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Abstract. This study presents the issue of thermal comfort based on
the Fanger model. The research was conducted in 5 rooms in the autumnwinter period. The research consisted of measurement of thermal
environment parameters, air temperature and flow rate, relative air
humidity, globe temperature sensor and light intensity. During the
research, the students filled in questionnaires concerning thermal sensation.
This allowed them to express their assessment of thermal comfort
(predicted mean vote PMV and predicted percentage of dissatisfied PPD),
as well as their preferences concerning the prevailing room conditions.
Differences between the actual average predicted rating index and the
Fanger model were shown. It can be noted that Fanger's model does not
reflect the results of the respondents.

1 Introduction
Thermal comfort is related to the feeling of temperature in the room. We are then neither
too cold nor too warm. Nowadays, people spend about 90 % of their lives indoors.
Therefore, the issue of room thermal comfort is an important issue in air conditioning
design. There are many techniques for determining thermal comfort. On their basis,
international standards such as: PN EN ISO 7730 [1] together with ASHRAE 55 [2]
and PN EN 15251 [3] were developed. According to the standard [1], thermal comfort can
be expressed in terms of predicted mean vote (PMV) and predicted percentage
of dissatisfied people (PPD). PMV and PPD were developed by Povl Ole Fanger. Using
extensive literature and based on his own research, Fanger created the thermal comfort
equation.
The human body, feeling the thermal comfort, is in a state of satisfaction with the
thermal conditions of the environment that surrounds it. Such a person should be in the
state of thermal equilibrium, i.e. between the amount of heat produced during metabolic
processes and the amount of heat released to the environment [4]. When we are exposed
to unfavorable conditions for a long time, our efficiency of performed activities decreases
significantly. Because of this, we become less efficient. Also, staying in a room in adverse
conditions, we cease to feel good, we begin to feel fatigue, headache, and we can even
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get sick. That is why it is so important to control the air parameters in the room and try
to maintain them at an appropriate level.
Everyone who uses the room is a source of external air pollution, mainly in the form
of carbon dioxide. About 20 people are constantly in the classrooms and each of them
produces CO2 in the process of breathing. Note that poor ventilation makes it harder
to remove carbon dioxide concentration. It is necessary to ensure adequate ventilation of
the room [5].
A lot of research was conducted on thermal comfort, among others in article [6] the
author presented the essence of the concept of thermal comfort, using the Fanger model,
which despite the passage of years is still used. Statistical heat balance of the human body
and heat loss through sweating are discussed. A graph of thermal comfort and its changes
for lightly dressed people at various levels of activity is also presented. Buratti [7]
developed a model based on the Rholes approach, which enables PMV assessment
by measuring relative humidity and temperature for various values of thermal insulation
of clothing. Becker [8] showed the discrepancy between the value of PMV and the value
of thermal sensations. PMV calculated using the Fanger model definitely underestimates
these results. Moreover, the PPD curve of the percentage of dissatisfied exceeds the actual
number of dissatisfied. Yu Yang et al. [9] described that PMV differs from thermal
sensations. This may be due to the thermal habits of the inhabitants. When there are
no rapid thermal changes, the body assumes that the conditions are neutral. When the
Fanger model considers them unfavorable. Providing the thermal comfort conditions is
a crucial issue [10-12].

2 Description of the Fanger model
The discussed PMV and PPD indices are associated with the Fanger comfort equation.
The PMV indicator defines the average rating of a large group of people on a seven-grade
scale [1]. Numeric values on this scale range from -3 to +3. Positive values correspond
to the warm side and negative values to the cold side. The PMV index is affected by such
variables as: metabolic rate, air temperature and speed, clothing insulation, relative
humidity. There are many factors that affect thermal comfort. Indoor movement and air
parameters, physical activity performed by people, insulation of clothing and radiation from
other devices and objects are of great importance.
To accurately analyze thermal phenomena in a room, it is necessary to calculate
the average radiation temperature. Referring to a man dressed in a specific outfit and in
a specific position at a given point inside a room, the average radiation temperature is
called a homogeneous ambient temperature with black surfaces that could cause heat loss
through radiation equal to heat loss in the environment [13]. The average radiation
temperature will vary depending on the person's position and location in the room, because
in fact it is different at different points in space. When we are exposed, for example,
to solar radiation or radiation produced by some high-power radiant heaters, the average
radiation temperature will depend on the ability to absorb radiation through the outer
surface of the body covered with clothing [14]. The average radiation temperature was
determined from formula (1) below [15]:
𝑇𝑇̅𝑟𝑟 = 4√𝑇𝑇𝑔𝑔4 +

2

ℎ𝑐𝑐𝑐𝑐

ℰ𝑔𝑔 𝜎𝜎

(𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑎𝑎 )

(1)
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3 Research methodology
The main purpose of this article is to estimate the thermal comfort by means of PMV.
The research was conducted for 5 rooms with gravity ventilation. During the research,
a microclimate meter was used to determine air parameters. The study consisted in
measuring the parameters of the thermal environment, relative air humidity, air temperature
and speed, black sphere temperature and light intensity. During this time, the subjects filled
in a questionnaire concerning the characteristics of thermal sensations of the microclimate
they were in. This allowed them to express their assessment of the thermal comfort as well
as their preferences concerning the prevailing conditions in the room. Moreover, the
respondents indicated the clothes they wore and the activities performed before the survey.
On the basis of these data, Fanger's indices for thermal comfort were calculated (the
predicted mean vote PMV and the predicted percentage of dissatisfied PPDs). Figure 1
shows a photo of the measuring station.

Fig. 1. Photograph of the measuring station.

The research was conducted with the use of measuring equipment in the autumn-winter
period of 2019 and 71 people took part in it, out of which 20 questionnaires were rejected
due to the fact that the answer "yes" was marked when asked about the current state of
health and when asked about the activity performed in the last 30 minutes. The measured
parameters included: air temperature, relative humidity, flow velocity, pressure, CO2
concentration and light intensity. Below the accuracy at which these parameters were
measured is given [16]:
 indoor air temperature: +/- 0.3 ℃,
 relative humidity: +/- 2 %,
 flow velocity: +/- 0.3 m/s,
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absolute pressure: +/- 3 hPa,
concentration CO2: +/- 50 ppm.

The measurements were carried out after the steady state conditions were reached,
because at first the meter needs to adjust to the conditions in the considered room. Figure 2
presents example changes of air and globe temperatures as well as carbon dioxide
concentration.

Fig. 2. Graph of temperatures and carbon dioxide changes over time.

From the graph it can be concluded that the air temperature and the temperature of the
globe probe have a constant upward trend over time, while carbon dioxide is varied, it has
different fluctuations. As the air temperature increases, and hence the globe probe, the
carbon dioxide content increases over time. The increase in carbon dioxide is not even.
At higher air temperatures, a person loses the impression of thermal comfort, and his body
demands a greater demand for oxygen.
The thermal comfort parameters PMV and PPD have been calculated on the basis of the
measurements, using formulas (2, 3). The PMV index is presented below according to [1]:
𝑃𝑃𝑃𝑃𝑃𝑃 = [0.303 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ (−0.036 ∙ 𝑀𝑀) + 0.028] ∙ {(𝑀𝑀 − 𝑊𝑊) − 3.05 ∙ 10−3 ∙ [5733 − 6,99 ∙
(𝑀𝑀 − 𝑊𝑊) − 𝑝𝑝𝑎𝑎 ] − 0.42 ∙ [(𝑀𝑀 − 𝑊𝑊) − 58.15] − 1.7 ∙ 10−5 ∙ 𝑀𝑀 ∙ (5867 − 𝑝𝑝𝑎𝑎 ) − 0.0014 ∙ 𝑀𝑀 ∙
(34 − 𝑡𝑡𝑎𝑎 ) − 3.96 ∙ 𝑓𝑓𝑐𝑐𝑐𝑐 ∙ [(𝑡𝑡𝑐𝑐𝑐𝑐 + 273)4 − (𝑡𝑡̅𝑟𝑟 + 272)4 ] − 𝑓𝑓𝑐𝑐𝑐𝑐 ∙ ℎ𝑐𝑐 ∙ (𝑡𝑡𝑐𝑐𝑐𝑐 − 𝑡𝑡𝑎𝑎 )}
(2)

where: M - metabolic rate [W/m2], W - effective mechanical power [W/m2], Icl - thermal
insulation of clothing [m2K/W], ta - air temperature [℃], 𝑡𝑡𝑟𝑟̅ - average radiation temperature
[℃], pa - partial pressure of water vapour [Pa], tcl - surface temperature of clothing [℃].
1 metabolic unit = 1 meter = 58.2 W/m2,
1 unit of thermal insulation of clothing = 1 clo = 0.155 m2℃/W.
The PMV indicator is used to check whether a given thermal environment meets the
comfort conditions and to determine different levels of acceptability.
The PPD indicator indicates the number of people who feel the environment is too cold or
warm. By determining the PMV value, you can calculate the PPD from the following
equation (3) according to [1]:
𝑃𝑃𝑃𝑃𝑃𝑃 = 100 − 95 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ (−0.03353 ∙ 𝑃𝑃𝑃𝑃𝑃𝑃 4 − 0.2179 ∙ 𝑃𝑃𝑃𝑃𝑃𝑃 2 )
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The factor causing discomfort is the cooling or heating of the user's body. Favorable factors
are draughts, temperature differences between ankles and head or floor temperature.
51 respondents were taken into account for the analysis. For each object the parameters
indicated by the meters were read. During the research, the respondents marked the answer
which outfit they were wearing. On this basis, the type of clothing was averaged and the
average level of insulation of the set was determined, adding the thermal resistance of the
office chair of 0.1 clo. The respondents also marked the type of physical activity they had
performed during the last 30 minutes. If they marked the answer "intensive physical effort
(e.g. carrying heavy objects, aerobics, fast running, fast cycling)", the survey was rejected
because there was a probability of heat sensation disruption. At the end of the questionnaire
a metric was placed in which the person surveyed indicated their gender, age, height and
weight. In most cases, young people aged 19 to 23 years predominated.

4 Test results and their discussion
After the temperature stabilized, the test results were read. Then, using the programme, the
PMV and PPD indicators were determined on the website [17]. The key element was the
question concerning the current heat sensations on a seven-stage scale from -3 (too cold)
to +3 (too hot). After obtaining the average values for each room, the results of the drapes
were compared with Fanger's model for PMV and PPD indicators. Figure 3 shows the
results of testing the PMV coefficient for five rooms.

Fig. 3. Comparison of actual survey results and calculations according to the Fanger model for PMV.

It is clear that there is a significant discrepancy between the results of calculations
according to the Fanger model and the results obtained in the course of research.
These differences are more common and concern not only the results of the authors' own
research. Figure 4 shows the relationship between the results of PMV calculations and data
obtained from surveys - own [18] and taken from literature [19, 20].
The analysis of Figure 4 confirms that the Fanger model does not correctly map the actual
thermal feelings of room users in various facilities. According to the graph above, it can be
seen that the predicted mean vote PMV values deviate from the Fanger model. The figure
shows the discrepancy between the standard PMV and the actual feelings of the
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respondents. These differences may be the result of the respondents adopting the conditions
in which they stay for a long time to comfortable.

Fig. 4. Diagram of the perfect match between the Fanger model and actual PMV (from the
questionnaires).

PPD is another important indicator when assessing thermal comfort. In this case, also
the results obtained by calculations according to the model and from surveys for 5 rooms
differ from each other (Figure 5).

Fig. 5. Comparison of actual results and calculations according to the Fanger model.

The above figure shows the actual and Fanger model PPDs expressed in [%]. It can be
seen that the PPD values of the anticipated percentage of dissatisfaction according to the
Fanger model do not coincide with the results obtained under real conditions.
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Fig. 6. Diagram of the perfect match between the Fanger model and actual PPD (from the
questionnaires).

In all cases the discrepancies are significant. In this case, the analysis of own and
literature data confirms earlier observations about the inaccuracy of the Fanger model
(Figure 6).

5 Summary and conclusions
Based on the author's own research and analysis of the literature, it can be stated that there
are significant discrepancies between the actual thermal comforts of people and the Fanger
model. Therefore, the best solution will be to modify this model. The differences between
the Fanger model and the actual feelings of the respondents can be considered a thermal
adaptation caused by a long stay in a specific area. The absorption of given climatic
conditions is highly dependent on psychological and physiological aspects. A person
staying in unchanging conditions gets used to them. The thermal sensitivity of the skin
is neutralized, and the examined person feels thermal comfort despite the often adverse
conditions. A proposal for further research would be to compare two groups under the same
climatic conditions. Confronting these groups could help indicate the answer to the thesis.
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