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Abstract: Air conditioning systems in buildings consume a significant part of the world’s energy,
and yet there are cases wherein users are not satisfied with the quality of the thermal environment.
Examples of such special cases are sports halls, which require different thermal conditions within a
single zone. Thermal diagnostics for buildings can be used to diagnose problems. The aim of the
paper was to analyse the effectiveness of the ventilation and cooling systems of a sports hall with
a cubature of 16,300 m3 and to check the possibility of managing the hall’s cooling demands via
the existing air conditioning system. Diagnostic measurements were performed, including in situ
measurements of ventilation air flows from the diffusers and their temperatures, visualization of
the supply air flows, and monthly registration of the indoor temperature in the hall at different set
temperatures of the supply and exhaust air. Additionally, a numerical analysis, using EnergyPlus
simulations, of cooling demand was performed with regard to the varying uses of the hall. The
analysis based on measurement and simulation showed that it is not possible to remove heat gains
from the hall with the current available ventilation air flow.

Keywords: sports hall; cooling; thermal diagnostic; thermal comfort; ventilation; building
thermal simulation

1. Introduction

Maintaining appropriate thermal conditions and satisfactory air quality in buildings
requires a significant amount of energy, with the literature stating that it accounts for
about 40% of the total energy produced [1,2]. Despite high energy expenditure, it is not
always possible in some existing buildings to obtain the required conditions of the internal
environment. The reasons for such a situation may lie with the building itself, the way it is
used, but also in the incorrect adoption of HVAC solutions at the design stage and/or their
improper operation and regulation. Without identifying these causes, it is difficult to find a
solution to the problem. Thermal diagnostic methods are a useful tool that allow for the
systematic analysis and identification of observed problems.

Thermal diagnostics of a building includes the identification and assessment of all
factors affecting its heat consumption in the building. These include heating, ventilation, air
conditioning (HVAC) and hot water systems; building envelope; indoor environment; and
building operation. Appropriately integrated partial diagnoses lead to the determination
of the heat consumption of the entire building and provide data for the determination of
improved solutions. When assessing energy consumption, attention should be paid to
the quality of the indoor environment, as energy savings must not cause its deterioration.
Two phases can be distinguished in the diagnostic procedure: inspections and diagnostic
measurements. The main purpose of the inspection is to assess the technical condition of the
systems and to compare the compliance of those systems with the designer’s documenta-
tion. Diagnostic measurements are performed to evaluate the operation of the installations
in situ under real conditions. Popiolek et al. [3] have proposed a comprehensive method of
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evaluating the physical envelope, HVAC systems and indoor environment [3]. Case studies
of thermal diagnoses of building systems are presented in [4–7]. Comprehensive in situ
measurements, including building envelope, ventilation with heat recovery, heating, and
domestic hot water systems, were performed in two single-family houses in [4,5], while
thermal diagnostics of ventilation systems and cooling sources for air conditioning systems
carried out in office buildings are presented in [6] and [7], respectively.

Examples of particularly complex cases are large-volume facilities. These include
sports halls in which thermal loads vary across a wide range. The ventilation and air-
conditioning of sport halls requires a large number of air exchanges, especially during
sports events attended by many spectators. The airflow pattern should be well planned
and controlled to ensure acceptable indoor air quality and thermal comfort in the occupied
zone for users with different activities, such as those of athletes and spectators. In addition,
energy consumption should be taken into account.

Energy efficient ventilation of large enclosures, including sports halls, was the subject
of the international research project IEA Annex 26 [8]. In the ventilation of these rooms,
problems with undesirable thermal stratification, local overheating, drafts or spread of
pollutants were observed. Ref. [8] provides an overview of techniques to measure and
model air distribution in large, ventilated spaces.

Many research centres around the world have been dealing with energy efficient
HVAC systems in sports halls. The indoor environment in sport halls has been evaluated
according to air quality [8–17], microbiological pollution [18], dust pollution [19] and
thermal comfort [10,14,20–22]. There has been an ongoing search for a proper ventilation
and night cooling strategy [10,21,23] and various solar shading systems, which reduce
solar heat gains [24], and lighting systems [25,26] have been analysed. For dynamic
building simulation, the TRNSYS [10] and DesignBuilder [19] programmes were used.
Air distribution inside sport halls was calculated using CFD codes: ANSYS [27] and IES
Virtual Environment [28]. The temperature distributions for different HVAC systems in a
training hall have been predicted using the FloVENT CFD code [14]. However, in the above-
mentioned papers, no information on comprehensive thermal diagnosis of the cooling
system in sports hall was found.

This paper presents thermal diagnostic tests performed in a sports hall for which
users complained about overheating during the summer due to the ineffective operation
of the air conditioning system. A retrofitting of an HVAC system cannot be undertaken
without determining the reasons of such overheating. The aim of this paper was to analyse
the effectiveness of the ventilation and cooling systems in a sports hall and to check the
possibility of managing the cooling demands via its existing air conditioning system.
The scope of the study included inspection of ventilation and cooling systems, in situ
measurements of ventilation air volume flows from the diffusers and the temperature of
the air supplied to the hall, visualisation of the supply air flows, and registration of the
indoor temperature in the hall at different set temperatures of the supply and exhaust
air flows. Temperatures in the different points of the hall and AHU were measured and
registered continuously for about 30 days. On the basis of these measurements, the total
and sensible power of the cooling system and the sensible power removed from the hall
were determined. This method of cooling power determination can be useful in thermal
diagnostics of HVAC systems in buildings. Additionally, a numerical analysis of cooling
demand was performed for various operation scenarios of the hall. The effects of additional
actions, such as the use of window roller shades and the introduction of additional sun
control films on windows, were also examined.

2. Methods
2.1. Tested Building

The research was carried out in a sports hall with a cubature of 16,300 m3, which
includes a sports field with an area of 1387 m2 and a height of 10 m, a fixed stands with an
area of 152 m2 for 288 people, and movable stands for 112 people (Figure 1a,b). The hall
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is located in southern Poland, which is characterized by a transitional temperate climate,
between the continental and Atlantic climates, with relatively cold winters and warm
summers (the Dfb class according to the Köppen–Geiger classification).
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Figure 1. Hall: view on the stands (a); view on the windows (b); masonry and roof construction
packages (c).

The walls of the hall have a monolithic reinforced concrete structure. The wooden
roof is covered with a white membrane (Uwall = 0.20 W/(m2·K), Uroof = 0.15 W/(m2·K)
(Figure 1c). There are large windows in the external walls on the N, E and S sides
(Uglass = 1.1 W/(m2·K)). The light-coloured internal roller shades have been installed on
the windows, the positions of which are electrically controlled by a manually operated
actuator. Some of the windows (N and S side) can be tilted.

The room is air-cooled with a supply-exhaust system. This system originally served
only as ventilation and as additional heating of the hall above the standby temperature of
8 ◦C. In the second stage of the investment, the system was upgraded to cool the sports hall.
The design air temperature in the hall is 24–26 ◦C. The air handling unit (AHU) is located
on the roof and is equipped with a water heater and a water cooler. The constant air volume
(CAV) system supplies air (11,500 m3/h) above the sports field with seven long-range
air supply nozzles and to the stand area with seven swirl diffusers with a plenum box.
According to the building documentation, the nozzles are set at angles of −29◦ to the axis
of the ventilation duct (which was confirmed by inspection), and this is the recommended
angle setting for the heating function. The angle was not changed when the system was
upgraded to perform the cooling function. Air is removed from the ceiling of the hall
through exhaust grilles. Thus, it is a classic mixing ventilation system.

A monoblock chiller with R-410A refrigerant is located on the roof of the building next
to the AHU. The chiller is equipped with two compressors, one of which has an inverter to
ensure the necessary adjustments to the cooling capacity. The temperatures of the coolant
(40% water solution of ethylene glycol) at the inlet and outlet of the cooling coil are 6 ◦C
and 12 ◦C, respectively.

According to technical data, for a ventilation airflow of 11,500 m3/h, the nominal total
power of the cooling coil is 74.5 kW and the sensible power Qs|osup is 54 kW (when outdoor
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air is cooled to 14 ◦C, from outdoor air temperature to = 32 ◦C to air temperature at the
cooler outlet equal to the supply air temperature tc ∼= tsup = 18 ◦C). The sensible power
Qs|osup can be calculated from the formula:

Qs|oc = V·ρ·cp·(to − tc) =
11500
3600

·1.2·1.005·14 = 54 kW. (1)

Assuming that the temperature of exhausted air is equal to the average air temperature
in the hall, ti = 25 ◦C, the maximum sensible heat flux removed from the hall is:

Qs|isup = V·ρ·cp·
(
ti − tsup

)
=

11500
3600

·1.2·1.005·7 = 27 kW. (2)

The sensible heat gains assumed at the design stage were 69 kW. Thus, the sensible heat
flux removed from the hall is approximately 2.6 times lower. This means that the ventilation
airflow of 11,500 m3/h at a temperature of 18 ◦C will not ensure the air temperature in the
hall at the level of 24 to 26 ◦C.

The controller maintains the temperature in the room at the set level. The system
can operate in day or night mode. The operation of the automation system consists of
regulating the supply temperature based on the readings of the temperature sensors of
the outside air and the air exhausted from the room. The control system compares the set
temperature with the current reading of the exhaust air temperature sensor.

2.2. Measurements

The tests performed included:

• measurement of airflows supplied to the hall with simultaneous measurement of the
air temperature;

• visualisation of the supplied jets and determination of their throw length;
• continuous measurement and recording of temperature and humidity of the supplied

air, exhausted air and air at the inlet and outlet of the cooling coil in AHU;
• continuous measurement and recording measurement of air temperature at the se-

lected points in the occupied zone.

A list of measuring instruments with their range and measurement uncertainty is
presented in Table 1. Additionally, meteorological data from a meteorological station
located 6 km from the building were used for the analyses.

Table 1. List of measuring instruments.

Instrument Type Measurement Range and
Uncertainty in Measurement Purpose of Measurement

Balometer ACCUBALANCE II 40–4000 m3/h
±3% of measured value

Measurement of volume flux
of air supplied from diffusers

Thermometer Testo 110 −50–150 ◦C
±0.2 ◦C (−25–75 ◦C)

Measurement of the
temperature of air supplied

from diffusers

Data logger APAR AR235

Temperature: −30–80 ◦C,
±0.2 ◦C

Relative humidity: 0–100%,
±3% (20–80%), ±3–5% (in the

remaining range)

Measurement of air
temperature and relative

humidity: supply from the
diffusers; in the occupied zone

(7 meas. points); in the
air-conditioning unit

(2 meas. points)

Smoke generator Antari 3000 – Visualization of supplied jets

The measurement results were used to evaluate the thermal conditions in the room and
to determine the total and sensible power of the cooling system at different temperatures,
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the humidity of the outside air, and the different values of the air temperature inside the
hall, as set on the thermostat.

2.2.1. Measurements of Temperature and Volume Flux of the Supplied Air

Measurements of volume flux and temperature of the air supplied to the hall from all
fourteen diffusers were performed once. The arrangement of the diffusers in the hall is
shown in Figure 2. The long-range nozzles are marked with numbers 1 to 7, and the swirl
diffusers are marked with numbers 8 to 14.

Buildings 2023, 13, x FOR PEER REVIEW 5 of 21 
 

The measurement results were used to evaluate the thermal conditions in the room 

and to determine the total and sensible power of the cooling system at different tempera-

tures, the humidity of the outside air, and the different values of the air temperature inside 

the hall, as set on the thermostat. 

2.2.1. Measurements of Temperature and Volume Flux of the Supplied Air 

Measurements of volume flux and temperature of the air supplied to the hall from 

all fourteen diffusers were performed once. The arrangement of the diffusers in the hall is 

shown in Figure 2. The long-range nozzles are marked with numbers 1 to 7, and the swirl 

diffusers are marked with numbers 8 to 14. 

 

Figure 2. Sketch of the hall with diffusers (marked red, long-range jet nozzles 1–7, swirl diffusers 8–

14) and the location of the temperature and humidity measurement points (marked blue in circles). 

2.2.2. Visualisation of Supply Jets 

In order to determine the throw length of the jets, they were visualised by adding 

smoke generated by the smoke generator to the supply air. Smoke dosing was carried out 

separately for one supply nozzle and one swirl diffuser. The air volume fluxes from the 

same type of diffusers were very similar; therefore, it can be assumed that the air velocity 

distributions are also similar. 

Because the visualization may affect visibility, it was performed in an empty hall, late 

in the evening. The average outdoor air temperature of the 24 h preceding the measure-

ments was 14.2 °C, and the daytime sun exposure did not exceed 300 W/m2. Under these 

outdoor conditions the indoor air temperature in the hall was 21 °C. 

2.2.3. Long-term Measurements of Air Temperature and Humidity 

The tests of the efficiency of the cooling system were conducted in the warmest pe-

riod of the year, i.e., in July and August. Continuous measurements and recording of air 

temperature and relative humidity were made at seven points located in the occupied 

zone. Data loggers 1, 2, 3 and 4 were placed near the external wall opposite the stands, 

data loggers 5 and 6 at the seats under the stands, and data logger 8 at the seat in the 

stands. Two data loggers placed in diffusers 1 and 7 (the data loggers marked 7 and 9 in 

Figure 2) measured the parameters of the air supplied to the hall. The locations of the data 

loggers in the hall are shown in Figure 2. The measurements in the occupied zone and in 

the diffusers were carried out from 27 July to 25 August 2021. In the period from 6 August 

to 25 August 2021, air temperature and humidity were measured at two points located in 

Figure 2. Sketch of the hall with diffusers (marked red, long-range jet nozzles 1–7, swirl diffusers
8–14) and the location of the temperature and humidity measurement points (marked blue in circles).

2.2.2. Visualisation of Supply Jets

In order to determine the throw length of the jets, they were visualised by adding
smoke generated by the smoke generator to the supply air. Smoke dosing was carried out
separately for one supply nozzle and one swirl diffuser. The air volume fluxes from the
same type of diffusers were very similar; therefore, it can be assumed that the air velocity
distributions are also similar.

Because the visualization may affect visibility, it was performed in an empty hall, late in
the evening. The average outdoor air temperature of the 24 h preceding the measurements
was 14.2 ◦C, and the daytime sun exposure did not exceed 300 W/m2. Under these outdoor
conditions the indoor air temperature in the hall was 21 ◦C.

2.2.3. Long-term Measurements of Air Temperature and Humidity

The tests of the efficiency of the cooling system were conducted in the warmest period
of the year, i.e., in July and August. Continuous measurements and recording of air
temperature and relative humidity were made at seven points located in the occupied zone.
Data loggers 1, 2, 3 and 4 were placed near the external wall opposite the stands, data
loggers 5 and 6 at the seats under the stands, and data logger 8 at the seat in the stands.
Two data loggers placed in diffusers 1 and 7 (the data loggers marked 7 and 9 in Figure 2)
measured the parameters of the air supplied to the hall. The locations of the data loggers in
the hall are shown in Figure 2. The measurements in the occupied zone and in the diffusers
were carried out from 27 July to 25 August 2021. In the period from 6 August to 25 August
2021, air temperature and humidity were measured at two points located in the AHU: the
data logger located behind the cooler measured the parameters of the supplied air at the
inlet of the supply fan, and the data logger placed at the inlet of the recuperator measured
the parameters of the air removed from AHU. Due to technical reasons, the measurements
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of temperature and air humidity in the AHU started ten days later than measurements in
the occupied zone and in the supplied jets. This period was sufficient to determine the
cooling capacity of the HVAC system.

During the entire measurement period, the hall was used sporadically due to COVID
restriction, so it can be assumed that internal heat gains were negligible. Measurement
results were recorded with a time step of 5 min.

2.3. Thermal Simulation

To determine the cooling demand in the sports hall, a thermal simulation of the
building was carried out using EnergyPlus 9.4 (US Department of Energy, Washington,
DC, USA) [29]. The model included one thermal zone (Figure 3). The conditions in the
unmodeled part of the building around the stands were assumed to be similar to the
calculated zone. The following assumptions were made for the calculations:

• Simulation for the summer period 1.06 to 30.09 (2928 h) with a 15-min time step;
• Outdoor climate: typical climate data (TMY) for Katowice (typical meteorological

years and statistical climatic data for the area of Poland for energy calculations of
buildings [30]). The minimum temperature in the simulated period was 1.9 ◦C, the
maximum temperature was 30.8 ◦C, and the average temperature was 16.2 ◦C;

• Indoor temperature: the lower limit was adopted according to the design assumptions—
24 ◦C. In the model, the ideal loads air system was used, which supplies cooling or
heating air to a zone in sufficient quantity to meet the zone load;

• Heat gains from lighting (400 W × 150 lamps = 60 kW): 15% convection (k), 85%
radiation (r) (fluorescent lights built in the ceiling);

• Heat gains from people on the playing field [31]: sensible heat 145 W/person (k/r
50/50%), latent heat 280 W/person;

• Heat gains from people in stands [31] sensible heat 75 W/person (k/r 50/50%), latent
heat 55 W/person;

• Non-transparent building partitions according to the current state;
• Transparent building partitions (windows) according to manufacturers’ data for simi-

lar windows from the construction period of the facility. The optical properties of the
glass were determined using a dedicated Window 7.8 program [32] (Table A1);

• Air infiltration: due to a mechanical ventilation system, external air infiltration was
omitted. The windows in the building are relatively new (only ten years old) and
tight and, with a small difference in temperature between the outside and the inside
in summer, the infiltrating airflow is very small. Therefore, the error associated with
this assumption is negligible;

• Internal shades (according to actual state): the solar radiation transmittance coefficient
was adopted on the basis of catalogue data of similar roller shades available on the
market. Two options were adopted: windows without shades or all windows covered.
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The calculations were carried out for three variants of use:

• A: empty hall;
• B: sports training on the playing field (20 people doing very hard work);
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• C: hall with full occupancy of the audience (20 people doing very hard work and 400
people sitting).

3. Results

The ventilation and cooling systems were made according to the design of the building,
but unfortunately the occupants complain of thermal discomfort in the summer. Retrofitting
with a cooling system raises doubts and the question as to whether the air flow specified in
the earlier project is sufficient to cover the cooling demand of the sports hall at the assumed
supply air temperature has not been checked. Furthermore, the indoor temperature of 24 ◦C
to 26 ◦C, assumed in the designed stage, is recommended for light work in the summer (for
example, office work or spectating as part of an audience in the gym). The recommended
temperature for very hard work, that is, high activity performed by players on the field, is
18–21 ◦C [33].

3.1. Ventilation Airflow Rate

The results of the measured volume flux and the temperature of the supplied air are
presented in Table 2. The average temperature of the air supplied was 17.9 ◦C. The standard
deviation of the air temperature measured in all diffusers was 0.5 ◦C.

Table 2. Supply airflow rate and air temperature.

Diffuser Design Airflow Rate m3/h Measured Airflow m3/h
Measured Air

Temperature, ◦C

1 890 760 17.8
2 890 680 18.0
3 890 820 18.0
4 890 610 16.7
5 890 640 17.9
6 890 730 17.9
7 890 600 17.7
8 750 700 17.1
9 750 670 17.8

10 750 650 17.8
11 750 620 18.5
12 750 610 17.9
13 750 620 18.6
14 750 640 18.5

Total design airflow rate: 11,500 m3/h; total measured airflow rate: 9350 m3/h; average temperature: 17.9 ◦C.

The total measured ventilation air flow was 9350 m3/h ± 50 m3/h, and was lower by
8–33%, averaging 18%, than the design. From a hygienic point of view, with a maximum of
400 occupants, this flow is approximately 20% too low. When the hall is fully occupied, the
air quality may be slightly unsatisfactory, but this is probably not often the case. Taking into
account the hygiene conditions, it is not necessary to increase the ventilation airflow rate.

The average temperature of the air supplied was 17.9 ◦C. The standard deviation of
the air temperature measured in all diffusers was 0.5 ◦C.

3.2. Evaluation of the Throw Length of Supply Jets

Visualization for the long-range nozzle was carried out twice, once for the nozzle
directed downwards (setting found in the sport hall) and once upwards (setting recom-
mended for a cold jet supply). The temperature of the supply air and the air at several
points in the surrounding jet was measured. The supply air temperature measured in both
diffusers was 16.6 ◦C. The air temperature in the hall was, on average, 21.7 ◦C, and its val-
ues differed very slightly within the uncertainty of its measurement. Thus, the temperature
difference between the air supplied and the air in the room was −5 ◦C. Figures 4 and 5
show exemplary photos from tests of the jet throw length.
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Figure 5. Visualisation of the air stream from the swirl diffuser in the 30th second.

Figure 4 shows that, at the current setting of the long-range nozzles, the jets reach
the level of the floor, covering the entire occupied zone. With a properly operating air
conditioning system this setting may be unfavourable, as the jets reaching the occupied zone
may cause a sensation of draught. However, in current conditions, when the temperature
in the hall is too high, this setting may improve the thermal comfort of the athletes. When
the nozzles are orientated up, the jets are attached to the ceiling and cover the entire width
of the room.

In the case of the jet supplied from a swirl diffuser, and as shown in Figure 5, the cold
air slowly descends downward and reaches the occupied zone. The conditions during the
measurement were more conducive to such a development of the jet than the conditions
when there are spectators in the audience. During a mass event, thermal plumes are formed
above the spectators, which cause a vertical upward air movement. Thermal plumes work
opposite to the supply jets, limiting their range. In this case, the throw length of the air jets
may be smaller.

3.3. Temperature Measurement Results in the Hall

The time series of outdoor air temperature and indoor air temperature in the hall
measured at seven points in the occupied zone, and the air temperature in the hall as set
on the controller are shown in Figures 6a, 7a and 8a. Additionally, Figures 7a and 8a show
the exhaust air temperatures measured in the air handling unit. The air temperature at
all measurement points was continuously recorded, with the AHU turned on and off. In
Figures 6–8, the periods in which the AHU was switched on are marked with a yellow
background.
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Figure 6. Time series of air temperature and the total and sensible power of the cooling system (27
July to 5 August): outdoor and indoor temperature in the hall (a); supply air temperature-diffusers 1
and 7 (b); total and sensible power (c).
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Figure 7. Time series of air temperature and the total and sensible power of the cooling system
(6 August to 15 August): outdoor and indoor temperature in the hall (a); supply air temperature-
diffusers 1 and 7, air temperature at the cooler outlet (b); total and sensible power (c).

The measurement results show that there are homogeneous thermal conditions in the
occupied zone of the hall, that the temperature values recorded at various points in the hall
are similar, and that the differences do not exceed 1 ◦C (Figures 6a, 7a and 8a). Furthermore,
the temperature of the air exhausted from the hall is slightly (less than 1◦C) higher than the
average temperature measured in the occupied zone.

In the registered time series, three several-day periods of continuous operation of the
control panel can be distinguished; these are hourly intervals: 11–91, 322–427 and 512–592.
In the first period, the set temperature inside the hall was 15 ◦C (to determine the maximum
cooling capacity), in the second period, in the range 322–335, the set temperature was 25 ◦C,
and in the following hours of the second period and in the third period, it was 20 ◦C.

In the first period of continuous operation of the AHU (11–91 h) in the afternoon, the
outdoor air temperature was high, at 28–32 ◦C. Despite the temperature setting in the hall
being at 15 ◦C, the air-conditioning system did not provide the intended air temperature of
25 ◦C, and the temperature in the hall reached up to 27 ◦C. In the second period (322–427 h),
the maximum outdoor air temperature was lower, at 24–30 ◦C. During most of the AHU
operation time, when the outside air temperature was lower than 28 ◦C, the air temperature
in the hall did not exceed 25 ◦C, but it was much higher than the set value of 20 ◦C. It
was observed that, despite negligible internal gains and the continuous operation of the
cooling system in the first and second periods, the average air temperature in the hall was
about 2 ◦C higher than the average outside air temperature, which demonstrates the poor
protection of the hall against heat gains from solar radiation.
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Figure 8. Time series of air temperature and the total and sensible power of the cooling system
(16 August to 25 August): outdoor and indoor temperature in the hall (a); supply air temperature-
diffusers 1 and 7, air temperature at the cooler outlet (b); total and sensible power (c).

In the third period (512–592 h), the maximum outdoor air temperature increased in the
following days from 19 ◦C to 24 ◦C. The average daily temperature in the hall decreased
slightly from 24 ◦C to 23 ◦C. Throughout the period, the air temperature in the room was
higher than the outside air temperature and the set value of 20 ◦C.

Based on the temperature variations in the other, shorter, periods of the AHU operation
(the AHU is turned on at 7 am and switched off around 7 pm), it can be observed that
switching on the installation prevents the temperature from rising during the day, despite
the increase in outdoor temperature.

3.4. Determination of the Total and Sensible Power of the Cooling System and the Sensible Power
Removed from the Hall
3.4.1. Calculation Procedure

The sensible and total powers of the cooling system were determined on the measured
temperature and relative humidity at the inlet and outlet of the cooling coil.

The sensible power of the cooling coil was determined from the equation:

Qs|oc = V·ρ·cp·(to − tc), (3)

where:
V—airflow rate, m3/h;
ρ—air density, kg/m3;
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cp—specific heat of dry air, cp = 1.005 kJ/(kg·K);
to—outdoor air temperature, ◦C;
tc—temperature at the cooling coil outlet, ◦C.
Analysing the measurement results (Figures 7b and 8b), it was found that, during

the AHU operation, the temperature of the air supplied to the hall was on average 2.3 ◦C
higher than the temperature of the air measured directly at the cooling coil outlet. The
reason for the increase in air temperature is because the air became heated in the supply
fan and in the ducts that supply the air to the diffusers. For the calculation of the cooling
coil capacity, it was assumed that the air temperature behind the cooler was 2.3 ◦C lower
than the average temperature measured in diffusers 1 and 7.

The total power of the cooling coil was calculated from the equation:

Qt|oc = V·ρ·(ho − hc), (4)

where:
ho—enthalpy of outdoor air, kJ/kg;
hc—enthalpy of air at the cooling coil outlet, kJ/kg.
The enthalpy of outdoor air and enthalpy at the cooling coil outlet were calculated

using the equation:
ho = cp·to + xo·

(
ro + cwp·to

)
, (5)

hc = cp·tcc + xc·
(
ro + cwp·tc

)
, (6)

where:
ro—heat of vaporization, ro = 2501 kJ/kg;
cwp—specific heat of water vapor, cwp = 1.84 kJ/kg.
The specific humidity x was determined from the relationship:

x = 0.622
ϕ·ps

pb − ϕ·ps
, (7)

where:
ϕ—relative air humidity;
pb—barometric pressure, Pa;
ps—saturation pressure of water vapour calculated from the Clausius– Clapeyron equation:

ps = 611.213· exp
(

17.5043·t
241.2 + t

)
. (8)

The sensible power (sensible heat flux) removed from the hall was calculated from
the equation:

Qs|ex
sup = Vn·ρ·cp·

(
tex − tsup

)
, (9)

where:
tex—temperature of the air exhausted from the hall, ◦C;
tsup—supply air temperature (average of the values measured in diffusers 1 and 7), ◦C.
The air supply temperature measured at diffuser 7, which is located further from the

AHU than diffuser 1, is systematically higher, by 0.5–1.0 ◦C, than the temperature measured
at diffuser 1 (Figures 6b, 7b and 8b). A slightly higher air temperature at diffuser 7 may
indicate insufficient thermal insulation of the supply air ducts.

Comparing the time series of the temperature of the air removed from the hall (mea-
sured at the inlet to the air handling unit in a shorter period, from 6 August to 25 August)
and the average temperature measured inside the hall, it can be noticed that the temper-
ature of the air removed from the hall is slightly, less than 1 ◦C, higher from the average
temperature measured inside the hall. In the calculations for the entire measurement period
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from 27 July to 25 August, it was assumed that the temperature of the exhaust air was equal
to the average temperature in the hall plus 1 ◦C.

3.4.2. Sensible and Total Power of the Cooling Coil

The maximum total power of the cooling coil, determined based on the measurement
data recorded in the period from 27 July to 25 August 2021, was approximately 60 kW
(Figure 8c). This value was approximately 20% lower than the assumed value of total power
74.5 kW when selecting the cooling coil. The reason for this difference is that the ventilation
airflow rate is lower by approximately 18% than the design value. Due to the fact that
the mean surface temperature of the cooling coil is approximately constant and equal to
approximately 9 ◦C, the total power of the cooler decreases with decreasing temperature of
the outdoor air. At an outdoor air temperature of approximately 16 ◦C, the total power of
the cooling coil was approximately 25 kW (Figure 8c).

The sensible power is much lower than the total power of the cooler. The reason for
this is that the water vapour condenses on the surface of the cooling coil and uses part of
the total power for this phase change. The difference between total and sensible power
depends on the moisture content in the outdoor air. The latent power (i.e., the difference
between the total and sensible power of the cooler) as a function of the specific humidity in
the outdoor air is shown in Figure 9. The data presented in Figure 9 were determined based
on the temperature and humidity of the outdoor and supplied air recorded with a 5-min
time interval during the AHU operation, in the period from 27 July to 25 August. The
maximum sensible power of the cooling system, approximately 42 kW, occurred multiple
times. The total and sensible power of the cooling coil varies widely with the temperature
and moisture content of the outdoor air.
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Figure 9. Cooler power used for condensation of water vapour as a function of the specific humidity
of the outdoor air.

The sensible heat flux removed from the hall depends on the ventilation airflow and
the temperature difference between the exhausted and supplied air. The air temperature
during the measurement period varied from 13 ◦C to 19 ◦C with an average value of
approximately 16 ◦C, and the exhausted air temperature was in the range from 23 to 28 ◦C
with an average value of approximately 25.5 ◦C. The variability of the sensible heat flux
removed from the room is shown in Figures 6c, 7c and 8c.

When the outdoor air temperature is high, the indoor air temperature exceeded the
designed value of 25 ◦C, and most of the time the air temperature in the room was higher
than the set value of 15 ◦C or 20 ◦C. Meanwhile, the sensible power removed from the
hall has not changed significantly, from approximately 28 kW to approximately 32 kW.
Therefore, it can be assumed that the maximum heat flux removed by the ventilation
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air from the hall is approximately 30 kW. The exceptions are two time periods: 240–258
and 318–340, in which the outside air temperature was lower than the set temperature of
25 ◦C. At that time, the average sensible heat flux removed from the hall was about 18 kW
(Figure 7c).

3.5. Thermal Simulation Results

In order to determine the causes of the situation diagnosed during in situ measure-
ments, thermal calculations of the sports hall were carried out in various states of its use.
Table 3 presents the simulation results for the eight cases of internal and external heating
load. The number of hours in which the cooling demand exceeds 27 kW is also given (see
Section 2.1).

Table 3. Cooling demand calculation results.

Case Occupants Shades Lighting Cooling System
Working Time

Max Cooling
Demand Qj, kW

Number of Hours
with Cooling

Demand > 27 kW
(Percentage of Time)

A1 no no no all day 45.8 126 (4.3%)
A2 no yes no all day 42.9 35 (1.2%)
A3 no yes no 8 am to 8 pm 111.7 74 (2.5%)
B1 training (8 am to 8 pm) yes 50% all day 58.3 1221 (41.7%)
B2 training (8 am to 8 pm) no no all day 48.4 300 (10.2%)
C1 full audience (8 am to 8 pm) yes 100% all day 122.3 1868 (63.8%)
C2 full audience (8 am to 8 pm) yes 50% all day 100.6 1663 (56.8%)
C3 full audience (8 am to 8 pm) no no all day 90.5 1584 (54.1%)

Even in an empty room with shades on all windows and without using artificial
lighting, the maximum cooling demand exceeded the available cooling power from the
supplied air. Cooling power was insufficient in this case only for 1% of the summer
season. Even without window shades, the excess was not greater than 5% of the time.
These cases are similar to those analysed during the measurements. This confirms that the
built thermal model is accurate. Simulations using TMY climate confirmed conclusions
regarding the thermal conditions in the hall in the considered period. Case A2 can be
treated as a comparative case with situations in which there are people and lighting in the
room (it is the case with the lowest external and internal heat gains in the hall) and can be
used to assess the impact of the use of shades on windows. In the hall, there are internal
shades in a light colour. Visual evaluation showed that the shades are highly transparent
and moved away from the window frame (on the sides and bottom of the shades, there
are gaps that allow air to circulate between the window area and the room). In this case, a
large part of the heat gains result from solar radiation entering the window space into the
room. Figure 10 shows the variability of the cooling demand for cases without and with
shades in July.

It should be noted that, due to the accumulation of heat in the building partitions,
in the hot periods of the season, the cooling demand did not drop to zero even at night.
Therefore, a very unfavourable case represents times when the cooling system is turned off
at night (unfortunately, this is a typical situation in the hall). In the morning hours, a very
large cooling power is therefore required to ensure 24 ◦C in the hall. Figure 11 shows the
cooling demand on a selected day for such a case in comparison with the case wherein there
is a 24-h operation of the system (empty-hall cases). After starting the system, the cooling
demand was about three times higher than the average value in the following hours of the
day and the maximum value when the system operated continuously around the clock.
In practice, this means overheating of the room in the initial hours of its use, because the
maximum cooling capacity of the system is limited. The time of overheating will depend
on the hall load at the time of system start-up.
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Figure 11. (a) Cooling demand on a selected day for the case when the cooling system is turned off at
night—case A3—and (b) for the case when the system operates around the clock—case A2.

The next case considered was training in the hall without spectators (20 people doing
very hard work). In cases where 50% of the lighting was used and without lighting and at
the same time without shades on the windows, the maximum cooling demand exceeded
two times the maximum cooling power of 27 kW. When using 50% the cooling power
shortage occurred for 42% of the summer season; with lights off, it was for 10% of the
season. However, it should be verified as to whether the level of natural lighting in the hall
(without artificial lighting) is sufficient for performing sports activities.

In the case of a full audience, the cooling demand significantly exceeded the available
cooling capacity (up to 4.5 times). With full occupancy and 100% lighting, the hall can be
overheated for more than 60% of the summer season (June–September). Figure 12 shows
the variability of cooling demand in one day at full load in the hall.
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Figure 12. Cooling demand on the selected day (full load of the hall).

Due to the fact that the temperature in the sports hall in the summer should not
exceed 21 ◦C, the question of how much the cooling demand increases in such a case was
additionally evaluated. The results for the three selected cases are presented below:

• Empty hall (A2 case): 46.8 kW;
• Training (B1 case): 62.5 kW;
• Full audience (C1 case): 128.0 kW.

When meeting the indoor thermal conditions recommended by the standards (Ti = 21 ◦C),
the cooling demand increased by an additional 5% to 10%, depending on the case of hall
load. In summary, the calculated maximum cooling demand significantly exceeded the
value specified in the design stage of the building; the value was underestimated by 77%.
The efficiency of the designed system has been severely underestimated, as a result of
which there are inadequate thermal conditions in the hall. When the hall is fully loaded, the
gains from the sun (with windows covered with internal roller shades) account for almost
40% of the cooling demand, which is why the installation of much more effective external
shields should be considered.

3.6. Evaluation of the Reduction of the Cooling Demand by the Use of Sun Control Window Films

Simulations of cooling demand in the summer season and heat demand in the winter
season were performed to check the impact of the use of sun control window film. An
empty hall was analysed without taking into account internal gains, represented by case A1
in Table 3. The assumed temperature set point was 20 ◦C for heating and 24 ◦C for cooling.

The main objective of solar control films is to reduce the amount of heat entering
the building through the windows. Sunscreen films typically have a thin adhesive layer
for optimal transparency and a metallic microlayer that evenly covers the film, reflecting
infrared solar radiation and resulting in a significant reduction in solar heat gains. The
calculations were based on 3M™ Sun Control window films from the Neutral series [34],
which do not change the colour of the glass: RE35NEARL inner film and RE35NEARLXL
outer film. Table A1 presents a comparison of the optical properties of the standard glazing
unit assumed for the analysis and the same glazing unit with internal or external film.
Figures 13 and 14 show the variability of the cooling demand in July and the heating
demand in January. The results for case A2 are also presented to reflect the difference
between placing shades versus sunscreens on the inside or outside of the windows.
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Figure 14. Heating demand in January (empty hall).

The inner film did not meet expectations. Cooling demand in summer was comparable
to the “no film” case; the required maximum cooling power may be even higher (Table 4).
Additionally, instantaneous heating demand in winter increased significantly in this case.
The current solution with blinds on the inside of the window gave better results for both
cooling and heating demands. The tested outer film reduced the maximum gains from
the sun by almost half, additionally, it slightly affected the instantaneous heating demand
in winter.

Table 4. Cooling and heating demand results for cases with film on windows.

Parameter
Standard Glass

Assumed in
Calculations

Standard Glass with
Internal Shades

Glass with Inner Film
RE35NEARL

Glass with Outer Film
RE35NEARLXL

Maximum heating
demand, kW 22.8 24.5 30.4 23.2

Maximum cooling
demand, kW 45.8 42.9 51.4 24.1

The methodology for calculating the design heat load in accordance with the EN
12831-1:2017 standard [35] applicable in Poland does not take into account internal and
external heat gains. Assuming that the calculations of design heat load in the tested hall
were made correctly, it can be assumed that, regardless of the sun-control film used, the
heating system should provide the required energy. However, this may affect the annual
heat consumption of the building.



Buildings 2023, 13, 1185 18 of 21

4. Conclusions

Based on the inspection and diagnosis performed on the air conditioning system in
the sports hall, the following problems were identified:

• The performed measurements confirmed that, during periods when the outdoor air
temperature exceeded 28 ◦C, the air temperature in the hall exceeded the design
temperature of 24 ◦C to 26 ◦C even with no or negligible internal heat gains. The
currently installed cooler used has insufficient cooling capacity. The sensible heat
gains assumed at the design stage amounted to 69 kW, while the identified sensible
heat flux removed from the hall was approximately 2.6 times lower. This means that
the ventilation airflow of 11,500 m3/h at the temperature of 18 ◦C cannot ensure the
air temperature in the hall at the level of the design assumptions;

• The thermal conditions in all occupied zones in the hall were uniform. The temperature
values recorded at various points in the hall were similar and the differences did not
exceed 1 ◦C. This means that the system used does not ensure the required temperature
in different zones of the hall. In this type of facility, in summer the temperature in the
field zone should be 6–7 ◦C lower than in the spectator zone;

• The total and sensible power of the cooler varied greatly depending on the parameters
(temperature and humidity) of the outdoor air. These changes, however, did not have
a significant impact on the operation of the cooling system, i.e., the sensible heat flux
removed from the hall by the ventilation air. The maximum values of the total and
sensible power of the cooler (approximately 60 kW, and 42 kW respectively) were
lower by approximately 4.2 kW, which is 20% of the values adopted for the selection of
the cooler (74.5 kW and 55.0 kW). The reason for this difference is that the ventilation
airflow rate is lower by approximately 18% than the design value;

• It is not possible to remove heat gains from the room with the current airflow of
ventilation (which was confirmed based on measurement data and calculations). Air
flow would have to be more than four times greater. It is not possible to supply this
amount of air with the existing ventilation system. The expansion of the air system
would be ineffective, and an additional (cooperating) cooling system is required;

• The cooling demand was underestimated at the design stage. The value calculated on
the basis of computer simulation significantly exceeds (by 75%) the value estimated at
the design stage. Simplified design methods can lead to significant calculation errors
and thus problems later in the building operation. A very large part of the heat gains in
the hall (approximately 40%) are solar gains due to the large windows. Unfortunately,
the internal roller blinds used do not significantly reduce solar gains;

• The cooling system is turned off at night, adding to the problem of cooling during
the day.

In order to solve the problems with cooling the main hall, the following actions
are proposed:

• In the hottest periods of the summer season, it is recommended to operate the cooling
system continuously or at least 24 h before using the room;

• Additionally, the introduction of night cooling on these nights, when there is a signifi-
cant drop in the outdoor air temperature, is recommended. High-efficiency exhaust
fans should ensure intensive air exchange, with outside air inflow through opening
hatches or windows. For this purpose, additional exhaust fans (e.g., roof fans) must
be installed. Fans should be installed at a certain distance from the opened windows,
to ensure intensive mixing and air exchange throughout the hall. The operation of the
night cooling system should be automatically controlled. The opening of windows at
night should be coupled with the operation of the fans;

• The introduction of external sun shields controlled by a solar radiation sensor. Consid-
eration should also be given to the use of more effective sunscreens on the windows,
for example, the window films tested in this study that were glued to the outside of
the glass;
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• The replacement of light sources with energy-saving sources, e.g., LED ones, to reduce
internal heat gains;

• The use of an additional system based on cooling the internal air in recirculation mode
should be considered. This is because, in buildings with high internal heat gains,
all-air cooling systems are ineffective, as they require very large volumes of ventilation
air. Air distribution in the room is likely to be problematic in this case due to the risk
of drafts. The existing ventilation system in the hall ensures the required amount
of fresh air defined by hygiene requirements. For this purpose, it is possible to use,
for example, fan coil units supplied with coolant from an additional cooling unit, or
multi-split units with direct evaporation of the refrigerant. The selection of devices
should be based on simulation calculations of the hall’s heat loads. The additional
air conditioning system should cooperate with the existing air system, e.g., during
periods of high external air temperature and/or with high internal heat gains.
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Appendix A

Table A1. Optical properties of glazing units.

Parameter Description
Standard Glass

Assumed in
Calculations

Glass with Inner Film
RE35NEARL

Glass with Outer Film
RE35NEARLXL

SHGC Solar heat gain
coefficient 0.623 0.552 0.362

Tvis
Visible light

transmission of the
glazing system

0.803 0.333 0.370

Rfvis
Front surface

reflectance of the
glazing system

0.124 0.247 0.145

Rbvis Back surface reflectivity
of the glazing system 0.128 0.190 0.195

Tsol Solar transmission of
the glazing system 0.539 0.268 0.254

Rfsol
Front surface solar
reflectance of the
glazing system

0.280 0.216 0.181

Rbsol
Back surface solar
reflectance of the
glazing system

0.267 0.203 0.305

Abs1 Solar absorptance for
layer 1 0.093 0.081 0.522

Abs2 Solar absorptance for
layer 2 0.089 0.436 0.043
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23. Sepp˘Ȩnen, O. Ventilation Strategies for Good Indoor Air Quality and Energy Efficiency. Int. J. Vent. 2008, 6, 297–306.
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