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THERMAL MEASUREMENTS ON A MEMBRANE-COVERED SPORTS
FACILITY: CASE STUDY IN NIS, SERBIA

Abstract:

There are numerous membrane-covered sports facilities in Nis. They have become popular over the
last two decades due to their low cost and rapid construction. However, they are known to provide
poor indoor thermal conditions, and methods for improving their performance are still being
investigated. This research forms part of that effort. A typical membrane-covered facility, the
physical education hall of Ivan Goran Kovaci¢ School in Ni§, was selected for analysis. Several
thermal parameters were measured during a hot summer day. The results confirmed some findings
reported in previous research, but also contradicted certain expectations. The conclusions of this
study will be used to propose improved thermal solutions for membrane-covered sports facilities.
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MEPEIBA TEPMHUYKUX ITAPAMETAPA HA CIIOPTCKOJ BAJIOH
XAJIM: CTYANJA CIIYUAJA Y HUIITY, CPBUJA

Caricemax:

Y Humy nocroju Behn 6poj crioprckux 6anon xana. OHE Cy MmocTaje MoIyJiapHe Y TOCIIeIbE JIBE
JielieHrje, mpe cBera 300r Malie I[eHe KOIITama W KpaTKOT BpeMeHa M3Tpajme, y mopehemy ca
JIPyTUM THIIOBUMAa KOHCTpyKIHMja. Ilo3HaTe Cy W IO JIOMMM TEepMHYKHM KapakTepuCTHKama, Ha
yujeM ce yHarpehemy U nasbe paan. OBoO HCTPaKMBAE j€ €0 TAKBUX TEKIHH. THIIMYHA CIIOpTCKA
6ayoH xanma y Hunry je mzaOpana 3a aHaymmsy. Bumie tepmuykux mapamerapa rnpaheHo je TOKoM
TOIIJIOT JIETHET JaHa. Pe3ynTatu cy MOTBpAWIN oJpeljeHe 3aKibydKe MPETXOAHUX HCTPaXHBamba,
alM Cy W NPKOCWIN HEKHM OJf TIOCTAaBJBEHUX OUYEKHWBAMKa. 3aKJbYUIM OBOT HCTpakhBama Omhe
KopuInheHH MPYIIMKOM TIpeiiarama yHanpeheHor peniema criopTcke 0aoH xae.

Kwyune peyu: membpancke koncmpykyuje, CHOpmcKu oojexmu, mepmurd.
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1. INTRODUCTION

In the search for cost-effective design solutions for sports facilities, membrane-covered buildings
have emerged as a viable option. Low construction costs combined with short construction times
provide an affordable way to enclose sports fields and protect them from rain and snow. However,
reduced initial investment often results in compromised indoor thermal comfort and increased
operational energy demand. The primary cause is the extreme thinness of the membrane material,
which results in very low thermal resistance.

In certain climates, this limitation may be less critical. In Serbia and the Western Balkans region, a
significant number of membrane-covered sports facilities have been constructed over the past two
decades. This might suggest that the regional climate is suitable for such structures. However, users
frequently report dissatisfaction with indoor thermal comfort levels. Therefore, a broader study
aimed at measuring thermal conditions inside membrane-covered sports facilities has been initiated.
This paper presents results from one summer day of measurements conducted at a sports facility in
Nis, Serbia.

Previous research has investigated thermal comfort of similar small sports facilities [1]. Basic
measurements were conducted on a facility in Montenegro [2]. Comparisons between single and
double-layer membrane systems have also been reported [3]. Different types of air-supported
membrane-covered sports facilities were examined [4]. Several other studies on membrane-covered
air-supported stadiums exist [5], [6], [7]. Although these structures are primarily used to cover sports
fields and arenas, they are also applied in industrial buildings [8], where indoor thermal requirements
may differ significantly depending on function. A review of studies on the thermal environment in
buildings covered by membranes is has been done [9]. Indoor thermal comfort of membrane covered
facilities is analyzed [10], [11], [12]. Numerical modeling can be used to evaluate alternative design
solutions and optimize thermal performance [13]. However, a comprehensive life-cycle cost and
energy analysis of a typical membrane-covered sports facility has yet to be conducted.

2. METHODOLOGY

The research presented in this paper analyzes a single membrane-covered sports facility located in
Nis, Serbia. Its location is shown in Figure 1. The building serves as a physical education hall for
Ivan Goran Kovaci¢ Primary School, situated in the Nikola Tesla suburb. The longitudinal axis of
the building is oriented in the north—south direction. The facility measures approximately 18x31 m
and is fully enclosed with a membrane envelope. Parts of longitudinal membrane walls can be
opened during summer for ventilation. On the west side, it is connected to the main school building
by an annex containing toilets and changing rooms. The facility is fenced on all other sides. The
surrounding area is shown in Figure 2.
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Figure 1. Location of the analyzed sports facility (source: Google Earth).
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Figure 2. Near-by surroundings of the analyzed sports facility (source: Google
Earth).

The supporting structure is made of steel. The main steel arches are trussed with diagonal and
vertical web members. The arch geometry is polygonal. Five rows of purlins are installed; all are
straight, and the top row is trussed. The end walls are supported by a combination of steel columns,
including one trussed steel column, and steel beams. The enclosure membrane is of the PVC/PES
type. The end walls and lower roof sections are green, while the remaining roof area is white.
Exterior and interior views of the facility are shown in Figures 3 and 4.

Figure 3. Exterior view of the analyzed sports facility (source: photograph by
authors).
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Figure 4. Interior view of the analyzed sports facility (source: photograph by
authors).

Measurements were conducted on 26 July 2025, during a hot summer day. The available equipment
included one Sygonix SY-5479628 meteorological station, four Testo Saveris 2-T2 data loggers
each coupled with a surface temperature probe, three Testo Saveris 2-H1 integrated temperature
sensors, and two Testo 160 THL integrated temperature and humidity sensors.

The sensors were mounted on a central supporting arch, as shown in Figure 5. The arch was divided
into six segments, and sensors were installed at the upper five vertices. These measurement points
were labeled 1 to 5, from east to west. Points 1 and 5 are located at the same height; points 2 and 4
are positioned above them; and point 3 is located at the apex of the arch. The meteorological station
was placed inside the building, in the northwest corner (Figure 5), due to the requirement for a
constant power supply. Its external unit was installed nearby, above the annex (Figure 6).

Figure 5. Set-up of the measuring devices inside the facility (source: photograph
by authors).
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Figure 6. Internal and external part of the meteorological station (source:
photographs by authors).

The measurement setup was designed to capture several key parameters. The meteorological station
records indoor and outdoor air temperatures, enabling direct comparison. It also measures solar
irradiance, which is critical for understanding the thermal behavior of the membrane cover.
Additionally, air pressure, precipitation, and wind speed were recorded, as these factors may
influence indoor thermal comfort.

The distributed sensors were intended to provide two primary datasets. First, air temperature
measurements at different heights allow evaluation of vertical thermal stratification within the
facility. Second, surface temperature probes measure the membrane surface temperature to assess
the impact of solar radiation. Due to the building’s orientation and sensor placement, the results are
expected to reveal the sensitivity of the membrane to varying angles of solar incidence.

3. RESULTS

The equipment was configured to automatically record all measured values and store them in the
cloud. The recording interval was set to 15 minutes for both the meteorological station and the
sensors. Data were monitored during the measurement period and downloaded after the selected
measurement day. The date 26 July 2025 was chosen as one of the hottest days of the year. The
results are presented in graphical form in the following subsections.

3.1. METEOROLOGICAL STATION RECORDINGS

The meteorological station recorded several parameters. Air temperature measurements are shown
in Figure 7. Two datasets are presented: outdoor air temperature and indoor air temperature at the
location of the station. The values are plotted for the entire day at 15-minute intervals. Recorded
values of solar irradiance and air pressure are presented together in Figure 8. The irradiance scale is
shown on the left axis of the chart, while air pressure is shown on the right axis. The official
astronomical sunrise time was 05:17, and sunset occurred at 19:59. Although the equipment allows
measurement of precipitation, rainfall during the measurement day was negligible. A total of 0.3
mm was recorded at 21:45, reaching a cumulative 0.5 mm at 22:00. Due to the minimal amount,
precipitation data are not plotted. Wind data are presented in Figure 9, which shows both wind speed
and wind gust values. Wind direction was also recorded but is not included in the charts.
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Figure 9. Measured wind parameters (source: diagram by authors)

3.2. SENSOR RECORDINGS

Sensors were labeled according to their position and the type of data recorded. The first part of each
label denotes the measurement point, while “AT” refers to air temperature and “ST” to surface
temperature. Five sensors measured indoor air temperature, one at each point. Their results are
presented in Figure 10. It was initially expected that point 3 (the highest point of the arch) would
consistently record the highest temperature due to thermal stratification. Conversely, points 1 and 5
(the lowest positions) were expected to continually record the lowest air temperatures.

Surface temperatures of the membrane are shown in Figure 11. Although the membrane is white, it
is known to heat significantly under solar radiation. Due to the arched geometry of the roof, different
sections are exposed to solar radiation at varying incident angles throughout the day. Surface sensors
were placed at four points to capture this effect. The fifth point was not instrumented for surface
temperature due to the limited number of available probes.
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Figure 10. Measured indoor air temperatures (source: diagram by authors)



Indoor Surface Temperatures
e | ST 28T 3ST 4ST

e

Temperature (°C)
4

10

0

S O O O O O O O O o o o o o o o o o o o o o o <
e eeeeeereeeeeeeeeeee
S — A o0 I v O > X O =~ NNt N o0 N O — AN on
S O O O O O O O O O o = = = A AN A A

Time

Figure 11. Measured indoor surface temperatures (source: diagram by authors)

4. DISCUSSION

The recorded data revealed several interesting behaviors, some of which contradicted expectations
while others confirmed findings from previous research. Figure 7 presents the outdoor and indoor
air temperatures. From midnight to 03:00, the two temperatures were nearly identical. Both
continued to decrease until 04:45, with the outdoor temperature dropping approximately 1°C lower
than the indoor temperature. Both temperatures began to rise at 05:30.

The indoor temperature increased steadily until 12:30 at a rate of approximately 3.7°C per hour. It
then plateaued at around 48°C until 16:00, reaching a maximum of 48.5°C. The outdoor temperature
increased at 3.9°C/h until 08:30, then at 3°C/h until 11:30, and finally at 1°C/h until 16:00, when it
reached a maximum of 44.7°C. After 16:00, both temperatures declined and converged at
approximately 19:45. Throughout the day, the indoor temperature remained higher than the outdoor
temperature, with the largest difference (5.8°C) recorded at 13:30.

This behavior was expected, as membrane structures lack significant thermal mass and insulation
compared to conventional building materials, which typically provide thermal lag and buffering
effects. The limited thermal resistance of thin membranes restricts their broader application in hot
climates.

Figure 8 shows air pressure and solar irradiance. Air pressure generally varied inversely with
outdoor temperature, ranging between 982 and 991 hPa. Solar irradiance began increasing at 05:00
and reached a peak of 819.9 W/m? at 12:45. It then gradually declined, except for a noticeable drop
at 17:45, likely caused by cloud cover. After 20:30, there was no recorded irradiance.

Wind data (Figure 9) indicate that wind speeds remained below 4 m/s for most of the day, with gusts
generally below 5.5 m/s. According to the Beaufort scale, wind speeds between 3.4 and 5.5 m/s
correspond to a gentle breeze. Only around 16:30 did wind speed and gust reach 7.4 m/s and 8.3
m/s, corresponding to moderate to fresh breeze conditions. Overall, wind influence on indoor
temperatures was minimal.

The indoor air temperatures are analyzed next and are shown in Figure 10. During the early part of
the day, the temperatures are nearly identical, differing by less than 1°C until 6:00. They decrease
steadily until 5:15, after which they begin to rise. Initially, the air temperature at point 1 becomes
the highest, followed by point 2, while lower temperatures are recorded at points 3, 4, and 5,
respectively. This behavior was not anticipated, as it was expected that the highest point of the arch
(point 3) would consistently record the highest temperature due to thermal stratification. At 10:30,
point 2 records the highest temperature. By 12:00, point 3 becomes the warmest location. At 15:00,
point 4 shows the highest temperature, and finally, at 19:15, point 5 records the highest air
temperature.

The maximum temperature at point 1 reaches 50.1°C at 12:30. At point 2, the maximum recorded
temperature is 52.2°C at 13:00. Point 3, the highest point of the arch, records the overall maximum
air temperature of 53.4°C at 13:30. The temperature at point 4 rises to 52.9°C at 15:00, while the



highest recorded temperature at point 5 is 51.9°C at 15:45. To explain why these temperatures did
not follow the initially expected stratification pattern, it is necessary to examine the surface
temperature results. A comparison between air temperatures recorded by the distributed sensors and
those recorded by the meteorological station shows that the sensor values are consistently higher.
This difference can be attributed to the position of the meteorological station near the north wall,
which remains shaded and is located at a lower height than the arch-mounted sensors, resulting in
lower recorded air temperatures.

Membrane surface temperatures at different points are presented in Figure 11. The values remain
very close until 5:30, when the surface at point 1 begins to warm up rapidly. It is followed closely
by point 2, while the surfaces at points 3 and 4 warm up more gradually. At 11:00, point 2 records
the highest surface temperature. At 12:30, point 3 becomes the hottest, and by 13:45, point 4 records
the highest surface temperature. The maximum surface temperature at point 1 is 54.1°C at 11:30. At
point 2, the maximum recorded surface temperature is 56.4°C at 12:00. Point 3 reaches 56.8°C at
13:00, while point 4 records the highest overall surface temperature of 61.1°C at 15:45.

Since point 1 is oriented eastward, it receives direct sunlight first in the morning, with a smaller
incident angle compared to the other points, while points 4 and 5 remain in shade. As the sun rises
and moves westward, the incident angles at the remaining points decrease sequentially, causing the
highest surface temperatures to shift gradually from east to west. When comparing the air
temperature results with the surface temperature data, it becomes clear why the expectation that
point 3 would consistently record the highest air temperature was not met. Although thermal
stratification is present, indoor air temperatures are strongly influenced by the temperature of the
adjacent membrane surface. The highest air temperatures at each measurement point closely follow
the peak surface temperatures of the corresponding membrane sections. This finding further
confirms conclusions from previous research indicating that membrane temperature is primarily
governed by outdoor air temperature and solar irradiance, while indoor air temperature is
significantly influenced by membrane surface temperature.

S. CONCLUSIONS

This study presents thermal measurements of a typical membrane-covered sports facility located
adjacent to Ivan Goran Kovaci¢ Primary School in NiS. Measurements were conducted on 26 July
2025, one of the hottest days of the year. Recorded parameters included solar irradiance, wind speed,
precipitation, outdoor air temperature, indoor air temperature at multiple heights, and membrane
surface temperature at multiple roof locations. Sensor placement was designed to capture spatial
variations along the roof cross-section. The objective was to collect data that could inform the
development of improved membrane-covered facilities with enhanced thermal performance.

The results revealed several important patterns. Indoor air temperature significantly exceeded
outdoor air temperature during peak hours. Membrane surface temperatures reached even higher
values, as expected under strong solar radiation. However, it was not anticipated that the highest
indoor air temperatures would shift sequentially from east to west across the roof cross-section,
following solar exposure. This behavior demonstrates the strong influence of membrane surface
temperature on indoor thermal conditions. During hot summer days, this effect is unfavorable and
needs to be mitigated to improve user comfort in membrane-covered sports facilities.
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