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Abstract: Designing and constructing near zero energy buildings (NZEBs) is a challenge not only from
a structural point of view, but also from the point of view of ensuring appropriate climate comfort for
users. The standards describing how to ensure comfort were created in times when the challenges of
building ZEB/NZEB were not yet explored and energy issues were not as important as they are today.
Therefore, the assessment of the thermal and climatic comfort of people living and working in such
buildings requires a new or revised approach to the methodology of thermal comfort assessment.
In this article, the authors present the results of a thermal comfort study based on measurements and
thermal sensory tests. Testing was carried out in an experimental office building (passive standard).
The main goal of the experiment was to compare the thermal comfort measurement method based on
the ISO-Fanger model with the actual comfort results obtained by the panellists in the model office
condition. The tests allowed the lowest operating temperature providing thermal comfort (predicted
mean vote (PMV) = 0 and −0.5) to be determined. Sensory tests were conducted using three types
of questions. The results were compared to the other researchers’ findings. It was noted that the
panellists showed better thermal comfort sensation at lower temperatures than would result from the
traditional Fanger distribution, so the authors proposed the experimental function of percentage of
dissatisfied (PPD) = f(PMV). The authors hope that it contributed to the actual state of knowledge as a
“small and specific scale” validation of the existing thermal comfort model. The results also revealed
that the method of heating has an influence on the subjective thermal sensation.

Keywords: thermal comfort; thermal comfort model; panel tests; NZEB; indoor environmental
quality; PMV; PPD

1. Introduction

The issue of human thermal comfort in buildings already has over 50 years of history [1] and
was practically standardized by ISO, CEN, and ASHRAE in both hemispheres [2,3]. However, in
the actual opinion of scientists [4–19], the subject of comfort, including the thermal satisfaction of
building users in relation to technical building systems, still creates a potential field for research
and several new questions have arisen in recent years. First, because the construction methods that
focus on building energy efficiency and users’ wellbeing have changed significantly since the time
Fanger published his research and the first international standards in this area were introduced.
Changes in the perception of comfort in buildings are partially responsible for ASHRAE revising
its standard on thermal environmental conditions for human occupancy [3] in 2017, while CEN
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currently applies standard prEN 16798-1 to indoor environmental input parameters for the design
and assessment of energy performance of buildings, which also addresses thermal comfort [20] and
replaces standard EN 15251 [21]. Changes in construction have led to a large difference between
comfort in Naturally-Ventilated (NV) buildings [22] and those where mechanical ventilation (HVAC)
is used [23]. Studies conducted in recent decades indicate new parameters determining important
factors in user comfort, with more parameters having a significant impact on the comfort, wellbeing
and even health of people living and spending time in enclosed spaces [24]. The number of parameters
that affect comfort increased from the four basic parameters indicated by Fanger to as many as ten that
are cited nowadays, in particular for NZEB buildings promoted by the European Energy Directive [25].
As a result, the simple definition drafted 50 years ago, which states that thermal comfort “is that
condition of mind, which expresses satisfaction with the thermal environment" [1], no longer meets
the current expectations of investors and building residents. A large population of researchers agrees
that “indoor comfort” should be considered in a much broader context [26]. Some scientists have gone
ahead with defining the building users comfort indicator based on users’ predicted satisfaction. Over
the last few years, there has been wide discussion in the literature [27–30] on whether the linear model
was designed for assessing the Indoor Environmental Quality (IEQindex). This index was designed
taking into consideration standard EN15251:2007 [21], mainly for calculating the percentage of people
satisfied with indoor environmental quality as a function of the four parameters: air quality and user
perception of thermal, acoustic and visual comfort. In fact, the characteristics of the IEQ model should
also contain the synergy effect of environmental parameters included in sub-components and their
sensory perception, as suggested by ASHRAE Guideline 10 [31] and the effect of measurement accuracy
on the IEQ sub-component parameters [32]. The overall assessment index values of perceived IEQ vary
on a scale from 0 to 100%, and may provide the basis for classification of the indoor environmental
quality of a building. IEQ sub-models use the more or less accepted empirical dependencies that
determine the impact of individual aspects on the user’s satisfaction, as is the case in the case of
thermal impacts and their impact on thermal influence on user satisfaction. However, these models
evolve over time as more and more data are collected by scientists in the various analysed cases of
modern buildings [33–35]. As part of their research work on IEQ [32,36], the authors have identified
the need to also focus and review the thermal comfort model used for IEQindex calculation and validate
the thermal model in practice on the energy-efficient building. In the case of modern buildings with
integrated HVACR systems, as in our research case study, there is more scope for influencing additional
comfort parameters (apart from temperature and humidity, which are still widely used worldwide
to assess thermal comfort). It is important that by using Building Management Systems (BMS) it is
not only possible to measure the comfort-related factors but also to adjust them. Therefore, it should
be possible to discuss the climatic comfort as IEQ and the actual number of satisfied users instead of
physical parameters only or thermal comfort alone. And also taking into consideration the justified
questions arising from the correlation of the Predicted Percentage of Dissatisfied (PPD) and Predicted
Mean Vote (PMV) based on the standards in comparison to the actual satisfaction of users and whether
the current sensory responses of users coincide with values based on the thermal model. This was
one of the research challenges that has been discussed in the article. In the authors’ opinion, thermal
measurements based on the ISO 7730 [2] standard alone are not perfect for reflecting the wide spectrum
of climate sensations. It seems that the best solution is to compare the measurement results and
user responses within strictly defined experimental conditions. In practice, modern HVACR systems
offer new possibilities not seen in the times of Fanger, such as individually adjusted climate comfort
parameters or on-demand ventilation (VOD) controlled, e.g., by the actual concentration of CO2 in the
air. Control of these parameters allows climatic comfort to be designed and even corrected during
the use of the rooms. Other authors also point to the possibility of using a modern heating system to
control climate comfort while increasing energy efficiency [37]. The authors therefore believe that PMV
and PPD parameters can nowadays not only be measured but also corrected in real time. Another
interesting subject is the issue of summer comfort (mainly related to the need for room cooling) vs.
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winter comfort, as well as linking the differentiation of comfort results with the geographical location,
even within Europe [24]. For countries located in “colder parts” of the Earth (e.g., northern or central
European countries), to which our country belongs and where these studies were conducted, ensuring
full climatic comfort in winter poses a greater challenge than in summer, i.e., in a completely different
way than in Australia [38]. The literature also increasingly distinguishes important comfort parameters
for residential buildings from buildings such as schools or hospitals [39–41]. In practice, due to the
size and the most important parameters determining the comfort of these rooms, one can actually
speak of completely different standards of climatic comfort for a hospital [42] and for a single-family
house. Which is why it seems so important to define both the region and the type of building in which
the research is carried out, even for research using Fanger’s methodology. It is worth remembering
that the Fanger model was based on results obtained from surveys [7,43] and supported by Nevins
questionnaire results [44], but the raw study was based on sixty-four student answers for only 13
temperatures (18.9 ◦C–32.2 ◦C) and only one humidity (50%), where it was assumed that the radiation
temperature is equal to the measured actual temperature. Despite numerous listed tests to which the
ISO 7730 standard refers [45] carried out on various types of objects, in various climatic states and on
differently aged populations, the thermal model has not changed to this day. Basically speaking, neutral
thermal comfort is established when the heat released by the human body is in equilibrium/balance
with its heat production. There are major recognized parameters that affect thermal sensation results.
These parameters can be grouped into two categories. One related to the building itself, the so-called
“technical parameters of the indoor environment”, including: air temperature, the temperature of the
surrounding surfaces (so-called radiant temperature), air speed and turbulence, relative air humidity
and the parameters of the space tested and parameter gradients. There is a wide range of combinations
of these factors where the level of comfort may be satisfactory, which may be called the “comfort zone”.
The comfort zone is mainly determined by provisions provided in standard ISO 7730. According to a
normative approach, it was essential for the authors to include them in the presented research, taking
into consideration that: the sultriness limit in relation to the air humidity should not be exceeded; the
air speed has to be within closely defined limits (for speeds under 0.1 m/s, the number of dissatisfied
occupants due to draughts is less than 6%); the difference between radiant temperature and air
temperature should remain small during the test; the difference in the radiant temperature in various
directions should remain negligible (less than 5 ◦C, known as the “radiation temperature asymmetry”);
the indoor air temperature stratification has to be less than 2 ◦C between the head and ankles of a
seated person; and the perceived temperatures in the laboratory room should change by no more than
1 ◦C at different spheres. Bearing these requirements in mind, the authors introduced them to the
laboratory office under examination. It is commonly accepted knowledge that the more irregular the
thermal field in a room, the greater the expected number of dissatisfied people. As the result of the
sensitivity analysis of the effects of physical parameters on the measurable results of PMV and PPD
(pre-test activity) the authors knew that the biggest influence on thermal sensation would be the actual
temperature, then the temperature of radiation and the humidity followed by the air flow associated
with the installation and the number of air exchanges. The second group of parameters affecting
the assessment of thermal comfort is the so-called “human factors” group and this group includes
parameters related to the panellists, such as: population size; population quality; ethnicity; age; gender;
weight; height; body surface area; body mass index; activities; clothing; adaptability to temperature
changes; daily and monthly cycle; metabolism; and current nutrition. Authors made the justified
assumptions and simplifications for these factors in the provided research and present details of these
assumptions in the Method section of this paper. For the authors, academics, the main target group for
panel research is students. Students spend more than 40% of their time in classrooms, and climate
comfort has a particular impact on the effects of their work and learning – and even on their health.
It is also a very open and flexible group, and willing in practice to take part in thermal tests. However,
it is also a group which, as shown by [46], may have a specific greater adaptability, achieving subjective
comfort earlier than the average adult group. Some authors explicitly indicate that adolescents may
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feel thermal comfort in a greater range of temperatures than adults [47], which may have a significant
impact on the PMV determination. According to Fanger, the sensation of thermal comfort for older
people and students should not show statistically representative significant differences. The research
presented in our paper was conducted on a group of 50 students similar to Fanger’s panellists and
the results refer to the whole group without distinction by gender. Numerous authors, including
Fanger himself, have shown that the difference between the results obtained by women and men is not
statistically significant (confidence level of 5%). Our opinion is rather similar; currently, it is recognized
that the differences in thermal sensation between a woman and a man don’t depend on gender itself
but on the anthropometric parameters like body mass index (BMI), speed of metabolism, the length of
hair and the way of dressing it, the thermal resistance of clothing used and muscle mass.

Another research aspect discussed in the paper is that almost all energy-efficient buildings operate
at lower heating temperatures. In our opinion, these temperatures might not usually provide high
classes of thermal comfort in accordance with [48]. The authors believe that it is important to validate
whether the proposed or designed room temperatures provide comfort to users who have to perform
certain activities in the rooms, taking into account the various systems’ inertia, temperature changes,
thermal inertia of partitions, thermal radiation and temperature gradients. The hypothesis is that the
use of simple thermal comfort measurements may not fully reflect the actual thermal sensation of
the users. Achieving a high level of energy efficiency while providing adequate climate comfort for
each type of building is becoming a challenge for the future in which scientists and the authors have
already started work. In this context, the definition of the limits of sensory comfort takes on a new
meaning. The research currently underway in the experimental office enables PMV tests to be carried
out over a shorter period of time on a much larger number of participants, while at the same time
observing the impact of the way this comfort is achieved, depending on the extensive set of parameters
of the HVACR system. Lowering the temperature of the heating medium, for example, may affect
the feeling of climate comfort, especially in rooms with underfloor heating. The experimental office
rooms used for such tests were prepared in the energy efficient building of the Małopolska Laboratory
of Energy Saving (MLBE) of the Cracow University of Technology. This building was designed and
erected as an experimental laboratory building, where both educational classes and advanced climate
comfort tests were conducted (see detailed description of room tested in the methodology section). The
research conducted made it possible to apply several methods of space heating at the same time, e.g.,
underfloor and air heating, which in turn enabled quick regulation of climate comfort parameters over
a range of temperature and humidity, as well as CO2 and TVOC concentration (a separate material and
article). The study in MLBE also allowed a significant number of people (up to 30) to be examined,
assessing comfort in a “right-here-right-now” questionnaire, within a designated period of time.
They were tested regardless of the prevailing outdoor temperatures, as opposed to studies conducted
throughout the year [48], where the influence of the outdoor temperature on the examined people
may prove to be important. One of them turns out to be the differences (e.g., vertical gradient) of floor
temperature (usually changing its temperature relatively slowly), in relation to the temperature of the
air (supplied), which may cause the additional discomfort noted and described in the literature, e.g., in
the standard [21]. The tests in the MLBE laboratory gave the authors the possibility of preparing a
spectrum of climatic conditions, and the data to compare with the standardized thermal model and the
assessment methodology.

During the thermal sensory output assessment, the authors also discovered that the way of asking
a question about actual sensory thermal comfort in the office may affect the final results. The conducted
research shows that the question about actual thermal comfort for office work and general thermal
comfort gives slightly different results. The results coincide with Fanger’s results and constitute a basis
for discussing the issue of thermal comfort in almost zero energy buildings.
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2. Materials and Methods

2.1. Goals of the Experiment

The main goal of the experiment was to compare the thermal comfort measurement method
based on the Fanger/ISO 7730 model with the sensory comfort results obtained by the panellists in the
experimental model office. Other aims of the study are:

- conducting an experiment to determine the lowest operating temperature giving thermal comfort
(PMV = 0 and −0.5) in the experimental space of the MLBE building by way of physical
measurements and sensory questionnaire surveys of a statistically representative panellist group
(the size of the test group is 50),

- comparing the results of sensory tests obtained by means of three types of questionnaire questions
with environmental measurement results and resulting from the Fanger-ISO 7730 comfort
thermal model,

- determining the impact of three question types on the results (seven-scale question, 0–100% scale
question, yes/no question),

- comparison and discussion of results obtained by measuring method and results of surveys (PPD
= f(PMV),

- comparing the raw results of surveys (PPD) obtained by other researchers with the authors’ own
survey results,

- proposing an equation for the experimental thermal comfort curve for given boundary conditions
on the basis of the obtained results—a “limited scale” validation of the existing thermal
comfort model

A graph showing the assumptions and steps of the experiments is presented in Figure 1.
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One of the intentions of the experiments was to establish a comparative scale for previously
conducted studies (American and Danish) in the context of the practical use of the Fanger equation
(and ISO 7730) for nZEB buildings and for the provided boundary conditions. The results obtained by
the authors are of an illustrative nature for a specific nZEB building case study —not generalizing
the issue of thermal comfort for other building user populations. The authors’ intention was not
to validate the thermal comfort model for different populations that Fanger did and was not to
create a compendium of knowledge about the whole issue of thermal comfort assessment taking into
consideration all challenges related to specific human reaction aspects (grouping results due to the
parameters of the people being tested). Experiments of this type are very labour-intensive, which is
why authors conducted them using the limits and simplifications provided as boundary conditions.
In the most recent studies, usually one person or a very small group was tested in the research chamber.
The intention of the authors was not to directly copy experiments. It was decided to carry out an
experiment involving number of panellists at the same time in the laboratory office. The number of
panellists corresponded to the assumed number of employees in the office, so the result obtained at
one time reflects the average thermal comfort of employees. This approach, in our opinion, may be
practical within the context of determining operational temperatures for the NZEB offices where a
thermal sensory survey can be more appropriate than widely accepted tests using “the measurement”
operating on the ISO 7730 algorithm.

2.2. Thermal Comfort Model

The model for assessing the thermal comfort of an indoor office area is based on the assessment of
the indoor environment’s physical parameters. For the case-study building equipped with heating and
cooling systems, the indicator predicted mean vote (PMV) is determined in accordance to ISO 7730 [2].
PMV is a reference parameter for thermal environmental assessment as provided in the standards
EN 15251 [21], draft of FprEN 16798-1 and [20]. PMV is a seven-point scale of thermal sensation in a
function of measured physical parameters as presented:

PMV = f (ta, tmr, va, pv, M, Icl) (1)

where ta is the air temperature [◦C], tmr is the mean radiant temperature [◦C], va is the relative air
velocity [m/s], pv is the water vapour partial pressure [Pa], M is the metabolic rate [W/m2] and Icl is the
clothing insulation [m2K/W].

The measurement methodology is based on standard methodology [49]. PMV is required to
determine the predicted percentage of dissatisfaction which is calculated by the following formula:

PPD = 100−95·exp (−0.03353·PMV4 - 0.2179·PMV2) (2)

In practice, the values of PMV and PPD are determined by measurement equipment or can be
calculated by the web-tool located at http://comfort.cbe.berkeley.edu/EN of the Center for the Built
Environment, University of California, Berkeley.

2.3. Case Study Object and Boundary Conditions

The test on PMV/PPD and the sensory thermal comfort of the NZEB building users was carried
out in the experimental building of the Małopolska Laboratory of Energy Efficient Building (MLBE)
(Figure 2a), in the lecture/office hall on the third floor. The national plan equates to a “nearly zero
energy building” with a “low-energy building” and gives its definition: “A building with low energy
consumption” should be understood as a building that meets the requirements related to energy saving
and thermal insulation included in the technical regulations-construction, referred to in Article 7 of
the Act of 7 July 1994—Construction Law, in particular, Section X and Annex 2 to the Regulation of
the Minister of Infrastructure of 12 April 2002 on the conditions technical requirements that should
be met by buildings and their location, effective from 1 January 2021, and for buildings occupied

http://comfort.cbe.berkeley.edu/EN
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by public authorities and owned by them—from 1 January 2019. MLBE building has a high level
energy supply systems for the building including: tri-generation system (simultaneous generation
of thermal and cooling energy and electric)—powered by natural gas—consists of a co-generation
unit (CHP) and an absorption refrigerating device, compressor reversible heat pump type glycol/hot
water from the ground—3 vertical probes, 99 m deep each, ground heat exchanger heating in the
winter and cooling in the summer part of the ventilation, ventilation heat recovery units with moisture
recovery with efficiency greater than 80%, photovoltaic cells placed on sunblinds, and on the roof of
the building; the links on the blinds have a system of automatic orientation towards the sun, flat and
vacuum solar collectors supporting the hot water preparation system. All energy supply systems for
the building are combined into one an adaptive and smart control system with a purpose function
related to the minimization of primary energy consumption (USAD system). Internal installations are:
supply and exhaust mechanical ventilation system taking into account the periodicity of operation
and the regulation of the fresh air stream with the use of CO2 sensors, exhaust ventilation system
operating periodically connected with automatically tilting windows that allows using the building’s
accumulation capacity for cooling (“night storage cooling” combined with building materials containing
variable-phase components), underfloor heating and air heating system depending on the thermal
zones of the building. U-values of building elements are: the external walls-ventilated 0.1 W/(m2K),
roofs and floor on the ground 0.1 W/(m2K), glass facades and doors 0.7 W/(m2K). The end use energy
is at passive house standard EK = 11.6 kWh/(m2 year). The tests were performed on 19 and 20
December 2018. Figure 2b shows the view of the places on which the respondents were asked about
thermal comfort. MLBE is located in Cracow, designed to conduct building physics research under “in
situ” conditions.
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Figure 2. Małopolska Laboratory of Energy Efficient Building—view of the building (a). The office
room in which the tests were carried out (b).

Figure 3a,b show the floor section and location of testing devices, as well as the panellists’ location
(numbers) in the two day study (M1, M2 are main measurement devices for indoor parameters, Po1-Po7
secondary, see section on measurement devices).
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Figure 3. Location (a) of the people participating in the research and the research equipment on 19
December 2018 (28 panellists), location (b) of the people participating in the research and the research
equipment on 20 December 2018 (22 panellists).

During the tests blinds on the glass facades were lowered, the respondents answered questions in
artificial light (range 450–500 lux). The test room was cooled to +17.0 ◦C as to be the initial temperature
for the first thermal comfort test. The initial conditions were maintained for 24 hours before the
beginning of the task. The humidity level (RH) was set at the range of 25–35%. The ventilation system
used the standard exchange settings of 1.2 changes per hour. The locations of the air vents are shown in
Figure 4a. After the respondents took their positions, the heating function was activated to slowly and
continuously warm up to +24 ◦C where the thermal neutral sensation (PMV = 0) was expected. The
change in temperature from very cold to neutral level was planned over 2 hours. Two full temperature
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sessions were done (first and second day). Fan coil units (air heating) located in accordance with
Figure 4b were used to heat the room.
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coil with brushless EC (Energy Efficient Variable Speed EC Motor Fan Coil Unit Solutions) motor
FCU, two-pipe.
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The measured CO2 level did not exceed 1000 ppm during the 2 days test, which authors assume
did not affect the thermal index results.

2.4. Panel Group

The survey involved: 22 students of AGH University of Science and Technology in Krakow on
19 December 2018 and 28 students of Cracow University of Technology on 20 December 2018. The
panellist group was ethnically homogenous—a white human variation, type Caucasian. Participants
declared a healthy state before. All necessary anthropometric data characterizing the panel group is
provided in Table 1. Table 1 also compares the panel group with the group used in Fanger’s research
(including standard deviations).

Table 1. Anthropometric data of the tested panel groups (Authors’ data and Fanger’s data) with
expanded uncertainty at the confidence level of 1—α = 0.95.

Group Gender Group
Size

Age
[Years]

Height
[cm]

Body Weight
[kg]

Skin Surface
“DuBois” [m2]

Body Mass
Index Clo [m2 K/W]

Academic
youth-

Author’s test

Man 12 23 ± 2.4 175 ± 8.0 74 ± 13.0 1.8 ± 0.25 24.2 ± 3.0 0.7 ± 0.05
Woman 38 22 ± 2.0 162 ± 6.0 58 ± 15.0 1.6 ± 0.22 22.1 ± 2.4 0.7 ± 0.05
Mean 50 22 ± 2.2 165 ± 16.0 62 ± 18.4 1.6 ± 0.23 21.2 ± 2.4 0.7 ± 0.05

Academic
youth-

Fanger’s test

Man 64 24 ± 4.6 180 ± 12.0 71 ± 13.0 1.9 ± 0.24 22.2 ± 3.0 0.6 ± 0.05
Woman 64 23 ± 2.4 168 ± 7.0 57 ± 14.8 1.6 ± 0.24 20.2 ± 2.2 0.6 ± 0.05
Mean 128 23 ± 4.4 174 ± 16.0 64 ± 21.0 1.8 ± 0.34 21.2 ± 2.6 0.6 ± 0.05

The group of panellists admitted for research meets the parameters given for the group accepted
for research by Fanger so the authors’ focus is on a parametrically comparable group. According to
Fanger’s research, it was assumed that the sensation of thermal comfort for older people and academic
youth panellists should not show statistically representative significant differences, so the authors
decided not to assess any other age group under this research. The group of panellists reflects the
potential employees of the academic nZEB office building, where young people are the dominant
faction. The average age of panellists was twenty-two, and this value is only 2.5% lower than for
Fanger’s panellists. The average height was 5% lower, and the body mass index (BMI) was higher by
6%. BMI was developed almost 200 years ago by Adolf Quetelet and is currently used by research
centres dealing with health, including thermal comfort. All panellists surveyed had an average BMI of
24.16 at the limit of normal body weight, i.e., 18.5 < BMI < 24.9, similar to that of Fanger where his
panellists’ index was 22.16. This value is 7% higher. The value of BMI for the group may slightly affect
the result. It is common knowledge that people with a higher fat content in body weight may be more
tolerant of lower temperatures. The authors do not take into consideration that the slightly higher BMI
index from Fanger’s panellists could affect the obtained results, because the BMI difference from Fanger
is statistically low. The authors have the prodigiousness of other various human factors that may
affect the result of thermal comfort test results, including: psycho-physical condition, physiological
circadian (day rhythm), ethnicity and nutrition before tests. Fanger stated that the difference between
the results obtained by women and men is not statistically significant (confidence level of 5%). Taking
this simplification into account, the authors did not focus on the differences in results obtained by men
and women, instead analysing the results averaged for the studied group as a whole. The authors
acquired the results with a gender distinction so they may be used as part of another publication. The
value of clothes’ thermal resistance (clo) between women and men was also averaged and calculated
despite the fact that some women have long hair and wear extra underwear (e.g., bra). Panellists
were wearing long trousers, short-sleeved shirts and shoes, which corresponds to the insulation of
Iclo clothes at 0.7 [clo] (calculated by the authors) and performed a physical activity at the level of 1.1
[met] (semi-active sitting/working in a sitting position; typing, reading, task solving (cooperation),
conversation). The menstrual cycle (as this is a question not recommended ethically for technical
assessment studies) was not taken into account in the studies. Currently, it is assumed in the known
studies of thermal comfort that the influence of menstruation is statistically insignificant.
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The group didn’t consume meals up to two hours before the study or during the study. During
the test, students were allowed to drink water to supplement the possible needs related to the secretion
of sweat.

Physiological circadian rhythm was not included in the research. Research was carried out during
the daytime around the time between breakfast and lunch. In our opinion, this factor did not affect the
results by disturbing the general results and conclusions.

During the test, there were no effects of sudden change in temperature and other parameters. Both
groups remained air-conditioned for 30 minutes in neutral conditions before the tests (at PMV = −0,2;
ta = 23.5 ◦C, RH = 35%).

2.5. Thermal Sensory Tests—Votes

The respondents evaluated their sensory thermal comfort in writing (three types of questions).
The students taking part in the survey answered questionnaire questions at intervals of 5 or 10 minutes
when new thermal conditions were established (17 ◦C –25 ◦C). The temperature increased on average
by 0.3 degrees in the interval of 5 minutes. Experiment schedule was two hours of testing with change
of temperature and summary 3 hours considering the neutral thermal buffer before main stage of
testing. In total, temperature increased by 7 degrees in about two hours.

The surveys were divided into three types of questions as presented;

The first of them is: Determine the feeling of thermal sensation on a 7-degree scale, where the value −3
was marked as very cold, −2 as cold., −1 as quite cold, 0—neutral (comfortable), +1 quite warm, +2
warm, +3 hot (Fanger approach-based).
The second of them is: Determine using a two-degree scale whether the prevailing conditions are
comfortable for work (yes/no).
The third of them is: Determine in what percentage the conditions are suitable for work (from 0%
[absolutely not suitable] to 100% [the conditions are comfortable/neutral]).

2.6. The Measuring Equipment

Non-dependent on surveys, the following equipment was used for independent testing of indoor
air parameters. Thermal comfort meters, marked in Figure 2a,b as M1 and M2. The meters were
located at the front and the end of the test area. Figure 5 shows the sensors in the device for measuring
thermal comfort (M1, M2). The measured parameters were:

- ta—actual air temperature measurement,
- tg—temperature of blackened sphere (heat radiation meter), 15 cm in diameter,
- tnw—natural wet-bulb temperature measurement,
- RH—measurement of relative air humidity,
- va—measurement of air flow speed.
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measurements (M1).

Measurements of the physical parameters necessary to determine PMV and PPD were carried out
at three heights: 5 cm, 100 cm and 160 cm above floor level in parallel, but only measurements at the
panellists’ chest level (100 cm) of sitting participants were taken for further analysis. Measurement
at three heights allows a possible negative gradient of vertical temperature to be determined, which
would disturb the sensory responses of the panellists. The frequency of data collection was every
10 min. The technical data and sensor resolution are presented in Table 2.

Table 2. Sensors’ technical data.

Type of Sensor Measurement Range Scale Producer Accuracy

Temperature sensors –20 ◦C –50 ◦C 0.01 ◦C 0.5 ◦C

Humidity sensors 0–100% 0.1% RH 1%

Air speed 0.01–10 m/s 0.01 m/s 2%

Radiant temp. measurement 0–50 ◦C 0.01 ◦C 2%

In addition (for additional verification purposes), temperature and humidity sensors were also
placed on each panellist’s measurement table (6 places) in order to verify if the temperatures are
within the standard deviation (uncertainty) of the basic/main devices (M1 and M2) used for the tests.
An example of this device is shown in Figure 6. and the location of Po2–Po7 devices is presented in
Figure 3a,b. The accuracy of these measurements was:

- CO2 measurement range 0–5000 ppm CO2 accuracy 50 ppm +3% of the measured value
- Measurement RH [%] range 0–100 %RH accuracy 3% (30–70%RH) /5%(70–90%RH)
- Measurement t [◦C] range −5–55 ◦C accuracy 0.3 ◦C (−5–20 ◦C)/0.4 oC (20–55 ◦C)
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The other assumptions for assessment methodology for determining thermal comfort were based
on EN ISO 7730 [2].

On the basis of the measurements obtained, thermal comfort parameters were calculated
in accordance with ISO 7730 and Fanger’s thermal model. The designated parameters were:
PMV—average thermal comfort rating [-] and PPD—percentage of dissatisfied people [%].

On the basis of the thermal sensation answers (vote), the thermal comfort parameters were
calculated. The designated parameters were: PMV—average thermal comfort rating [-] and
PPD—percentage of dissatisfied people [%].

2.7. Measurement Uncertainty

The “overall systematic uncertainty” (or combined) is calculated by adding (in quadrature) all the
calculated measurement uncertainties (A-class) and other like panel test uncertainty (B-class). The
uncertainty approach is based on the international reference document JCGM 100:2008 Evaluation of
measurement data—Guide to the expression of uncertainty in measurement published by BIPM, Sevres
2010. The overall uncertainty is the experimenter’s best estimate of how far an experimental thermal
result might be from the “true value”. The realistic uncertainty were calculated according to EN-ISO
7730 with the PMV measurement uncertainty taking into account the uncertainty designated by Alfano
A, Palella BI., Riccio in a paper titled The role of measurement accuracy on the thermal environment
assessment by means of PMV index presented in Building and Environment no46:1361-1369., providing
the measurement uncertainty of the parameters: ta, tmr and va, pa. The estimate does not include the
effect of two hard-to-measure PMV parameters known as the thermal resistance of clothing Icl in units
clo, and the level of metabolic activity of humans Met. The combined standard uncertainty is taking into
account the readings from PMV tables compiled according to ISO 7730, with readability U = 0.1 PMV
and the standard deviation of the PPD(PMV) model. Author’s estimation was confirmed using the
uncertainty budget of PMV calculated for a similar example by Ekici Can in Measurement Uncertainty
Budget of the PMV Thermal Comfort Equation. As a part of the test, the uncertainty of measurement
for all measuring elements was determined. On this basis, the uncertainty of the determination of the
measured PMV coefficient was determined and then the PPD coefficient was adjusted as presented in
Table 3. PPD_POM is the dissatisfaction percentage resulting from the measurement of physical values
based on the Fanger model and the ISO 7730 standard. The uncertainty of measuring the temperature
in the indoor environments is recommended by a measurement producer as 0.5 ◦C and is consistent
with the literature.
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Table 3. Realistic measurement uncertainty of PPD_POM assessment (±SDreal(PPD)) taking into
consideration the provisions of ISO 7726.

Parameter Standard Deviation% Range

Air temperature ta
◦C 0.5 ◦C⇒ 0.08 PMV

⇒ 0.6% PPD −20 ◦C–50 ◦C

Radiant temperature tmr
◦C 2 ◦C⇒ 0.28 PMV

⇒ 3% PPD 0–50 ◦C

Relative humidity RH % 5% RH⇒ 0.07 PMV
⇒ 0.5% PPD 0–90%

Relative air velocity va m/s |0.01 + 0.01va|m/s⇒ 0.03 PMV
⇒0.2%PPD 0.01–10 m/s

PPD- table error 0.1 PMV
⇒ 0.73% PPD

SDreal(PPD) = (0.36+9+0.25+0.04+ 0.54)0.5 = 3.2%

The realistic measurement uncertainty of PPD determination using the measurement method was
assessed as SDreal(PPD) = 3.2% (Table 3).

The uncertainty of thermal sensory vote was determined for each PMV calculated for each of the
temperature conditions, i.e., measurements. Thermal Sensation Index calculated as a weighted average
response of sensory results from a seven-point scale is PMV_ANK. Standard deviations for PMV_ANK
ranged from 0.5 to 0.8 PMV. The calculated standard deviation of panel ‘votes’ was calculated as 11.9%.
In comparison, ‘vote’ standard deviation SDvotePPD values for corresponding tests known from the
literature [32,50,51] are 4–20%. The specified extended uncertainty of PPD assessment for the provided
survey is 24.6%. Table 4 schows overall uncertainty Uoverall of PPD based on realistic measurement
uncertainties SDrealPPD and vote standard deviation (k = 2, a level of confidence 95 %).

Table 4. Overall uncertainty Uoverall of PPD based on realistic measurement uncertainties SDrealPPD

and vote standard deviation (k = 2, a level of confidence 95 %).

Parameters SDrealPPD% SDvotePPD% Uoverall%

PPD(PMV) 3.2 11.9 2·(10.24 + 141.6)0.5=24.6

2.8. Other Assumptions and Boundary Conditions

Special boundary conditions regarding temperature measurements are required to test the field of
temperature in a case study room. The purpose of using several temperature sensors was to check
what the temperature distribution was in the room heated by floor and Split AC unit in heating mode.
Measurements of temperature at points M1 (front of panellists) and M2 (rear of panellists) at a height
of 1 metre showed similar values within the range of standard deviation, i.e., not more than 0.5 ◦C for
the entire measurement series. Therefore, it was assumed that the analysis will take readings from the
meters located to the front of the panellists, i.e., M1. Additional measurements on stations at a height
of 1 metre also did not show significant anomalies in the horizontal temperature distribution at 1 m
height. Simultaneously, the authors assume the existence of homogeneous thermal conditions at a
height of 1 m in the area occupied by the panellists.

While conducting the experiment, the authors kept in mind the level of energy of users related to
metabolism, i.e., the demand for food (so authors decided on 2 hours). A longer experiment could
cause disturbances in the concentration of young people, and they were supposed to maintain activity
at the same level for 2 hours (office work at sitting position).

The authors are aware that an additional factor of uncertainty which may affect the results of the
users’ thermal comfort is the use of an upper (just below the ceiling) fan-coil heating system, as this
causes additional air recirculation. Some authors claim that the mere fact of using such a means of heat
distribution may disrupt climate comfort. The authors did not consider this fact as an additional factor
in the boundary conditions for the experiment.
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The reason we tested from cold to neutral was our focus on looking for the lowest operative
temperature at which neutral comfort (PMV = 0) will appear (not the lowest one from the warm side at
which comfort will disappear). This approach was in our understanding natural for our climatic zone.
In most cases when people enter the office, the room warms up to the reference temperature and does
not cool down from being too warm.

3. Results

As part of the experiment, the thermal physical parameters of the laboratory office room were
measured to determine PMV (later measured PMV is named PMV_POM). For each measurement
of PMV_POM, the thermal satisfaction/dissatisfaction of the panellists (PPD) was determined
simultaneously by means of three surveys;

- PPD_ANK, a seven-point thermal sensation scale (−3 to 3),
- PPD_WAR, a two-point thermal sensation scale (yes/no), a conditional question on whether you

are satisfied with the thermal conditions,
- PPD_ZAD_ANK, percentage scale (0–100%), a conditional question on what is the percentage of

your satisfaction with the thermal conditions.

The results of key measured parameters and the results of surveys are presented in Table 5.

Table 5. Thermal assessment of office space based on three questionnaires (−3 to 3 scale as PPD_ANK,
yes/no scale as PPD_WAR, 0–100% scale as PPD_ZAD_ANK).

ta tmr RH va met clo PMV_POM PPD_POM PPD_ZAD_ANK PPD-WAR PPD_ANK

[◦C] [◦C] [%] [m/s] [met] [clo] [-] [%] [%] [%] [%]

17.2 16.8 30.8 0.01 1.2 0.7 −1.8 65 57 55 55

17.4 16.6 32.1 0.02 1.2 0.7 −1.7 64 55 64 55

18.0 17.2 32,3 0.02 1.2 0.7 −1.6 56 44 27 43

19.5 17.9 33.7 0.08 1.2 0.7 −1.3 40 26 23 18

20.4 19.1 33.7 0.01 1.2 0.7 −1.0 27 25 18 14

21.4 19.6 31.2 0.01 1.2 0.7 −0.8 19 23 14 5

22.2 20.2 32.1 0.01 1.2 0.7 −0.6 13 21 9 5

22.7 20.4 31.6 0.01 1.2 0.7 −0.5 11 19 5 0.0

23.2 21.1 31.5 0.01 1.2 0.7 −0.4 8 18 9 0.0

23.7 20.9 31.3 0.02 1.2 0.7 −0.3 7 17 9 0.0

24.1 21.2 30.9 0.02 1.2 0.7 −0.2 6 19 13 0.0

24.6 21.7 31.1 0.01 1.2 0.7 −0.1 5 23 16 4

The percentage distribution of thermal sensation answers for each thermal condition is presented
in Table 6. The obtained results were used for further analysis of thermal comfort (Figures 1–5).
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Table 6. Results of the thermal sensation answers of panellists for exemplary thermal conditions.

TA PMV_POM Thermal Sensation Answers-Sensory Result [%] PPD_ANK

[◦C] [-] −3 −2 −1 0 1 2 3 [%]

17.2 −1.8 9.1 45.5 45.5 0 0 0 0 55

17.4 −1.7 18.2 36.4 45.5 0 0 0 0 55

17.9 −1.6 4.5 38.2 43.6 13.6 0 0 0 43

19.5 −1.3 4.5 13.6 22.7 59.1 0 0 0 18

20.4 −1.0 4.5 9.1 22.7 63.6 0 0 0 14

21.4 −0.8 0 4.5 31.8 63.6 0 0 0 5

22.2 −0.6 0 4.5 40.9 50 4.5 0 0 5

22.7 −0.5 0 0 31.8 63.6 4.5 0 0 0

23.2 −0.4 0 0 31.8 59.1 9.1 0 0 0

23.7 −0.3 0 0 31.8 54.5 13.6 0 0 0

24.1 −0.3 0 0 31.8 36.4 31.8 0 0 0

24.6 −0.1 0 0 22.7 31.8 40.9 4.5 0 5

Figure 7 shows the distribution of dissatisfaction (PPD) resulting from the measurement of
physical air parameters based on the Fanger model and the ISO 7730 standard (PPD_POM) as well
as dissatisfaction resulting from the surveys (PPD_ANK) for PMV_POM. Similar to Fanger’s study,
the number of dissatisfied was counted, including those who answered −3 or −2 as unsatisfied in the
survey. This condition was also used by Fanger in 1973 [1].
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Figure 7. Distribution of dissatisfaction on the basis of measurements ISO 7730) and panellists’
responses on a seven-point scale (where PPD_POM is dissatisfaction percentage resulting from the
measurement of physical values based on the Fanger model and the ISO 7730 standard and PPD_ANK
is dissatisfaction percentage resulting from experimental thermal sensory surveys for a seven-point
scale, the number of dissatisfied was counted, including those who answered −3 or −2 as dissatisfied
in the survey).

Figure 8 shows the distribution of dissatisfaction (PPD) resulting from the measurement of physical
values based on the Fanger model and the ISO 7730 standard (PPD_POM) as well as dissatisfaction
based on “yes/no” surveys.
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Figure 8. Distribution of dissatisfaction resulting from thermal measurements and resulting from
experimental surveys as a yes/no question on actual thermal comfort (where PPD_POM is dissatisfaction
percentage resulting from the measurement of physical values based on the Fanger model and the ISO
7730 standard and PPD_WAR- dissatisfied percentage resulting from the surveys with a question “Are
you satisfied with thermal comfort yes/no”).

Figure 9 shows the distribution of dissatisfaction resulting from the measurement of thermal
physical values as well as dissatisfaction resulting from the surveys carried out—“what is the percentage
of your satisfaction with the thermal conditions, scale 0−100%”, (PPD_ZAD_ANK).
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Figure 9. Distribution of dissatisfaction resulting from thermal measurements and resulting from
experimental surveys (what is the percentage of your satisfaction with the thermal conditions, scale
0–100%). (where PPD_POM is dissatisfaction percentage resulting from the measurement of physical
values based on the Fanger model and the ISO 7730 standard and PPD_ZAD_ANK dissatisfaction PPD
resulting from experiment surveys (How would you rate the level of your thermal comfort on a scale of
0–100%).

The PMV was also calculated (additionally to measured PMV) from the survey results as the
weighted average response of panellists on a seven-degree scale (later as PMV_ANK). Figure 10
presents the distribution of dissatisfied measurements and questionnaires for the PMV_ANK based on
the questionnaires, similar to the calculation PMV in the previous figures. Thermal comfort is achieved
slightly earlier than in the result of the theoretical Fanger model.
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Figure 10. Distribution of dissatisfaction resulting from three experimental surveys for PMV_ANK
resulting/calculated from a seven-point survey results scale. (where PMV_ANK is Thermal Sensation
Index calculated as a weighted average response of sensory sensations from a seven-point scale,
PPD_ANK is dissatisfaction percentage resulting from experimental thermal sensory surveys for a
seven-point scale, the number of dissatisfied was counted, including those who answered −3 or −2
as dissatisfied in the survey, PPD_WAR- dissatisfied percentage resulting from the surveys with a
question “Are you satisfied with thermal comfort yes/no”).

4. Discussion

4.1. Comparison of Results with the Fanger Model

A comparison of the thermal comfort measurement results based on physical parameters in
accordance with ISO 7730 [2] to the results obtained by the survey method using a seven-degree
comfort scale indicates that: thermal comfort for our respondents has been achieved slightly better (on
the colder side) than as presented by the ISO 7730 model. This is an important observation due to the
potential space needed to reduce the energy demand for the comfort of the office rooms. For PMV =

−0.5 to 0, i.e., in the area of thermal comfort, satisfaction results ranged from 0% to 20% satisfied. The
indication of “slightly better adaptation” of the surveyed panellists to the measurement conditions
of PMV may be due to their natural adaptive ability resulting from living in a “cooler climate” or
actual winter time. The authors of the publication noted [52] a similar phenomenon, but in relation
to secondary school students in a warm and tropical climate, observing that they were “better than
would result from calculations”.

As part of the PMV experiment, a seven-level questionnaire was also calculated as the mean
of the number of satisfied for a given scale response. This is PMV_POM, which was taken from
measurements and also PMV_ANK from questionnaires. It was shown that these results are similar
and the trend line of the comfort model is preserved.

Bearing in mind the wide acceptability of the Fanger model, the results obtained from the
conducted surveys were compared with the results of the Fanger and Nevins questionnaires [1,44].
Fanger’s theoretical model was created over 50 years ago in a study of 64 students for 13 temperatures
(18.9–32.2) and 50% humidity, assuming clo = 0.6, met = 1 and ta = tmr). The results of the comparison
of our raw results with the Fanger results are presented in Figure 11. Where F_PPD_ANK is the
predicted percentage of dissatisfied – raw results taken from Fanger experiment and PPD_ANK_EXP
is the predicted percentage of dissatisfied as a new model based on experimental results.



Sustainability 2019, 11, 2461 19 of 25

Sustainability 2019, 11, x FOR PEER REVIEW 18 of 24 

4. Discussion 

4.1. Comparison of Results with the Fanger Model 

A comparison of the thermal comfort measurement results based on physical parameters in 
accordance with ISO 7730 [2] to the results obtained by the survey method using a seven-degree 
comfort scale indicates that: thermal comfort for our respondents has been achieved slightly better 
(on the colder side) than as presented by the ISO 7730 model. This is an important observation due 
to the potential space needed to reduce the energy demand for the comfort of the office rooms. For 
PMV = −0.5 to 0, i.e. in the area of thermal comfort, satisfaction results ranged from 0% to 20% 
satisfied. The indication of “slightly better adaptation” of the surveyed panellists to the measurement 
conditions of PMV may be due to their natural adaptive ability resulting from living in a “cooler 
climate” or actual winter time. The authors of the publication noted [52] a similar phenomenon, but 
in relation to secondary school students in a warm and tropical climate, observing that they were 
“better than would result from calculations”. 

As part of the PMV experiment, a seven-level questionnaire was also calculated as the mean of 
the number of satisfied for a given scale response. This is PMV_POM, which was taken from 
measurements and also PMV_ANK from questionnaires. It was shown that these results are similar 
and the trend line of the comfort model is preserved. 

Bearing in mind the wide acceptability of the Fanger model, the results obtained from the 
conducted surveys were compared with the results of the Fanger and Nevins questionnaires [1,44]. 
Fanger’s theoretical model was created over 50 years ago in a study of 64 students for 13 temperatures 
(18.9–32.2) and 50% humidity, assuming clo = 0.6, met = 1 and ta = tmr). The results of the comparison 
of our raw results with the Fanger results are presented in Figure 11. Where F_PPD_ANK is the 
predicted percentage of dissatisfied – raw results taken from Fanger experiment and PPD_ANK_EXP 
is the predicted percentage of dissatisfied as a new model based on experimental results. 

  
Figure 11. Comparison of the results of surveys reported by Fanger and the results of the surveys. 

After analysing the distribution of thermal sensation results obtained from the surveys, Fanger 
proposed his famous curve presented in Figure 11 (F_PPD_ANK&PPD_ISO). The results presented 
in our paper obtained from this study’s questionnaires are correlated with the Fanger comfort curve 
with one difference. In the vicinity of thermal comfort, i.e. PMV = 0, as a part of the experiment, there 
were a larger number of satisfied panellists, i.e. people filling the seven-level questionnaire as −1, 0 
or 1. In the context of the obtained results, an experimental curve is proposed. Curve weights were 

0

10

20

30

40

50

60

70

80

90

100

-3 -2 -1 0 1 2 3

PP
D 

[%
]

PMV_ANK

PPD_ANK F_PPD_ANK PPD_ISO PPD_ANK_EXP

Figure 11. Comparison of the results of surveys reported by Fanger and the results of the surveys.

After analysing the distribution of thermal sensation results obtained from the surveys, Fanger
proposed his famous curve presented in Figure 11 (F_PPD_ANK&PPD_ISO). The results presented
in our paper obtained from this study’s questionnaires are correlated with the Fanger comfort curve
with one difference. In the vicinity of thermal comfort, i.e., PMV = 0, as a part of the experiment, there
were a larger number of satisfied panellists, i.e., people filling the seven-level questionnaire as −1, 0
or 1. In the context of the obtained results, an experimental curve is proposed. Curve weights were
also slightly corrected by the least-squares method and regression gave the experimental dependence
expressed by the formula (PPD_ANK_EXP in Figure 11):

PPD = 100 − 99.9·exp (−0.0355·PMV4
− 0.242·PMV2) [%] (3)

As provided, the obtained function does not deviate from Fanger’s chart by more than 5% for −1<

PMV < 0. Differences that appear in relation to the Fanger model appear for the results of surveys and
sensory tests. In our opinion, the differences (though insignificant) result from a few reasons. The first
one is that the Fanger curve is the result of statistical processing and simplification. The significant
weakness was the counting of sensory results “−1 PMV to 1” as satisfied. Fanger in the vicinity of PMV
= zero due to the research of single panellists had a larger spread of results (this was roughly 2.5 PMV,
the width of the entire distribution of results). In our case, due to the compact group, this dispersion
was less than 2 PMV. This means that using Fanger’s counting method for PMV = −1 to 0 authors
got 100% result counted as satisfied. One would have to admit that the whole group was satisfied;
with Fanger, several people fell out, which gave him 95% satisfied for PMV = 0. Another issue is that
Fanger did not attempt to show a statistical analysis of his results, but this is partly understandable
because the test group was relatively small. Fanger also did not specify the uncertainty of his results,
which was probably at a level comparable to ours, i.e., 15–25%. Research proves that “the truth” is
somewhere near the Fanger equation—with some probability (uncertainty).

If, for the assumed boundary conditions and the parameters tested, significant compliance with
the universal Fanger equation was proven, then this should not be automatically expected for other
parameters; with another population or other gender distribution or other mass/BMI of panellists, this
compliance will not be observed. This requires additional research.
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4.2. Obtained Results in the Context of NZEB Buildings

In the context of seeking an optimal and cost-justified operating temperature ensuring thermal
comfort in the office area, the measurement results indicate that at 30% RH humidity, PMV = −0.5
and PPD = 10% thermal comfort was obtained for approx. 22.8 ◦C and full comfort PMV = 0
at 24.7 ◦C. In accordance with the thermal standard of ASHRAE 55-2017 [3], this is the minimal
operative temperature allowing for users’ comfort (red dot in Figure 12). These temperatures are rather
economically unjustified for any nearly zero-energy buildings and in almost every known case study
the BMS system works on lower temperatures.
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sensory answers of users (blue-dot).

It is promising, therefore, that actual thermal comfort as proven on sensory tests can be satisfied
by users at slightly lower temperatures, i.e., only 10% dissatisfied at 20.5 ◦C degrees and, for example,
5% at 21.3 ◦C degrees (blue dot in the Figure 12). These temperatures don’t comply with ASHRAE
55 and EN 15251. In this context, one would consider whether it wouldn’t be justified to carry
out similar verifications to the office facilities in the context of building energy saving management
plan development. Perhaps higher operative temperatures should be used for design purposes in
accordance with the standards and then verified for the actual thermal comfort of users in order to
obtain maximum energy savings. Table 7 shows the thermal comfort classes for offices based on the
recommended ISO 7730 values and shows the operative temperatures at which this class was achieved
in the MLBE case-study case for the ISO 7730 measurements (ta_pom) and resulting from the seven-level
questionnaire (ta_ank). ta_ANK is taken from the real measured air temperature (◦C) and it relates to the
thermal comfort class. Index ANK relates to the temperature at which thermal comfort is achieved by
panel group based on the results of votes on a 7-point scale. From the table of test panel results, authors
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read the first measurement temperature ta for which PPD is at minimum 6% (A class) or minimum
15% (C class building).

Table 7. Room categories depending on the PMV indicator (cold side of sensation, PMV < 0).

Room Category Coefficients:
PMV [-] PPD [%] ta_pom ta_ank

Best (A) −0.2 < PMV <6 24.2 ◦C 22.2 ◦C

Min. (C) −0.7 < PMV <15 21.6 ◦C 20.4 ◦C

In MLBE building there are large possibilities to control environmental conditions. The experiment
showed that the building is able to bring the building to a state of comfort felt by people in a short
time without disturbing the temperature gradients (air+floor heating). It seems that rooms with wider
environmental condition control, such as our laboratory office (NZEB), may be more comfortable then
offices with lower controllability. Our results showed a higher level of satisfaction in cooler PMV levels.
There are a few other studies on students showing that students in rooms with full air conditioning
(HVAC) showed a faster feeling of climate comfort than in the case of gravity ventilation (NV). This
may also lead to the conclusion that the BMS system is not so much a desirable as it is a necessary
requirement of low energy lecture halls/offices.

4.3. Results in the Context of the Impact of the Question Type on PMV

An interesting result of the conducted experiment is the clear influence of the type of questionnaire
question about thermal comfort on the results. As part of the experiment, three questions were asked
by the interviewers. One of them concerned the determination of thermal comfort on a seven-degree
scale; the second was a two-degree one using a yes/no answer as to whether there was thermal comfort;
while the third was an assessment using the question of whether these conditions are good enough
(thermal comfort wise) to perform office work (on a scale of 0–100%). The most similar results to those
obtained by other researchers, [53], of course, came from the seven-degree scale (PPD_ANK). The
“yes/no survey” gave the shape of a somewhat mangled comfort curve. In our opinion, this is due to
the fact that the panellists were better able (quicker) to say that it was already warm enough as such.
Both surveys, however, gave shapes similar to the PPD_ISO / PPD_POM model curve slightly shifted
to the left (lower temperatures). The survey on thermal comfort using a scale of user satisfaction from 1
to 100%, gave different results from the previous two. A higher number of dissatisfied users was found
in the area of thermal comfort as were in Fanger’s [1]. There are even 20–25% dissatisfied around
PMV = 0. In our opinion this should be explained by the fact that the respondents had the chance to
claim that they were satisfied in only 80% or 90% of the comfort conditions, leaving a psychological
buffer for the expected “better” conditions with the next experiment temperature set, which usually
doesn’t give 100%. The influence of the scale affects the quantification of results. For example, in
the case of the measured PMV = −1.25 we can obtained the following survey/panel test results: on a
“2-point scale yes/no” (YES, i.e., PMV from −1 to 1), on a scale of 100% (50%, i.e., so PMV = −1.5), on
a 7-degree scale (PMV = −2, or −1). The problem concerns a subjective capture to a certain scale of
thermal sensation. Another example is the area of the measured PMV = 0: on the scale yes/no (NO,
so PMV from −2 to −3), on a scale of 100% (80%, i.e., so PMV = −1), on a 7-degree scale (PMV = 0).
Authors take the position that it is best to use a 7-point scale (in practice it is a 5-point scale) partly just
because other researchers follow the same way (so all can compare each other). We do not recommend
using a two-step scale or, in particular, a 100% scale.

4.4. Other

The authors believe that the influence of panellist age on the results requires comment. This
question was also raised in other scientists’ research [47,54]: whether Fanger’s model is an equally
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suitable model for adults as regards adolescents or youngsters. Current comfort standards, such as ISO
7730, and ASHRAE’s Standard 55 determine indoor design values for operative temperatures indoors
based on the heat-balance and adaptive thermal comfort models. There is no assurance that results
obtained from field studies in offices or universities, or experiments conducted in climate chambers,
will accurately reflect the thermal sensations and preferences of office users (in our case students).
Furthermore, researchers [55] revealed that young people’s thermal preferences were cooler than those
predicted by the adaptive standard in EN 15251 [14,56,57]. However, this indicates a certain need to
take age into account in the evaluation of room comfort keeping in mind the intended use of the rooms
(further research).

All results of thermal comfort tests on test panels enrich our basic knowledge but still, there are
open more detailed questions. The next research focus authors consider as necessary is the impact of the
combination of existing installations and smart BMS actions on the thermal comfort of users including
in details: location of the exhaust mechanical ventilation system (gradients), ventilation operating
connected with automatically tilting windows that allows using the building’s accumulation capacity
for cooling (“night storage cooling” combined with building materials containing phase-changing
components), variables of sets of underfloor heating and air heating system modes (time reactions).

Validating the model on the warm side is also interesting. There are voices that the model is
not symmetrical on the warm side. For example [57] noted that the thermal comfort of healthcare
occupants in a tropical region is slightly warmer than the neutral temperature.

5. Conclusions

The authors believe, as was shown in the article, that comfort measurement/assessment in new
NEZB buildings should also be supported by a survey of users and employees. The actual thermal
sensory test is much more reliable because the real function of the building is to achieve the users’
thermal comfort, not the set of parameters theoretically related to comfort. In cold climatic conditions,
effective heating of NZEBs, especially lecture halls in winter, is a great challenge. Therefore, the
rooms are often heated periodically, for example, by means of heat pumps operating by a warm air
supply—exactly as in the experiment. In our experiments, from the energy side, the authors found that
this kind of heating may not affect the perceived thermal comfort. Thermal comfort tests carried out
in an experimental office area of a low-energy building MLBE on a sample of 50 students gave some
interesting results that offer some new views on the subjective preferences of the thermal comfort of
office users. The results presented based on sensory assessment positively validate the existing Fanger
model and ISO 7730 approach for NZEB building. In our case, the overall results’ deviation from the
Fanger function was no significant. A comparison of the thermal comfort measurement results based
on physical parameters in accordance with ISO 7730 to the results obtained by the survey method
using a seven-degree comfort scale indicates that: thermal comfort was obtained slightly faster (on
the cold side) than appears from the ISO model. This is important information due to the worldwide
trend to reduce building energy demand. The experimental dependence expression of PPD = f(PMV)
for a presented case study was proposed and it can be a good reference for future studies. The test
results create the basis for further analyses concerning determination of optimal overall comfort IEQ of
low-energy buildings where thermal comfort satisfaction TCindex is one of the main sub-components.
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