
air quality can negatively affect people’s health and comfort. Monitoring and maintaining
these parameters at the required levels helps create a healthy and comfortable environment
for people.

This study confirms that it is crucial to account for the parameters of the microclimate
and maintain their balance to ensure the comfort and health of people. Further research
aimed at formulating the appropriate recommendations can help improve the quality of
life indoors, creating a healthier environment for people.

5. Conclusions

Even though the actual air temperature in all rooms exceeded the permissible values,
while the air speed was below the required range, only 7% of subjects felt uncomfortable
due to excessive heat or cold. The majority (about 63%) felt neutral and did not experience
noticeable problems that could have affected their sensations of warmth. Such results once
again confirm that thermal comfort is a subjective factor, depending on a person’s individual
parameters (metabolic rate and clothing insulation) and also on the local discomfort due to
the characteristics of the room itself (draft, warm/cold floor, etc.).

Our findings indicate that the microclimate maintained in the selected classrooms of
the academic building was fairly comfortable, so students likely do not experience much
discomfort and remain productive. However, the estimates obtained for satisfaction with
the thermal environment suggest that thermal comfort can be improved, for example, by
providing more frequent and regular ventilation (in Rooms 4 and 7), or, vice versa, by
reducing the frequency of ventilation (in Room 8).

The results obtained by using the Fanger method coincide with the estimates of
thermal comfort obtained by the survey with a mean deviation of 5% in most rooms. The
deviation increased with the increase in CO, concentration because increased CO, levels led
respondents to estimate the temperature to be higher. Therefore, CO, concentrations should
be monitored for compliance with regulatory requirements to correctly apply the Fanger
method, and so should the main parameters, such as air temperature, relative humidity, air
speed, resulting indoor temperature and radiant temperature of reflective surfaces.

The focus of this study on the state of microclimate and in particular thermal comfort
lies in the consideration and development of an adaptive approach within the assessment
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of internal microclimate. It is aimed at understanding how people perceive thermal comfort
under natural conditions (specifically on the premises of an educational institution) through
the simultaneous implementation of real measurements of microclimatic parameters and
surveys. The results obtained in this research can be applied to enhance our understand-
ing of microclimatic conditions within educational institutions. Additionally, they can
contribute to refining the Fanger method to improve its accuracy without compromising
its flexibility.

The results of this study can be used to formulate recommendations for retrofitting,
e.g., installing additional thermal insulation and installing ventilation systems or trickle
vents for windows.

The recommendations can be additionally used for integrating an automated system
for monitoring the microclimate in university classrooms.
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