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Abstract: Thermal comfort affects not only the well-being of the occupants of a building but also
the effectiveness of their learning and work efficiency. It can be disturbed if the ventilation airflow
is increased when improving indoor air quality. When natural ventilation is used in the fall and
winter period, the supply air temperature is low, resulting in a lack of thermal comfort. In existing
buildings, there is often no place for mechanical ventilation; hence, decentralised façade ventilation
units are increasingly used. The article presents an analysis of thermal comfort in rooms with this
type of unit equipped with heat recovery exchangers of different efficiencies. Studies have shown that
the alternating supply/exhaust airflow and the related unevenness of air streams flowing through
the heat accumulator cause an inflow of low-temperature air, resulting in thermal discomfort. The
highest value of the PMV index was −1.6, and the lowest was −4.1, which means that 54.8 to 100%
of the occupants are dissatisfied with their thermal comfort. This means there is a need to change the
construction of inlet/exhaust vents so that the stream of supply air is not directly parallel to the floor.
In addition, the use of an air heater should be considered.

Keywords: thermal comfort; decentralised façade ventilation units; storage heat exchangers for
heat recovery

1. Introduction

People spend about 90% of their time indoors, so it is extremely important that they
feel comfortable there [1]. In addition to general well-being, thermal comfort influences
the effectiveness of learning and work performance [2,3]. Furthermore, a lack of thermal
comfort causes “environmental stress”, causing a negative trend [4,5]. At the same time, it
should be noted that thermal comfort is associated with energy and economic cost. The
cost of HVAC systems (heating ventilation and air conditioning) includes 20 to 50% of the
thermal comfort costs for an apartment and 30 to 70% for a single-family house [6]. For
the remaining buildings, this share is even more dominant [6]. Most existing buildings are
ventilated naturally. The study by Miranda et al. [7] found that to reduce the concentration
of carbon dioxide (CO2) in educational facilities to acceptable and safe values, it was
necessary to increase the air supply stream to 14 l/s per person. Considering, that in the
case of natural ventilation, the outside air flows into the premises without heating it, this
results in an increase in the level of dissatisfaction with thermal comfort from 25% to 72%
when the outside temperature is below 6 ◦C. Alonso et al. [8] also drew attention to the
increase in thermal discomfort during the improvement of indoor air quality (IAQ). They
noticed that the application of increased efficiency of hybrid ventilation while reducing
the carbon dioxide concentration to 400 ppm resulted in thermal discomfort lasting for
50% and, in some cases, even 80% of the hours of occupancy of rooms. Furthermore, a
regenerative ventilation system [9] effectively reduces the concentration of CO2 and PM10
(particulate matter), while increasing thermal discomfort during its work. The use of
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individual ventilation with air supply in the desk shows the difference in the number of
dissatisfied persons depending on the height of the exhaust location. In the case of exhaust
at a height of 1.2 m, the percentage of dissatisfied people was higher at higher velocities
of air supply, while at a height of 1.8 m, more people experienced discomfort at lower
speeds [10].

Of course, maintaining thermal comfort in a room involves energy consumption.
Therefore, it is important to properly design HVAC installations. Otherwise, users change
the temperature controller settings to feel thermal comfort, which translates into increased
energy consumption [11,12].

It should be mentioned that thermal comfort is strongly correlated with subjective
thermal perception, which is influenced by health conditions, and thus the adaptability of
the room users [13,14].

At the same time, air quality is also perceived to some extent through the prism of
thermal comfort [2,15–17]. The lack of thermal comfort with a simultaneous increase in
carbon dioxide concentration causes fatigue, drowsiness, lack of concentration, and malaise
in students, who cannot work effectively in such rooms [18]. It cannot be clearly stated
that one of the ventilation systems is a worse solution. In natural, mechanical, and mixed
ventilation systems, unfavourable cold drafts may occur, which causes discomfort [19].
An example is the analysis by Shan et al. [20], who compared mixing and displacement
ventilation and showed that mixed ventilation showed general discomfort from the draft,
while displacement ventilation caused a feeling of draft and cold in the lower body, even
more so because skin sensitivity is greater for cold than for heat [21]. Thermal comfort is
primarily controlled by internal temperature [14,22,23]. It becomes particularly problematic
in already existing buildings where, to reduce operating costs, the walls are insulated, and
the joinery is replaced with sealing. It is related to the disturbance of airflow in natural
ventilation systems, and its modernisation becomes a necessity. Usually, there is no place for
mechanical ventilation or the installation of an air-handling unit and ducts. The elements
that can solve this problem are decentralised devices mounted on the walls of the building
and equipped with a reversible fan [24,25].

As Lamberti and others [26] pointed out in their extensive review of the literature,
there is a lack of research covering the impact of various ventilation strategy solutions on
thermal comfort, and in this regard, our article is part of the research gap, as it presents
the impact of decentralised façade ventilation on the perception of thermal comfort. In the
literature, one can find a description of the analysis carried out by Silva et al. [27], who
investigated air quality and thermal comfort in buildings equipped with centralised and
decentralised ventilation systems. However, their research covered a period of higher
temperatures of 2–20 ◦C. In addition, thermal comfort was evaluated in a survey in which
the respondents evaluated their satisfaction with only the temperature and humidity of
the air in the rooms. A total of 11 respondents rated the temperature as neutral, and others
as cold or slightly cool. Another study [28] on decentralised systems mounted on the
façade of individual rooms involved units with two fans and a heat exchanger. In this
case, the heat recovery was sufficient to maintain thermal comfort. In this type of device,
constant airflow enables the maintenance of stable conditions of heat exchange between
the supplied and exhausted stream, analogously to centralised systems. The subject of
this article is the devices with airflow, which is not constant and changes when changing
the flow direction—supply/exhaust. This solution, called decentralised façade ventilation
units, can be equipped with a reverse fan or four dampers that change the flow direction of
the supply or the exhaust [29].

The subject of scientific research [30,31] was also decentralised ventilation installed
on walls, but in this case, they were mini units with a rotary exchanger, and the authors
focused on their thermal properties and not on the perceptions of room users.

The purpose of this article is to evaluate thermal comfort in rooms equipped with
decentralised façade ventilation units with reverse supply and exhaust. The novelty of this
study is the analysis of thermal comfort when different heat recovery exchangers are used.
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2. Materials and Methods
2.1. Characteristics of Research Subject

The analysis covers a room equipped with a decentralised façade unit to ventilate
the rooms (Figure 1). The building is in Poland in a temperate climate zone, with low
temperatures in winter (−20 ◦C to +10 ◦C). The dimensions of the analysed room are
2.97 × 3.21 m, with a height of 3 m. The heat transfer coefficient for the exterior walls is
0.2 W·m−2·K−1, according to the legal regulations in force at the time the building was
constructed. The analysis covers the period from November 2017 to March 2018.
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Figure 1. Layout of meters and the decentralised façade unit in the analysed room.

2.2. Methodology of Calculation

In the article, the predicted mean vote (PMV) factor was used to assess thermal sensa-
tions, as it is the most common in modelling thermal comfort [14,32,33]. Other indicators,
such as PET and SET, show the temperature values for specific air parameters, with the
specific thermal insulation of clothes [34]. Meanwhile, the PMV considers the six most
influential variables: air temperature, mean radiant temperature of surrounding partitions,
air velocity, relative humidity of indoor air, metabolic rate, and clothing insulation. It is
mature, standardised, and agreed upon by the scientific community factor. The proce-
dure specified in the PN-EN ISO 7730 standard [35] was used to determine the PMV and
predicted percentage of dissatisfied (PPD) factors (Equations (1) and (2)).

PMV =
(
0.303·e−0.036·M + 0.028

)
·
{
(M−W)− 3.05·10−3·[5733− 6.99·(M−W)− pa]− 0.42·

[(M−W)− 58.15]− 1.7·10−5·M·(5867− pa)− 0.0014·M·(34− ta)− 3.96·10−8·fcl·[
(tcl + 273)4 − (tr + 273)4

]
− fcl·hc·(tcl − ta)

} (1)

where:

tcl = 35.7− 0.028·(M−W)− Icl

·
{

3.96·10−8·fcl·
[
(tcl + 273)4 − (tr + 273)4

]
+ fcl·hc

·(tcl − ta)}[◦C]

fcl =

{
1.05 + 0.645·Icl for > 0.078

fcl = 1.05 + 0.645·Icl for Icl ≤ 0.078

hcl =

{
2.38·(tcl − ta)

0.25 for 2.38·(tcl − ta)
0.25 > 12.1·√var

12.1·√var for 2.38·(tcl − ta)
0.25 ≤ 12.1·√var

where PMV is the predicted mean vote, M is the metabolic rate (W·m−2), W is the external
work ((W·m−2), Icl is the thermal resistance of clothing (m2·◦C·W−1), fcl is the ratio of
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a person’s surface area while clothed to person’s surface area while nude, ta is the air
temperature (◦C), tr is the mean radiant temperature (◦C), var is the relative air velocity
(m·s−1), pa is the partial water vapour pressure (Pa), and tcl is the surface temperature of
clothing (◦C). The air velocity in the formula is the relative air velocity that included the
walking velocity defined in Annex C of the PN-EN ISO 7730 standard [35].

The PPD provides information on thermal discomfort by predicting the percentage of
people who may feel too hot or too cold in each environment.

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

)
(2)

The levels of thermal insulation of clothing were selected as the most appropriate for
office occupants in the autumn and winter period (underwear, long-sleeve blouse, pants or
skirt with pantyhose, sweater, and shoes) with a value of 0.86 clo [35]. The metabolic rate
for a level of activity of sitting posture can be approximately 1.2 met (70 W/m2) [35].

2.3. Characteristics of Used Measurements

The air velocity in the room was measured with a microclimate meter (Table 1) with
three anemometers placed at three levels: the feet, abdomen, and head. The air velocity
was recorded in the device with a time step of 5 s. The air temperature was measured while
the decentralised façade ventilation unit was operating without a heat recovery exchanger,
using an air quality monitor (Table 2). The volumetric flow of the supply and exhaust air
was measured using a balometer (Table 3).

Table 1. Microclimate measurement specifications.

Parameter Measurement Range Resolution of Indications Unit Accuracy

Air velocity 0 ÷ 5 0.01 m·s−1 ±0.05 + 0.05 × Va for 0–1 m·s−1 ±5%
for 1–5 m·s−1

Radiant temperature −30 ÷ +60 0.01 ◦C ±0.4 ◦C

Table 2. Measurement ranges and resolution of indications. Indoor air quality monitor.

Parameter Measurement Range Resolution of Indications Unit Accuracy

Temperature 10 ÷ 45 0.1 ◦C ±0.5

Table 3. The specifications of the balometer station.

Parameter Measurement Range Resolution of Indications Unit Accuracy

Volumetric flow rate 42–4250 1 m3·h−1 ±3% read out value ±12 m3·h−1 >
85 m3·h−1

Air speed 0.125–12.5 0.01 m·s ±3% read out value ±0.04 m·s−1 >
0.25 m·s−1

Temperature −40–121 0.1 ◦C ±0.3% ◦C

Humidity 5–95 0.1 % ±3% RH

2.4. Conditions for Research

The air temperature in the room during the operation of the decentralised façade
ventilation unit in the supply cycle, without heat recovery, was 20 ◦C in the central point of
the room, 20 ◦C in the workplace, and −6 ◦C at 70 cm from the supply/exhaust vent.

The article presents an analysis of thermal comfort in the case of using heat recovery
with 7 variants (Table 4). The first variant is the most popular ceramic storage exchanger.
The next three exchangers are made of aluminium cylinders filled with jojoba oil. Their
diameters are equal to 10 mm, 25 mm, and 40 mm, respectively. The last three exchangers
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are made of aluminium cylinders filled with coconut oil. Their diameters are the same:
10 mm, 25 mm, and 40 mm.

Table 4. Efficiency of heat recovery and temperature of the supply air.

Ceramic Jojoba Oil
10 mm

Jojoba Oil
25 mm

Jojoba Oil
40 mm

Coconut Oil
10 mm

Coconut Oil
25 mm

Coconut Oil
40 mm

Efficiency (%) 85 67.4 47.6 42.5 64.2 44 41.2

tN (◦C) 2 min 12 8 4 3 8 8 3

tN (◦C) 10 min 13 9 5 3 8 4 3

Legend of the headings: Ceramic is the material of the heat exchanger. Jojoba oil and coconut oil are the substances
that fill the cylinders of the heat exchangers. The 10 mm, 25 mm, and 40 mm are values of the diameters of the
cylinders of the heat exchangers. tN is the temperature of the air supply. The 2 min and 10 min are the times of the
supplying/exhausting cycle.

For various heat recovery efficiencies, the air supply temperature was calculated
according to the procedure described in PN EN 13141-8 [36], which allowed for the calcu-
lations of the PMV and PPD values. An analysis was carried out for air supply/exhaust
cycles of 10 min and 2 min.

3. Results and Discussion
3.1. Experimental Studies

The results show that in a room equipped with the decentralised façade ventilation
unit without a heat recovery exchanger or an air heater (Figure 2) [29] during the cycle,
2 min and 10 min did not achieve thermal comfort at 70 cm from the supply/exhaust vent.
In the case of a shorter cycle, the thermal discomfort was the same at the feet, abdomen,
and head. For this reason, in Figure 2a, the lines that show the course of the values of the
PMV index coincide. In a longer cycle, the greatest discomfort was felt at the abdomen, i.e.,
at the height of the supply/exhaust vent.
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Figure 2. The course of the PMV index with the use of a device without heat recovery: (a) cycle 2 min,
(b) cycle 10 min [29].

The use of heat recovery allows thermal discomfort to be reduced both during the
2-min cycle and during the 10-min cycle (Figures 3 and 4). In a 2-min cycle, the greatest
discomfort will be felt with heat recovery rates of 42.5% and 44%. The PMV index will
be −3.1 for all three parts of the body. The lowest thermal discomfort (PMV −1.7) was
observed for a ceramic exchanger with an efficiency of 85%. However, such a low value of
the PMV index means that the room was also outside the categories of thermal comfort
rooms in this case.
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Figure 3. The course of the value of the PMV index for a 2-min cycle. Heat recovery exchanger:
85%—ceramic, 67.4%—jojoba oil, 10 mm, 47.6%—jojoba oil, 25 mm, 42.5%—jojoba oil, 40 mm,
64.2%—coconut oil, 10 mm, 44%—coconut oil, 25 mm, 41.2%—coconut oil, 40 mm.

Similarly, for a 10-min cycle, the room was not classified as thermally comfortable. In
this case, it is clearly visible that the discomfort in the abdomen was greater than in the feet
and head (at the feet and head levels, the discomfort was the same). This was due to the
longer duration of airflow with the higher speed in the 10-min cycle than in the 2-min cycle.
The maximum value of the PMV index (−1.6) was lower than for the shorter duration of
the supply/exhaust cycle and, as in the first case, was obtained for the highest efficiency of
the heat recovery exchanger. The lowest PMV index value (−4.1) was achieved with the
lowest efficiency values of the heat recovery exchangers in the abdominal area. For the feet
and head, the lowest PMV index value was similar to the 2-min cycle and equal to −3.1.

The PMV values obtained resulted in high PPD values—62.8% to 99.4% for a 2-min
cycle, and 54.8% to 100% for a 10-min cycle, which means there was no thermal comfort for
most room users located near the supply/exhaust vent (70 cm).
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cycle, and 54.8% to 100% for a 10-min cycle, which means there was no thermal comfort 
for most room users located near the supply/exhaust vent (70 cm). 
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Figure 4. The course of the value of the PMV index for a 10-min cycle. Heat recovery exchanger:
(a) ceramic, (b) jojoba oil, 10 mm, (c) jojoba oil, 25 mm, (d) jojoba oil, 40 mm, (e) coconut oil, 10 mm,
(f) coconut oil, 25 mm, (g) coconut oil, 40 mm.

3.2. Discussion

It should also be noted that the high recovery efficiency is the maximum that can be
obtained under laboratory conditions. In the case of devices with alternating supply and
exhaust, due to the variable volumetric flow of supply and exhaust air flowing through the
accumulation exchanger, this efficiency will be possible only in a short period of operation
of the decentralised façade ventilation unit. This is confirmed by the efficiency values of
other exchangers and the studies by Merzkirch et al. [25] and Han and Kwon [37]. This
clearly indicates the need for an air heater. In addition, the supply air stream should not be
directly parallel to the floor, which will reduce the air velocity around the room users and
allow the supply air to mix with the air from the room, which will prevent the occupants
from experiencing low-temperature airflow around them. This indicates a need to change
the design of the vent. Merckx et al. [38] pointed out that only upward vertical airflow does
not cause drafts and allows comfortable air velocities in the room.
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Mikola and others [39] reached similar conclusions, comparing mini units with a cross-
flow exchanger and wall-mounted devices with a reversible fan and a ceramic mass for heat
recovery. They showed that the device with alternating supply/exhaust during periods
of low outdoor temperatures achieved air supply temperatures close to the outdoor tem-
perature. Their research covered devices placed on different floors; hence, they concluded
that the large differences in the supply and exhaust volumetric airflow rates resulted from
the natural distribution of overpressure and negative pressure in multi-storey buildings.
The analysis carried out for the purposes of this article concerns a single-story building.
Although in the case of a one-storey building, the influence of the pressure distribution
is not so important for the correct operation of the devices, our research confirms that
the moment of switching the supply/exhaust air is extremely important for the supply
temperature value, and the shorter the cycle, the lower the temperature of the air flowing
into the room due to reduced heat recovery.

According to the analysis [40] of thermal comfort in naturally ventilated rooms, due
to the negative influence of the buoyancy force, the legs of users are the most exposed to
discomfort. At the same time, the authors recognised that air temperature plays a key role
in the value of the PMV index. In our investigation, we analysed a device equipped with a
fan, and this resulted in higher values of the velocity of air flowing through the room. In
this case, the temperature was no longer the most important parameter. The air velocity
started to play a significant role in the vicinity of the supply air element. While in the case
of natural ventilation, the location of the supply air element affects the speed of the flowing
air without affecting the value of the PMV index, in the case of mechanical ventilation,
the vent should be selected very carefully, and the air stream should be directed upward.
De Faria [41] et al. studied the influence of the operating temperature and air velocity
on thermal comfort. Although the research was carried out for the summer period, they
showed that an increase in air velocity caused a slight feeling of chill even at temperatures
below 26 ◦C. This means that the air velocity will be even more important in rooms in
the winter period, when, according to PN EN 16798 [42] and CIBSE [43], the comfort
temperature is 19–21 ◦C, suitable for people who lead a sedentary lifestyle.

The PMV index range for overall comfort is recommended as −0.5 to 0.5 in the
ASHRAE 55 standard [44], and A. Lan et al. [45] suggest that the PMV comfort range at
work should be between −0.5 and 0 to avoid productivity loss. The analysis presented in
the article showed a PMV value even of−4.1. Therefore, the percentage of those dissatisfied
with the thermal comfort at 70 cm from the supply/exhaust vent will range from 54.8% to
100%. This is due to the non-uniformity of the supply and exhaust airflows in decentralised
façade ventilation units, which leads to a lack of stability in the amount of heat recovered.
This leads to a low supply air temperature. In addition, the airflow parallel to the floor will
not mix the lower temperature air sufficiently with the air in the room and will result in
higher air velocity around the occupants.

At the same time, it should be noted that the PMV does not consider many factors,
which often causes an overestimation of the thermal feelings of the building users. The
authors [2,33,46–50] indicated the inaccuracy of the PMV index as a criterion to evaluate
thermal comfort, noting that analyses should consider the influence of the population den-
sity, gender, age, and socio-economic background, whereas the appropriate combination of
natural and mechanical ventilation will ensure thermal comfort and IAQ. This is extremely
important due to the fact that in the autumn and winter period, natural ventilation alone
does not guarantee thermal comfort, and continuous mechanical ventilation is associated
with high energy consumption [2]. Machine learning and dynamic building simulations
are becoming more and more common [51,52]. This approach to thermal comfort will also
allow it to be included in the risk management of the construction process [53–55]. Scien-
tists [56] suggested using an analysis of the speed of activation of decentralised systems
and an analysis of thermal sensation based on the determination of skin temperature by
thermal vision cameras to assess thermal comfort and control HVAC systems in buildings.
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The authors [57] investigated the influence of the location of the supply and exhaust
elements on energy consumption and thermal comfort. In their analysis, they placed the
supply and exhaust elements on the ceiling of the room. They analysed the location of
the exhaust in relation to the supply. This showed that the location of the supply on the
same side of the room as the exhaust was the most favourable from the point of view of
thermal comfort and energy consumption. At the same time, the location of the exhaust air
vent on the opposite side of the room was associated with a lack of thermal comfort and
the highest level of pollution. This is an important consideration for decentralised façade
ventilation units with alternating supply and exhaust, as they are intended to be installed
in pairs on opposite external walls. Studies of various ventilation systems were also carried
out by Ferdyn-Grygierek et al. [58]. They studied natural ventilation and centralised VAV
and CAV systems. They noticed that opening windows to ventilate rooms increased the
demand for heat while improving thermal comfort. However, it should be remembered
that, in this case, a large amount of pollutant air flowed into the room. With mechanical
CAV systems, the demand for energy increased to maintain an appropriate level of thermal
comfort. VAV systems provided lower energy consumption with a similar level of thermal
comfort. However, the authors did not consider the influence of the location of the vents
on the feeling of thermal comfort in their study.

3.3. Statistical Analysis

The measured data were used to perform a statistical analysis of thermal comfort in
a room with a decentralised façade ventilation unit with supply/exhaust cycle times of
2 min and 10 min. A one-way ANOVA was carried out for the characteristic of the PMV
index. The grouping variables were the efficiency of heat recovery, with values of 85.0%, 67.4%,
47.6%, 42.5%, 64.2%, 44.0%, and 41.2%.

The zero hypothesis stating the equality of the average values of the PMV index
characteristic was verified on the basis of all combinations of the factors’ levels. The F
statistic was used for this purpose (the ratio of intergroup variance to intragroup variance).
The results of the completed calculations were used to verify the hypothesis, stating the
equality of average values of the PMV index characteristic. The p value obtained for the F
statistic in a completed test, less than 0.0001, allows us to state that there were at least two
groups where the average values of the PMV index characteristic differed. This allowed us
to apply the Tukey multiple comparison method for both supply/exhaust cycle times.

Table 5 contains the calculation results for the PMV index characteristic, carried out
according to the Tukey method in groups matching the levels of 85.0%, 67.4%, 47.6%, 42.5%,
64.2%, 44.0%, and 41.2% of the efficiency of heat recovery factor for a 2-min supply/exhaust cycle.

Table 5. The Tukey multiple comparison method tests for the PMV index characteristic in groups
based on the efficiency of the heat recovery factor levels. Supply/exhaust cycle: 2 min.

Tukey Grouping Average of PMV Index n Efficiency of Heat Recovery
(%)

A −1.7 78 85.0

B −2.3 78 67.4

C −3.0 78 47.6

D −3.1 78 42.5

E −2.3 78 64.2

D −3.1 78 44.0

D −3.1 78 41.2

Table 5 shows that the highest average PMV index value should be expected for the
85% efficiency of heat recovery rate and the lowest for the 42.5%, 44.0%, and 41.2% efficiency of
heat recovery rates.
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The data in Table 6 confirm the conclusions derived from Table 5. The 95% confidence
intervals for the pairs of the efficiency of heat recovery rates—67.4% and 64.2%; 42.5% and
44.0%; 42.5% and 41.2—includes zero, which means that the differences between the
average values for each of those pairs are not statistically significant. None of the achieved
95% confidence intervals for the other pairs includes zero, which means that the differences
between the average values for each of the pairs are statistically significant. There is the
possibility of the quantitative determination of the differences between the average values
using 95% confidence intervals. For example, for the difference in the average values in the
groups matching the efficiency of heat recovery rates of 85.0% and 67.4%, the extremes are
0.56 and 0.64. Each value within the interval with specified extremes is treated equally as a
potential true value of the analysed difference. Thus, it should be accepted that an average
PMV index for the efficiency of heat recovery rate of 85.0% may exceed the average PMV index
for the efficiency of heat recovery rate of 67.4% by either 0.56 or 0.64.

Table 6. Simultaneous 95% confidence intervals obtained using the Tukey method for difference in
avg. values of PMV index in groups matching efficiency of heat recovery levels. Supply/exhaust cycle:
2 min.

Comparison of PMV
Index for Pairs of Heat
Recovery Efficiency (%)

Difference between
Avg. Values of PMV

Index

Simultaneous 95% Confidence Intervals

Lower Limit of the
Confidence Interval

Upper Limit of the
Confidence Interval

85–67.4 0.60 0.56 0.64

67.4–85 −0.60 −0.64 −0.56

85–47.6 1.22 1.17 1.26

47.6–85 −1.22 −1.26 −1.17

85–42.5 1.37 1.33 1.41

42.5–85 −1.37 −1.41 −1.33

85–64.2 0.60 0.56 0.64

64.2–85 −0.60 −0.64 −0.56

85–44 1.37 1.33 1.41

44–85 −1.37 −1.41 −1.33

85–41.2 1.37 1.33 1.41

41.2–85 −1.37 −1.41 −1.33

67.4–47.6 0.61 0.57 0.65

47.6–67.4 −0.61 −0.65 −0.57

67.4–42.5 0.77 0.72 0.81

42.5–67.4 −0.77 −0.81 −0.72

67.4–64.2 0.00 −0.04 0.04

64.2–67.4 0.00 −0.04 0.04

67.4–44 0.77 0.72 0.81

44–67.4 −0.77 −0.81 −0.72

67.4–41.2 0.77 0.72 0.81

41.2–67.4 −0.77 −0.81 −0.72

47.6–42.5 0.15 0.11 0.19

42.5–47.6 −0.15 −0.19 −0.11

47.6–64.2 −0.61 −0.65 −0.57

64.2–47.6 0.61 0.57 0.65
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Table 6. Cont.

Comparison of PMV
Index for Pairs of Heat
Recovery Efficiency (%)

Difference between
Avg. Values of PMV

Index

Simultaneous 95% Confidence Intervals

Lower Limit of the
Confidence Interval

Upper Limit of the
Confidence Interval

47.6–44 0.15 0.11 0.19

44–47.6 −0.15 −0.19 −0.11

47.6–41.2 0.15 0.11 0.19

41.2–47.6 −0.15 −0.19 −0.11

42.5–64.2 −0.77 −0.81 −0.72

64.2–42.5 0.77 0.72 0.81

42.5–44 0.00 −0.04 0.04

44–42.5 0.00 −0.04 0.04

42.5–41.2 0.00 −0.04 0.04

41.2–42.5 0.00 −0.04 0.04

64.2–44 0.77 0.72 0.81

44–64.2 −0.77 −0.81 −0.72

64.2–41.2 0.77 0.72 0.81

41.2–64.2 −0.77 −0.81 −0.72

44–41.2 0.00 −0.04 0.04

41.2–44 0.00 −0.04 0.04

Table 7. The Tukey multiple comparison method tests for the PMV index characteristic in groups
based on the efficiency of heat recovery factor levels. Supply/exhaust cycle: 10 min.

Tukey Grouping Average of PMV
Index n

The Efficiency of
Heat Recovery

(%)

A −1.7 300 85.0

B −2.3 300 67.4

C −2.9 300 47.6

D −3.2 300 42.5

E −2.4 300 64.2

F −3.1 300 44.0

D −3.2 300 41.2

Table 7 shows that the highest average PMV index value should be expected for the
85% efficiency of heat recovery rate and the lowest for the 42.5% and 41.2% efficiency of heat
recovery rates.

The data in Table 8 confirm the conclusions derived from Table 7. The 95% confidence
intervals for the pair of the efficiency of heat recovery rates of 42.5% and 41.2% includes
zero, which means that the differences between the average values for those pairs are not
statistically significant. None of the achieved 95% confidence intervals for the other pairs
includes zero, which means that the differences between the average values for each of the
pairs are statistically significant. There is the possibility of the quantitative determination of
the differences between the average values using the 95% confidence intervals. For example,
for the difference in the average values in groups matching the efficiency of heat recovery rates
of 85.0% and 67.4%, the extremes are 0.58 and 0.63. Each value within the interval with the
specified extremes is treated equally as a potential true value of the analysed difference.
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Thus, it should be accepted that an average PMV index for the efficiency of heat recovery
rate of 85.0% may exceed the average PMV index for the efficiency of heat recovery rate of
67.4%, by either 0.58 or 0.63.

Table 8. Simultaneous 95% confidence intervals obtained using the Tukey method for difference in
avg. values of PMV index in groups matching efficiency of heat recovery levels. Supply/exhaust cycle:
10 min.

Comparison of PMV Index for Pairs
of Heat Recovery Efficiency (%)

Difference between
Avg. Values

Simultaneous 95% Confidence Intervals

Lower Limit of the
Confidence Interval

Upper Limit of the
Confidence Interval

85–67.4 0.61 0.58 0.63

67.4–85 −0.61 −0.63 −0.58

85–47.6 1.23 1.20 1.25

47.6–85 −1.23 −1.25 −1.20

85–42.5 1.54 1.51 1.56

42.5–85 −1.54 −1.56 −1.51

85–64.2 0.76 0.74 0.79

64.2–85 −0.76 −0.79 −0.74

85–44 1.38 1.36 1.41

44–85 −1.38 −1.41 −1.36

85–41.2 1.54 1.51 1.56

41.2–85 −1.54 −1.56 −1.51

67.4–47.6 0.62 0.59 0.64

47.6–67.4 −0.62 −0.64 −0.59

67.4–42.5 0.93 0.90 0.95

42.5–67.4 −0.93 −0.95 −0.90

67.4–64.2 0.15 0.13 0.18

64.2–67.4 −0.15 −0.18 −0.13

67.4–44 0.77 0.75 0.80

44–67.4 −0.77 −0.80 −0.75

67.4–41.2 0.93 0.90 0.95

41.2–67.4 −0.93 −0.95 −0.90

47.6–42.5 0.31 0.28 0.34

42.5–47.6 −0.31 −0.34 −0.28

47.6–64.2 −0.46 −0.49 −0.44

64.2–47.6 0.46 0.44 0.49

47.6–44 0.16 0.13 0.18

44–47.6 −0.16 −0.18 −0.13

47.6–41.2 0.31 0.28 0.34

41.2–47.6 −0.31 −0.34 −0.28

42.5–64.2 −0.77 −0.80 −0.75

64.2–42.5 0.77 0.75 0.80

42.5–44 −0.15 −0.18 −0.13

44–42.5 0.15 0.13 0.18
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Table 8. Cont.

Comparison of PMV Index for Pairs
of Heat Recovery Efficiency (%)

Difference between
Avg. Values

Simultaneous 95% Confidence Intervals

Lower Limit of the
Confidence Interval

Upper Limit of the
Confidence Interval

42.5–41.2 0.00 −0.03 0.03

41.2–42.5 0.00 −0.03 0.03

64.2–44 0.62 0.59 0.64

44–64.2 −0.62 −0.64 −0.59

64.2–41.2 0.77 0.75 0.80

41.2–64.2 −0.77 −0.80 −0.75

44–41.2 0.15 0.13 0.18

41.2–44 −0.15 −0.18 −0.13

3.4. Limitations of the Study

The findings of this study must be seen in light of some limitations. They are a
simplification of the methodology. There was a simple calculation of the PMV index. The
biases in the PMV index were shown by Humphreys and Nicol [59]. The PMV index takes
into account metabolism but does not take into account the fact that people accustomed to
warmer climates may have a lower metabolic rate for the same activities. Likewise, clothing
typical of hot climates may permit a greater-than-expected diffusion of air and moisture.
Moreover, the method with the use of the PMV does not take into account acclimatisation
to the prevailing conditions, and thus, the tolerance to the thermal conditions in the room.
Moreover, the methodology does not take into account changing weather patterns. In future
works, it would be worth designing a model on feeling thermal comfort using computer
fluid dynamics (CFD). However, as a preliminary study, the proposed model was sufficient
to spot the problem of obtaining thermal comfort in rooms equipped with decentralised
façade ventilation units. Theoretical considerations are important because of the costs of
experiments. Our research shows a problem with thermal comfort; therefore it would be
beneficial to conduct field research, for example, using a thermal manikin, in the future.

4. Conclusions

The analysis carried out showed that:

1. Regardless of the type of heat recovery used in the decentralised façade ventilation
unit, users experienced discomfort caused by the feeling of being slightly cool or cold;

2. The obtained values of the PMV index resulted in the percentage of those dissatisfied
with the feeling of thermal comfort increasing from 54.8% to 100%.

The huge number of those dissatisfied is a consequence of the non-uniformity of the
supply and exhaust airflows in decentralised façade ventilation units. In addition, airflow
parallel to the floor also has a negative impact on the feeling of comfort.

The statistical analysis performed on the results obtained shows that the average
PMV index values for similar values of the efficiency of heat recovery are not statistically
significant. In the case of the shorter cycle (2 min), no statistically significant differences
were observed for the pairs of efficiency of heat recovery: 67.4% and 64.2%; 42.5% and 44%;
42.5% and 41.2%, while for the longer cycle (10 min), no statistically significant differences
were observed for the pair consisting of 42.5% and 41.2%. For the remaining pairs of the
efficiency of heat recovery, the average PMV index values are statistically significant.

In future studies, analyses should be performed for the various designs of the sup-
ply/exhaust vents and the air heater used. In addition, an attempt should be made to
assess thermal comfort using a method of evaluating the indoor environment other than
the PMV index.
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