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Impact of Noise from Heat Pumps on Sleep, Noise
Annoyance, and Concentration in Healthy Adults in
a Laboratory Setting
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Objective: Residential air-source heat-pump (AHP) installations are increasing, yet their impacts on sleep and noise annoyance remain
insufficiently understood. This study is the first to combine multi-night polysomnography (PSG) and daytime testing to assess the effects of
AHP noise on sleep and daytime annoyance, concentration, and mood. Methods: The sleep study involved PSG examining sleep patterns and
noise-associated arousals across three nights, each with a different condition: (1) no noise (baseline condition), (2) AHP noise levels
simulating tilted windows, and (3) AHP noise levels simulating closed windows. The daytime study exposed subjects to AHP noise while
reading texts, and responses were compared to a quiet baseline. Questionnaires measured sleep disturbance, noise annoyance, and
concentration. Results: Out of the 42 initial subjects included, 2 discontinued for personal reasons. Forty subjects (f = 21, m = 19)
completed both studies. In the sleep study, no differences were found for Total Sleep Time [418.20 min (363.10, 438.50), 408.20 min (352.90,
435.80), 405.70 min (375.00, 430.20)] or Sleep Efficiency [87.10% (75.60, 91.30), 85.00% (73.50, 90.70), 84.50% (78.10, 89.60)] across
conditions. However, AHP noise with tilted windows led to significantly more noise-related arousals (7.60 + 5.90 vs. 5.50 + 3.60, pP< 0.050)
than with closed windows. Sleep disturbance was significantly greater in the tilted window condition. Daytime exposure to AHP noise
increased noise annoyance, concentration difficulties, and mood disturbances, with a pronounced effect of the order of conditions on
annoyance when noise followed the quiet condition (2.58 + 1.22 vs. 1.57 + 0.60). Conclusions: This study demonstrates that residential AHP
noise can impair both sleep parameters and daytime functioning, underscoring the need to consider its health impact in residential settings.
Future studies should explore the long-term impact of noise exposure and potential interventions through -multicenter research. A laboratory
setting limits the generalizability of the results.
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heating, cooling, and electricity sectors. For instance,
renewable energy in the heating and cooling sectors of
European countries grew from 10% in 2010 to 23.1% in
2020.""" This shift includes a notable rise in heat-pump
installations in residential areas, but the impact of noise
emissions from these sources is poorly understood. Noise-
generating components of air-source heat pumps (AHPs) are
often installed and operated outdoors, directly affecting the su
rrounding neighborhood without any attenuation, making it
crucial to study the impact of AHP noise on health and quality
of life.

In Sweden, surveys show that AHP noise is one of the primary
sources of complaints about low-frequency noise (LFN), and
complaints to local environmental health authorities have
increased over time.”! Most AHP devices consist of an
indoor unit and an outdoor unit, with the latter typically
causing most noise conflicts due to its unique noise
characteristics. A German study on the psychoacoustics of
heat-pump sounds found that sharpness was a crucial
psychoacoustic ~ sensation, with listeners preferring
monotonous and lower-pitched sounds."*’ The time profile
differs from continuous sound sources, as there are transient
operating conditions (e.g., start-up, shut-down, defrosting,
cleaning) that occur at specific timepoints throughout the day
and night, some of them lasting only for a few seconds. The
sound produced by AHPs includes several elements: during
continuous operation, a broadband, noise-like sound
dominates, but tonal components or brief impulse noise
may also occur, particularly during load changes or when
parts of the unit switch on and off. The occurrence frequency
and regularity of these additional noise components differ
based on the unit type and weather conditions. In addition, the
frequency composition differs significantly from that of other
environmental noise sources, such as traffic noise, as the
sound contains low-frequency components between 20 and
2000 Hz in its frequency spectrum, emitting at lower sound
levels. Further, it is characterized by intermittency and
relatively low sound levels, which makes it unpredictable
and difficult to ignore, especially in otherwise quiet
environments.

Griefahn'! differentiates between two types of reactions to
noise events: primary reactions, which are acute reactions to
noise stimuli, such as changes in sleep stages or a noise-
induced increase in heart rate, and global reactions, which
encompass the effects of noise over an entire night, including
sleep duration and the number of awakenings. Secondary
reactions, however, are reactions in the subsequent waking
phase as a consequence of nocturnal sleep disturbances, for
example, self-rated sleep quality, mood, and cognitive
performance the day after. Owing to their continuous
operation throughout the day and night, heat-pump noise
may influence both types of noise reactions.

AHPs generally comply with national noise protection
guidelines in Germany (TA Lidrm, German technical
regulations on protection against noise pollution, 1998).

Yet many affected residents report annoyance and perceive
these regulations as insufficient.!”’ The health effects of heat-
pump noise have not been well studied. The effects of
environmental noise have been summarized in reviews to
inform the Environmental Noise Guidelines for the European
Region of the World Health Organization (WHO),'®! covering
effects on noise annoyance, sleep, and other health
outcomes.””™” Low-frequency ambient noise sources such
as heat pumps remain underrepresented, especially regarding
both night- and daytime effects.

The few available nighttime studies on heat-pump noise show
mixed results. One laboratory study reported lower cortisol
levels following a night of LFN mimicking AHP noise
patterns compared to the reference night.'®! In contrast,
another found no difference in morning salivary cortisol
response in a male sample exposed to ventilation noise.!"
Several studies have reported that ventilation and heat-pump
noise at night are associated with reduced sleep quality.'' "%
However, a study by Ohrstrom and Skanberg!?! showed
conflicting results, where exposure to ventilation noise led
to better sleep quality as measured by actimetry compared to a
self-reported decrease in sleep quality. Two Swedish studies
reported increased morning tiredness after nocturnal LFN
exposure.'>'""1 However, exposure did not affect time to
sleep onset, number of awakenings during the night, or
reported morning tension.'"!! Noise as an environmental
stressor can interfere with daily activities and worsen
mood and noise annoyance.!"* In a pilot study, 41 out of a
total of 93 subjects were exposed to LFN from indoor or
outdoor heat pumps in their homes.!"* In a questionnaire,
they judged their annoyance, sleep disturbance, psychosocial
symptoms, relaxation, and concentration. Compared with the
control group, a higher proportion of subjects in the exposure
group reported being annoyed and having difficulty relaxing
or concentrating. Psychosocial symptoms and sleep
disturbance did not differ between the exposed and control
groups. However, subjects who reported higher noise
annoyance also had more psychosocial symptoms. A field
study comparing areas with heat-pump noise and areas
without heat pumps found similar results.!'>! Study
participants living in the heat-pump areas reported
increased noise annoyance. Despite differences in
annoyance responses, respondents in the AHP areas also
reported greater interference with relaxation and
concentration than those in the control areas. Other
symptoms did not differ significantly between areas;
however, when annoyance was taken into account,
respondents annoyed by heat-pump noise reported more
sleep disturbance and psychosocial symptoms than those
not annoyed. A limitation of the study is that noise
exposure was modeled using average sound levels
measured in single “prototype” houses for each area type.

Existing noise impact studies have focused mainly on the
effects of traffic noise. The disruptive effects of noise on
sleep, as measured by polysomnography (PSG), have been
found in previous investigations of aircraft, railway, and road
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traffic noise.’®!'®! Previous traffic-noise studies showed

intermittent noise effects on sleep: the probability of
awakenings increased with increasing intermittent traffic
noise,'gl and a higher event frequency of rail, road, and
aircraft traffic events was associated with higher reported
sleep disturbance,[l6’l7] even when the maximum sound
pressure level was held constant."® A French study on
nocturnal aircraft noise exposure found that both noise
levels and the number of events negatively affected
objective sleep quality parameters, including sleep
efficiency and sleep onset.!'”! There was evidence that the
number of events had a greater impact on sleep impairment at
the end of the night.”?°! Research on the effect of nocturnal
heat-pump noise remains scarce, for instance regarding the
effects of the particular intermittent sound pattern with
varying sound characteristics. The LFN components of
heat pumps are barely audible; however, a recent review
indicates that LFN sources can affect sleep.”?!! Whether the
potential effects of AHP noise depend on the sound pressure
levels, for example, emitted through different window
positions, remains to be investigated.

Healthy sleep is one predictor of overall good health, as
impaired sleep can, for instance, affect cardiovascular
function.”?! The WHO estimates that 903,000 disability-
adjusted life years are lost annually due to environmental
noise-related sleep disturbance.”® Any additional noise
sources in residential environments that are currently not
considered might further increase the impact. In recent years,
the number of sustainable heat sources such as heat pumps
installed in residential areas has increased substantially and is
expected to grow further. To ensure the expansion of these
technologies is both socially acceptable and environmentally
effective, it is essential to understand and mitigate their
potential side effects, including noise-related impacts on
health and well-being, to support informed political
decision-making. To our knowledge, this is the first study
to investigate the short-term effects of AHP noise on sleep
quality and daytime functionality in healthy individuals
through PSG monitoring and daytime cognitive
assessments. The sleep study aimed to examine whether
nocturnal AHP noise alters the macro- and microstructure
of sleep and whether there is a time-related connection
between alterations in the noise pattern and disturbances in
sleep structure. This study also investigated whether self-
reported sleep quality and disturbance differed between noise
conditions.

Based on previous findings on the effects of traffic noise on
PSG-measured sleep variables, we hypothesized that subjects
would have worse sleep quality on nights with AHP noise
exposure than on nights without it. We further hypothesized
that the measured sleep parameters would indicate greater
sleep impairment on nights with higher AHP noise exposure
compared with nights with lower AHP noise intensity and on
quiet nights. Morning self-reports of sleep quality during the
previous night were assumed to indicate lower sleep quality
after a night of exposure to AHP noise compared with a quiet

night, with the effect to be expected to be stronger after a
night of higher AHP noise than after a night of lower AHP
noise. Additionally, we hypothesized that AHP noise would
negatively affect noise annoyance, concentration, and mood
during an everyday activity such as reading a text.

MarteriaLs AND METHODS
Study Design

Two laboratory studies were conducted: one focusing on
nocturnal sleep and the other on daytime experiments. The
aim was to investigate the impact of AHP noise on sleep, as
well as daytime concentration, mood, annoyance, and heart-
circulatory autonomic activation. Both studies took place in a
sleep laboratory in Berlin from September 2020 to November
2021. The study’s purpose was concealed, and it was
advertised as a room climate study.

The sleep study using PSG was divided into three study
nights, during which the subjects were exposed to one of three
experimental conditions: (1) baseline night in silence without
intervention (noise condition 1), (2) AHP noise exposure
through a simulated tilted window (noise condition 2), and (3)
AHP noise exposed through a simulated closed window
(noise condition 3). The conditions were counterbalanced
over the three nights. The subjects visited the laboratory once
a week for one night over a span of three consecutive weeks
(e.g., three Mondays). Participants self-reported their sleep
quality in evening and morning questionnaires. Figure 1
illustrates the design of the sleep study.

The daytime study was conducted once after the third night.
An imaginative everyday situation approach was utilized:
subjects were instructed to read Greek myths while
envisioning themselves at home engaged in this activity.
The subjects were exposed to two successively presented,
15-minute-long experimental conditions. The first noise
condition was AHP noise with a (simulated) window
partially open (tilt position); the second condition
(baseline) was silence. Subjects completed a questionnaire
after each experimental condition. At the beginning of the
daytime study and following each experimental condition,
measurements of the subjects’ physiological parameters,
including systolic and diastolic blood pressure (BP) as
well as pulse rate, were taken. This study reports only the
results of daytime measures, assessed via questionnaires.
Figure 2 shows the design of the daytime study. Both
studies were double-blind: subjects and investigators were
blind to the noise exposure conditions of the following night
or daytime session. In addition, subjects had no explicit
knowledge of the study’s purpose. All subjects completed
the sleep and daytime studies, including all conditions.
Subjects were randomly assigned to the sequence of the
conditions using a Latin square method; that is, each
participant was randomly assigned to start with one of the
conditions in the sleep and daytime study. Investigators
selected the assigned Latin square number for each subject
without knowing the conditions. The certified somnologist
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Figure 1: Study concept of the sleep study (figure adapted from Benz et al. [24]). Note: Nighttime 10-11 p.m. to 6-7 a.m., contingent on the subject’s
bedtime. AHP = air-source heat pump, Q = questionnaire. AHP noise included different states: start-up, shut-down, defrosting, and cleaning.
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AHP noise
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Dsilence W blood pressure and heart rate measurement
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Figure 2: Study design of the daytime study with two optional orders (figure adapted from Benz et al. [24]). Note: During the 15-minute sessions, the

participants read Greek myths. AHP = air-source heat pump.

who scored the sleep stages was unaware of the noise
condition during the night they scored. Noise-associated
arousals were scored after the completion of sleep scoring.

The detailed study protocols are described in Benz et al.**

Materials and Setup
Sample Size Selection

The effects of AHP noise have not been investigated in
polysomnographic sleep studies so far. Therefore, the
sample size was estimated according to the estimation
approach of Basner and Brink!?! for the effect of aircraft
noise on sleep, where statistical power was calculated based
on the number of subjects and noise events. Initially, 60 noise
events per night were estimated for the initial study design to
achieve 80% statistical power with 40 participants. However,
the implemented design includes 50 noise events with 40
participants, resulting in 75% statistical power, as per Basner
and Brink."*> Although the number of noise events in the
considered analysis is higher than the number of changes in
operation modes, and the noise characteristics and sound
profile differ, the study provides the closest convergence
for sample size estimation. Considering cost-effectiveness,
the sample size was set to 40 subjects, in line with the
recommendation by Basner and Brink!*' regarding the

minimum sample sizes for sleep studies related to aircraft
noise.

Sample Recruitment

Healthy men and women without any type of sleep disorders
were recruited for the study from a database of sleep study
subjects. Several sleep-related questionnaires were assessed
for screening purposes: Epworth Sleepiness Scale (ESS;
presence of test-retest reliability with correlation
coefficient of 0.82; presence of validity by statistically
significant association with self-rated problem sleepiness;
values 0-9: no relevant symptoms, 10-21: relevant
symptoms of daytime sleepiness),””® Insomnia Severity
Index (ISI; presence of test-retest reliability; presence of
concurrent validity and discriminative validity; values 0-7:
no relevant degree, 8—14: subthreshold, 15-21: moderate,
22-28: severe),?’! Pittsburgh Sleep Quality Index (PSQI;
presence of test-retest reliability with correlation coefficient
of 0.85; presence of face and content validity; values 0-5:
“good,” 6-21: “poor”).I*®! Results were also used to
characterize the subjects’ sleep health. The age range for
inclusion was 18 to 65 years to have three balanced age
groups (a. 18-35 years, b. 36-50 years, c. 51-65 years) and an
equal sex distribution for male and female. Normal hearing
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was required to ensure the ability to perceive the exposure
(self-reported impairment, e.g., tinnitus, hearing aid), as well
as normal visual function. Subjects were required to be able to
comprehend the purpose and importance of the study. In
addition, specific sleep-related psychiatric and neurological
disorders were exclusion criteria as they are known to be
associated with sleep problems. Subjects working night shifts
were also excluded. Additional exclusion criteria included
participation in clinical pharmacological trials within 4 weeks
before the examination, alcohol or drug abuse, any acute or
chronic illness that necessitated treatment, and the use of
hypnotics or drugs that influence the sleep—wake rhythm. The
degree of sensitivity to environmental stressors (noise, odor,
and weather) was also assessed by a structured questionnaire.
The study was approved by the local ethics committee of the
Charité-Universititsmedizin Berlin, Campus Mitte, on
February 14, 2020, under reference EA1/020/20. All
subjects were reimbursed for their participation efforts.
The study was registered with the German Clinical Trial
Register under the registration number DRKS00035862.

Sleep Study

The influence of AHP noise on sleep and sleep structure was
examined in a laboratory sleep study with 8-hour PSG in
accordance with the International Manual of the American
Academy of Sleep Medicine (AASM) using the MiniScreen
Pro recording system (Lowenstein Medical, Bad Ems,
Germany).”””’ PSG measures included a six-channel
electroencephalogram (EEG: F4-M1, C4-M1, 02-M1, F3-
M2, C3-M2, O1-M2), electrocardiography, and others. Sleep
stages were manually scored based on AASM criteria./*”! The
following parameters were assessed: time in bed; total sleep
time; sleep efficiency; sleep onset latency (SOL), defined as
the duration between “lights off”” and the initial occurrence of
any sleep stage; sum of time spent in each sleep stage (N1,
N2, N3, R); time spent awake (with a temporal resolution of
30 seconds); and the number of arousals. Arousals were
defined as short-term EEG frequency accelerations
(arousals) induced by central nervous system activation,
lasting 3 to 15 seconds. In accordance with the AASM
scoring manual (EEG), arousals from sleep were classified
as respiratory arousals if they were associated with a pattern
of disturbed respiration (>3% hypoxic events, flow
amplitude reduction 230%).[29] Arousals were classified as
movement arousals if they occurred simultaneously with a
periodic limb movement pattern, overlapped, or if there was
<0.5 seconds between the end of one and the beginning of the
other event. According to the AASM scoring manual, an
arousal can occur during a “wake” epoch if the following
conditions are met: the arousal happens in the first half of the
epoch, is preceded by at least 10 seconds of stable sleep, and it
is followed by a transition to at least 15 seconds of an EEG/
EMG chin pattern consistent with wakefulness. Spontaneous
arousal events are those that do not occur in temporal
association with respiratory events, movement events, or
with the noise events defined by us. Noise-associated

arousals were classified as occurring within 90 seconds of a
sound event. Events are audible changes in operation modes,
that is, switches in operating states, tonal components, or brief
impulse noise from the AHP, which occurred several times
within each noise block. The acoustics vary between these
changes, and the duration of each operating mode differs; some
are very short, which limits the chance of detecting reactions in
sleep patterns to single operation events. Therefore, changes in
modes were chosen because they might be the most prominent
audible signals, allowing the nervous system to react to them.
In addition, self-reported parameters were assessed using the
standardized questionnaire, Karolinska Sleepiness Scale [KSS;
assessing sleepiness, values 1 (extremely alert)-9 (very
sleepy), presence of validity by significant association with
EEG (0.29< r < 0.65), behavioral variables (0.30 < r <0.57),
and other sleepiness scales [visual analogue scale (VAS): r =
0.89, stanford sleepiness scale (SSS): r = 0.74], retest reliability
difficult to assess due to variance depending on, e.g., sleep time
and time of the day at assessment],[30_32] and three items
assessing sleep disturbance at the onset of sleep, during the
night, and sleeping in referring to the previous night using a
five-point verbal rating scale based on the recommendations of
the International Commission on Biological Effects of Noise
(ICBEN)®33# for the assessment of noise annoyance. Sleep
disturbance was assessed with the items “How much were you
disturbed by noise in the following situations . . . ” (i) “when
falling asleep”; (ii) “during the night”; (iii) “when sleeping in at
the end of the night?” [values (1) not at all(5) extremely
disturbed].

Daytime Study

Two Greek myths were selected for reading during daytime
study.BS] The texts, questionnaires, and instructions were
presented on a fanless tablet (Terra Pad 1161, Wortmann
AG, Hiillhorst, Germany) to avoid additional noise sources.
The instructions for the imaginative everyday situation were
used to slightly dissolve the laboratory situation and gravitate
toward a real-life setting (following the approach of
Feldmann and Carolus®®). After each experimental
condition, BP and heart rate were measured using an
automatic monitor with an upper-arm cuff (boso-medicus
uno, BOSCH + SOHN GmbH u. Co. KG, Jungingen,
Germany).  Questionnaires  completed after  each
experimental condition included items assessing subjects’
perceptions of the presented sounds, asking whether and
how they perceived the sound characteristics. Items were
adapted from scales employed in research examining the
effects of infrasound,[37] shooting noise,[38] and wind
turbine noise.*”! Sound characteristics were assessed using
23 items.*®*°! Results on sound characteristics are not
reported in this study. Noise annoyance was measured
with a single item using the verbal scale recommended by
the ICBEN'¥ (1 = not at all to 5 = extremely annoyed or
disturbed) to assess the magnitude of disturbance by noise
(good criterion validity of the single noise annoyance item
according to Schreckenberg et al."*'! and good reliability with
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Cronbach’s alpha values with variables reflecting the noise
annoyance  definition by Guski er al'). Text
comprehension, perception and motivation were assessed
with 19 items to be answered on a Likert scale from (1)
not to (5) very (adapted from Schreckenberg et al."™"). Mood
was assessed with 8 items reflecting different emotional states
assessed using a Likert scale from (1) not to (5) very (adapted
from Krahé er al.®"). Two compound variables were formed
for concentration and mood based on factory analyses (see
details in Tables 6 and 7).

Acoustic Setup and Stimuli

The AHP noise was recorded under real-life conditions. A
standard AHP model type (Daikin ERLQO11CAW1, Rotex
RRLQO0O8CAV3) with an output of 11.2 kW was used to
collect the audio signals. Audio was recorded close proximity
to the sound source. Based on the recordings, a sound scenario
was developed for presentation in the laboratory studies,
consisting of a quiet period and the sound of different AHP
operating modes (switching on/off, continuous operation with
and without icing, and switching to defrost). Since a defrosting
process could not be recorded, it was simulated using spectral
filtering and level adjustments (for more details, see Benz
et al.**). As the average sleep cycle is 90 to 110 minutes,'**!
the AHP sound scenario for the sleep study was generated to
be shorter to avoid an overlap between the end of the scenario
and the end of the sleep cycle. Thus, the total duration of the
AHP noise scenario was 1 hour. A standard double-glazed
window of sound insulation class 2 (i.e., a sound reduction
index of approximately RW = 32 dB) was used for the “closed
window” condition. The specific frequency-dependent sound
insulation used for the closed window was derived from a
study by Liepert and Mohler.*” For the “tilted window,” a
filter function with a sound reduction index of RW = 11 dB
was adopted from a publication by Kotz.**! It applies to a
tilted window with an 80-mm gap width. At the edges, the
filter functions were extrapolated as a function of frequency.
The stimuli in the two noise conditions (closed or tilted
window) exhibit identical time courses. No noise was
presented in the baseline night. The same applies to the
baseline condition of the daytime study.

For the daytime study, the AHP noise scenario for the tilted
window condition was used and shortened to 15 minutes,
including the operating modes switch-on, load change,

switch on

(00:00:03) switch to

defrosting
(00:29:59)

| | |

switch off
(00:40:00)

continuous operation, and switch-off. Figure 3 provides a
schematic overview of the acoustic stimuli used in the sleep
and daytime studies.

Noise transmission from the outside to the inside had to be
simulated because the stimuli were presented by a
loudspeaker (Yamaha HS 8i) located within the subject’s
room. For this purpose, the average level (maximum average
level Lapreq Of the unfiltered signal) of the 1-hour noise
scenario (including all quiet periods) was initially set to 45 dB
at a distance of approximately 0.5 m from the loudspeaker,
representing the worst-case noise situation for an entire night
hour in front of the (simulated) window. Subsequently, the
noise was spectrally filtered to simulate transmission through
the closed or tilted window. The target playback level for the
stimulus presentation was the highest legally permissible
nighttime noise level for a mixed-use area in Germany,
that is, 45 dB(A)—outside 0.5 m in front of the window
(cf. TA Larm). However, filtering resulted in different noise
levels for the various conditions: the filtering resulted in an
average sound level of Lxcq = 30 dB(A) during the stationary
operation of the AHP [range 15-40 dB(A)], with peak levels
up to Lamax = 41 dB(A) at the end of the icing process. In
contrast, during stationary operation, the average level was
Lacq = 21 dB [range 15-30 dB(A)], with peak levels up to
Lamax = 30 dB(A). Both were measured at the subject’s
sleeping position, for the tilted and closed window
conditions, respectively. The frequency spectra ranged
from 20 to 10,000 Hz, reflecting the various operating
states of real-life AHP operation. Further information is
available in Benz er al.®* The sleep study took place in
two geometrically nearly identical rooms in a sleep
laboratory, with windows covered by curtains during the
night. Prior to the experiment, noise levels were measured
in each study room over several days to ensure controlled
conditions. Continuous measurement displayed quiet sound
levels of 18 to 22 dB(A) in all rooms. In addition, all sounds
during the study nights in the room were measured, allowing
detection of, for example, wakeups resulting from snoring or
other sounds occurring outside the room.

In each of the two bedrooms, a loudspeaker was placed on a
table near the window to simulate the sound transmission
through it. The distance between the loudspeaker and the head
of the bed (i.e., the subject’s ear position) was approximately
250 m in both rooms. The chosen positions of the

end switch on switch off
(01:00:00) (00:00:03) (00:15:18)

| | |

fan
only

continuous
operation

cont. operation
with icing i
time

—_—

silence

t t t

add
compressor
(00:03:10)

start of
icing
(00:20:15)

defrosting

t t

end
(00:15:30)

change of load
(00:01:54)

Figure 3: Overview of the stimuli, left: sleep study (duration 1 hour), right: daytime study (duration 15 minutes; figure derived from Benz et al.24).
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loudspeaker and the bed placed the ears in the loudspeaker’s
diffuse field, ensuring that room reflections realistically
represented sound transmitted through a window. For the
sleep study, the playback device sent electrical trigger signals
to the PSG setup each time a specific sound event (e.g.,
switch-on or switch-off) was played, thereby matching the
sound events to the arousal responses that occurred during the
night.

In the daytime study, subjects were seated on a chair at the
head of the bed, ensuring that their position relative to the
loudspeaker was negligible.

Statistical Analysis

For the outcome variables, skewness and kurtosis were
calculated to assess the descriptive distribution. For the
skewness and kurtosis values within the limits defined by
West et al.l*9! (skewness <2, kurtosis <7), a univariate
normal distribution was assumed in subsequent analyses
for hypothesis testing. Sleep parameters were analyzed
using nonparametric Friedman tests with the chi-square
test statistic to detect differences between noise conditions.
The three conditions were within-subject factors. Principal
axis factor analysis (PFA) with promax rotation and Kaiser
normalization was used for the daytime outcome variables to
test whether individual items could compose latent concepts.
Factors were included when the eigenvalue reached >1 [47.481]
The 13 items assessing text comprehension and the 8 items
assessing mood in the daytime study conditions were
analyzed using factor analysis. Nonparametric Wilcoxon
tests for dependent samples with two measurement points,
using Z-score test statistic, were performed to examine
differences in relevant outcome variables between the
baseline and noise conditions. A sensitivity analysis was
conducted to determine whether potential noise effects
persisted across variations in noise sensitivity, age, gender,
presentation order, and the previous night’s condition.
Bonferroni corrections were applied to reduce the
probability of false-positive results; that is, for each test

group, significance levels were adjusted to P < 0.025 for
two tests and P < 0.017 for three tests Statistical analyses
were performed using IBM SPSS Statistics 27 (IBM Corp.).
All tests were two-tailed, and a P-value below 0.05 was
considered statistically significant unless otherwise indicated
with Bonferroni corrections. Tables and figures were created
using Microsoft Excel 2018, 2019, and 2021 (Microsoft
Corporation, Redmond, WA, USA).

ResuLts

Sample

Forty-two subjects were included in the study, of whom two
discontinued after the initial PSG due to difficulties sleeping
in the supervised laboratory environment. As a result, 40
subjects (f=21, m=19), with an average age of 37.40 + 14.60
years and an average body mass index of 24.16 + 3.77 kg/m?,
completed both laboratory studies. See Table 1 for sample
characteristics. Average scores of sleep inventories indicate
generally healthy sleep quality within a normal,
nonpathological range (ISI 3.80 = 2.51; ESS 5.40 + 2.70;
PSQI 5.23 + 3.85). Noise sensitivity was, on average, scored
as moderate (3.19 = 1.17).

Sleep Study

Effects of Noise Conditions on Polysomnography
Measures

Comparison of PSG variables using nonparametric Friedman
tests revealed no differences between the three noise
conditions: (1) “baseline,” (2) “window tilted,” and (3)
“window closed” [Table 2]. The order of presentation of
the noise conditions did not affect sleep parameters.

Comparison of the Number of Noise-Related Arousals
across Noise Conditions
The number of arousals (sum of spontaneous, respiratory, and

motor) associated with noise events was evaluated for AHP
noise through a simulated tilted window (condition 2) versus

Table 1: Sample Descriptives for the Whole Sample.

M = SD N Min Max
Age 37.40 + 14.60 40 18 64
Age 18-34 years 20.50 + 3.98 14 18 30
Age 3549 years 39.73 + 3.56 15 36 49
Age 50-65 years 55.73 £ 4.00 11 51 64
Gender

Female 21

Male 19
BMI 24.16 = 3.77 40 19 33
Noise sensitivity 3.19 = 1.17 40 1 5
ISI 3.80 £ 2.51 40 0 10
ESS 5.40 = 2.70 40 2 12
PSQI 523 £3.85 40 0 17

BMI = body mass index, ESS = Epworth Sleepiness Scale, ISI = Insomnia Severity Index, M = mean, Max = maximum, Min = minimum, N = number,

PSQI=Pittsburgh Sleep Quality Index, SD = standard deviation
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Table 2: Sleep Variables by Noise Conditions and Friedman Test Values.

Sleep Variables

Noise Condition 1
(Baseline)

Median (P 25, P 75)

Noise Condition 2
(Window Tilted)

Median (P 25, P 75)

Noise Condition 3
(Window Closed)

SOL (min)

TST (min)

SE (%)

REM latency (min)
N3 latency (min)
N1 (% TST)

N2 (% TST)

N3 (% TST)

REM (% TST)

No. of arousal
Arousal index (1/h)

12.30 (8.40, 23.00)

418.20 (363.10, 438.50)

87.10 (75.60, 91.30)
88.20 (73.70, 156.20)
37.80 (24.40, 55.20)
11.60 (8.10, 15.20)
51.70 (48.00, 58.10)
17.90 (13.50, 22.40)
17.20 (13.60, 20.70)
42.50 (29.20, 58.50)
6.00 (4.50, 8.30)

12.20 (7.20, 32.00)

408.20 (352.90, 435.80)

85.00 (73.50, 90.70)

116.50 (73.10, 182.60)

39.20 (22.60, 60.10)
11.60 (8.30, 14.20)
53.00 (47.80, 58.50)
16.70 (14.30, 23.40)
16.50 (12.30, 20.80)
49.00 (30.70, 58.70)
7.10 (5.00, 9.10)

Median (P 25, P 75) P-Value Chi Square
15.00 (8.00, 27.80) 0.632 0.92
405.70 (375.00, 430.20) 0.417 1.75
84.50 (78.10, 89.60) 0.333 2.20
100.20 (74.60, 134.40) 0.139 3.95
34.00 (25.90, 55.30) 0.945 0.11
10.60 (7.60, 13.50) 0.139 3.95
52.70 (48.10, 59.40) 0.975 0.05
17.50 (10.70, 24.30) 0.656 0.84
18.10 (14.40, 20.20) 0.509 1.35
44.00 (32.20, 57.00) 0.696 0.73
6.40 (4.40, 8.40) 0.417 1.75

Table derived from Benz et al.”®* h = hour, min = minute, P = percentile, P value = level of significance, REM = rapid eye movement, SE = sleep efficiency,

SOL = sleep onset latency, TST = total sleep time

a closed window (condition 3). Comparing condition 2 and
condition 3, a higher number of noise-related arousals (7.60 +
5.90 vs. 5.50 + 3.60, P < 0.050) and, similarly, a higher
number of spontaneous arousals associated with noise events
(3.60 = 290 vs. 2.50 + 1.90, P < 0.050) were observed
[Figure 4].

An interaction effect between sex and noise condition was
observed regarding the difference in the number of
spontaneous arousals: females showed a lower number of
spontaneous arousals linked to noise events in noise condition

p <0.05

# of noise-associated arousal
3

3 compared to noise condition 2 with tilted windows (P <
0.050, Figure 5). In contrast, no significant differences were
observed among the three age groups.

Self-reported Sleep Parameters

No differences were found in KSS values across the three
noise conditions the morning after sleep, as assessed using
nonparametric Friedman tests [Figure 6]. Comparing the
three conditions for delta values of KSS from the evening
to the morning after an experimental condition, reduced

p<0.05

All noise-associated arousal
Noise condition 2

Noise condition 3

Spontaneous noise-associated arousal
Noise condition 2 Noise condition 3

Figure 4: Noise-associated arousals for noise condition 2 (window tilted) and condition 3 (window closed). Figure derived from Benz et al.** Box =
25-75 percentile, horizontal line = median, ¢ O = outliers, P = level of significance, T-Whisker = min and max without outliers.
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Figure 5: Spontaneous arousals associated with noise events separated for males and females for noise condition 2 (window tilted) and 3 (window
closed). Figure derived from Benz et al.?Y! Box = 25-75 percentile, horizontal line = median, ¢ O = outliers, P = level of significance, n.s.= not
significant, T-Whisker = min and max without outliers.

i

Evening Morning Evening Morning Evening Morning

o

KsSs

F'S

Noise condition 1 Noise condition 2 Noise condition 3
Figure 6: Karolinska Sleepiness Scale (KSS) values before sleep (evening) and after sleep (morning) for noise condition (baseline night) 1, noise
condition 2 (window tilted), and condition 3 (window closed). Figure derived from Benz et al. Box = 25—75 percentile, horizontal line = median,
KSS = Karolinska Sleepiness Scale, T-Whisker= min and max without outliers.
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Table 3: Skewness and Kurtosis of the Sleep Disturbance Variables (Falling Asleep, Sleeping Through, and Sleeping In) in

the Noise and Baseline Conditions of the Sleep Study.

N1 Baseline Sleep Disturbance

N2 Window Tilted Sleep Disturbance N 3 Window Closed Sleep Disturbance

Falling Asleep  Sleep Through  Sleep In  Falling Asleep  Sleep Through  Sleep In  Falling Asleep  Sleep Through  Sleep In

N 39 39 39 40 39 40 39 39 39

Missing 1 1 1 0 1 0 1 1 1

Median 10.00 10.00 10.00 30.00 30.00 20.00 20.00 10.00 10.00
Skewness 1.47 1.95 1.81 —-0.05 -0.02 0.879 0.95 1.25 1.26
Standard error of skewness 0.38 0.38 0.38 0.37 0.38 0.37 0.38 0.38 0.38
Kurtosis 1.56 4.57 3.38 -1.30 -1.23 0.17 0.32 0.60 0.77
Standard error of kurtosis 0.74 0.74 0.74 0.73 0.74 0.73 0.74 0.74 0.74

N = number.

Table 4: Sleep Disturbance Variables by Noise Conditions a

nd Friedman Test P Values.(table derived from Benz et al. [2*))

Noise Condition 1

Noise Condition 2 Noise Condition 3

(Baseline) (Window Tilted) (Window Closed)
Sleep Disturbance Variables M = SD Median M = SD Median M = SD Median P Value
Disturbance falling asleep 1.72 + 1.05 1.00 2.78 + 1.17 3.00 1.69 + 0.80 2.00 <0.001
Disturbance sleep through 1.41 = 0.67 1.00 256 +1.21 3.00 1.64 = 0.90 1.00 <0.001
Disturbance sleep in 1.44 + 0.72 1.00 215+ 1.14 2.00 1.82 = 1.10 1.00 0.005

Scale from 1 = not at all to 5 = extremely. Table derived from Benz et al®' M = mean, P = level of significance, SD = standard deviation.

sleepiness was found for noise condition 1 (KSS: Myea =
—0.59) and for noise condition 3 (KSS: My, = —0.62), while
increased sleepiness was observed for noise condition 2
(KSS: Mgea = 0.23); that is, in the tilted window
condition, the average sleepiness was greater in the
morning than the previous evening.

kewness and kurtosis for self-reported sleep variables did
not substantially deviate from normality (skewness <2;
kurtosis <7), as proposed by West et al.'** [Table 3]. Self-
reported sleep disturbance differed significantly between
the noise conditions for all three sleep disturbance
variables [Table 4]: during falling asleep [Friedman chi-
square (2) = 18.28, P < 0.001, n = 38], sleep during the
night [Friedman chi-square (2) = 23.83, P < 0.001, n = 37],
and when sleeping in [Friedman chi-square (2) = 10.79, P =
0.005, n = 38]. The highest sleep disturbance across all three
sleep variables was reported in the noise condition 2 (window
tilted).

Daytime Study

After each experimental condition, subjects were asked
whether they perceived noise in the laboratory. Thirty-
three out of 40 subjects reported perceiving noise in the
AHP noise condition. Of these, 11 subjects reported that
the noise sounded like “air conditioning” or “ventilation.”

PFA with promax rotation resulted in two factors: (1)
“difficulties concentrating,” based on two items with
higher values reflecting more difficulties, and (2) “mood,”
based on three items with lower values reflecting worse mood
(see Table 5 for wording of the items and details, Tables 6 and
7 for results of the factor analysis). The mood factor thus
reflects a state of relaxation, alertness, and lack of distraction,
indicating that the person is concentrated, attentive, and calm.

Table 8 shows results for the daytime variables noise
annoyance, difficulty concentrating, and mood across the

Table 5: Latent Constructs Resulting from Factor Analysis.

Baseline Noise Condition
Factors Items M (SD) Cronbach’s o M (SD) Cronbach’s o
Difficulties concentrating “I had to read the text several times to understand it.” 2.65 (1.39) 0.84 2.78 (1.33) 0.88
“It strained me to read the text.” 2.90 (1.36) 3.18 (1.28)
Mood “I am relaxed.” 3.95 (0.81) 0.73 3.70 (1.07) 0.75
“I am alert.” 3.90 (0.84) 3.50 (0.96)
“I am distracted.”” 4.45 (0.81) 4.13 (0.99)

M = mean, SD = standard deviation. " Item recoded. Scales from 1 = not to 5 = very.
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Table 6: Results of Principal Axis Factor Analysis with Promax Rotation and Kaiser Normalization for the Mood Factor.

Mood
Baseline Condition Noise Condition

Explained variance 46.30% 52.50%

Factor Factor
Ttems 1 2 3 1 2
I am alert 0.94 0.79
I am relaxed 0.61 0.55
I am distracted 0.59 0.75
I am in a bad mood 0.40 0.49 -0.40
I feel uneasy 0.59 -0.50
I feel comfortable 0.43 -0.48 0.83
I am worried 0.61 0.86
I am nervous 0.59 0.51

Factor loadings <0.40 not shown. Factor analysis: principal axis factor analysis (PFA) with promax rotation.

Table 7: Results of Principal Axis Factor Analysis with Promax Rotation and Kaiser Normalization for the Factor
“Difficulties Concentrating on the Text.”

Difficulties Concentrating on the Text

Baseline Condition Noise Condition
Explained variance 52.70% 62.20%
Factor Factor
Items 1 1
It strained me to read the text. 0.97 0.82
I had to read the text several times to understand it. 0.74 0.97
I couldn’t concentrate on the text. 0.31 0.51

Factor loadings <0.40 not shown. Factor analysis: principal axis factor analysis (PFA) with promax rotation.

Table 8: Average Noise Annoyance, Difficulties with Text, and Mood in Both Conditions Separated into Age, Sex, and Order
of Conditions.

Annoyance Difficulties in Concentrating on Mood
Text

Baseline Noise Condition Baseline Noise Condition Baseline Noise Condition

Median Median Median Median Median Median
Total sample 1.00 2.00 3.00 3.00 433 3.67
Age (N) M + SD M + SD M + SD M + SD M + SD M + SD
Age 18-34 (N = 14) 1.00 + 0.00 1.71 £ 0.73 2.57 + 1.44 264 +1.13 421 +0.65 3.83 = 0.70
Age 35-49 (N = 15) 1.13 £ 0.52 2.67 +1.23 3.13 + 1.06 3.73 + 1.05 3.87 £ 0.75 3.29 +0.84
Age 50-65 (N = 11) 1.09 + 0.30 1.64 + 0.81 2.55 + 1.31 236 + 1.14 4.27 + 0.49 436 +0.53
Sex (N)
Female (N = 21) 1.10 + 0.44 1.95 = 0.97 279 + 1.44 3.12 %132 4.10 + 0.68 371 £0.73
Male (N = 19) 1.05 £ 0.23 2.16 + 1.17 2.76 £ 1.10 282 % 1.15 4.11 + 0.67 3.84 £ 0.93
Order of conditions
Order 1 (N = 19) 1.11 + 0.46 258 +1.22 3.47 £ 1.01 337+ 1.14 391 + 0.69 3.49 + 0.97
Order 2 (N = 21) 1.05 +0.22 1.57 + 0.60 2.14 £ 1.16 262 %123 4.27 + 0.60 4.03 + 0.58
Total (N = 40) 1.08 +0.35 2.05 + 1.06 278 127 298 +1.23 4.10 + 0.66 3.78 £ 0.82

Table derived from Benz ef al.”® Order 1 = 1. condition baseline, 2. noise condition. Order 2 = 1. noise condition, 2. baseline condition. M = mean, SD =
standard deviation.
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Table 9: Skewness and Kurtosis of Main Variables (Noise Annoyance, Difficulties Concentrating, and Mood) in the Noise

and Baseline Conditions of the Daytime Study.

Annoyance Annoyance Difficulties Concentrating Difficulties Mood Mood Noise
Baseline Noise Baseline Condition Concentrating Noise Baseline Condition

Condition Condition Condition Condition
N 40 40 40 40 40 40
Median 10.00 20.00 30.00 30.00 4333 36.67
Skewness 4.98 0.98 0.08 0.09 -0.73 -0.74
Standard error 0.37 0.37 0.37 0.37 0.37 0.37
of skewness
Kurtosis 25.61 0.41 -1.12 -1.25 0.18 0.67
Standard error 0.73 0.73 0.73 0.73 0.73 0.73
of kurtosis
N = number.

Table 10: Nonparametric Wilcoxon Test Results
Comparing the Noise Condition with the Baseline Condition
for Noise Annoyance, Difficulties with Text, and Mood.

Factor Median Y4 P
Baseline Noise
Noise annoyance 1.0 2.0 -4.48 <0.001
Difficulties text 3.0 3.0 1.24 0.216
Mood 433 3.67 -3.02 <0.010

P = significance level.

two noise conditions. Skewness and kurtosis for the three
outcome variables across the two conditions were not
substantially different from normality (skewness <2;
kurtosis <7), as proposed by West et al.** except for
noise annoyance in the baseline condition (kurtosis =
25.61) [Table 9]. Results are clustered by age, sex, and
order of conditions.

Results of Nonparametric Wilcoxon Test for Noise
Annoyance, Difficulties with Text, and Mood

Comparing baseline and noise conditions using
nonparametric Wilcoxon tests revealed main effects of
noise condition on noise annoyance, indicating that higher
noise annoyance (Mdn = 2.0) was reported during the AHP
noise condition than during the baseline condition (Mdn =
1.0; asymptotic Wilcoxon test: z = —4.48, P < 0.001, n = 40)
[Table 10]. The effect size is r = 0.70, which corresponds to a
strong effect according to Cohen."*?! No significant effect was
found for difficulties concentrating on the text. Mood was
worse in the noise condition (Mdn = 3.67) than in the baseline
condition (Mdn =4.33; asymptotic Wilcoxon-Test: z=-3.02,
P < 0.010, n = 40). The effect size is r = 0.48, which also
indicates a strong effect according to Cohen.' !

Sensitivity analyses were performed to analyze whether
potential noise effects on the three main outcome variables

persisted across different subgroups (age, sex, order, noise
sensitivity, and previous night) [see Table 11 for results].

For noise annoyance, higher annoyance was observed in the
noise condition compared with the baseline condition across
all age groups, except for the oldest group (50-65 years).
Furthermore, these differences were observed for both sex
groups (P < 0.025) and orders (P < 0.025). Regarding the
order of conditions, noise annoyance in the noise condition
was considerably higher (2.58 + 1.22) when it followed the
baseline condition (1.57 + 0.60). In the subgroup for which
the previous night’s noise condition was “window tilted,” no
significant difference in noise annoyance was observed
between the daytime noise condition and the baseline
condition (P = 0.172). Noise effects persisted for
the subgroup of participants reporting low noise sensitivity
(P < 0.025), but not for those with high noise sensitivity
(P > 0.025).

Difficulties concentrating differed significantly between the
noise and baseline conditions when the baseline followed the
noise condition (P < 0.025), with significantly lower
difficulties reported during the quiet baseline. This
suggests that, after exposure to noise, the subsequent
silence freed up resources for concentration. An effect of
noise on the ability to concentrate on the text was also
observed in the subgroup of low noise-sensitive persons
(P = 0.005), with significantly greater difficulties reported
in the noise condition.

Effects of noise on mood persist among 18- to 24-year-olds
and 35- to 49-year-olds (P < 0.017). Mood was significantly
affected by the noise condition compared with the baseline
condition in females (P < 0.025). Noise effects persisted
across all orders and noise sensitivity subgroups (P > 0.025).
No differences in mood were observed between the noise and
baseline conditions when participants experienced AHP noise
on the nights prior to the daytime experiment. When not
exposed to AHP noise in the previous night (baseline), AHP
noise in the daytime study significantly affected mood, with
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Table 11: Subgroup Analyses of the Daytime Study by Age, Sex, Order, Noise Sensitivity, and Previous Night Noise
Exposure Comparing Noise and Baseline Conditions Using Nonparametric Wilcoxon Tests.

Median N z P

Baseline Noise
Noise annoyance
Age
Age group 18-24 years 1.00 2.00 14 2.64 0.008
Age group 35-49 years 1.00 2.00 15 3.27 <0.001
Age group 50-65 years 1.00 1.00 11 1.73 0.084
Sex
Female 1.00 2.00 21 3.31 <0.001
Male 1.00 2.00 19 3.08 0.002
Order
Baseline—noise 1.00 2.00 19 3.46 <0.001
Noise—baseline 1.00 2.00 21 2.84 0.005
Noise sensitivity
Low 1.00 2.00 21 3.65 <0.001
High 1.00 2.00 16 2.51 0.012
Previous night
Baseline 1.00 2.00 14 2.81 0.005
Closed window 1.00 2.00 14 3.17 0.002
Tilted window 1.00 1.00 12 1.80 0.072
Concentration on text
Age
Age group 18-24 years 2.25 2.50 14 0.52 0.603
Age group 35-49 years 3.50 4.00 15 1.83 0.067
Age group 50-65 years 3.00 2.00 11 -0.78 0.434
Sex
Female 3.00 3.50 21 1.35 0.177
Male 3.00 2.50 19 0.32 0.749
Order
Baseline—noise 3.50 3.50 19 —-0.60 0.546
Noise—baseline 1.50 2.50 21 231 0.021
Noise sensitivity
Low 2.00 2.50 21 2.78 0.005
High 3.50 3.00 16 -2.10 0.036
Previous night
Baseline 3.00 3.25 14 0.64 0.521
Closed window 2.75 3.25 14 1.39 0.165
Tilted window 3.00 2.00 12 -0.05 0.958
Mood
Age
Age group 18-24 years 4.17 3.67 14 -2.48 0.013
Age group 3549 years 4.00 3.67 15 -2.68 0.007
Age group 50-65 years 433 4.33 11 0.75 0.454
Sex
Female 433 3.67 21 -2.73 0.006
Male 433 4.00 19 -1.50 0.134
Order
Baseline—noise 4.00 3.67 19 -1.99 0.047
Noise—baseline 4.33 4.00 21 -2.17 0.030
Noise sensitivity
Low 433 3.67 21 -2.10 0.035
High 4.17 3.83 16 -1.80 0.072
Previous night
Baseline 433 3.67 14 -2.67 0.008
Closed window 3.67 3.83 14 -0.33 0.739
Tilted window 433 4.00 12 -1.36 0.172

N= number, P = significance level, Z = Z-score test statistic.
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better mood during the baseline condition (median 4.33 vs.
3.67).

Discussion

Two laboratory studies examined the effects of AHP noise
exposure on physiological sleep parameters, self-reported
sleepiness, nocturnal sleep disturbance, as well as noise
annoyance, concentration during reading, and mood during
an everyday activity.

Polysomnography Sleep Parameters

AHP noise at louder levels increased noise-associated
arousals compared to quieter levels, indicating that
operational changes during the night evoke physiological
responses that intensify with higher sound levels. This
pattern aligns with findings from laboratory studies on
transportation noise (air, road, rail) and field studies (road
and rail; rail and air), where noise events—independent of
their event-related maximum sound level—induce additional
awakenings (>15 s) beginning at approximately 30 dB L pax
at the ear, with awakening probability rising as maximum
sound level increases.!**°!

However, transportation noise events are generally longer and
louder than the brief sounds generated by changes in AHP
operating modes. This likely explains the weaker awakening
effects observed here compared to those observed in
nocturnal transportation noise research.°%>'3 Conversely,
evidence shows that the rise time of noise events significantly
affects the probability of awakening: railway noise, with a
rapid onset, induces more awakenings than slower aircraft
flyovers.”®! This suggests that short, impulsive AHP
ventilation sounds may still trigger arousals at relatively
low levels.

Noise exposure can induce hormonal and cardiovascular
changes that alter sleep behavior, including shifts in sleep
stages, body movements, and awakenings.[**~%3%
Transportation-noise  sleep research provides strong
evidence of such effects, forming the basis for night-noise
protection strategies—for example, awakenings were used as
the primary criterion in establishing the night noise protection
zone®> at Leipzig-Halle Airport,”® applicable to other
airports.l”!

In the present study, other PSG parameters related to the
whole night did not differ significantly between noise
conditions, and the long-term implications of AHP noise
remain unclear. Although some AHP operational changes
exceeded 33 dB(A)—sufficient to induce awakenings in
earlier traffic-noise studies—their short duration did
produce arousals but not awakenings (arousals >15 s),
suggesting that brief noise events may not substantially
disturb the overall sleep structure.'™ Noise-related changes
in sleep can also be partially compensated during the night.>!

Nonetheless, impaired sleep quality may hinder next-day
cognitive performance, particularly attention, which is

fundamental to cognition and mood.”® Noise-induced
sleep disruption can also heighten reactivity to negative
emotional stimuli, increasing vulnerability to negative
affect.!®® Further research should investigate the sleep
effects of environmental noise sources beyond
transportation noise, including detailed polysomnographic
assessments.

Self-reported Sleep Disturbance and Sleepiness

Subjects reported increased difficulties falling asleep, more
disturbed sleep during the night, and impaired sleep-in times
in the loudest noise condition. Sleepiness ratings also showed
that morning sleepiness after the loudest noise night (the
“tilted window” condition) was higher than evening
sleepiness before this night. In contrast, the opposite
pattern occurred in the other two conditions, deviating
from the typical decline in sleepiness after restorative
sleep. This indicates that AHP noise reduces sleep
recuperation. These results align with those of Ohrstrom
and Skanberg,''*! who reported decreased sleep quality on
nights with ventilation noise. Persson Waye et al.'®" similarly
found that heat-pump noise was associated with greater
morning sleepiness than traffic noise or reference nights.
Further, in that study, time to fall asleep increased under
noise exposure.

Both prior studies also reported unexpected positive effects of
ventilation noise: Ohrstrém and Skanberg!'*! observed
improved sleep quality measured by actimetry, while
Persson Waye et al'®! found that, in the LFN condition,
elevated cortisol levels correlated with activity and
pleasantness after a night of exposure. However, these
findings must be interpreted cautiously, as the Persson
Waye et al.’s!®” study was based on a small sample of 12 men.

Daytime Effects on Annoyance, Concentration, and
Mood

In the daytime study, exposure to AHP noise during reading
increased noise annoyance and reduced self-reported
concentration and mood. These results align with those of
findings by Hongisto ef al.,'*"’ who showed that ventilation
sounds around 40 dB(A) were rated as somewhat disturbing
when subjects imagined the acoustic environment at work.
Overnight exposure to LFN has similarly been linked to
higher morning irritability.'”! The present findings also
support field evidence that low-frequency heat-pump and
ventilation noise can impair concentration, including
during reading.'"! Sequence effects were observed for
annoyance and concentration: noise annoyance was higher,
and concentration was rated as more challenging when the
AHP noise condition followed the quiet condition, suggesting
that contrast with prior silence amplified perceived
disturbance. This reflects a short-term change effect, where
a shift in noise exposure elicits an exaggerated response in the
direction of the change, particularly when exposure
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likewise stem from contrast with previously quiet
environments. As urban densification progresses, more
AHPs will be installed in residential areas, raising overall
noise exposure. Beyond effects on sleep and reading, rising
noise levels may also interfere with communication and daily
functioning. The growing trend toward working from home
further elevates the relevance of such disturbances.

Implications and Limitations

Having discussed the primary findings, it is important to
consider the implications and the experimental design. To
standardize the reading task in the daytime study, Greek
myths were chosen for neutral content to avoid bias from
engaging texts. Subjects initially showed difficulty
concentrating on this unfamiliar material. Those who were
exposed to silence after noise experienced less difficulty
concentrating, whereas noise following silence increased
concentration challenges, indicating that AHP noise
disrupts focus regardless of text familiarity. Noise
sensitivity was controlled for, and the 35- to 49-year age
group appeared most affected, likely due to higher baseline
stress from family and career demands. Noise-related
arousals did not differ by age, supporting generalizability
to healthy adults./®™ The study scheduled experimental nights
weekly on the same day without a habituation night, leaving a
6-day washout period between nights. In PSG-based sleep
studies, consecutive nights with a habituation night are
standard,[23’66’67] as the first night often differs due to
adjustment to an unfamiliar environment.'®®" However,
consecutive nights risk carry-over effects, in which
disturbances and increased sleep pressure from one night
affect the next. A meta-analysis shows first-night effects on
some, but not all, sleep parameters.'®” Weekly scheduling
prevents transfer of disturbances between nights and avoids
habituation to noise. The first-night effect is likely limited
here, as subjects were experienced in laboratory sleep studies,
and the baseline night served as a reference. Sleeping at home
between study nights allowed participants to follow their own
routines, potentially influencing experimental conditions.
Future studies could control for intervening-day effects
using actigraphy. Bedtimes may also vary during the
washout period; in this study, lab bedtimes were set
between 10 and 11 p.m. and wake times between 6 and 7
a.m. Future work could consider participants’ chronobiology
to align circadian rhythms with study design better, though
daily routines may limit compliance. Comparability to other
studies is limited because AHP noise differs from traffic noise
in frequency and duration.

The daytime study simulated reading to approximate real-life
disturbance rather than using artificial performance tests.
Despite these efforts, the controlled laboratory setting may
underestimate the effects of AHP noise on sleep and daytime
functioning. Field studies are recommended to examine long-
term impacts on sleep, cardiovascular health, and cognitive
function. Acoustic scenarios reflected typical residential AHP
sounds, aligned with legal limits (TA Léarm, 1998), but the

number of operational changes was increased eightfold to
provoke potential effects. Responses to multiple nearby
AHPs or combined noise sources could differ. Field
studies could also include environmental attitudes and
other non-acoustic factors, enabling the derivation of
limit values, as done in the WHO Environmental
Noise Guidelines.””! In Germany, for AHP installation
and operation, a license is not necessary, requiring civil
action to mitigate noise, which may increase perceived
annoyance.

The results emphasize considering bedroom window
placement when installing residential AHPs. Especially
during the warmer months, people tend to sleep with
windows open or tilted. A study on the effects of road
traffic noise found that being forced to close bedroom
windows at night due to noise was perceived as the worst
noise disturbance, surpassing communication
disturbances.””" At the same time, the strongest effects at
night were observed for the noise condition with tilted
windows, indicating that bedrooms should be located at
quiet facades. A field study investigating modifiers of the
effect of aircraft, road, and railway traffic noise on self-
reported sleep disturbance found that the bedroom window
position did not substantially affect sleep disturbance."”
People who need to protect themselves from noise by
closing the windows could report higher sleep disturbances
due to experiencing noise-related constraints. In addition, the
effect of the bedroom orientation toward the noise source was
investigated. A bedroom facing a quiet facade compared to a
bedroom pointing toward the noise source was associated
with lower sleep disturbances.!'”) In line with the results of
the current study, this indicates that having a bedroom facing
the quiet facade is not only beneficial for reducing noise
annoyance but also for improving sleep quality.!'”%7?!
Therefore, the location for installing the AHPs should be
carefully chosen, preferably avoiding the bedroom side of the
neighboring dwelling.

ConcLusIoN

Two controlled laboratory studies with 40 subjects
investigated the effects of AHP noise exposure on sleep
and daytime activities. The results show that the healthy
human organism responds physiologically during sleep to
acoustically perceptible changes in AHP operation
manifested as noise-associated arousals. Further, subjects
reported greater sleepiness after the night with the loudest
noise condition than after the night without the AHP noise.
During the day, AHP noise was found to annoy subjects and
reduce their concentration on everyday activities, such as
reading. The installation of AHPs and other sustainable
energy systems in European homes has increased. It is
expected to continue, as the pandemic has accelerated the
use of flexible workplaces and increased the number of days
worked from home. In addition, the endeavor of densification
of (sub)urban areas is linked to increased noise exposure.
These developments raise the importance of passive noise
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insulation measures. Climate-friendly heating systems, such
as AHPs and controlled room ventilation systems, are
becoming increasingly important. Given the increase in
working from home, there is a growing need to focus on
soundproofing facilities in the future, as our study shows that
even at comparatively moderate noise levels, adverse effects
on concentration and increased annoyance can be observed.
Therefore, residential developments should consider AHP
insulation solutions, and LFN emission standards should be
established.
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