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Abstract: Modern buildings with new heating, ventilation and air conditioning (HVAC) systems offer
possibility to fit parameters of the indoor environment to the occupants’ requirements. The present
paper describes the results of measurements performed in an office room in the first Polish passive
commercial office building during four months of normal operation. They were used to calculate
parameters describing thermal comfort: vertical air temperature profile, floor surface temperature,
predicted mean vote (PMV) and predicted percent of dissatisfied (PPD). Obtained results confirmed
good thermal conditions in the analysed room. The average temperature of the floor’s surface varied
from 20.6 °C to 26.2 °C. The average vertical air temperature, calculated for working days, was from
22.5 °C to 23.1 °C. The temperature difference between the floor and 5 cm below the ceiling was
from —0.9 °C to 6.3 °C. The PMV index varied from 0.52 to 1.50 indicating ‘slightly warm’ sensation,
in spite of ‘neutral’ reported by employees. Also measured cooling and heating energy consumption
was presented. The performed measurements confirmed the ability of thermally activated building
system (TABS) to keep good thermal conditions.

Keywords: thermally activated building system; TABS; thermal comfort; PPD; PMV; vertical temper-
ature profile; air temperature stratification; passive building

1. Introduction

Rising energy prices in the last three decades forced authorities and buildings owners
in Poland towards activities aimed at lower energy consumption. Several efficiency-related
law regulations and support schemes have been introduced [1-4].

In 2008 in Poland the directive on the energy performance of buildings (EPBD) [5]
was introduced. This directive treated public authority buildings and buildings frequently
visited by the public as exemplary and taking environmental and energy considerations into
account. This issue was expanded in the recast of the EPBD from 2010 [6] which encouraged
owners and tenants of commercial buildings to ‘exchange information regarding actual
energy consumption, in order to ensure that all the data are available to make informed
decisions about necessary improvements’.

For this purpose office and other large buildings are of special interest because newly
built and modernised public and office buildings offer possibility to apply new energy-
efficient HVAC and construction technologies on large scale.

So far, precise definition of passive, low-energy or nearly zero energy buildings (NZEB)
has not been introduced in Polish regulations. In 2013 the program of subsidizing loans
for the construction of energy-efficient houses was introduced by the National Fund for
Environmental Protection and Water Management in 2013 [7], which included definitions
of low-energy and passive buildings, based on the calculated annual usable energy for
heating and ventilation (EUc.0.) of 40 kWh/m? and 15 kWh/m?, respectively. EUc.o.
should have been calculated in accordance with the monthly or hourly method of the
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PN-EN ISO 13790 standard [8]. In spite of the fact that this scheme was closed in 2018 the
abovementioned definitions are still in use in Poland.

To achieve required level of energy performance low energy and passive buildings
require appropriate heating sources and systems. Heat pumps with low temperature
water-based embedded surface heating and cooling systems form efficient solutions [9-15].

Among them thermally activated building systems (TABS) are of special interest
because of several positive features as low supplying water temperature, suitable for heat
pumps, large areas with evenly distributed heating or cooling heat flux density, low indoor
air temperature gradient and high thermal mass [16-18]. On the other hand, the latter
feature is a source of difficulties in control because of slow time response. TABS also cannot
handle moisture and to maintain the required level of air humidity it should be coupled
with ventilation system [19-21] to obtain required hygrothermal conditions.

As energy-efficient buildings offer good indoor conditions [22] the problem of indoor
environment in thermally refurbished and low energy buildings has been discussed by
many authors recently. Various indicators were used, i.e., CO, concentration, relative
humidity, air pressure and indoor and outdoor temperature in single family [23] and
multifamily buildings [24] or the individual feelings of the residents [25]. The correlation
between temperatures of internal air and internal surfaces in relation to human perception
of thermal comfort in a multi-family building [26] was presented in the Konig diagram.
Air temperature, ventilation rate, CO,, formaldehyde and total volatile organic compounds
(TVOC) concentration in schools were studied in [27] with indication of positive impact
of mechanical and hybrid ventilation on air quality [28]. As far as thermal comfort was
considered, two kinds of methods were used [29]: the predicted mean vote (PMV) and
the predicted percentage dissatisfied (PPD) models given in EN ISO 7730 [30] and EN ISO
7726 [31] or the adaptive comfort model of EN 15251 [32]. They were used in different
cases: a regional wooden historic house [33], single family [34], multifamily [35,36] or office
buildings [37,38].

Regarding office buildings with TABS, Saelens et al. [39] simulated in TRNSYS energy
performance and thermal comfort of TABS in a multi-zone model of an office building.
As a comfort parameter they assumed the relative exceeding time of 25 °C of the operative
temperature of the south oriented offices during operation hours. The influence of the
occupancy rate, shading and switching of the lights was studied. Occupant behaviour
influenced the cooling demand and thermal comfort but proper operation solar protection
kept TABS to cope with different user behaviour schemes. Operative temperature was also
thermal comfort indicator in the study [40] of a single room with TABS as thermal energy
storage. Simulations, performed in IDA ICE, showed the ability to maintain required
level of comfort by TABS shifting the need to supply supporting electrical heater during
low-price periods. Internal air temperature, according to the request of the building
owner, as the main criterion of the thermal comfort was used in [41] when designing the
control strategy for an office building equipped with a ground source heat pump (GSHP)
and TABS.

The influence of a user profile on a performance of a single room in government,
commercial, educational buildings with TABS was simulated in TRNSYS in [42]. As comfort
criterion the PMV index from —0.5 to 0.5 was chosen. Then the optimum temperature in a
room was found at supply water temperature of TABS from 21 °C to 22 °C.

The analysis of monitoring campaigns in the office buildings with TABS was presented
in [43]. Based on EN15251 in one building a thermal comfort analysis was performed
calculating the number or percentage of occupied hours when PMV or the operative
temperature was outside a given range. Overheating never occurred, but operative tem-
perature under the acceptable values of 20 °C and 23 °C appeared in heating and cooling
seasons, respectively.

Field tests in an office building with TABS are described in [44]. Measurements were
taken for three days involving three combinations of people, dummies and computers as
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internal gains sources. Maximum operative temperature of 27 °C according EN 15251 was
assumed as thermal comfort indicator. Calculated cooling capacity was of 40-50 W /m?.

Zhang et al. [45] carried out 20 tests with different heat loads in a climate chamber with
diffuse ventilation and TABS. There were set up two workplaces with two manikins, com-
puters and desk lights. Draught risk, vertical temperature difference, radiant asymmetry
were investigated as thermal comfort indexes of ISO 7730. Thermal gradient of air temper-
ature was up to 1.56 °C/m and 0.46 °C without and with diffuse ventilation, respectively.

A case study of indoor air quality and thermal comfort in a low-energy office building
with TABS and demand controlled ventilation (DCV) during the summer period was
presented in [46]. Air humidity was generally between 30% and 60%. The temperature
difference between feet and head was of about 1.0 °C and no risk of local discomfort was
reported. For over 90% of the considered period of time quality of the indoor thermal
conditions was at class A (PPD < 6%) or class B (PPD < 10%) according to the ISO 7730.
Presented measurements confirmed the ability of TABS, shading and ventilation system to
maintain required levels of indoor environment quality.

Only a few studies related to energy and indoor environment issues in energy-efficient
office buildings in Poland have been shown recently. In [47,48] the NZEB experimental
office and educational building with thermally activated building system (TABS) in Krakow
(south Poland) was described. In the first study authors experimentally compared the
thermal comfort measurement method of PN-EN ISO 7730 with the results obtained by
the group of students in office conditions. The second article presented an assessment of
thermal comfort in a selected room under different values of the internal air temperature
and humidity. Application of underfloor and air heating at the same time enabled to
quickly control climate comfort parameters over a wide range of internal temperature and
humidity resulting in good thermal conditions.

Sinacka and Szczechowiak [49] presented the 14R4C model to simulate thermal be-
haviour of an office building with TABS in Poznan (central west Poland). Simulations per-
formed in a spreadsheet based tool revealed that internal heat gains patterns and the
temperature of TABS supply water have a significant effect on energy consumption.

Gil et al. [50] conducted an analysis of indoor environment in an energy-efficient
building, located in Katowice (south Poland), where heating and cooling are supplied
with the use of TABS and the underfloor heating systems (only in the ground floor rooms).
The supplying water temperature of TABS varies from 22 °C to 16 °C and from 30 °C
to 22 °C during cooling and heating season, respectively. CO, concentration, air tempera-
ture, air flow rate and relative humidity measurements were performed to evaluate indoor
climatic conditions. Measurements were taken two times during heating season for outdoor
temperatures of —9 °C and +1.9 °C. Depending on the location (hall or rooms) indoor
air temperature varied from 21.5 °C to 24.5 °C. Authors reported low values of relative
humidity: from 14% to 30%. Mean CO, concentration amounted 982 ppm. Supply airflow
velocity varied from 0.10 m/s to 0.40 m/s with 0.21 m/s on average. The average thermal
load for the TABS system was of 35.75 W/m?. The analysis also showed that indoor air
temperatures in the hall and offices were comparable, with differences up to 1 °C.

This review shows that in the dominant part of case studies measurements were
conducted during relatively shorter summer periods with the cooling mode. In the whole
year field tests only PMV and operative temperature were analysed. There is a lack of
analyses in heating and cooling periods, including not only indoor air temperature, but its
vertical gradient and humidity or comfort zone, as well.

This paper describes measurements and analyses of the comfort-related issues in the
selected room in a commercial passive office building located in Katowice (south Poland).
Thermally activated building system (TABS) is the main heating and cooling system. It is
supported by air handling units with additional heating and cooling coils. Implemented
examples of TABS are very little known in Poland and hence exploitation results from
such systems are very desirable to be presented. The research covered the period of four
months during its normal use, allowing verification of thermal conditions in a studied
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room during hot, cold and transient atmospheric conditions. It included vertical profile of
the internal air temperature, floor temperature, predicted mean vote (PMV) and predicted
percentage of dissatisfied (PPD) index. Also selected energy performance aspects of TABS
were presented.

2. Materials and Methods
2.1. Case Object
The considered object is the five-storey office building (Figure 1), built in the passive

standard, located in Katowice (south Poland). It has the total area of 8100 m? and the usable
area of 7500 m?. The design annual energy demand for space heating is 15 kWh/m?.

Figure 1. View of the considered building.

The building has reinforced concrete structure, in a column-slab system, based on a
foundation slab. The external walls are insulated with 30-cm thick EPS100 polystyrene.
Office rooms are located around the perimeter of the building and the passageways are
arranged in an atrial layout, i.e., with an internal courtyard (atrium) and additionally with
glazing in the centre of the building [51]. Triple glazed windows have thermal transmittance
U = 0.7 W/m?K. Facade shutters allows reduction of solar irradiance entering an interior
of the building and protect it against overheating. It also reduces discrepancies between
radiant and air temperature improving indoor comfort [52].

Thermally activated building system (TABS) provides heating and cooling. Double-
meander TABS modules with the total area of 4500 m? were used. Additionally underfloor
heating was used on the ground floor (1870 m?). These systems are supplied from the
cascade-connected three two-compressor heat pumps with the total heating and cooling
capacity of 244 kW and 187 kW, respectively [53]. They supply TABS and underfloor
circuit (only in the basement) of design heating and cooling capacity of 137 kW and
167 kW, respectively. Heat pumps also deliver heat and cold to heating and cooling
coils in all AHUs in the building. Two additional chillers work as peak cooling source.
Maximum design heating capacity of heating coils: 94 kW, cooling capacity of cooling coils:
271 kW. Hydraulic scheme of the HVAC system is presented in Figure 2.

Mechanical ventilation with recuperation provides fresh air to the building. Five air
handling units (AHUs), one per each storey, were used. Four of them, serving office
rooms, conference rooms and social rooms, are equipped with rotary heat exchangers and
one, mainly for sanitary facilities and utility rooms, is with cross-flow exchanger [54,55].
The building management system (BMS) integrates management of installations and con-
trols the operating parameters of individual devices. Parameters measured in different
points of the building can be viewed and analysed in view of the proper operation, fault de-
tection, efficiency analyses, etc.
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Fan coils TABS Floor heating AHU's

Chiller

Solar collectors

Heat pumps

Ground heat exchangers

Figure 2. Hydraulic diagram of the heating, ventilation and air conditioning (HVAC) system in the building.

2.2. Measurements

An office room, located in the south-east corner on the second floor of the building
(Figure 3a), was chosen for the research. It has floor area of 29.19 m? and height of 3.10 m
(Figure 4a). There are two office workplaces in this room occupied from Monday to Friday
from 8:00 to 16:00.

(b)

Figure 3. The test-room: (a) its location (green border); (b) internal view—sensors during assembling.
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Figure 4. (a) Layout of the room; (b) layout of the temperature sensors. On the right—height above
the floor (in meters).

The most important research assumption was to perform research during normal
everyday use of the room not disturbing the work of those employed there, but close
to the workplaces, which resulted in the sensors placement at the position marked in
Figure 3a. This position was not representative for the whole room but, excluding zones
with airflow-thermal disturbances [56,57] can be the base of a reliable analysis.

The second limitation was that the measurement system had to be relatively simple,
not taking up much space and not requiring long cable connections. Hence, simple 1-wire
system based on the Atmega 644PA processor was used. The results were saved on the SD
card every 15 min. The same time step is used by the building management system (BMS)
of the considered object.

Two variables were measured. The first one was the relative humidity measured
by the DHT11 sensor [58]. Air temperature was measured by DS18B20 temperature sen-
sors [59]. Both these sensors are commonly used in different scientific research [60-62]
mainly because of the easy connection of many measuring points into one bus, good ac-
curacy and low cost [63]. The same sensors were also used to measure floor temperature.
Figure 4b shows an arrangement of nine temperature sensors, mounted between the floor
and ceiling, and their height above a floor surface. Sensors measured the air temperature.
For this purpose each of them was inserted into low emissivity (¢ ~ 0.10) polished steel
tube to minimise the impact of radiative heat transfer.

There were no professional globe radiant temperature sensors used. This variable was
measured by two DS18B20 sensors, marked 10 and 11, working without any additional
shell because their plastic TO—92 packages were covered with high-emissivity (¢ ~ 0.96)
coat of black paint. This seems to be a crude method, but it was somehow forced by the
external conditions. For example, the study of Walikewitz et al. [64] showed that the deviations
between the different methods of obtaining mean radiant temperature in indoor environments
are negligible. They noticed the largest disparities between air and radiant temperatures in
the rooms with window walls facing southeast and southwest, but in the building considered
here this effect is reduced by the external roller shutters showed in Figure 3a.

Additional nine sensors measured floor temperature. They were mounted on a carpet
covering the floor. A silicone thermal conductive paste has been placed between the floor
surface and the sensors to improve the heat conduction.

Measurements were conducted from 15 July 2019 to 26 November 2019. This period
of time covered cooling (mainly during July and August), heating (in November) and
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transitional intervals. External air temperature (Figure 5) varied from 33.1 °C at 18:00 on
29.07 to —2.9 °C at 7:00 on 31.10. According to the PN-EN 12831 standard [65-67] the
design outside air temperature to calculate the design heat load in Katowice is —20 °C.
Relative humidity was from 36% at 17:00 at 15.07 to 99% on 09.09, 23-24.10, 09.11
and 13.11. Daily variation of global horizontal solar irradiance was from 0 to 863 W/m?
(measured at 13:30 on 15.07). Weather data were taken from the meteorological station
of the Central Mining Institute [68] located about 6 km north-east from the considered
building. The data are saved with 30-min time-step and in all cases are given in legal time.
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Figure 5. External air temperature, relative humidity and global horizontal irradiance during the measurement period.

3. Indoor Environment in the Office Room
3.1. Floor Temperature

EN-ISO 11855-1 [69] refers to EN-ISO 7730 comfort criteria as design indications for
TABS. The maximum floor temperature of 29 °C and minimum of 19 °C is recommended for
heating and cooling, respectively. This condition can be checked in Figure 6. More visible
variations were noticed in September and October, when the outdoor temperature changed
rapidly between day and night (Figure 6). In typically cooling or heating periods its
variations were lower.
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Figure 6. Floor temperature during the whole measurement period.

3.2. Vertical Temperature Profile

Assumptions, described in Section 2.1, and performed measurements were the base
for the calculation of the vertical profile of the internal air temperature. This is an important
indicator of the thermal environment [70,71] and has been evaluated by several authors
recently for different heating and cooling systems as underfloor heating [72], radiant ceiling
panel and radiant slab [73], cooling ceiling panels [74,75] and TABS [44,56].

Because of the large amount of the measurement data in the following paragraphs
there were presented the most important periods with extreme atmospheric conditions.
The hottest and coldest weeks were chosen on the base of the cooling and heating degree
minutes [76] and these were 26.08-1.09 and 20.11-26.11, for the base temperatures of
22 °C and 15.5 °C [77,78] respectively. The transitional week between 20.10 and 26.10 was
chosen on the base of the greatest daily differences between maximum and minimum
outdoor temperature.

Assuming sensors positions as in Figure 3b and including floor temperature the
minimum, maximum and average values of temperatures recorded by all sensors in four
characteristic periods were computed. They are presented in Figures 7 and 8. In all cases
the minimum and average temperatures were very stable and varied within very narrow
ranges. For example, the average temperature was from 19.9 °C to 20.6 °C, from 20.0 °C to
21.5°C, from 21.4 °C to 22.1 °C and from 20.6 °C to 21.2 °C for the consecutive periods.
Only the maximum values were significantly greater than the others.
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Figure 7. Vertical profile of internal air temperature: (a) during the whole measurement period; (b) during the transitional week.

Figure 8. Vertical profile of internal air temperature: (a) during the hottest week; (b) during the coldest week.
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Frequency[-]

Comparison of Figure 7a with Figure 8a shows that the maximum temperature,
recorded by the T3 sensor, was not during the hottest week. To solve this problem thorough
analysis of the measurement data was performed. It revealed that it turned out that values
above 30 °C appeared only four times (Figure 9a): 31.87 °C and 31.50 °C at 16:15 and at
16:30 on 12 October 2019 (Saturday), respectively and 31.37 °C and 31.00 °C at 16:15 and at
16:30 on 13 October 2019 (Sunday), respectively. Similar situation took place in the case of
the T4 temperature sensor. These sudden instantaneous increases in values measured by the
T3 and T4 sensors appeared in weekends, when the ventilation system and active external
shading was switched by employees into ‘manual” mode and hence was at stable position
during the whole weekend. Excluding interruptions in the measurement equipment
indicates solar irradiance entering the room through large area south-oriented windows
as the most possible source of these unexpected values. Omitting abovementioned points
gives profile of the indoor air temperature presented in Figure %b.
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Figure 9. (a) Temperature T3; (b) vertical profile of air temperature without 8 points with t > 30 °C.
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However, this is not the proper analysis method as the resulting image is incomplete.
Better way is to describe variance of measured variable by a histogram [79]. In the consid-
ered case, values from sensors T1-T9 were gathered and divided into temperature classes
0.5 °C wide (Figure 10). Temperatures within the range from 20 °C to 25 °C covered 97.6%
of the whole period.

t<20

100%

+ 80%

== Frequency L 60%

—&— Cumulative frequency 40%
: ! b

20%

— T T T T T T + 0%

Cumulative frequency [%)]

Temperature class

Figure 10. Internal air temperaure distribution during the whole measurement period.

But this analysis also covered unoccupied periods. In the considered buildings the
TABS system works permanently and is supported during working periods by mechanical
ventilation with heat recovery [55]. This irregular operation of the HVAC system affects
internal thermal conditions.

Figure 11 presents air and floor temperatures and ventilation air change rate in the
room during three typical days, from 08 August 2019 (Thursday) to 10 August 2019
(Saturday). The ventilation system in the building operates according to constant schedule.
On working days ventilation is switched on only during working hours of offices plus 2—4 h
before and after, depending on the indoor air temperature. On Sundays and holidays when
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the building is closed ventilation is off. Ventilation air change rate (ACH) was determined
on the base of the airflow rate measured by the BMS in the air handling unit and on the
technical design of the ventilation system for this building.

The most stable was the floor temperature T0. The most visible variation was observed
in case of the T9 temperature, near the ceiling, but in absolute terms it was not great:
from about 21.5 °C to 24.5 °C. At the beginning of the working day (at 8:00) this temperature

exceeded 22 °C.
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Figure 11. Ventilation, internal air temperature and working hours in the building.
Considering only working hours the vertical air temperature profile for the four
analysed characteristic periods is shown in Figures 12 and 13. Comparing the results with
the previously presented, a significant improvement is visible.
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Figure 12. Vertical profile of the internal air temperature for the working hours: (a) during the whole measurement period;
(b) during the transitional week.
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Figure 13. Vertical profile of the internal air temperature for the working hours: (a) during the hottest week; (b) during the
coldest week.
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As in the previous case, the maximum temperatures were not observed during the
hottest week. The histogram for working hours (Figure 14) showed that temperature within
the range from 20 °C to 25 °C covered 95.5% of all working hours. Extending this range to
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Figure 14. Internal air temperature distribution during working hours.

The average internal air temperature was of 21.8 °C and 22.9 °C for all and working
days, respectively. Taking as reference the average for the whole period the average
temperature stratification was 0.83 K. In order to estimate the variability of the measured
air temperature value in the examined profile from its average values, its histograms were
determined for all days and working days (Figure 15). Temperature from 21 °C to 24 °C had
dominant share of 85.3% and 78.3% in the first and second case, respectively. Values outside
this range are in the minority and have low impact on average vertical profile shown in
Figures 7, 8,12 and 13.
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Figure 15. Average air temperature histograms: (a) all days; (b) working days only.

These figures prove the important feature of radiant heating and cooling systems
which is the uniform temperature profile from a floor to a ceiling, typical for the TABS
systems [34]. The difference between T9 and T0 temperatures during the analysed period
(working hours only) was from —0.93 °C to 6.28 °C (Figure 16a). Dominating share
(Figure 16b) had values between —0.5 °C and 1.5 °C (81.6%).
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Figure 16. (a) Difference between temperatures T9 and TO; (b) percentage share of T9-T0 differences.
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The EN-ISO 11855-1 [46] standard, dedicated to design, dimensioning, installation
and control of embedded radiant heating and cooling systems, presents comfort criteria
(Figure 17a) based on the vertical air temperature difference (X) between the height of
the head (1.1 m) and the feet (0.1 m) for sitting position. The resulting is percent of
dissatisfied (Y).
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Figure 17. (a) Local thermal discomfort caused by vertical air temperature difference [19]; (b)
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calculated percent of dissatisfied during measurement period.

Here the closest values at 0.95 m (T3) and 0.15 m (T1) were available (Figure 4b)
and they varied from 20.6 °C to 24.8 °C and from 20.4 °C to 27.8 °C, respectively. Their
difference was from —1.8 °C to 2.9 °C. In five samples it was between 3 °C and 4.9 °C
which resulted in the calculated percent of dissatisfied over 10%. Its maximum value of 24%
was at 13:30 on 7 November 2019 when the T3 reached 27.75 °C. But it could be probably
due to the error or temporary disruption, because the readings from the previous and
next time-steps were of 23.50 °C and 27.12 °C, respectively. The same explanation can be
referred to several other points over 10%, presented in Figure 17b, which means they can
be treated as errors.

Positive aspects of TABS can be emphasised on the background of other solutions.
Such comparison for the selected systems was presented by [80] and is shown in Figure 18.
In addition, average profile for TABS during workdays was also given. Relative height of 0
and 1 means floor and ceiling level, respectively.
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Figure 18. Air temperature profiles for different heating systems [80] and TABS.

Several authors also presented results of simulations and measurement results for
various heating and cooling system. Temperature profile measured in a room with floor
heating and typical water radiators was presented in [81]. Maximum air temperature
difference during floor heating was lower than 0.51 °C. Vertical temperature gradient
less than 1 °C/m in a test room with cooled ceiling was measured in [82]. In [79] energy
performance of a small size office building equipped different heating and cooling systems
was simulated for various European climates. The frequency of the occurrence of operative
temperature from 20.5 °C to 24.0 °C and from 23.5 °C to 26.0 °C in winter and summer
season, respectively, was considered. It was 99.4% and 100%, 98.7% and 100%, 99.4% and
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90.0%, 98.6% and 99.3% for the air, fan coil, radiant floor and radiant ceiling, respectively.
Air temperature distribution in a living room with floor heating was simulated and mea-
sured in [72]. Difference between air temperature between floor and ceiling was lower than
1 °C. Floor temperature was 3 °C higher.

Simulation of thermal performance of a single room with TABS was shown in [83].
Diurnal variation of operative temperature was up to 6 °C. Simulations and measurements
of the TABS system combined with free-hanging acoustic ceiling units were presented
in [56]. For different coverage ratios temperature gradient was under 0.5 °C/m up to
height of 1.7 m and of 3.5 m for horizontal and vertical panels, respectively. In the office
room with TABS air temperature changed less than 1 °C up to height of 2.70 m. Ceiling
temperature was lower at least 2 °C in all cases [44].

Vertical temperature profile for diffuse ceiling ventilation integrated with a radiant
ceiling system was analysed in [57]. The largest difference along height occurred in
moderate season and was below 2 °C. The air temperature stratification in the cooling
mode measured in the office room with radiant ceiling panel system and the radiant
slab system was up to 1.7 K and 3.4, respectively [73]. That study also summarises the
results of air temperature stratification in various studies related to radiant heating and
cooling systems.

3.3. Internal Air Temperature and Relative Humidity

Leusden and Freymark [84,85] have developed the chart showing perception of ther-
mal comfort in relation to air temperature and relative humidity. There are three comfort
zones, namely ‘comfortable” and ‘still comfortable” and not comfortable including ‘too dry’
and ‘too moist” conditions. Measurement results from the considered room are shown
in Figure 19.

Most of the results belong to the ‘still comfortable” zone. Some of them are outside of it
in the “too moist” area and they were identified as that from the heating period. Occurrence
of these values may be explained by humidity of external air (see Figure 5) and operation
of air handling unit with rotary heat exchanger [37].

90 Too moist
— /\
=
oy
i
£
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£
[
=
©
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o 9
Toodry Still comfortable
20
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15 16 17 18 19 20 21 22 23 24 25 26 27 28

Temperature [°C]

Figure 19. Internal air temperature and relative humidity against the comfort zones of Leusden
and Freymark.

3.4. Thermal Comfort According to EN ISO 7730

Thermal comfort in buildings is the subject of a number of standards. Two most
common are the ASHRAE 55 and ISO 7730, both based on extensive research under
laboratory conditions involving the use of specialised measuring equipment. In the absence
of such equipment, the obtained results may not be reliable. However, careful application
of simplified computational methods and comparisons with other tests conducted in
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similar environmental conditions may be the basis for the elaboration of the obtained
measurement data.

The EN-ISO 7730 standard gives recommended indoor conditions for which thermal
comfort is achieved. For light, mainly sedentary activity, they include relative humidity
from 30% to 70% and operative temperature from 20 °C to 24 °C or from 23 °C to 26 °C
for the heating (winter conditions) and cooling (summer conditions) period, respectively.
However, in Polish climatic conditions six thermal seasons of the year are distinguished [86]
on the basis of the average daily air temperature, as follows: below 0 °C (winter), from 0 °C
to 5 °C (early spring), from 5 °C to 15 °C (spring), over 15 °C (summer), from 15 °C to 5 °C
(autumn), from 5 °C to 0 °C (early winter) and below 0 °C in winter.

To fits standard’s indications the measurement period was divided into summer, with
mean daily air temperature over 15 °C and winter, covering remaining data. Hence, the data
are presented in Figure 20b as for winter cover outdoor temperatures below 15 °C (autumn
and winter). This is a crude simplification, but forced by the provisions of the standard.
However, the reference ranges can be treated as rather more informative than decisive when
the existing system modernisation is considered. Several authors have noticed recently
that recommended temperature or humidity values can be modified [87-89].

To obtain operative temperature mean radiant temperature radiant temperature had to
be included. It was measured by the sensors 10 and 11 (Figure 4b). The difference between
T10 and T11 was from —0.63 °C to 0.63 °C. The mean value of T10 and T11 average for
the whole period was 22.92 °C. Its instantaneous measured values differed from mean air
temperature and mean floor temperature from —0.85 °C to 0.92 °C and from —3.90 °C to
2.48 °C, respectively. Regarding comments presented in [64,90-92] operative temperature
was calculated as average of air and radiant components [93,94].

During the measurements persons working in the considered room reported mainly
neutral sensation’. Also ‘slightly cool” was reported, but only at the beginning of the
working days (between 8:00 and 9:00). They also felt too low air humidity during the
heating season. These outcomes are reflected in the results shown in Figure 20.
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Figure 20. Operative temperature and air humidity against thermal comfort zones of EN ISO 7730: (a) for the cooling period
(blue border); (b) for the heating period (red border).

3.5. PMV and PPD

The EN-ISO 7730 standard uses the thermal comfort model of Fanger [30,95-99] as-
suming that people feel comfortable when the internal heat production in the body is
equal to the loss of heat to the environment. Solution of this thermal balance at given
thermal and environmental conditions results in calculation of two empirical comfort
indexes. These are the predicted mean vote (PMV) and the predicted percentage of dis-
satisfied (PPD). This model is recommended for application in mechanically ventilated
buildings [46]. The Matlab application of that model, presented by Cowie [98], was used.

To calculate the PMV index several additional parameters had to be established first on
the base of the aforementioned conditions. The metabolism for the light sitting office work
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is M = 70W/m? per person. Mechanical work W = 0. The clothing insulation, I = 0.36 clo,
0.48 clo and 0.73 clo, for the summer (till 2.09), transient (from 3.09 to 28.10) and cold (from
29.10) periods, respectively. Because employees did not report any problems with draughts,
ventilation air velocity v, = 0.10 m/s (still air).

PMYV varied (Figure 21) from 0.52 (16.07.19 at 8:00) to 1.50 (28.08.19 at 16:00, 14.10.19
at 15:00) indicating ‘slightly warm’ sensation. During measurements persons working in
the considered room reported mainly ‘neutral’ sensation” (PMV < 0.5). Also “slightly cool’
(PMV < —1) was reported, but only at the beginning of the working days (between 8:00
and 9:00). They also felt too low air humidity during the heating season.

Precise estimation of PMV requires specialised equipment and special attention to the
main sources of uncertainties [100] influencing final results, mainly radiant temperature
and air velocity. Regardless of this, the results show good thermal comfort conditions.
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Figure 21. PMV index.

For the PPD index values for subsequent measurement steps there could be derived
cumulative graph of the percentage share of dissatisfied with the hygrothermal conditions
in a given time step (Figure 22). Dominating share of 60.1% had PPD below 30%.

50

40
- 30
- 20
- 10

Percentage share [%]

<20 <20,30) <30,40) <40,50) =50
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Figure 22. Cumulative share of the PPD index.

4. Thermal Performance of the TABS

The embedded radiant heating and cooling system in the described building consists
of four active ceilings and one underfloor heating system. They are supplied from ground
source heat pumps. In this section the operation of part of this system, namely the floor of
the considered room, is analysed. This limitation is justified by the similar nature of the
use of all rooms in the building.

The work of TABS influences the feelings of people staying in the analysed room.
To illustrate this issue operation of TABS is represented by waveforms of characteristic
temperatures in the cooling and heating mode during working days (Figure 23) and
holidays (Figure 24).
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Figure 23. Measured floor (Tfloor), air (Tair), radiative (Trad), outlet water (Tout) and inlet water (Tin) temperatures on
working days: (a) 8 August 2019; (b) 30 October 2019.
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Figure 24. Measured floor (Tfloor), air (Tair), radiative (Trad), outlet water (Tout) and inlet water (Tin) temperatures on
holidays: (a) 4 August 2019; (b) 10 November 2019.

During the cooling period at the beginning of a working day air temperature is
stable (Figure 23a). It begins to decrease when the ventilation is on and fresh outdoor
air starts to cool down the indoor air [55]. This situation changes with office opening
hour when internal heat gains occur from occupants and equipment resulting in rising
indoor air temperature. These gains are removed by TABS due to decreasing inlet water
temperature. Because of high time constants of TABS [101,102] in relation to conventional
systems [103,104], this process is delayed in time and this is an important issue for designers
of control systems [105,106]. Holiday situation is similar (Figure 23a) but ventilation is
off and therefore the initial drop of air temperature does not occur. The increase of air
temperature is forced only by solar radiation entering the room.

During the heating season inlet water temperature is raised before opening hours
(Figure 23b) simultaneously with turning on the ventilation. After several hours tem-
perature of the TABS structure rises and heating power (inlet water temperature) can be
reduced. Along with internal gains it is sufficient to maintain indoor air temperature within
required level. During holidays (Figure 24b) the situation is quite simple because there is
no ventilation. Solar irradiance is low and heating power is stable.

Another important variable, from the point of indoor environment, is heat flux ex-
changed with the room through the floor. The EN-ISO 11855-2 standard [107] describes
the ‘general resistance method’ to calculate the steady state heat flows into the adjacent
spaces. That method is based on the equivalent resistances between the supply (inlet) water
temperature and the considered space, below or above the given TABS.

The measurement data were at first averaged in daily intervals and then used as
inputs to the aforementioned method. Obtained results are presented in Figure 25.
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Regardless of the simplicity of the applied method, the obtained results indicate
compliance with the design assumptions. According to them, heat flux density in the
upwards direction (from the floor to the interior of the room) was 14.2 W/m? at the floor
temperature of 21.8 °C in the cooling mode and 16.0 W/m? at the floor temperature of
21.5 °C in the heating mode.

Comparison of Figure 25a,b shows that average heat flux density from TABS to the
room was less than that to an adjacent space on the lower storey. In the considered case
it was so, because there are mainly technical rooms and laboratories with lower indoor
temperature under the tested room. The second factor is the structure of TABS—uncovered
ceiling and thermal resistance of floor cover. Thus, taking pipe level axis as reference
level, thermal resistance of floor upwards this level is greater than thermal resistance
downwards. This problem was discussed in detail in [108]. To assess thermal performance
of TABS different methods and indicators can be used [109,110]. But from the point of view
of a building’s owner, administrator or user the most important is energy consumption
required to maintain certain level of indoor comfort. Analysed room is within the same
hydraulic circuit with several others with total area of 244 m?. Figure 26 shows daily
cooling and heating energy for measured by heat meter in this circuit. The total cooling
and heating energy exchanged by TABS in the analysed period amounted 1275 kWh and
2500 kWh, respectively.
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Figure 26. Daily cooling and heating energy in the analysed period.

5. Conclusions

The presented measurements were performed in an office room in the commercial
office building during four months of its normal use. The conditions under which the tests
were carried out forced the simplification of the measurement system. Also the spatial
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distribution of the calculated parameters for such a long measurement period could not
be obtained.

In spite of the mentioned limitations it was possible to calculate several important
parameters describing thermal comfort: vertical air temperature profile, floor surface
temperature and percent of dissatisfied during measurement period. The presented results
confirmed the ability of implemented TABS and mechanical ventilation systems to maintain
good thermal conditions in the considered office.

Floor and internal air temperatures varied within relatively narrow range. Air humid-
ity was reported by the employees to be too low during heating period of low outdoor
temperature, but this is a typical problem in water-based surface embedded heating and
cooling systems.

The presented results of the have been also discussed with PNT Euro-Centrum Science
and Technology Park scientific and administrative authorities and continuation of the
research was approved. To improve the quality of the research, attention should also be paid
to the main sources of uncertainties influencing the PMV index calculations, mainly radiant
temperature and air velocity, very important from the point of view of the building owners
and users. The results of tests conducted under normal operation give the best picture of
thermal conditions. Thorough analysis of measurement data revealed possible overheating
resulting in unnecessary cooling increasing exploitation costs. Therefore, in case of BMS
systems data analysis is of practical and theoretical importance.
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