H buildings

Article

Long-Term Monitoring of Mechanical Ventilation and Window
Airing in Classrooms: A Controlled Observational Study

Susanna Bordin 1%-*({0, Renate Weisb6ck-Erdheim 2(, Sebastian Hummel 1, Jonathan Griener !,
and Arno Dentel 1

Arnulf Josef Hartl 2

check for
updates

Academic Editor: Jiying Liu

Received: 29 July 2025
Revised: 26 August 2025
Accepted: 28 August 2025
Published: 4 September 2025

Citation: Bordin, S.; Weisbock-
Erdheim, R.; Hummel, S.; Griener, J.;
Hartl, A.J.; Dentel, A. Long-Term
Monitoring of Mechanical Ventilation
and Window Airing in Classrooms: A
Controlled Observational Study.
Buildings 2025, 15, 3181. https://
doi.org/10.3390/buildings15173181

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

1

Institute for Energy and Building (ieg), Technische Hochschule Niirnberg Georg Simon Ohm, Kefilerplatz 12,
90489 Nuremberg, Germany; sebastian.hummel@th-nuernberg.de (S.H.);

grienerjo81252@th-nuernberg.de (J.G.); arno.dentel@th-nuernberg.de (A.D.)

Institute of Ecomedicine, Paracelsus Medical University, Strubergasse 21, 5020 Salzburg, Austria;
renate.erdheim@pmu.ac.at (R.W.-E.); arnulf hartl@pmu.ac.at (A.J.H.)

Correspondence: susanna.bordin@th-nuernberg.de

Abstract

Indoor environmental quality is essential for pupils’ health, comfort, and academic perfor-
mance. However, recent studies indicate that indoor air quality (IAQ) in classrooms is often
inadequate. This observational study examines the impact of three ventilation concepts
on IAQ and thermal comfort under real-life school conditions: manual window airing
combined with CO; traffic lights, decentralized mechanical ventilation, and centralized
mechanical ventilation. Eight classrooms in three elementary schools were monitored from
October 2023 to April 2024. Continuous long-term measurements covered CO;, PM; 5,
VOCs, indoor air temperature, relative humidity and window opening states in the class-
rooms, and ambient data including PM; 5 at each school. Significant differences were
found in all five indoor parameters across the three ventilation concepts. The decentral-
ized ventilation group achieved the lowest CO, concentrations (18-22% lower), while the
window airing group showed the highest PM 5 levels (mean of 6 j1g/m?) and the lowest
temperatures (21% of the time below 20 °C). Relative humidity tended to be too low for all
concepts, particularly with mechanical ventilation (medians below 40%). Windows in the
window airing group were opened approximately twice as long. The findings highlight the
benefits of well-operated mechanical ventilation systems and underscore the importance of
user awareness and system management.

Keywords: ventilation; mechanical ventilation; window airing; schools; classrooms; long-
term monitoring; indoor environmental quality (IEQ); indoor air quality (IAQ); thermal
comfort; carbon dioxide (CO,)

1. Introduction

In Central Europe people spend most of their time indoors, on average about 80-90%
of the day [1]. In Germany, pupils and teachers typically spend between six and eight hours
per day in school, depending on the grade level and whether the school operates on a full-
day schedule. Indoor environmental quality (IEQ), including thermal comfort and indoor
air quality (IAQ), has a significant influence on the well-being and health of occupants [2].
One important and common IAQ indicator is carbon dioxide (CO,) concentration. CO,
concentrations of up to 1000 ppm are classified as hygienically safe, whereas concentrations
above 2000 ppm are stated as unacceptable [3,4]. The CO; concentration can also give an
indication of the relative risk of airborne infections [5], at least if there is no air purifier
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in the room. Especially in an educational context, the CO, level plays a decisive role in
the cognitive performance of pupils [6-8]. However, IAQ is insufficient in many class-
rooms, as a review of 30 studies concluded [9]. Nine studies in schools were summarized
by [10], considering the CO; concentration in occupied classrooms. In 38% of the school
hours in classrooms with mechanical ventilation systems, the average CO, concentrations
were below a threshold of 1000 ppm. In classrooms with window airing, only 16% of the
time the threshold could be complied. Furthermore, the use of CO; traffic lights (CO,
measuring devices with a visual feedback) is advised in classrooms with window airing
only [10]. Duill et al. investigated the effect of window ventilation in classrooms, with
and without an air purifier, on the IAQ in the cold and warm season [11]. For assessment
they used CO, measurements, window ventilation patterns documented by the teachers,
as well as particle experiments. The average CO, concentration during a school hour in
winter (1822 ppm) was twice as high as in summer (927 ppm), exceeding a concentration
of 2000 ppm one-third of school hours during winter conditions. Schilling et al. conducted
a six-month study in 50 German schools and day nurseries (329 rooms), where a combined
CO, traffic light and measuring device for indoor CO,, temperature, relative humidity
and noise level was installed in each room [12]. The compliance with the CO; signal
transmitter was high, and window ventilation was sufficient in nearly all situations, re-
gardless of season or outdoor temperature [12]. In response to the coronavirus disease 2019
(COVID-19) pandemic, ventilation strategies to reduce airborne transmission were exten-
sively studied, with sufficient air dilution and appropriate distribution identified as critical
parameters [1,13-16]. Consequently, recommended outdoor air exchange rates were in-
creased to approx. 50 m®/h/person [17]. This is particularly important in rooms with a high
occupancy rate, such as classrooms. In Germany, regular shock ventilation via the windows
during school hours was recommended and the “20-5-20" principal (window airing for
5 min every 20 min) was introduced for classrooms without mechanical ventilation [18,19].

However, besides the challenge of consistently applying these guidelines, manual
window airing can significantly compromise thermal comfort, if the outdoor temperatures
differ greatly from the perceived comfort range. In addition to comfort and health as-
pects, ventilation systems should also be operated with a focus on energy efficiency [15].
Mechanical ventilation systems, which are commonly equipped with heat recovery, can
be used to increase the exchange rate of outdoor air and to control its temperature. In
2021, it was recommended by the German Environment Agency that in terms of indoor air
hygiene and sustainability “classrooms in Germany should be successively equipped with
ventilation and air conditioning systems” [20]. There are around 32,000 general schools in
Germany [21]. However, in 2021, it was assumed that less than 10% of school buildings
are equipped with mechanical ventilation systems [22]. Some schools were retrofitted with
decentralized air handling units (AHU) during and after the COVID-19 pandemic. Some
newer schools are equipped with central ventilation systems. However, most of the schools
are still airing via windows only.

Against this background a prospective, controlled observational study in three ele-
mentary schools in Germany ran during the winter infection season 2023/24. The main
objective was to investigate the influence of three different ventilation concepts under
real-life school conditions regarding the IEQ. The study consisted of two parts: (1) an assess-
ment of pupils’ thermal comfort and health using questionnaires and saliva samples, and
(2) continuous long-term monitoring of IEQ parameters in classrooms. This work focuses
on the second part. It analyzes the impact of the ventilation concepts on IAQ and thermal
comfort based on objective measurements. Continuous long-term monitoring of multiple
IEQ parameters in classrooms was carried out the entire study period—including indoor
CO,, particulate matter PM; 5, volatile organic compounds (VOCs), air temperature, and
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relative humidity. The opening state of all windows in each classroom was monitored by
window contact switches. By integrating these measurements with outdoor meteorological
data and particulate matter concentrations (PMy 5), this research offers a comprehensive
assessment of classroom environments under real-life conditions, contributing to a deeper
understanding of factors influencing the IEQ in classrooms.

This study demonstrates that decentralized mechanical ventilation significantly im-
proves indoor air quality by reducing CO, and PMj; 5 concentrations compared to pure
window airing. It also contributes to more comfortable indoor temperatures. However,
mechanical ventilation may lead to lower relative humidity, often falling below the recom-
mended level of 40%. The findings further emphasize the importance of proper operation
of mechanical ventilation systems and user awareness of essential control settings.

2. Materials and Methods
2.1. Overall Study Design

The long-term monitoring was part of a prospective, controlled observational study
in three elementary schools in Middle Franconia, Germany. The study “Schule, Luft und
Gesundheit” was approved by the Joint Ethics Committee of the Universities of Applied
Sciences of Bavaria (GEHBa) (ID GEHBa-202307-V-119-R), by the government of Middle
Franconia and by the school authorities and principals of the three elementary schools.
The monitoring lasted from October 2023 to April 2024 during the winter infection season.
In the study, window airing and mechanical ventilation were compared to investigate
the influence of different ventilation concepts for classrooms. A total of eight classrooms
in grades 2—4 were examined. Three different ventilation concepts (so called groups)
were compared:

e  Window Airing (WA):

Four classrooms, manual window airing only, additional CO, traffic lights;
e  Decentralized (mechanical) Ventilation (DV):

Two classrooms, one decentralized AHU each;
e  Central (mechanical) Ventilation (CV):

Two classrooms, ventilated by a central ventilation system.

It should be noted that manual window airing was possible in all of the eight classrooms.

2.2. Ventilation Concepts and Classrooms

All four classrooms in group WA can be ventilated manually by opening three large
south-facing sliding windows (Figure 1a). Each classroom is equipped with a CO; traffic
light. It has a measuring range between 400 and 5000 ppm and provides visual feedback
depending on the CO; concentration (CO; level < 1000 ppm: green; CO, level > 2000 ppm:
red; yellow in between) [23].

@ o (b) ©

Figure 1. Exemplary classrooms illustrating the ventilation concepts. (a) WA, CO, traffic light marked
in red; (b) DV, air outlets marked in red; (c) CV, air outlets marked in red.
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In group DV, each classroom is supplied with fresh outside air via a decentralized
AHU at the rear wall (Figure 1b). The supply air of the AHU enters the room via a ceiling-
mounted pipe, with four air outlets (76 mm x 800 mm) at a height of approx. 2.7 m. The
maximum supply airflow rate is 1000 m®/h. The AHU is equipped with a preheating
register to prevent icing and a reheating register to regulate the temperature of the supply
air. A counterflow plate heat exchanger is used for heat recovery, which transfers heat, but
not humidity. The AHU has a supply air filter to ISO 16890 ePM; 55% (F7) and an extract
air filter to ISO 16890 ePM1y 60% (M5). The maximum total electrical power consumption is
2650 W [24]. Ventilation can also be achieved by opening the east-facing windows manually
or, in one of the classrooms, by opening a balcony door. A time schedule for the AHUs had
been set by the school’s facility manager. Daytime operation should run from Monday to
Friday from 7:45 a.m. to 1 p.m. During day mode, the fan motor operates at a constant
setpoint of 65% and the supply air temperature is regulated to a setpoint of 20 °C. After
day mode, the device switches to backup mode (an energy saving mode). At the beginning
of the study, none of the devices had a CO, sensor installed. In February 2024, in the
middle of the study, one AHU was equipped with a CO; sensor in the extract air to enable
a CO,-based control (see Section 3.7). This varies the volume flow of the supply air with
a motor speed of 30-70% depending on the CO, concentration in the extract air. The
CO,-based control is also used during daytime operation (Mon-Fri, 7:45 a.m. to 1 p.m.).
Afterwards, the AHU switches to back-up mode.

In group CV, a centralized ventilation and air conditioning system is located in the
basement of the school building. The air conditioning system has a rotary heat exchanger,
anti-icing protection for heat recovery, a heating register, and filters in the outside and
extract air. There is no additional humidification or dehumidification of the supply air. The
ventilation system is integrated into a building management system (BMS). It supplies the
classrooms with fresh outside air. The supply air is blown into the room tangentially to the
ceiling via four air outlets (300 mm x 150 mm), located evenly distributed at a height of
approx. 2.7 m opposite the window front (Figure 1c). The extract air is removed through a
continuous, narrow ventilation grille below the cassette. Ventilation can also be provided
by opening the north-northeast-facing windows manually. There is also a recirculating air
purifier in each classroom. The air purifier reduces particles and aerosol concentrations
in the indoor air with a prefilter (ePM; > 80%) and a main filter (HEPA H13) [25]. The
operation of the air purifier depends on the individual behavior of classroom users. Neither
the school’s BMS nor the long-term monitoring records the operating times. Each classroom
is equipped with a ceiling-mounted presence sensor, window contact switches, and a
multi-sensor (CO, concentration, temperature, relative humidity). The supply airflow rate
is controlled individually for each classroom by the BMS based on occupancy and CO,
concentration. When a CO, setpoint of 900 ppm is exceeded, the air volume is continuously
increased from a minimum to the nominal value using electronic volume flow controllers.
However, analysis of the measurement data revealed an additional regulation depending
on the window state. The central ventilation system is pressure-controlled. The setpoint of
the room temperature is 21 °C, with control achieved through a combination of supply and
extract air temperatures and the underfloor heating system.

Table 1 gives an overview of the characteristics of all eight classrooms. The individual
classrooms are labelled with the respective abbreviation of the ventilation concept and a
consecutive number from 1 to 4 or 1 to 2. The four classrooms in group WA are equal in
the listed properties. The two classrooms in group DV are equal in the floor areas, but the
height is different. Room DV-1 has a typical classroom height of 3 m. Room DV-2 has a
gable roof, starting at a height of 3 m to a maximum of 4.65 m, resulting in an additional
volume of 50 m3. In addition to the casement windows, DV-2 has an openable balcony
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door. The two classrooms in group CV have the same characteristics apart from a slight
difference in length and the resulting room volume. In contrast to the other two schools, the
rooms are heated by a centrally controlled underfloor heating system. All eight classrooms
are equipped with solar shading. Group WA represents the oldest school building with the
lowest insulation level in this study, whereas group CV corresponds to the newest building
with the highest insulation quality.

Table 1. Classroom characteristics (t-t: tilt-turn window, mc: manually controlled, cc: centrally
controlled, WA: Window Airing, DV: Decentralized Ventilation, CV: Central Ventilation).

Classroom
Properties WA-1 WA-2 WA-3 WA-4 DV-1 DV-2 Cv-1 CV-2
Length (m) 10.7 8.50 8.8 9.1
Width (m) 6.7 7.0 7.0
Height (m) 3.2 3.0 3.0-4.65 3.0
Floor area (m?) 71.7 59.5 61.6 63.7
Volume (m?) 225.8 178.5 228.8 177.5 188.3
Numbe.r of openable 3 6 5/1 4
windows
Window type sliding windows t-t t-t/door t-t
Orientation south (180°) east (90°) north-northeast (15°)
operable
Solar shading fixed structural external/fixed operable external
structural
Heating system wall mounted radiators (mc) wal} mounted underfloor heating
radiators (mc) (cc)
Year of construction 1974 1994 2016

Table 2 provides an overview of the number of occupants (pupils + 1 teacher), the
specific area, the specific air volume per person and the required total outdoor air ventilation
rate g+ based on the perceived air quality according to DIN EN 16798-1 for a room of
category IEQy [26]. The number of pupils varies from 19 to 25. All classrooms fulfil
the requirements of the Bavarian school building regulations for a floor area of at least
2 m?/pupil and an air space of at least 6 m3/pupil [27]. The specific area per person ranges
from 2.3 m?/person (DV-2) to 3.6 m? /person (WA-2) (on average 2.9 m?/person). The
specific volume per person ranges from 7.7 m3/person (CV-1) to 11.3 m3/person (WA-2).
Due to its low occupancy, classroom WA-2 provides the highest space per person in terms
of both floor area and room volume. The required ventilation rates g already vary within
the three ventilation groups, as the classrooms are occupied differently. The classrooms
DV-2 and WA-3 with the highest number of persons require the largest fresh air volume
flows of 805 to 811 m?/h.

Table 2. Classroom occupancy, specific area and volume, and design ventilation rate.

Classroom
Properties WA-1 WA-2 WA-3 WA-4 DV-1 DV-2 CV-1 CV-2
Occupants 23 20 25 23 22 26 23 20
Specific area (m? /person) 3.1 3.6 2.9 3.1 2.7 2.3 2.7 3.2
Specific volume (m3/person) 9.8 11.3 9.0 9.8 8.1 8.8 7.7 9.4

Gtot (perceived air quality) (m3/h) 760 685 811 760 704 805 735 665
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2.3. Monitoring Concept and Data Acquisition

The monitoring concept includes the measurement of IAQ and thermal comfort param-
eters in each of the eight classrooms, while meteorological data and ambient air conditions
are measured at each school site. The IEQ (air temperature, relative humidity (r.h.), CO,
concentration, VOCs and PM; 5) is monitored by a compact, surface-mounted multi-sensor
(Figure 2a) that cannot be easily deactivated or manipulated by children. To prevent
distraction during lessons and avoid influencing ventilation behavior, the displays are
programmatically switched off. Each sensor is installed on the wall opposite the windows,
at a height of 1.1 m and a minimum distance of 1.9 m from the door. Window contact
switches (WCS, Figure 2b) detect the present position of each window separately. In group
DV and CV, WCS at the window handles are installed (closed, tilted or open window
state). The opening state of all sliding windows in group WA are detected by mechanical
WCS (open or closed). Current transformers in classrooms DV-1 and DV-2 measure the
electrical current and thus, the electrical power consumption, of the two decentralized
AHUs. In addition, for both rooms in group CV logging data from the school’s BMS are
available (see Section 2.2). The PM; 5 concentration of the ambient air is measured by a PM
measuring device (Figure 2c) on the facade of each school. Meteorological data (ambient
air temperature, relative humidity, air pressure, global solar radiation, wind speed and
wind direction) are recorded by a weather station installed on the rooftop of each school
(Figure 2d). The installed sensors, along with their respective measurement parameters,
ranges and accuracies, are listed in Table 3.

l

(a) (b) (©) )

Figure 2. (a) Indoor multi-sensor measuring device; (b) Window contact switch installed on window
handle; (c) Outdoor particulate matter measuring device; (d) Rooftop weather station.

A single-board computer (Raspberry Pi) manages data acquisition, signal transmission
and data storage. Both wired (Modbus RTU and TCP) and wireless (EnOcean) communi-
cation interfaces are implemented. Except the signals of the WCS, all measurement data
are recorded every minute. The WCS signals are typically recorded at 15 min intervals.
Mechanically driven WCS sensors send their state on an event basis only. An additional
data backup is provided by an automated regular data transfer into a secure cloud storage.
Remote access is granted via a secure virtual private network (VPN) tunnel to control the
setup. In addition, daily status reports are sent by e-mail, reporting the overall functionality
of the system and data availability.
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Table 3. Installed sensors and their measurement parameters, ranges, and accuracies.
Sensor Type Location Measurement Measurement Accuracy Source
Parameter Range
Multi-sensor device Indoor Air temperature —20-+50 °C +0.5K [28]
Relative humidity 0-100% r.h. +3% r.h.
CO; concentration 0-10,000 ppm +50 ppm
PM, 5 0-1000 ng/ m> +£5ug/ m>
VOC 0-100% <10%
Particulate matter Outdoor PM, 5 0-1000 pg/m?  +5 pg/m? [29]
sensor
. Ambient air o
Weather station Outdoor —40-+70 °C +0.1K [30]
temperature
Relative humidity 0-100% r.h. +1.5%r.h.
Ambient air pressure 300-1100 hPa +0.5 hPa
Solar irradiance 0-2000 W/m? <20 W/m?
Wind speed 0-65m/s £0.2m/s
Wind direction 0-360° <2°
Current transformer Indoor Electrical current 0-10 A <0.15 A [31]

2.4. Study Period, Evaluation Period, and School-Wide Mean

The study period lasted seven months, from 1 October 2023, to 30 April 2024. This
corresponds to 213 days or 5112 h in total. The occupancy period includes 120 school days or
720 school hours (excluding weekends, vacations or public holidays in Bavaria, 93 days in
total), with lessons taking place from 8 a.m. to 1 p.m. This corresponds to the 1st to 6th
school hour (45 min each). Due to user-induced malfunctions of the decentralized AHUs
in group DV, 134 school hours cannot be evaluated, resulting in an evaluation period of
586 school hours. This malfunctioning is analyzed in Section 3.7 in detail.

The analysis includes both time trends and averaged data. As recommended
in [4,32], the school hour average is calculated over the duration of a 45 min lesson without
regarding the breaks, resulting in the school hour mean. For an overall comparison of the
three ventilation concepts, the school hour means for each classroom of one group are
summarized to a school-wide mean. Therefore, the arithmetic mean is calculated over all
classrooms of each group/ventilation concept. Unless otherwise stated, school-wide mean
values are presented in any further evaluation.

2.5. Data Pre-Processing and Data Availability

Prior to evaluation, the raw measurement data were preprocessed to remove unrealis-
tic values (spikes), outliers and fallback-values. Spikes and outliers frequently observed in
the indoor multi-sensor device (IEQ data), such as sudden temperature changes exceeding
40 °C. Fallback values were assigned by default in the event of communication errors. Ir-
regularities and faulty state sequences were particularly evident in the WCS event records,
primarily caused by the non-cyclically transmitting contact sensors. These sensors send
their current state only when mechanically triggered. If a communication error occurs, the
corresponding record is lost and cannot be reconstructed. Consequently, only valid state se-
quences were considered, defined as those containing exactly one complete “open-closed”
event cycle.

IEQ data for groups WA and DV are complete and available for all 586 school hours.
Group CV is missing 38 h of measurement data, starting from 29 April 2024, 10 a.m., due
to a power outage, resulting in 577 recorded school hours. WCS event records have the
same overall availability as the IEQ data, as both are captured via the same data acquisition
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system. For WCS that transmit periodically at regular intervals (minimum of 96 events
per day), most WCS show data availabilities above 99%, except three WCS in group DV
(93.4-98.2%). As the mechanical WCS only send their current state on an event basis, no
overall data availability can be specified. Meteorological data are available at one-minute
intervals without gaps, ensuring 100% availability. BMS data for group CV are available for
the entire evaluation period, except from 1 April to 14 April 2024. Signals from presence
detectors and window state sensors are available only from 20 November 2023, and for
room CV-1 only until 23 February 2024.

2.6. Data Analysis and Statistical Inference

The entire data analysis, visualization and statistical analysis were done using Matlab
R2023b and R2024b [33,34]. Statistical analysis was done using the Statistics and Machine
Learning Toolbox version 23.2 (R2023b) [35]. For all tests, resulting p-values less than 1016
were set to 0.

To assess potential differences in the five indoor parameters across the three ventilation
concepts, a significance level of o = 0.05 was established. The normality of the distribution
of each parameter within groups was assessed using the Jarque-Bera test, while homo-
geneity of variances was evaluated via Levene’s test. As the assumption of normality
was not met for all variables and Levene’s test indicated a violation of homogeneity of
variances (p < 0.05), the non-parametric Kruskal-Wallis test was employed. In cases where
the Kruskal-Wallis test indicated statistically significant differences, post hoc analyses
were performed using the Tukey—Kramer procedure on ranked data to identify specific
group differences.

To assess potential differences in the five indoor parameters across the two operating
states of the decentralized AHUs (DV-on and DV-off), a significance level of « = 0.05 was
established. As the assumption of normality was not met for all variables (Jarque—Bera
test) and Levene’s test indicated a violation of homogeneity of variances (p < 0.05), the
Mann-Whitney U test was used.

2.7. Acceptable Threshold Values of IEQ

The IEQ describes how well indoor conditions meet recommended design parameters.
Comfort limits are defined in various national and international standards as well as in
national guidelines. The standard DIN EN 16798-1 specifies design values for classrooms
and generally defines four categories of comfort requirements in buildings [26]. In this
study, a normal level of expectation (IEQ category II, IEQy) is assumed, as recommended
for classrooms in VDI 6040 Part 1 [4].

Since outdoor CO; concentrations are not measured in this study, absolute indoor
CO, thresholds are applied instead of differential values relative to outdoor air. CO,
concentrations up to 1000 ppm are considered hygienically safe, whereas concentrations
above 2000 ppm are regarded as unacceptable [3,4].

Particulate matter (PM) refers to very small solid or liquid particles suspended in
the air. PM, 5 refers to particles with a diameter of up to 2.5 um. Depending on their
size, the particles can enter the respiratory tract (PMjg) or the alveoli (PM;5) and even
the lung tissue and bloodstream (ultrafine particles) [36]. In Germany, there are no legal
limits for PMj 5 in indoor air. The WHO’s 2021 global air quality guidelines define stricter
requirements than those established by the European Union and Germany. For PM;5, a
maximum annual average of 5 j1g/m?3 is defined alongside a daily average of 15 ug/m?,
which must not be exceeded on more than 3—4 days per year [37]. These thresholds can be
applied to both outdoor and indoor air assessments [37].
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VOCs comprise a group of organic substances that can easily vaporize at room tem-
perature and enter the air. They include hydrocarbons, alcohols, and aldehydes [38]. In this
study, VOC concentration in indoor air is measured as a cumulative signal (in percent) of all
volatile organic compounds, excluding CO,, and does not permit differentiation between
individual substances.

The operative temperature is used to describe thermal sensation in a room and, in
addition to the indoor air temperature, also considers the influence of radiant heat from
surrounding surfaces (e.g., walls, windows, or radiators). For air velocities below 0.2 m/s,
the operative temperature is calculated as the arithmetic mean of the air temperature and
the mean radiation temperature [39]. In this study, radiant heat is not measured explicitly.
Typically, the operative temperature during the heating period is slightly (by a few 0.1 K)
lower than the indoor air temperature. Therefore, the operative temperature is assumed to
be approximately the indoor air temperature for further analysis. According to DIN EN
16798-1, a minimum operative temperature of 20 °C in winter and a maximum of 26 °C in
summer is specified for IEQy;, based on sedentary activity levels (met = 1.2) and seasonally
appropriate clothing [26]. In the statistical analysis of indoor air temperature (Section 3.2)
and in the assessment of IEQ (Section 3.6), the 26 °C threshold—formally defined for
mechanically cooled buildings during summer—is applied to uncooled buildings and
winter conditions for the sake of simplification. Additionally, comfort diagrams are used,
which show a more dynamic acceptance range of the rooms’ climate, based partly on
empirical studies [40]. For buildings without mechanical cooling, DIN EN 16798-1 describes
in Sections 6.2.2 and B.2.2 a method that considers adaptive opportunities (such as clothing
adjustments and window opening, for predominantly sedentary activity) [26]. During
the winter period, the same temperature limit of 20 °C is applied. In contrast, during
the summer and transitional periods (spring and autumn), upper and lower temperature
thresholds are used, depending on the running mean ambient air temperature, calculated
using an approximation equation according to DIN EN 16798-1 from the daily averages
of the preceding seven days. This method is also applied in Section 3.6 to analyze indoor
air temperature.

DIN EN 16798-1 indicates that humidification or dehumidification is typically not
necessary in school environments. In the National Annex to DIN EN 16798-1, a relative
humidity of 30-60% r.h. is recommended for IEQyy, if humidification or dehumidification
systems are installed [26]. In 2022, however, the FGK-Status-Report 58 defined requirements
for indoor air humidity, considering its influence on potential disease transmission via the
respiratory tract. Overall, the report recommends a relative indoor air humidity of at least
40% r.h. during the heating period to reduce infection risk in combination with appropriate
ventilation measures [41].

The threshold values applied for the evaluation of IEQ are summarized in Table 4.

Table 4. Threshold values for the evaluation of IEQ.

Parameter Lower Threshold Upper Threshold Literature Source
CO; concentration - 1000 ppm /2000 ppm [3,4]
PM, 5 - 15 ug/m3/d [37]
Indoor air temperature 20 °C 26 °C [26]
Relative humidity (r.h.) 30% r.h./40% r.h. 60% r.h. [26,41]
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3. Results
3.1. General Overview of Meteorological and Indoor Parameters

To provide a general overview of the measurement data during the entire study period,
school-wide daily averages are used. First, meteorological conditions are examined to
characterize the outdoor boundary conditions. Subsequently, two indoor parameters are
analyzed to describe their temporal progression during the study period.

In general, weather data exhibit a high variance, resulting in large standard deviations—
particularly over an extended observation period, as in this study. The dataset covers
three seasons (fall and winter 2023, and spring 2024), which tend to differ markedly
in their average weather conditions. Figure 3 presents the statistical evaluation of
three meteorological parameters for all three measurement locations, visualized in boxplots
with the arithmetic mean indicated. Despite similar overall mean ambient air temperatures
of 7.4 °C (WA), 7.7 °C (DV) and 7.9 °C (CV), the corresponding standard deviations are
high (+£4.7 K, £5.3 K and £5.2 K). The overall mean values for relative humidity are
80.4%, 78.3%, and 75.3%, and those for the average daily solar insolation 1.61 kWh/ m2,
1.63 kWh/m? and 1.86 kWh/m? for group WA, DV, and CV, respectively.
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Figure 3. Boxplots of school-wide daily averages of three meteorological parameters for each
measurement location over the study period.

Figure 4 presents wind direction and speed, based on the school-wide daily averages,
in a wind rose diagram. The average wind speeds differ markedly at the three locations.
These are 1.06 m/s (WA), 1.57 m/s (DV), and 1.90 m/s (CV). The standard deviations are
+0.35 m/s, £1.07 m/s, and +0.73 m/s. Across all three measurement locations, wind
direction is predominantly within the range of 180° (south) to 270° (west). The mean wind
directions are 217°, 209°, and 225°, with corresponding standard deviations of 36°, 42°, and
41° for groups WA, DV, and CV, respectively.

In general, the three locations exhibit comparable meteorological conditions during
the study period.
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Figure 4. Wind rose diagram of school-wide daily averages of wind direction and speed for each
measurement location over the study period.

The temporal progressions of the school-wide daily averages of indoor CO, concen-
tration and indoor air temperature are shown in Figure 5. The dataset covers the entire
study period, including weekends, school holidays and unoccupied periods. Weekends
and holidays are highlighted in grey and are excluded from further analysis. Especially
CO; concentration patterns clearly distinguish between school vacations, regular school
weeks, and weekends. Plateaus at approx. 420 ppm (equals the outdoor concentration) refer
to school vacations, whereas alternating “humps” and “valleys” in between identify the
five-day school week and weekends, respectively. Over the study period, mean CO, con-
centrations are 554 ppm (WA), 554 ppm (DV) and 561 ppm (CV), with significantly higher
concentrations during regular school operation. The occurrence of CO, peaks in relation
to the operation of the mechanical ventilation systems is examined in Sections 3.7 and 3.8.
Indoor air temperatures remain relatively constant over the heating season and slightly in-
crease in the transition period due to rising ambient air temperature and the absence
of cooling units. Mean indoor air temperatures are 20.3 °C (WA), 19.8 °C (DV) and
21.8 °C (CV).

CO2 concentration

Indoor air temperature

17 °C}

12 °C

T T —WA

Oct 2023 Nov 2023 Dec 2023 Jan 2024 Feb 2024 Mar 2024 Apr 2024

Figure 5. Temporal progressions of school-wide daily averages of CO, concentration (top) and indoor
air temperature (bottom) over the study period. Weekends and school holidays are highlighted
in grey.

3.2. Statistical Analysis of Indoor Air Parameters

To compare the three ventilation concepts, the five indoor air parameters are statisti-
cally analyzed over the evaluation period using school-wide mean values. Figure 6 presents
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boxplots of the mean CO, concentration, PM; 5, VOC, indoor air temperature (T) and rela-
tive humidity (r.h.). For CO, concentration, indoor air temperature and relative humidity,
threshold values (see Section 2.7) are indicated as dashed lines. Table 5 summarizes the
corresponding descriptive statistics, with “Range” denoting the difference between the
maximum and minimum values.

Indoor air parameters
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Figure 6. Boxplots of school-wide means of the five indoor air parameters over the evaluation period.

In group WA, CO; concentration exceeds 1000 ppm during 156 school hours
(26.6% of the evaluation period), with a maximum school-wide mean of 1375 ppm; values
above 2000 ppm do not occur. The median is 902 ppm. Group DV exhibits 17-22% lower
CO; concentrations than WA and CV, with a median of 763 ppm. Exceedances of 1000 ppm
occur in only 10 school hours (1.7%), peaking at 1100 ppm. Group CV has the highest
overall mean (965 ppm), exceeding 1000 ppm in 205 school hours (35.5%), with a maximum
of 2099 ppm and a median of 937 ppm.

A clear difference in PMj 5 levels is observed between group WA and the mechanical
ventilation concepts. WA has a median of 5.0 j1g/m?3. In contrast, DV records a median
of 2.2 ug/m3, with CV recording the lowest at 1.4 ug/m3. Compared to group WA, this
implies a 56.2% (DV) and 72.7% (CV) lower PM; 5 concentration. The maximum school-
wide school hour mean is 16.8 ug/m3 in WA, 10.5 pg/m? in DV and 9.3 ug/m3 in CV.

A clear difference in the VOC levels is also observed between the manual and the
mechanical ventilation groups. WA records the lowest VOC levels, with a median of 12.0%
and a maximum of 29.3%, as well as the smallest variability (range: 21.1%; interquartile
range: 2.4%). The medians for DV and CV are 17.2% and 19.9%, respectively.

Indoor air temperature does not exceed 26 °C in any group, as the study period
is during the heating season. Hence, a minimum indoor air temperature of 20 °C is
recommended (Section 2.7). This threshold value is not met in 124 school hours (21.2%) in
group WA, 48 school hours (8.2%) in DV and 3 school hours (0.5%) in CV. Groups WA and
DV have similar mean temperatures of 20.7 °C and 21.0 °C, respectively, while CV is 1.3 K
higher. Overall, CV exhibits both the highest mean and median at 22.3 °C. WA shows the
largest temperature range at 6.0 K.
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Table 5. Ventilation concepts—descriptive statistics of the school-wide means of the five indoor air
parameters over the evaluation period.

Descriptive CO, PM, 5 vVOC T, r.h.
Statistics [ppm] [pg/m3] [%] [°C] [% r.h.]
Window airing (WA)
Mean 913 6.0 12.1 20.7 40.3
Standard deviation 141 3.1 2.1 1.0 5.4
Median 902 5.0 12.0 20.6 404
Minimum 422 1.4 8.2 18.7 23.1
Maximum 1375 16.8 29.3 24.7 53.0
Range (Xpax—XMin) 953 154 21.1 6.0 29.9
Decentralized ventilation (DV)
Mean 754 2.6 18.1 21.0 38.2
Standard deviation 131 1.6 5.6 0.6 6.2
Median 763 2.2 17.2 21.0 38.0
Minimum 409 0.0 8.1 18.7 24.0
Maximum 1100 10.5 59.7 23.1 54.2
Range (XMax—XMin) 691 10.5 51.7 4.4 30.1
Central ventilation (CV)
Mean 965 1.8 20.6 22.3 36.5
Standard deviation 204 15 6.4 0.8 5.4
Median 937 14 19.9 22.3 36.7
Minimum 475 0.0 7.2 19.3 20.6
Maximum 2099 9.3 56.4 24.7 515
Range (Xpax—XMin) 1623 9.3 49.2 5.4 31.0

Mean relative humidity is 40.3% r.h. (WA), 38.2% r.h. (DV) and 36.5% r.h (CV). This
indicates generally dry indoor air compared to the recommended minimum value of 40%
r.h. (Section 2.7). Median values are similar to the means. Overall, relative humidity varies
between 20.6% r.h. and 54.2% r.h., with a similar range of approx. 30% r.h. across all groups.
WA shows the lowest number of underruns, with 270 school hours (46.1%) falling below
40% r.h. This occurs in 364 school hours (62.1%) in DV, while CV has the lowest relative
humidity with 423 school hours (73.3%) below 40% r.h. None of the ventilation concepts
exceeds a relative humidity of 60% r.h.

The Kruskal-Wallis test reveals statistically significant differences among at least two
of the three ventilation concepts for all five indoor air parameters (all parameters exhibit
p-values of 0, so all p < 0.05). Subsequent post hoc pairwise comparisons using the Tukey—
Kramer procedure on ranks indicate that all five indoor parameters differ significantly
between each pair of ventilation concepts (all p < 0.05) (see Table 6).

Table 6. Results of post hoc Tukey—Kramer test, pairwise comparison of the five indoor air parameters
across the three ventilation concepts.

Parameter Group A Group B p-Value
CO, WA DV 0
CO, WA Cv 0.0017
CO; DV Ccv 0
PM; 5 WA DV 0
PM; 5 WA CVv 0
PM, 5 DV v 6.8867 x 1071
VOC WA DV 0

VOC WA Ccv 0
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Table 6. Cont.
Parameter Group A Group B p-Value

VOC DV CV 1.6941 x 1072
T WA DV 4.0411 x 10°°
T WA (@Y% 0
T DV (@Y% 0
rh. WA DV 2.0752 x 10~
rh. WA CV 0
rh. DV CV 51166 x 10~°

3.3. CO, Concentrations During School Hours

The temporal progression of the school-wide CO, concentration during school hours
for all three groups is shown in heat maps in Figure 7. Blank spots represent school hours,
which were excluded from the evaluation period (see Section 2.4). Qualitatively, group
DV exhibits the lowest and CV the highest school-wide CO; concentrations. Increases
in CO, concentration in the school hours before a break (i.e., in continuous blocks) are
clearly visible. Groups WA and DV have two breaks (after the 2nd and 4th lesson), whereas
group CV has only one break (after the 3rd lesson). Considering the mean school-wide
CO, concentration of each school hour (1st to 6th) in the evaluation period, it increases
by approximately 10-20% before the first break. During school breaks, CO, concentration
drops markedly (due to window airing, natural infiltration or absence of occupants), but
remains above the day’s starting values. This pattern repeats for each consecutive block
of school hours. For example, in group WA, the mean school-wide CO; concentration
increases by 18% from the 1st to the 2nd lesson (843 to 995 ppm), by 8% from the 3rd to
the 4th lesson (867 to 939 ppm), and by 2% from the 5th to the 6th lesson (908 to 929 ppm).
Comparable trends are observed in the other two groups. Notably, the 2nd school hour
exhibits the highest mean school-wide CO, concentration in all groups (995 ppm in WA,
868 ppm in DV, 1072 ppm in CV).

3.4. Window Airing Times

The influence of manual window airing can be distinguished from that of mechanical
ventilation by analyzing the window opening profile recorded by the WCS at each window
in each classroom. The opening states of all windows in a specific classroom are represented
in a room-wise window opening profile. Each window state is assigned a numerical value
(open: 1.0, tilted: 0.1, closed: 0.0). The values sum up accordingly when multiple windows
are open simultaneously (e.g., a value of 3.2 corresponds to three open and two tilted
windows at the same time). This profile can be expressed in absolute values or in relative
terms (0-100%), based on the total number of windows per room. Extensive manual
window airing in most classrooms typically occurs in the morning (from 7:00 a.m. to
approx. 7:45 a.m.). Short “shock” ventilation events of 5-10 min are frequently observed
during school breaks.

The school-wide window opening profile provides information about the opening
frequencies and total manual window airing times for the different ventilation concepts.
An average window airing time per school hour (& 45 min) of 28 min (62.0%) is observed in
group WA, 13 min (29.2%) in DV and 9 min (21.1%) in CV. Thus, in group WA, the windows
are open two to three times longer than in the mechanically ventilated groups.
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Figure 7. Temporal progression of the school-wide means of CO; concentrations during school hours
over the evaluation period.

The relative frequencies of school-wide window opening states are shown in Figure 8.
In group WA, manual window airing during a lesson is mainly achieved by opening only a
single window (65% of all manual ventilation events). In 26% and 9% of the ventilation
events two or three windows are opened, respectively. As group WA only features sliding
windows, a tilted window state is not possible. A similar distribution is observed in group
DV for fully opened windows. In 72% of all manual ventilation events, only a single
window is opened, while two or three windows are opened in 17% and 5% of the events,
respectively. In only 6% of all ventilation events, one or more windows are tilted. In
group CV, window airing is primarily performed via only one tilted (45%) or one open
window (26%).
100 WA DV cv
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Figure 8. School-wide relative frequencies of the window opening states (open: 1.0, tilted: 0.1,
closed: 0.0).

3.5. Indoor and Ambient Air PM, 5 Concentrations

PM, 5 concentrations in the classrooms can considerably increase due to internal
sources (e.g., swirled-up dust) or external sources (e.g., emissions from road traffic). In-
ternal sources would result in a certain level of background concentration in an occupied
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classroom. PM from external sources can enter the room via the outside air during window
airing or through the AHU. As ambient and indoor air PM, 5 concentrations were measured,
both sources of PM can be evaluated separately and a potential impact of the ventilation
concept on indoor PM, 5 can be derived. Figure 9 shows the school-wide means of indoor
PM; 5 over ambient PMj 5.
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Figure 9. Correlation diagram of the school-wide means of indoor air over ambient air PM; 5
concentrations over the evaluation period.

In all three groups, a background concentration is present, even when the ambient
PMj; 5 concentration is 0 pg/ m3. In group WA the background concentration is 3.2 pg/ m3,
which is considerably higher than in DV (1.2 pg/ m3) and CV (0.7 ug/ m3). The slope
of a linear regression over all school-wide means of one group can be interpreted as
the dependency of the indoor air PM; 5 on the ambient air PM;, 5. Group WA features
the steepest slope at 0.29, whereas the slopes of groups DV and CV are 0.13 and 0.10,
respectively. Considering the school-wide means in general, maximum indoor air PM; 5
values of 16.8 ug/ m3 (WA), 10.5 ug/ m?3 (DV) and 9.3 ng/ m3 (CV) are measured. Thus,
PM, 5 concentrations in the mechanically ventilated groups DV and CV are more than
33% lower than in group WA. Assuming 15 pig/m? as the threshold for acceptable daily
average PM, 5 in indoor air (see Section 2.7), only group WA exceeds this value in nine
school hours. The actual daily average exposure for pupils is likely to be considerably
lower. In contrast, the maximum ambient air PM, 5 concentrations are similar across the
groups, ranging from 34.4 ug/m> (WA) to 39.6 pug/m3 (CV).

Window airing is possible in all three groups and can considerably affect indoor air
PM concentrations by increasing air change rates. A more detailed view of this aspect is
obtained by comparing PM; 5 concentrations during periods when at least one window
is open with those when all windows are closed. Therefore, the PM, 5 data are matched
with the room-wise window opening profile on a minute-by-minute basis. Consequently,
Figure 10 shows the school-wide minute-based PM; 5 concentrations of indoor and outdoor
air divided into these periods as a bubble chart (the bubble size represents the number of
measurements). The slope of the linear regression is consistently higher during periods of
window airing than when all windows are closed. In group WA the slope increases from
0.19 to 0.36, and in group DV from 0.10 to 0.27. In contrast, in group CV the slope increases
only slightly, from 0.10 to 0.11, indicating that it is barely influenced by window airing.
Group CV features the shortest window airing times overall (see Section 3.4). For the
background concentration (at 0 ug/ m?3 ambient PM, 5) no clear trend can be determined.
In groups WA and DV, background concentrations are higher when there is no window
airing—3.6 pug/m? compared to 3.0 pg/m? in WA and 1.3 pg/m3 compared to 0.9 pg/m?
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in DV. In contrast, group CV features a higher background concentration of 1.4 pg/m?
during periods with active window airing compared to 0.5 pug/m?> when all windows
are closed.
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Figure 10. Correlation diagram (bubble chart) of the school-wide minute-based measured data of
indoor air over ambient air PM; 5 concentrations, divided into periods, when at least one window is
open (upper three diagrams) and all windows are closed (lower three diagrams).

3.6. Indoor Environmental Quality

The IEQ of the three ventilation concepts is evaluated based on CO, concentration,
indoor air temperature, relative humidity, and also operative temperature relative to the
running mean ambient temperature. Figures 11-14 summarize school-wide conditions and
highlight hours with acceptable, borderline, and unacceptable IEQ.
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Figure 11. School-wide means of CO, concentration over indoor air temperature.
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Figure 12. School-wide means of relative humidity over indoor air temperature.
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Figure 13. School-wide means of relative humidity over indoor air temperature in a thermal
comfort diagram.
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Figure 14. School-wide means of indoor air temperature over the running mean ambient air tempera-
ture within the seasonal recommendations in accordance with DIN EN 16798-1.

Figure 11 shows the school-wide means of CO; concentration versus indoor air tem-
perature. Recommended design values define comfort bands with good, acceptable, and
unacceptable IEQ, highlighted in green, yellow, and red, similar to CO; traffic lights. An
unacceptable IEQ (red dots) occurs in 124 (WA, 21.2%), 48 (DV, 8.2%), and 4 (CV, 0.7%)
school hours, mainly due to low temperatures. (Section 3.2 details threshold exceedances.)

Figure 12 shows the school-wide means of relative humidity and indoor air temper-
ature. In addition to the standard DIN EN 16798-1 limits, a stricter lower threshold of
40% r.h. is included (green band). The standard comfort range (20-26 °C, 30-60% r.h.) is
not met in 131 (WA, 22%), 94 (DV, 16%), and 77 (CV, 13%) school hours. Considering the
stricter 40% r.h. threshold, 309 (WA, 53%), 375 (DV, 64%), and 423 (CV, 72%) school hours
are classified as uncomfortable. Overall, the indoor climate tends to be too cold and too dry.

Thermal comfort is further assessed using comfort diagrams, which provide a dynamic,
statistical representation of acceptable indoor conditions [40]. The inner area (green)
indicates comfortable conditions, the surrounding area (yellow) still acceptable conditions,
and values outside are classified as uncomfortable. Figure 13 shows that 415 (WA, 70.8%),
341 (DV, 58.2%), and 302 (CV, 52.3%) school hours are comfortable, with only one school
hour in group WA classified as uncomfortable.
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An acceptable indoor air climate can further be determined using recommended
ranges of operative temperature relative to the running mean ambient air temperature,
depending on the expectation level (IEQy;) and season. As described in Section 2.7, the
indoor air temperature is evaluated instead of the operative temperature. Figure 14 shows
that uncomfortable conditions occur in 123 (WA, 21.0%), 47 (DV, 8.0%), and 3 (CV, 0.5%)
school hours, due to temperatures below 20 °C, particularly in winter.

3.7. Decentralized Ventilation

This section evaluates the practical performance of the decentralized ventilation con-
cept under real-life conditions. Both user-induced malfunctions and the impact of a
demand-based CO, controller are analyzed.

By examining the temporal progressions of classroom CO, concentrations in combi-
nation with the electrical power consumption of the AHUs, periods of improper AHU
operation are identified and their impact on IEQ is analyzed. Peaks in the daily average
CO; concentration (see Figure 5), such as daily means up to 1266 ppm on 8 January 2024,
indicate inactive AHUS, as the facility manager switches off the AHUs manually before
school vacations. If reactivation is delayed, minute-by-minute CO, concentrations of up to
3000 ppm are measured (maximum values of 2904 ppm in classroom DV-1 and 3036 ppm
in DV-2). In total, six periods can be identified in which the decentralized AHUs do not
run properly during the occupancy time: at the beginning of the study the AHUs run at
night before lessons until 19 October 2023; the AHUs are switched on too late after school
vacations and switched off too early once before vacations; there is no automatic time
changeover activated, why the AHUs run a shifted time schedule for 14 school days. This
corresponds to 134 school hours or 18.6% of all school hours of the study period.

For analysis, the DV data is grouped by the operating state of the AHUs: proper
operation according to a time schedule (DV-on, 586 school hours) versus malfunction or
deactivation (DV-off, 134 school hours). Figure 15 presents the school-wide means of the
five indoor air parameters for both operating states.

The Mann-Whitney U test reveals statistically significant differences (all p < 0.05) in
all five indoor air parameters between periods of proper and improper AHU operation.
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Figure 15. Decentralized ventilation—boxplots of school-wide means of the five indoor air parameters
for the two operating states (DV-on, DV-off) of the decentralized AHUs.
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A substantial difference in CO, concentrations can be observed. With the decentralized
AHUs operating properly (DV-on), no outliers occur and the maximum concentration
remains at 1100 ppm, compared to 2505 ppm when the system is off. CO; levels above
2000 ppm are entirely avoided during DV-on operation, and the 1000 ppm threshold
is exceeded in only 1.7% of school hours. In contrast, under DV-off conditions, CO,
concentrations exceed 1000 ppm during 49.3% of school hours and surpass 2000 ppm in
3.7% of the time (5 school hours). Mean CO, concentrations are 754 ppm (DV-on) versus
1079 ppm (DV-off), and median values are 763 ppm versus 983 ppm—reductions of 30.1%
and 22.4% under proper operation. PM; 5 and VOC also show lower values for DV-on. For
PM,; 5 and VOC, the mean values are 48.8% and 16.8% lower for DV-on, and the median
values are 54.8% and 18% lower, respectively. During periods when the AHUs do not
operate properly, slightly lower average indoor air temperatures are observed, with mean
values of 21.0 °C (DV-on) and 20.8 °C (DV-off). However, temperatures fall below 20 °C in
21.6% of school hours, compared to only 8.2% under DV-on conditions. A more pronounced
difference is observed in relative humidity. With DV-off, humidity levels are much higher.
The relative humidity drops below 40% r.h. in only 18.7% of school hours, compared to
62.1% with DV-on. For DV-off, relative humidity exceeds a value of 60% r.h. in 3% of the
time. Across all indoor air parameters, variability is markedly higher during periods of
improper AHU operation. The interquartile range under DV-off conditions is 131% larger
for CO,, 191% for PM; 5, 19% for VOC, 73% for indoor air temperature, and 19% for relative
humidity compared to DV-on.

The influence of a demand-based CO,-controller on the electrical power consumption
of a decentralized AHU was investigated in group DV. A CO, sensor was installed in
the AHU of classroom DV-1 on 28 February 2024. The internal controller was changed in
accordance with the manufacturer’s specifications. The AHU in classroom DV-2 retained a
constant fan speed during the entire study period. Figure 16 shows the average electrical
power consumption of the two decentralized AHUs as school hour means for 30 lessons
before and 30 lessons after the retrofit. Prior the installation, the average electrical power
consumption of the AHUs accounts to 0.68 kW (DV-1) and 0.76 kW (DV-2). As the control
in DV-2 was not changed, the electrical power consumption during the 30 lessons after the
retrofit remains almost unchanged at an average value of 0.79 kW (+4%). On the other hand,
the electrical power consumption of the AHU in DV-1 is lowered by 44% to 0.38 kW on
average. The average CO, concentrations in both classrooms are only marginally affected,
changing from 689 ppm to 701 ppm (DV-1), and from 839 ppm to 807 ppm (DV-2) before
and after the retrofit. During most school hours, both AHUSs successfully limit the CO,
concentrations to a maximum of 1000 ppm, with or without the CO; controller.

3.8. Central Ventilation

During the evaluation period, the classrooms in group CV are often ventilated addi-
tionally via window airing despite the centralized AHU. The mean window airing time per
school hour is 9 min (see Section 3.4). However, the BMS data shows, that the room-wise
ventilation system is deactivated, if a window is open or no occupancy of the room is
detected (for reasons of energy saving). Consequently, window airing, even if only one
window is tilted, will deactivate the ventilation system of the specific classroom.

The impact of ventilation deactivation on CO; concentration is evaluated by combining
BMS data with room measurement data. Two operating states are distinguished: CV-on,
when all windows are closed and the ventilation system is active, and CV-off, when at
least one window is open or tilted and the ventilation system is deactivated. In both cases,
only periods with detected occupancy were considered; transitional states were excluded.
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Figure 17 shows the minute-by-minute CO; concentrations in classrooms CV-1 and CV-2
for the two operating states.
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Figure 16. Mean electrical power consumption of the decentralized AHUs (top) and mean CO,
concentration (bottom) of classrooms DV-1 and DV-2. The graph shows 30 school lessons before and
30 lessons after the installation of a demand-based CO, controller in the AHU of DV-1 (blue graphs).
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Figure 17. Central ventilation—boxplots of classroom CO, concentrations for the two operating
states (CV-on, CV-off) of the centralized AHU based on minute-by-minute data.

In regular operation mode (CV-on) classrooms CV-1 and CV-2 show acceptable CO,
concentrations with mean values of 1000 ppm and 892 ppm, respectively. Maximum
concentrations reach 1822 ppm and 1517 ppm, but these peaks occur only occasionally.
When the ventilation system is deactivated (CV-off), CO, concentrations clearly increase,
with mean values of 1042 ppm (CV-1) and 1332 ppm (CV-2). Maximum values of up to
2131 ppm are observed in CV-1. In particular, in classroom CV-2, CO, concentrations
frequently exceed 2000 ppm, reaching a peak of 3748 ppm.
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4. Discussion

The discussion of results focuses mainly on the comparison of the window airing
and decentralized ventilation group, as the group with the central ventilation concept has
limitations (see Section 4.2).

4.1. Discussion of Results

The five measured indoor air parameters CO,, PM; 5, VOC, indoor air temperature
and relative humidity differ significantly (all p < 0.05) between each pair of ventilation
concepts over the evaluation period.

Group DV achieves the lowest CO, concentrations. In only 1.7% of the school hours
a value of 1000 ppm is exceeded, in comparison to 26.6% in group WA and 35.0% in
group CV. PM; 5 concentrations are significantly lower in group DV than in WA. However
nearly all values remain below the daily average threshold of 15 pg/m?3, with only a few
exceedances observed in group WA (9 school hours). It should be noted that the reported
values refer to average concentrations during occupied school hours, not full-day means.
For group WA, there is a stronger positive linear correlation between indoor and outdoor
PM, 5 concentrations than for the mechanical ventilation groups. If the WCS data are
also included in the analysis, there is a stronger linear correlation between indoor and
outdoor PM, 5 with open windows than with closed windows. In group WA windows
are open two to three times as long as in the mechanically ventilated groups, resulting in
higher indoor PM; 5 values, due to the lack of fresh air supply and air filters via mechanical
ventilation systems. Group WA shows significantly lower indoor VOC values than the
other two groups. As this group features the oldest school building, the emissions from
building materials and furniture could be lower than in the other two school buildings.
In group WA, indoor air temperatures are significantly lower, falling below 20 °C during
21% of school hours. The four classrooms, unlike those in the other two groups, are south-
facing. However, no clear relationship to solar gains can be established, as horizontal solar
irradiance was measured on the school building’s roof and shading from surrounding trees
likely reduces direct gains on the fagade. Likewise, no conclusions can be drawn regarding
heating performance, as this parameter was not measured (see Section 4.2). The lower
temperatures may be partly explained by the fact that group WA occupies the oldest school
building with the poorest building insulation. In addition, the considerably longer window
opening times, compared to the mechanically ventilated concepts, likely contribute to the
reduced indoor air temperatures.

Both groups with mechanical ventilation systems show a higher proportion of com-
fortable indoor air conditions during school hours compared to group WA with manual
window airing only, primarily due to higher indoor air temperatures. Since group CV
includes the newest school building, the high level of thermal insulation may further
contribute to maintaining higher indoor air temperatures during winter. However, relative
humidity tends to be too low across all three ventilation concepts, indicating a potential
limitation for overall indoor environmental quality and for reducing the risk of airborne
disease transmission. Especially in the mechanically ventilated concepts relative humidity
is below the recommended 40% most of the school hours. The mechanically ventilated
classrooms are supplied with fresh outdoor air heated to 20 °C (DV) or 21 °C (CV) by
the AHUs. However, the ventilation systems lack humidification. As a result, when cold
outdoor air is heated, its low absolute humidity leads to a significant drop in indoor
relative humidity.

Table 7 summarizes the temporal exceedances and underruns of CO, concentration,
indoor air temperature and relative humidity for the ventilation concepts, including the
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operating state DV-off. In addition, the average window airing time is shown for all
three concepts.

Table 7. Ventilation concepts (including DV-off)—temporal proportion of threshold exceedances
and underruns for CO, concentration, indoor air temperature and relative humidity, and window
airing times.

Ventilati Number of Temporal Proportion in % of Average
entilation Analyzed CcO, T r.h. Window Airing Time
Concept School Hours >1000 ppm  <20°C  <40% in min/School Hour

WA 586 26.6 21.2 46.1 28
DV
(DV-on) 586 1.7 8.2 62.1 13
DV-off 134 49.3 21.6 18.7 -
Ccv 577 35.5 0.5 73.3 9

Furthermore, the operation of the decentralized and centralized ventilation systems
was analyzed in detail, with particular emphasis on CO, concentrations during periods
when the mechanical ventilation was inactive. In the decentralized ventilation group, a
comparison of the two operating states DV-on and DV-off reveals statistically significant
differences in all five indoor air parameters (all p < 0.05). When the decentralized AHUs are
active, CO, concentrations are significantly lower, and both PM, 5 and VOC concentrations
are reduced. Indoor air temperature is slightly higher, which may support thermal comfort.
In contrast, relative humidity shows less favorable behavior: it is significantly reduced
during DV-on periods and remains below 40% for almost two-thirds of the time.

Switching the control of the decentralized AHU from constant fan speed to a demand-
based CO; control shows that the AHU works much more efficiently with the CO;, control
(electrical energy reduction of 44%), without compromising IAQ and ventilation requirements.

In the central ventilation group, monitoring and BMS data show that supply air is
controlled not only by CO, concentration and occupancy, but also by a window signal
integrated into the BMS. A comparison of the two operating states (CV-on and CV-off)
confirms higher CO, concentrations in both classrooms during window airing than during
mechanical ventilation. This is due to the supply air being deactivated as soon as the
window contact is active, even if only one window is tilted. The majority of window
opening events involve only a single tilted (45%) or opened (26%) window, so air exchange
during window airing is often limited, explaining higher CO, concentrations. This effect
is more pronounced in classroom CV-2. The average window opening time per school
hour is nearly twice as high in classroom CV-1 (12.5 min) compared to CV-2 (6.9 min), so
the supply air system operates less frequently and for shorter durations in CV-1, which
also has higher occupancy. Nevertheless, no markedly elevated CO, concentrations are
observed in CV-1 during times with deactivated supply air, for which no clear explanation
can be given. It is also noteworthy that CO, concentrations occasionally exceed 1000 ppm
despite active supply air, although the central ventilation system is designed to increase
the airflow when a threshold of 900 ppm is reached. This may indicate an insufficiently
dimensioned airflow rate, but this cannot be confirmed with certainty at this stage.

4.2. Constraints and Limitations

The results of group CV are difficult to evaluate in relation to the ventilation concept.
As the supply air is deactivated for an open window signal by the BMS and commonly only
a single window is tilted, the required air exchange rate cannot be achieved and the CO,
concentration can rise sharply. The minute-by-minute CO, concentration easily exceeds
1000 ppm most of the time, if the supply air is deactivated, and peaks up to 3748 ppm.
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For the central ventilation concept, this means that there is no continuous mechanical
ventilation during lessons, but there is actually mechanical ventilation or (often inadequate)
window airing. In addition, the assessment of indoor PM; 5 concentrations in group CV is
made more difficult by the fact that recirculating air purifiers are installed in the classrooms
and their sporadic manual operation by the users was not recorded by the BMS or the
long-term monitoring.

While the measurement concept is already highly comprehensive, certain limitations
remain. Due to the structural effort involved, heating energy consumption and system
settings were not included in the long-term monitoring. Ideally, room-level heating energy
meters should be installed to allow for an evaluation of the impact of different ventilation
concepts on heating energy use. Additionally, information on heating system settings
would enable a more precise assessment of indoor air temperature dynamics. For the eval-
uation of thermal comfort, the measured indoor air temperature rather than the operative
temperature was used. The actual number of school hours that cannot be classified as
comfortable could therefore be slightly higher than described above. A quantification is
not possible as the operative temperature depends on the radiant heat from surrounding
surfaces, which was not measured. The cumulative measurement of VOC concentrations
does not allow for the identification of individual compounds. To enable more precise
conclusions regarding specific indoor air pollutants, more advanced analytical instruments
would be required, although they entail considerably higher costs.

It is worth noting that despite the window contact switches sending a certain opening
state, the real opening state of the window cannot be determined with absolute certainty.
The window handle sensors only detect the position of the window handle and not whether
the window has actually been opened. With the mechanical window sensors, which
are mounted in the window frame, the window must necessarily be opened, but the
opening width from which such a contact sensor is triggered is in the range of 2-5 cm. In
general, the opening width/opening angle of the window cannot be detected by any of the
installed sensors.

Regarding the meteorological data, the average wind speeds vary considerably be-
tween the school locations. The measurements were not carried out in accordance with
standard recommendations and differing rooftop boundary conditions at the school sites
along with local flow disturbances (e.g., parapets or rooftop structures) may have affected
the wind speed measurements. However, wind speed can play a decisive role in air ex-
change, especially when ventilating through windows. Ideally, measurements should be
performed directly in front of the windows. To evaluate the impact of window airing on air
exchange rates and to interpret its influence on indoor PM; 5 more precisely, wind speed
and wind direction relative to the classroom orientation should also be considered.

5. Conclusions

The comprehensive monitoring of indoor and outdoor parameters, especially the
recording of the window states, helps to deepen the understanding of relationships between
ventilation concepts, window opening times and indoor environmental quality parameters
such as CO, and indoor particulate matter PM; 5.

With decentralized mechanical ventilation, CO, and PM; 5 concentrations were signif-
icantly lower compared to pure window airing. Indoor air temperatures were also more
comfortable. However, relative humidity levels were less favorable, particularly in the
mechanically ventilated concepts, where they often fell below a recommended level of 40%.
The CO; concentrations in the window airing concept remained below 1000 ppm for 74.4%
of the time, which can be considered acceptable. However, it is noteworthy that this group
featured large sliding windows and CO;, traffic lights, which probably supported effective
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ventilation behavior. Window opening times in this group were two to three times longer
than in the mechanically ventilated groups, resulting in higher indoor PM; 5 values.

By the analysis of CO; concentrations, electrical current of the decentralized air han-
dling units, window opening states and data of the building management system in the
central ventilation group, periods with deactivated mechanical ventilation during lessons
were identified. In the decentralized ventilation group, these were caused by incorrect set-
tings of the AHUs. As this group lacked a BMS, the facility manager had to configure each
AHU manually in the respective classrooms. The issues were mainly caused by incorrectly
programmed operating schedules, delayed activation or premature deactivation regarding
school vacations, or the absence of automatic time changeover. Furthermore, the decen-
tralized AHU demonstrated substantially higher energy-efficiency when operated with
a demand-based CO; control rather than constant fan speed, without any disadvantages
regarding indoor air quality. In the central ventilation group, the analysis of the mechanical
ventilation revealed the use of a control strategy that depended on a window opening
signal as part of an energy-saving measure. However, neither the facility manager nor the
building operator was aware of this control setting, which meant that teachers and pupils
were also uninformed. As a result, the energy-efficient control strategy led to poor indoor
air quality during periods when a window was opened and the supply air was deactivated.

The study highlights the significance of well operated mechanical ventilation systems
and the necessity for user awareness of essential control settings. Basic training for teaching
and facility staff and the integration of decentralized AHUs into a BMS, where feasible,
could help reduce user-induced operating errors and ensure more reliable system perfor-
mance. This study shows that well-operated mechanical ventilation provides better indoor
environmental quality compared to window airing only. Although the focus was on IEQ,
potential drawbacks of mechanical ventilation should be noted. Decentralized units may
generate classroom noise, while window airing can introduce outdoor noise. Mechanical
systems also require maintenance and consume electricity. Nonetheless, they may reduce
heating demand through heat recovery and shorter window opening durations.

Alongside the long-term monitoring, which was part of a prospective controlled
observational study, questionnaires were administered and saliva samples collected from
schoolchildren. Future analyses will focus on evaluating the questionnaire and salivary
biomarker data and integrating these findings with the results of the long-term monitoring.
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Abbreviations

The following abbreviations are used in this manuscript:

AHU  Air handling unit

BMS Building management system
CO, Carbon dioxide
Ccv Central ventilation

CV-off Central ventilation with deactivated mechanical ventilation
CV-on Central ventilation with activated mechanical ventilation

DV Decentralized ventilation

DV-off Decentralized ventilation with deactivated mechanical ventilation
DV-on Decentralized ventilation with activated mechanical ventilation
T1AQ Indoor air quality

IEQ Indoor environmental quality
PM Particulate matter

ppm Parts per million

rh. Relative humidity

T Indoor air temperature

VOC Volatile organic compounds
VPN Virtual private network
WA Window airing

WCS Window contact switch
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