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1. DESCRIPTION OF THE TOPIC, LITERATURE SUMMARY
People spend most of their time indoors [1], so it is extremely important that these spaces be comfortable.
A significant part of the operating costs of most economic organizations is made up of the salaries of the people
working there. At the same time, the ideal functioning of these organizations is also ensured by the employees, so
it is essential that they be provided with optimal conditions, so that they can work comfortably, in the most
undisturbed, healthy and as efficient way possible [2]. One of the most important conditions for optimal work is to
ensure optimal thermal comfort.
Another extremely important aspect is the energy needed to maintain a suitable thermal environment and the
reduction of the CO2 emissions from buildings.
Given that the primary purpose of buildings is to serve human activity flawlessly, it is humans who have to be placed
at the core of the search for the optimum between providing an ideal thermal comfort and minimizing the energy
intended for building maintainance [3].
Setting the optimal thermal comfort parameters for a public building is not trivial, since in a given space, many
people may work together, who have different preferences and thermal environments considered ideal. Taking this
into account, the parameters providing optimal thermal comfort can be determined on a statistical basis, with the
aim of finding the minimum dissatisfaction.
The best known and most widely used method for describing thermal comfort is the PMV-PPD model, which
describes thermal comfort by considering the following six parameters: air temperature, relative humidity, velocity,
mean radiant temperature, human activity, and thermal insulation of clothing – according to the following [4]:
𝑃𝑀𝑉 = [0.303 ∙ 𝑒𝑥𝑝(−0.036 ∙ 𝑀) + 0.028]
∙ {(𝑀 − 𝑊) − 3.05 ∙ 10 ∙ [5733 − 6.99 ∙ (𝑀 − 𝑊) − 𝑝 ] − 0.42
∙ [(𝑀 − 𝑊) − 58.15] − 1.7 ∙ 10 ∙ 𝑀 ∙ (5867 − 𝑝 ) − 0.0014𝑀
∙ (34 − 𝑡 ) − 3.96 ∙ 10 ∙ 𝑓 ∙ [(𝑡 + 273) − (𝑡 + 273) ] − 𝑓 ∙ ℎ
∙ (𝑡 − 𝑡 )} , −

(1)

𝑃𝑃𝐷 = 100 − 95 ∙ 𝑒𝑥𝑝(−(0.03353 ∙ 𝑃𝑀𝑉 − 0.2179 ∙ 𝑃𝑀𝑉 )), %

(2)

The PMV model is complemented by local discomfort factors, i.e., draught, radiant temperature asymmetry, cold
floor, and vertical temperature gradient. The effect of local discomfort factors is known separately, Equation 3 shows
the empirical correlation for the draught rate [5], Equation 4 shows the percentage of dissatisfaction with the warm
ceiling [6]:
𝐷𝑅 = (34 − 𝑡 ) ∙ (𝑣 − 0.05)
𝑃𝐷

=

.

.

∙∆

.

× (0.37 ∙ 𝑇𝑢 ∙ 𝑣 + 3.14), %

(3)
(4)

,%

However, in a real situation, local discomfort factors coexist. Although the joint study of some local discomfort
factors has already been addressed [7–10] and the effect of draught under different temperature parameters has
also been investigated [11,12], the literature on the combined effect of warm ceiling and draught should be further
supplemented. In order to eliminate this shortcoming and increase the body of knowledge, this research was
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launched, during which I studied the combined effect of radiation asymmetry caused by warm ceilings and draughts.
Figure 1 shows the basic design of the comfort chamber.

Figure 1. Conceptual design of the comfort chamber

1. OBJECTIVES
In order to eliminate the shortcomings in the literature related to the combined effect of warm ceilings and draughts,
I performed instrumental and human subject measurements. I defined the objectives according to four main
aspects; for each of these aspects I formulated the questions, the answers to which offer a clear perspective on
the joint effect of the two local discomforts.
Rate of dissatisfaction with the warm ceiling in the case of the simultaneous occurrence of draught and the radiant
asymmety caused by the warm ceiling
- Does increasing the draught rate from 15% to 25% have a significant effect on the rate of dissatisfaction
with the warm ceiling?
- If a significant effect is observed, does this apply to the entire asymmetric radiation interval caused by the
5-15 oC warm ceiling, or only to certain sections of the interval?
- What is the nature of the change in dissatisfaction with a warm ceiling as a function of asymmetric radiation
at 15% and 25% draught rates?
- In case of the co-occurrence of the two discomfort factors and an exposure of 180 minutes, when does
the maximum dissatisfaction appear?
- Does the increase of the draught rate from 15% to 25% have a significant impact on the change in
dissatisfaction with the warm ceiling over time?
Development of general thermal sensation in case of simultaneous occurrence of draughts and the asymmetric
radiation caused by and warm ceilings
- If PPD <6%, the asymmetric radiation varies in the range of 5-15 oC, the draughtt is 15% or 25%, are the
AMV and PMV values the same or are they significantly different?
- If different, is the AMV smaller or larger than the PMV?
- If the PMV value is constant, does the change in radiation asymmetry have a relevant effect on the AMV
value or not?
- If the value of AMV changes with asymmetric radiation, to what extent does it change?
- Does increasing it from 15% to 25% have a significant effect on AMV?
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-

If it does have a significant effect on AMV, is it true for the entire 5-15 oC radiation asymmetry interval, or
only for certain sections of the interval?
In the case of a co-occurrence of the two discomfort factors and a 180-minute exposure, does AMV change
over time?
If it changes, what character does it show?

Description of the performance of human work in the case of the combined effect of the two local discomfort factors
- What effect does the increase in asymmetric radiation caused by the warm ceiling have on the the speed
and accuracy of work at 15% and 25% draught in the 5-15oC temperature asymmetry interval?
- In the temperature asymmetry interval of 5 to 15oC, how does raising the DR from DR = 15% to DR = 25%
affect the speed and accuracy of work?
- In the case of the co-occurrence of the two discomfort factors and a 180-minute exposure, is the speed
and accuracy of work constant over time?
- If the speed and accuracy of work is not constant, what is the nature of the change over time?
The effect of gender on dissatisfaction with warm ceilings, general thermal sensation and work efficiency in the
case of the co-occurrence of draught and radiant asymmetry between warm ceilings and floors
-

Is there a significant difference in the dissatisfaction of women and men with warm ceilings if the draught
rate is 15%, respectively 25%?
If detectable, is it typical of the entire 5-15oC temperature range, or only for certain parts of it?
Is it possible to detect a relation between gender and AMV in the case of the simultaneous appearance of
a warm ceiling and a draught rate?
If the relation can be detected, is it typical of the entire 5-15oC temperature range, or only for certain parts
of it?
Is there a relation between gender and work performance in the case of the simultaneous appearance of
two local discomfort factors?
If the relation exists, is it typical of the entire 5-15oC temperature range, or only for certain parts of it?

2. RESEARCH METHODS
In order to answer the questions formulated in the Objectives, I performed instrumental and human subject
measurements in a thermal sensing chamber.
MEASUREMENT METHOD
The thermal sensing measuring chamber in which the measurements take place has two heat sources, and the
boundary structures of the chamber can be heated and cooled individually, so that the desired radiation temperature
asymmetry can be created between any structural elements, and the average radiation temperature can be
precisely defined. The temperature, humidity and volume flow of the supply air can also be controlled. Figures 2
and 3 show the comfort chamber and the heating and cooling heat transfer system.
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Figure 2: Thermal comfort chamber

Figure 3: Heating and cooling system

During the joint measurement of local discomfort factors, I examined the effect of the warm ceiling and draught
parameter pairs on thermal comfort while keeping the thermal environment at a neutral value according to the PMV
model. In practice, this meant that the PPD value at the center of the measuring chamber always remained below
6%.
An important aspect is the creation and maintenance of time-stable, stationary thermal conditions. During the
experiments, the asymmetric radiation and draught rate pairs caused by a specific warm ceiling must be provided
in such a way that the temperature and PPD value remain constant during the 3-hour experiment. In order to
maintain thermally stationary conditions, the heat transfer of the warm ceiling, people and lighting, as well as the
heat removal of walls colder than the indoor air from the space must be taken into account. The equilibrium equation
is as follows:
𝑄
+𝑄
+𝑄
−𝑄
−𝑄
−𝑄 =0
(5)
To create the ideal thermal environment according to the PMV model while keeping both the radiation asymmetry
and the draught at the desired value, I performed the following steps:
- Defining the surface of the boundary structures - in this step the desired temperature asymmetry can be
set;
- Determination of the supply air temperature - the temperature and volume flow of the supply air ensure
the thermally stationary state of the measuring chamber, but both parameters have an effect on the
expected draught sensation;
- Fine-tuning the air flow in the measuring chamber to achieve and maintain the desired draught value.
During the measurements, I examined the factors influencing thermal comfort at four different heights: at the ankle
level (0.1 m), at the knee level (0.6 m), at the level of the head height of a seated person (1.1 m) and at the level of
the head height of a standing person (1.7 m).
Figure 4 offers a spatial representation of the energy fluxes and measurement points shown in Equation 5, while
Figures 5 and 6 show the position of the measurement points in section and top view.
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Figure 4: Energy fluxes and measurement points

Figure 5: Section

Figure 6: Top view

INSTRUMENTAL MEASUREMENTS
During the instrumental measurements, I measured the spatial distribution of the following parameters at the
previously described spatial points: air velocity, temperature, and relative humidity, as well as the mean radiant
temperature, PMV, PPD, Tu, and DR. I examined a total of 10 cases defined by five asymmetric radiations and two
draught values:
- asymmetric radiation values: 5, 7, 10, 12, 15 oC;
- draught rate: 15 and 25%.
For each temperature asymmetry and draught rate value pair, I displayed the parameter distributions for each
horizontal plane. Diagrams 1, 2, 3 and 4 illustrate the air temperature, air velocity, PPD, and DR distributions at a
height of 1.1 m, which is the head height of a seated person, at 15 oC asymmetry and 25% draught. The x and z
axes show the distance in meters according to the floor area of the measuring chamber, the y axis shows the values
of temperature, speed, PPD and DR in oC, m / s and%, respectively.

6

Air temperature, oC

Air velocity, m/s

22,0

0,20

21,5
21,0

0,15

20,5

0,10

20,0
2

19,0
0,5

1,25

2

2,75

Distance, m
21,5-22,0

21,0-21,5

2

0,00
0,5

0.5

1,25

3,5

2

Distance, m
0,15-0,20

20,5-21,0

Diagram 1: Distribution of air temperature

0,10-0,15

2,75

0.5
3,5

0,05-0,10

0,00-0,05

Diagram 2: Distribution of air velocity

PPD, %

DR, %

6,5

30

6,0

20

5,5

1,25

2

Distance, m
6,0-6,5

2,75
5,5-6,0

2

0

2

5,0

3.5

10

3.5
0,5

3.5

0,05

3.5

19,5

0,5

0.5

1,25

2

Distance, m

3,5

20-30

5,0-5,5

Diagram 3: Distribution of PPD

2,75

0.5
3,5

10-20

0-10

Diagram 4: Distribution of DR

During the measurement I used a mixed air conduction system. In order to achieve a thermally stationary state, the
supply fresh air was colder than the indoor air. Due to the nature of the inflow, the lowest air temperature is found
in the center of the space, increasing towards the sides of the space. For a similar reason, but the distribution of
the velocity of air in space shows an inverse distribution, being maximum at the center of the space and minimal at
the extreme points of the space.
Diagram 3, shows the distribution of PPD – it can be observed that in the center of the space, in the measurement
plane, the expected value of the dissatisfied subjects is the smallest. On the other hand, it is important to note that
despite the inhomogeneous distribution of the PPD value, the expected rate of dissatisfaction remained below of
the expected dissatisfaction value of 6% everywhere.
The biggest difference due to the inhomogeneity of the space can be seen in the distribution of DR, because the
draught at the center of the space is 25% and in the area next to the wall it is 5%.
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For all asymmetry and draught parameter pairs, the condition is met that the PPD value is below 6% and the
asymmetric radiation temperature difference and the DR value showing the draught rate can be kept at the designed
value.
In order to evaluate dissatisfaction caused by warm ceilings at 15% and 25% draught, human subject studies are
required.
HUMAN SUBJECT MEASUREMENTS
Human subject measurements were performed in the comfort chamber shown in Figure 1. In the human subject
experiments, I took into account the methodology used in the literature for subject comfort measurements [13-21],
the gender differences observed in and as a result of similar research [22], and the methodology and results of
previous research on work efficiency [23].
20 people, 10 healty men and 10 healthy women took part in the subject measurements, during which they
evaluated a total of 10 thermal comfort environments defined by five temperature asymmetries (5,7,10,12,15 oC)
and 2 draught rates (15%, 25%). A given thermal environment was constant during the measurement occasions,
because the measuring chamber was in a thermally stationary state.
Each measurement lasted for three hours and during each measurement the subjects were exposed to only one
thermal environment defined by an asymmetry and a draught rate. These thermal settings followed in random order
so that any upward and downward trends could not be inferred.
The amount of supply air was 290 m3 / h, due to the high air exchange rate, the quality of the indoor air did not
cause dissatisfaction. I paid close attention to the elimination of acoustic discomfort and the provision of adequate
visual comfort, so I did not compromise the visual, acoustic and indoor air comfort environment of the subjects
during the measurement.
Throughout the measurements, the human subjects could leave the comfort chamber only in exceptional cases. In
this case, the data collected half an hour after returning to the chamber were not used in the subsequent statistical
analysis.
One measurement session consisted of a total of six repetitive measurement blocks, each lasting thirty minutes
and consisting of free activity, measurement of work efficiency, and thermal voting. The paper-based information
collected from the human subjects using these methods was subsequently processed and evaluated
EVALUATION METHOD
I examined the correlations between the thermal comfort votes given under different conditions. During the study,
I always compared two sets of values with two different mathematical approaches. I used the Welch test on the
one hand and the Mann-Whitney exact test on the other to evaluate the results. Due to the difference in the nature
of the two methods, I accepted the dependence or independence of two sets of votes only if both methods led to
the same result.
The Welch test is one of the parametric tests among the statistical hypothesis tests. The test examines whether
the means of a probability variable in two separate samples differ significantly from each other. I defined the data
obtained during the studies of human subjects as probability variables, according to which the null hypothesis of
the test is that the expected values of two probability variables are the same. During the test, the significance level
was determined to be 0.05. The test statistics for the Welch test are shown in Equation 6 and the degree of freedom
is defined in Equation 7 [24]:
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𝑡=

1
1
=
∙
𝑓 n−1

𝑠
𝑛
𝑠
𝑠
𝑛 +𝑚

𝑥̅ − 𝑦
(6)

𝑠
𝑠
+
𝑛 𝑚
𝑠
1
𝑚
+
𝑚−1 𝑠
𝑠
𝑛 +𝑚

(7)

The Mann-Whitney test is one of the nonparametric tests that operates with rankings of values and the null
hypothesis is that the two populations are identical, i.e., with a 50% probability, a randomly selected element of one
population will be larger than a randomly selected element of the other population. The confidence interval used in
the Mann-Whitney test was defined as 95% [25].

4. MAIN RESULTS
DISSATISFACTION WITH THE HOT CEILING
Mail result 1
In the radiant thermal asymmetry difference of 10-15 oC caused by the warm ceiling, increasing the draught
rate from DR = 15% to DR = 25% significantly reduces the rate of dissatisfaction with the warm ceiling in
healthy and young people (average age 25,2 years).
The significance level calculated by the Mann-Whitney test for a radiation asymmetry of 10 oC is 2,61*10-32, for 12
oC it is 4,53*10-8, and for 15 oC it is 3,6*10-5.

Dissatisfaction with the warm ceiling as function of the radiant thermal
asymmetry, Women and Men, DR=15% vs. DR=25%
20%
Percentage of dissatisfied, %

18%
16%
14%
12%
10%
8%
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4%
2%
0%
4, C
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o
Radiant thermal asymmetry, C
PD, DR=15%, Women and Men
PD, DR=15%, Women and Men, 95% Upper
PD, DR=15%, Women and Men, 95% Lower
PD, DR=25%, Women and Men
PD, DR=25%, Women and Men, 95% Upper
PD, DR=25%, Women and Men, 95% Lower

Reference: S1, S2, S3
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Main result 2
For radiant temperature asymmetry difference of 5–15 oC induced by warm ceilings, in case of 180 min long
experiments, performed on healthy and young people (average age 25,2 years), the dissatisfaction with
warm ceilings increases over time, then reaches its maximum and stabilizes.
Increasing the draught sensation from DR = 15% to DR = 25% delays the appearance of the maximum
dissatisfaction with the warm ceiling, which occurs at 90 minutes instead of 60 minutes.
For DR = 15% draught sensitivity, on the ascending section, the significance level calculated by the Mann-Whitney
test is 0.01 between the 30 min to 60 min measurement points.
For DR = 25% draught sensation, in the ascending section, between the 30 min to 60 min, 30 min to 90 min and
60 min to 90 min measurement points, the significance levels calculated by the Mann-Whitney test are 0.039, 0.004
and 0.038, respectively,
Dissatisfaction with the warm ceiling as function of the time, Women
and Men, DR=15% vs. DR=25%
Percentage of dissatisfied, %

20%
18%
16%
14%
12%
10%
8%
6%
4%
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150, min

200, min
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PD, DR=25%, Women and Men
PD, DR=25%, Women and Men, 95% Lower

Publikációk: S4

AMV
Main result 3
In the interval of 5-15 oC radiant asymmetry temperature difference caused by warm ceilings, with a draught
rate of DR = 15% and DR = 25%, in healthy and young people (average age 25.2 years), AMV increases
significantly with the increase of radiation asymmetry; increasing the draught rate DR from 15% to 25%
significantly reduces the AMV. The value of AMV decreases significantly after 120 minutes even with a
draught rate of DR = 15% and DR = 25%
The significance level calculated by the Mann-Whitney test is 0.014 for a radiation temperature difference of 5 oC,
0.048 for 7 oC, 0.025 for 10 oC, 0.009 for 12 oC and 0.042 for 15 oC.
For a draught sensation of DR = 15%, the significance level calculated by the Mann-Whitney test between the 120
min and 150 min measurement points is 0.007.
For a draught sensation of DR = 25%, the significance level calculated by the Mann-Whitney test between the 120
min and 150 min measurement points is 0.006.
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AMV as function of the radiant thermal asymmetry, Women and Men,
DR=15% vs. DR=25%
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AMV as function of the time, Women and Men, DR=15% vs. DR=25%
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Publikációk: S5, S6, S7, S8
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WORK EFFICIENCY
Main result 4
Evaluating the results of all human subjects, it can be stated that, for the asymmetric radiation temperature
difference caused by the warm ceiling in the range of 5-15 oC, in case of healthy and young people (average
age 25,2 years), increasing the draught sensation from 15% to 25% has no significant effect on the speed
of work, nor on its accuracy. The independence of work accuracy from the increase in DR is caused by a
significant decrease in the work accuracy of women and a significant increase in the work accuracy of
men.
The significance levels calculated by the Mann-Whitney test for the analysis of the work accuracy of all subjects
were as follows: 0.31 at 5 oC asymmetric radiation temperature difference, 0.176 at 7 oC, 0.104 at 10 oC, 0.698 at
12 oC, and 0.465 at 15 oC.
The significance levels calculated by the Mann-Whitney test in the analysis of women's work accuracy are as
follows: 2.1 * 10-5 for 5 oC asymmetric radiation temperature difference, 3.23 * 10-9 for 7 oC, 0.004, 12 oC for 10
oC 2.92 * 10-4 for 15 oC and 0.001 for 15 oC.
The significance levels calculated by the Mann-Whitney test for the analysis of men's work accuracy are as
follows: 0.006 for 5 oC asymmetric radiation temperature difference, 0.001 for 7 oC, 0.705 for 10 oC, 0.002 for 12
oC, 0.046 for 15 oC.

Speed and accuracy of work as function of the radiant thermal
asymmetry, Women and Men, DR=15% vs. DR=25%
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Speed and accuracy of work as function of the radiant thermal
asymmetry, Women, DR=15% vs. DR=25%
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Speed and accuracy of work as function of the radiant thermal
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Publikációk: S9, S10
Main result 5
Evaluating the results of all human subjects, throughout the 180-minute experiments conducted on healthy
and youg individuals (average age 25,2 years), in the radiant temperature asymmetry difference interval of
5-15 oC induced by warm ceilings, increasing the draught sensation from 15% to 25%, has no significant
effect one the change over time of either the speed or the accuracy of work. The independence of accuracy
from the increase in DR is caused by a significant decrease in the work accuracy of women after 90 min
and a significant increase in the work accuracy of men in the same time.
The significance levels calculated with the Mann-Whitney test for the analysis of the work accuracy of all subjects
were as follows: 0.633 at 30 minutes, 0.156 at 60 minutes, 0.87 at 90 minutes, 0.478 at 120 minutes, 0.69 at 180
minutes at 150 minutes and 0.272.
The significance levels calculated by the Mann-Whitney test in the analysis of women's work accuracy are as
follows: 0.108 at 30 minutes, 0.622 at 60 minutes, 0.104 at 90 minutes, 1.11 * 10-4 at 120 minutes, 0.003, 180 at
150 minutes and 0.003 minutes.
Significance levels calculated using the Mann-Whitney test in the analysis of men's work accuracy are as follows:
0.008 at 30 minutes, 0.011 at 60 minutes, 0.134 at 90 minutes, 0.006 at 120 minutes, 0.01 at 150 minutes, and
0.148 at 180 minutes. .
Speed and accuracy of work as function of the time, Women and Men,
DR=15% vs. DR=25%
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Speed and accuracy of work as function of the time, Women, DR=15%
vs. DR=25%
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EFFECT OF GENDER
Main result 6:
In the case of healthy and young individuals (average age 25,2 years), in the range of 5-15 oC radiation
temperature asymmetry difference caused by the warm ceiling, for a DR = 15% and DR = 25% draught
sensation, the gender difference has a significant effect on the dissatisfaction with the warm ceiling and
on AMV as follows:
- PD: in the radiant temperature asymmetry difference range of 12–15 oC, men are significantly
more dissatisfied with warm ceilings than women;
- AMV: In the case of the combined effect of draught and warm ceilings, women's AMV votes are
significantly lower than men's;
With a DR = 15% draught sensation, when examining the rate of dissatisfaction with the warm ceiling, the
significance levels calculated by the Mann-Whitney test in the 12-15 oC radiation temperature asymmetry difference
interval are as follows: 2.049 * 10-19 at 12 oC and 1.82 * 10- 9 at 15 oC.
At DR = 25% draught sensation, these values are as follows: 4.99 * 10-7 for an radiant temperature
asymmetry of 12 oC and 4.14 * 10-15 for 15 oC.
With a DR = 15% draught sensation, when examining the AMV values measured in the case of men and
women, in the radiant temperature asymmetry difference range of 5-15 oC the significance levels calculated by the
Mann-Whitney test are as follows: 9 * 10-6 at 5 oC, 0.006 at 7 oC, 0.047 at 10 oC, 2.96 * 10-12 at 12 oC, and 6.54 *
10-15 at 15 oC.
At DR = 25% draught sensation, these values are as follows: 2 * 10-6 for an radiation temperature
asymmetry difference of 5 oC, 2.5 * 10-6 for 7 oC, 0.029 for 10 oC, 6.83 * 10-4 for 12 oC, and 4.81 * 10-13 for 15 oC.
PD:
Dissatisfaction with the warm ceiling as function of the radiant thermal
asymmetry, Women vs. Men, DR=15%
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Percentage of dissatisfied, %

18
16
14
12
10
8
6
4
2
0
4

6

8

10

Radiant thermal asymmetry,
PD, DR=15%, Women
PD, DR=15%, Women, 95% Lower
PD, DR=15%, Men, 95% Upper

16

12
oC

14

16

PD, DR=15%, Women, 95% Upper
PD, DR=15%, Men
PD, DR=15%, Men, 95% Lower
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5. USABILITY OF RESULTS
The number of buildings with ceiling temperature and artificial ventilation is growing dynamically. Nevertheless, the
combined effect of warm ceilings and draughts on thermal comfort and work efficiency has so far been unknown to
both engineering practice and the scientific world. During the research, I kept in mind that the expected results and
their applicability are important for professionals designing, constructing and operating building engineering
systems, real estate developers, employers, as well as to researchers in the field of comfort theory.
Applicability of the first main result:
The first main result defines the temperature limit of a warm ceiling required to cover the winter heat demand
depending on the outside temperature at a given level of dissatisfaction. This information helps design engineers
to calculate the maximum heating temperature and allows operators to define outdoor temperature-dependent
operating parameters. It makes is possible for real estate developers to recognize the framework of their buildings
to be developed so as to optimize thermal comfort in the completed buildings. It supports employers in reducing
employee dissatisfaction. For researchers in the field of comfort, the result is relevant because it defines the rate
of dissatisfaction with a warm ceiling in the presence of a draught rate, thus addressing the gap in the literature.
Applicability of the second main result:
The second main result shows the change in dissatisfaction with the warm ceiling over time. This information is
useful for designers and operating professionals, as well as real estate developers, highlighting that dissatisfaction
increases over time with constant work. It helps employers schedule work by illustrating how long it takes for
employee dissatisfaction to increase significantly in a given set of circumstances. The scientific value of the result
is given by the fact that the presentation of the combined temporal effect of warm ceilings and draughts is a novelty
that fills a gap. Furthermore, it provides researchers using human subject methods with useful information regarding
the planning of the duration of measurement occasions.

Applicability of the third main result:
The third main result describes the extent to which increasing the draught rate from DR = 15% to DR = 25% in
buildings with ceiling heating changes the general thermal sensation and to what extent it deviates from the ideal
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value according to PMV. This result is extremely important for designing, operating engineers and property
developers, as the PMV model is based on the sizing of thermal comfort in all buildings. It shows employers the
conditions under which employees have an ideal thermal sensation. For comfort researchers, this result is relevant
because optimization according to the widely used PMV model can take into account how much the two factors
change the actual thermal sensation compared to PMV.
On the other hand, for design and operation engineers and real estate developers, the third result describes that
the general thermal sensation is time-dependent; this is also an important factor in the design and operation of
buildings. It helps employers organize office work in a timely manner so that employees feel their thermal
environment as optimal at all times, thereby promoting work efficiency. For researchers, these results support an
understanding of the dynamics of thermal sensation under the combined effect of local discomfort factors.
Applicability of the fourth main result:
Most office and public buildings are built for work. The fourth main result helps to optimize a building designed,
operated or developed for a given draught rate and ceiling heating for the work efficiency of people. It is extremely
important for employers to optimize the work efficiency of their employees.
This result shows how the efficiency of workers ’work in buildings with underfloor heating and artificial ventilation
changes according to the PMV model with warm ceiling temperature. The efficiency of work is an important area of
research nowadays, and the description of efficiency as a function of asymmetric radiation supports researchers
as a new scientific result.
Applicability of the fifth main result:
The fifth main result helps design and operation professionals and real estate developers to understand that the
expected efficiency of work in a building is not constant over time. For employers, this result is relevant because it
helps to adapt the operation of building services systems to the nature of work, even to create a changing thermal
environment over time in order to maximize work efficiency. It provides comfort researchers with important
information about the time evolution of speed and accuracy of work, and the relationship between the two
parameters measuring efficiency, known in the literature as speed-accuracy tradeoff.
Applicability of the sixth main result:
There is a significant difference between men and women in terms of dissatisfaction with warm ceilings, general
warmth, and work efficiency in rooms with warm ceilings and artificial ventilation. The sixth main result helps
designing and operating engineers, as well as real estate developers to design, operate, and develop buildings with
regard to the gender ehich will be expected to use the building. It enables employers to improve employees’ thermal
sensation and the efficiency of their work by taking into account the gender distribution of workgroups and providing
an appropriate thermal comfort environment for employees. Defining the combined effect of warm ceilings and
draughts by gender provides a new result and support in the work of professionals researching thermal comfort,
local discomfort factors, and work efficiency, as well as in the design of human subject experiments.
Of course, the study of the combined effect of draught and warm ceilings cannot be considered a closed and fully
known research topic. There are many additional research opportunities to understand the combined effect of these
two local discomfort factors. Examples of such research areas are measuring the physiological effect of a combined
effect. One outstanding way to do this is to measure heart rate variance.
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NOMENCLATURE
Abbreviation
AMV
DR
f
fcl
M
m
n
pa
PDceiling
PMV
PPD
sx
sy
Qair
Qceiling
Qfloor
Qhuman
Qlighting
Qwall
t
ta
tcl
tks
Tu
va
W
x
y

Description
Actual Mean Vote
Draught rate
Welch test degree of freedom
Thermal insulation of clothing
Metabolic rate
First sample size
Second sample size
Partial water pressure
Percentage of dissatisfied
Predicted Mean Vote
Predicted Percentage of Dissatisfied
Standard deviation of the first sample
Standard deviation of the second sample
Heat transfer from the chamber to the air
Heat transfer from the ceiling to the chamber
Heat transfer from the chamber to the floor
Heat transfer from the human to the chamber
Heat transfer from the lighting to the chamber
Heat transfer from the chamber to the walls
Welch test statistic
Air temperature
Surface temperature of the clothing
Mean radiant temperature
Turbulence intensity
Mean air temperature
Heat dissipation of a human
Mean value of the first sample
Mean value of the second sample

Unit
%
-

clo
W
db
db
Pa
%
-

%
Variable
Variable
W
W
W
W
W
W
oC
oC
oC
%
m/s
W
Variable
Variable
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[S6]
[S7]
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