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Abstract — Air Source Heat Pumps (ASHPs) are key to reducing carbon emissions from heating require-
ments of buildings, especially in colder regions like Europe. However, installation rates remain below tar-
gets, with noise emissions posing a major barrier to wider adoption in residential areas. This study examines
human response to ASHP noise under simulated conditions, focusing on Annoyance, Arousal, and Valence
under varying source distances, background noise levels, and operating conditions, emphasising changes in
the acoustic characteristics of the heat pump. A two-part listening experiment was conducted with 50 par-
ticipants. Part One evaluated responses to continuous ASHP noise using 20-second recordings. Part T'wo
focused on transient operating conditions, utilising 60-second recordings where the heat pump transitioned
between operating modes. Recordings combined ASHP noise at three distinct source distances with two
ambient background noise levels, simulating rural day- and nighttime scenarios. A contextual framing con-
dition regarding ASHP ownership was also included. Results show that higher A-weighted Sound Pressure
Level (SPL), Loudness, Roughness, and Tonality are associated with increased Annoyance and Arousal
and decreased Valence. Correlation analysis revealed that conventional metrics (SPL) and psychoacous-
tic parameters (particularly Loudness and Roughness) show similar strength associations with subjective
responses, with their relative importance varying across different experimental conditions. These results
suggest that while conventional A-weighted sound level measurements remain important, ASHP noise reg-
ulations might benefit from additionally considering psychoacoustic characteristics. Simulated background
noise suggests ASHP noise perception interacts with ambient conditions, but field studies with realistic
background noise are needed to guide regulation.

Keywords. Psychoacoustics, Environmental noise, Air source heat pumps, Heat pump noise, Human
response to noise

1 Introduction carbon emissions from combustible fuels is 10.5%, making
the region the third-largest contributor to global carbon

The global heat pump market has expanded signifi-  emissions after China and the United States [4]. Even
cantly over the past few years. Air Source Heat Pumps  though combustible fuels are not exclusively used for

(ASHPs) have emerged as a viable alternative for con-  domestic needs, replacing fossil fuel-based systems with
sumers seeking to replace traditional fo§51l fuel heating  repewable systems such as the ASHPs plays an important
systems. They are promoted as low-maintenance, cost- role in decarbonising domestic heating and air condition-
effective solutions that are more efficient than fossil fuel-  ing  particularly in temperate and cold-climate regions

based gas boilers [1, 2], and can contribute significantly
to reducing carbon emissions.

In Europe, 40% of the energy is consumed by build-
ings, making them the continent’s single largest source
of energy consumption. The vast majority of these build-
ings are not energy efficient and are powered by fossil
fuels, which create 36% of Europe’s greenhouse gas emis-
sions [3]. According to 2022 data from the International
Energy Agency (IEA), Europe’s contribution to global

where heating demands are substantial.

ASHPs extract heat from the outside air using a refrig-
erant fluid circling within a closed loop. This refrigerant is
then compressed, raising its temperature, before passing
through a heat exchanger or coil, where the heat is trans-
ferred to the water or air that heats the building. This
process is completely reversible, allowing some types of
ASHP to be used for cooling needs in addition to space
heating or domestic hot water production [5]. Since this
*Corresponding author: v.acun@salford.ac.uk process is significantly more efficient than gas, biomass,
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or electrical boilers, ASHPs can significantly reduce elec-
tricity demand. Moreover, if this electricity is sourced
from renewable energy, it can further reduce the negative
climate impacts [6].

As part of efforts to meet the EU’s sustainability goals,
consistent subsidies are provided to promote the installa-
tion of heat pumps. These efforts resulted in considerable
growth in heat pump installations [7]. In 2023, 2.63 mil-
lion heat pump units were installed across the EU, which
was a significant increase compared to the 0.71 million
installations in 2013 [8].

Ensuring positive attitudes towards heat pumps
among end users is essential to sustain this trend. How-
ever, despite all their advantages, several factors have
restricted the broader adoption of ASHPs. The UK Gov-
ernment, the UK Government has an ambitious target
of 600000 annual ASHP installations by 2028 to support
Net Zero, but yearly installations are significantly below
this target. Currently, one of the primary challenges for
broader adoption and maintaining the upward trend in
installations is addressing the end-users’ concerns about
noise emissions [9, 10]. If overlooked, this problem could
hamper the transition to renewable energy technologies.

The IEA has launched a Technology Collabora-
tion Programme on Heat Pump Technologies (HPT) to
address these concerns and maintain momentum. One of
the Annexes launched by the IEA HPT was “Annex 51:
Acoustic Signature of Heat Pumps”. This Annex ran
between 2017 and 2020, with the participation of six
countries, and focused on increasing the acceptance of
heat pumps for comfort purposes concerning noise and
vibration emissions [11]. Following the success of Annex
51, a new annex is underway, named “Annex 63: Place-
ment Impact on Heat Pump Acoustics”, with the partic-
ipation of eight countries [12].

The installation of ASHPs is closely regulated by
frameworks that set specific criteria to ensure minimal
adverse effects on the surrounding dwellings. Some of
these criteria are sound emissions, unit sizes and loca-
tion. For example, in the UK, ASHP installations are
qualified under Permitted Development Rights (PDR),
which allows them to be installed without planning per-
mission if they comply with sound emissions outlined in
the Microgeneration Certification Scheme (MCS) 020 a)
[13]. This framework specifies that ASHP sound pres-
sure levels (SPLs) must not exceed 37 dB(A), measured
one meter away from the nearest window or door of a
habitable room of a neighbouring property. However, at
the time of writing, this method does not account for
background noise levels, which may vary across differ-
ent environments, such as urban versus rural areas. As
a result, ASHPs in quieter locations may be perceived
as disproportionately loud, while those in noisier areas
might face unnecessary restrictions, further slowing down
the adoption of this technology.

The acoustic character of an ASHP’s noise emissions
is an essential factor influencing its impact on well-
being. While regulations typically address overall SPL,
the distinctive spectral, temporal and psychoacoustical

characteristics of ASHP noise require additional consid-
eration to fully understand their effects on human per-
ception and annoyance. The primary noise sources in
an ASHP are the fan and compressor. The noise spec-
trum of a unit varies depending on the operation fre-
quency of these components, which emit both broadband
and tonal components [14]. These tonal components are
typically observed at the blade passing frequency and
higher-order harmonics [15]. Tonality can contribute sig-
nificantly to the annoyance caused by ASHP operation.
Hence, sound levels cannot adequately characterise noise
annoyance; the acoustic character must be considered to
understand the human response fully. In the UK, the
assessment of industrial and commercial sounds requires
consideration of the acoustic character in accordance
with BS 4142:2014+A1:2019 [16] and includes a tonality
penalty depending on the tone’s prominence. However,
this assessment does not apply to ASHPs installed under
the PDR and only applies to equipment installed under
a general planning system [9]. Several European coun-
tries, such as Germany, Finland, and the Netherlands,
also include tonal penalties in their noise assessment reg-
ulations [17]. For example, in Germany, there are tonal
penalties based on an assessment by an acoustics expert,
with the permitted levels reduced by 0dB(A), 3dB(A),
or 6dB(A), depending on the prominence of the tone [9)].

‘While some countries have adopted more sophisticated
noise assessment methodologies, such as the inclusion of
tonal penalties, others continue to rely on frameworks
that do not adequately account for perceptually salient
acoustic features. A case study by Torjussen [10] high-
lights these shortcomings in the UK context. Despite
meeting the permitted development noise limits, ASHPs
were found to cause significant adverse impacts due to
tonal noise characteristics. The author highlights that the
UK’s current assessment methodology does not incorpo-
rate such acoustic features, increasing the risk of com-
munity noise complaints. The study proposed a revised
procedure that includes tonality corrections to improve
siting decisions and encourage manufacturers to address
tonal emissions.

Stiirenburg et al. [18] investigated the annoyance rat-
ings of air-to-water heat pump noise, focusing on the
differences between perceived loudness and preference
across various operating states. Their findings revealed a
discrepancy between loudness and preference, influenced
significantly by the current operating states.

A study conducted as part of the IEA HPT Annex 51
[19, 20] investigated the annoyance response to ASHP
noise through listening tests with Austrian and Swedish
participants. Using 5-second-long samples and analy-
sis of psychoacoustic parameter values, the researchers
found that sound levels, loudness, sharpness, and rough-
ness significantly influenced annoyance ratings. They also
observed a directional dependence of noise effects, empha-
sising the importance of heat pump placement. A stepwise
linear regression model developed in the study identi-
fied LAF50 (A-weighted sound level, fast time weighting,
50% exceedance level) as the best predictor, explaining
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approximately 87% of the variance in annoyance ratings.
Additional parameters—peak loudness level (LN5), peak
sharpness (S5), and peak roughness (R5)-contributed
incrementally, with LN5 and S5 adding 5% and 3% of
explained variance, respectively. While some parameters,
such as loudness, roughness, and sharpness, offer insight
into the perception of ASHP noise, the findings demon-
strate that no single acoustic descriptor can fully account
for annoyance responses, highlighting the need for models
incorporating multiple parameters. Beyond annoyance,
ASHP noise may also impact health-related outcomes
such as sleep disturbance, particularly in residential set-
tings. Environmental noise, even at moderate levels, is
a recognised risk factor for sleep disruption, which can
lead to longer-term cardiovascular and cognitive effects
[21, 22]. Emerging research demonstrates that ASHP
noise can adversely affect sleep and daytime functioning
[23]. Laboratory studies using polysomnography reveal
increased arousal rates during sleep under partially open
window conditions compared to closed windows, along-
side daytime increases in annoyance, concentration dif-
ficulties, and mood disturbances. These findings under-
score the need to evaluate ASHP noise impacts under
realistic propagation scenarios.

The noise from ASHPs will likely impact communi-
ties, and if not appropriately addressed, this could lead to
tension within the exposed communities, further impact-
ing acceptance. Finding a balance that minimises ASHPs’
environmental impact while avoiding overly restrictive
policies to promote broader adoption and acceptance is
crucial. Achieving this balance requires a shift from focus-
ing solely on sound pressure metrics. Instead, it should
involve combining objective measurements with subjec-
tive evaluations to better understand how people respond
to ASHP noise.

The objective of this study is to use quantitative
research methods to deepen the understanding of human
response to ASHP noise and thereby guide policy. A
two-part experiment is carried out for this purpose.
Part One evaluates individuals’ reactions to Continu-
ous ASHP operation under different source distances
and varying ambient background noise conditions, sim-
ulating different ASHP placements and the daytime-
nighttime noise levels typical of a rural area. Part Two
assesses human responses to ASHP noise under variable
operation, exploring how people react to transitions in
operating conditions and stationary states.

1. How do variations in ambient Background Noise lev-
els relative to ASHP noise emissions influence human
responses regarding reported Annoyance, Arousal,
and Valence?

2. How does the psychoacoustic character of the ASHP
noise affect human response?

3. Which acoustic and psychoacoustic parameters (e.g.
sound level, loudness, roughness, sharpness, fluctua-
tion strength, and tonality) predict human responses
to ASHP noise, particularly regarding Annoyance,
Arousal, and Valence?

4. How does perceived ownership of the noise source
influence reported affective responses to ASHP noise?

5. How do transient conditions in the ASHP operation
cycle affect human responses?

6. What are the differences in Annoyance, Arousal,
and Valence responses to continuous versus transient
ASHP signals?

2 Methods

This experiment simulated a series of scenarios to
investigate how people react to noise emissions from
ASHPs placed at different distances outside their homes
during different times of the day. The experiment was sep-
arated into two parts, which were concerned with ASHP
noise under continuous and variable operating conditions.
The first part measured human responses to 20-second-
long continuous ASHP noise recordings. The second part
focused on responses to ASHP noise emissions under vari-
able operation using 60-second recordings, with partici-
pants evaluating their experience at two points: after a
change in the operating conditions and at the end of the
recording. The audio stimuli for the experiment consisted
of ASHP noise samples under various operating condi-
tions, combined with ambient background noise samples
representative of daytime and nighttime scenarios.

2.1 ASHP noise samples

The ASHP noise samples used in this study were taken
from two longer recordings, each lasting eight minutes
and thirty-four seconds. These recordings were part of
an acoustic holography project [20] conducted as part of
the IEA HPT Annex 51 [11]. The recordings were made
in a climate-controlled chamber with sound-absorbing
walls and a reflective floor. This specialised environment
minimises typical low-frequency challenges such as room
modes and standing waves. A total of 64 microphones
were arranged in a hexagonal prism configuration to cap-
ture the noise from a prototype air-to-water ASHP unit at
a sampling rate of 96 kHz. For this study, two recordings
were selected based on data from a microphone positioned
in front of the fan outlet, 177.6 cm above the ground.
While this is consistent with the standardised measure-
ment protocol, this setup does not account for potential
directivity effects of the ASHP noise, which may influ-
ence perceived acoustic characteristics depending on the
listener’s position relative to the unit. These recordings
captured the transitions in operating conditions, with the
fan and compressor shifting between different power lev-
els and frequencies. MATLAB R2023a was used to cali-
brate the recordings to their original sound levels using
the provided 94 dB(A) 1kHz calibration tone.

Audacity was used to trim the two longer recordings
into 20-second and 60-second segments. The 20-second
recordings, referred to as “Continuous,” were used in Part
One of the experiment. These consisted of uninterrupted
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Figure 1. Log-spectrograms comparing a continuous ASHP stimulus (Part One) and a variable operation stimulus (Part Two),

including a transition from minimum to maximum capacity.

recordings of three distinct ASHP operating conditions
(Fig. 1, top example): Minimum Capacity (Defrost),
Moderate Capacity, and Maximum Capacity. The Defrost
cycle is the most distinct of the three operating condi-
tions, as the unit operates in reverse with only the com-
pressor active, without any noise from the fan. Under nor-
mal operation, fan emissions can mask noise from other
components of the unit, but their absence during Defrost
produces a unique acoustic signature, often characterised
by more pronounced tonal components [24]. Multiple seg-
ments were selected from the recordings for each condi-
tion and trimmed, resulting in a total of 14 initial samples
(Minimum Capacity = 5, Moderate Capacity = 4, and
Maximum Capacity = 5). The highly time-variant 60-
second samples, referred to as “variable operation,” were
used in Part Two of the experiment. These samples cap-
tured transitions between operating conditions, primar-
ily from Maximum to Minimum (Max-to-Min) and from
Minimum to Maximum (Min-to-Max) capacity, which
can be categorised as dynamic cycles (Fig. 1, bottom
example). Additionally, excerpts from steady operating
conditions, referred to as “Stationary,” were selected to
compare against dynamic cycles. This process yielded

10 initial samples of variable operation conditions for Part
Two (Maximum to Minimum = 4, Minimum to Maximum
= 4, Stationary = 2).

2.2 Ambient background noise samples

The ambient background noise levels of a rural area
were selected for the study, with daytime levels at
39.5dB(A) and nighttime levels at 31.5 dB(A) [25]. How-
ever, shaped pink noise was employed instead of using
recordings of rural soundscapes. This method provided
greater control over the stimuli, eliminating uncontrolled
variables such as natural sounds (e.g. bird calls, wind) and
anthropogenic noises (e.g. human speech). The ambient
background noise was prepared by first generating pink
noise in Audacity and then applying a filter curve using
the Spectrum No. 2 defined in BS EN ISO 717-2020 [26],
which specified one-third octave band levels represent-
ing a standardised traffic noise profile. This enabled the
approximation of the spectral shape of urban traffic noise
while avoiding the presence of recognisable natural or
human-generated sounds that could influence perceptual
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Figure 2. Diagram illustrating the preparation of the audio stimuli through calibration and reproduction.

responses. The shaped pink noise that simulated the traf-
fic noise spectrum was exported with two durations—20
and 60 s—for use in different parts of the experiment.

2.3 Audio calibration and reproduction

Figure 2 shows the workflow used to prepare the audio
stimuli. The original ASHP recordings were first cal-
ibrated to represent three source-to-receiver distances:
5, 10, and 15m. These corresponded to target SPLs of
46 dB(A), 40dB(A), and 36.5dB(A), respectively, based
on free-field attenuation from a ground-mounted source
with a directivity factor of Q = 4. All SPL targets were
referenced to a position 1 m in front of a building fagade,
following the UK MCS 020 a) installation standard [13].

Ambient background noise samples were also cali-
brated to represent typical rural conditions: 39.5dB(A)
for daytime and 31.5dB(A) for nighttime. These target
levels were selected to simulate plausible outdoor back-
ground levels for the residential contexts considered [25].
Calibration was conducted in the Listening Room of the
University of Salford’s Acoustic Laboratories. The play-
back system included an HP Omen 16 laptop, Motu
4Pre audio interface, Genelec 8030A loudspeaker, and
7020B subwoofer. According to the manufacturer’s spec-
ifications, the Genelec 8030A loudspeaker has a free-
field frequency response of 58 Hz—20kHz (£+2dB), with
cut-off frequencies of <55Hz and >21kHz at —3dB,
while the Genelec 7050B subwoofer reproduces frequen-
cies from approximately 25Hz to 85Hz (+£3dB). The

combined playback system therefore reproduced frequen-
cies from approximately 25Hz to 21 kHz. To reflect the
measurement procedure outlined in MCS 020 a) [13], a
PCB Piezotronics free-field microphone was positioned
1m from the loudspeaker on axis at a height of 1.2m.
Playback was controlled using Audacity, and SPLs were
monitored using a Dewesoft SIRIUSiI-8xACC data acqui-
sition system and a Briiel & Kjaer 2250 Class 1 sound
level meter (SLM).

Each ASHP recording was played at reference gain and
adjusted iteratively to achieve the Laeq20s and Laeq,60s
values matching the target levels, following a procedure
similar to the one used by Torija and Flindell [27]. This
process produced three calibrated versions of each ASHP
recording, corresponding to the three source distances.
Ambient background noise samples were calibrated to
their respective targets, following the same procedure.

To generate the final stimuli, background noise was
added to the distance-attenuated ASHP recordings using
a Python script. For Part One, both daytime and night-
time ambient background noise conditions were mixed
with each ASHP recording at each distance, resulting
in a set of 84 stimuli (14 ASHP recordings x 3 dis-
tances X 2 background levels). For Part Two, only the
nighttime background condition was used, resulting in a
set of 30 stimuli (10 ASHP recordings x 3 distances X
1 background level). The exclusion of daytime back-
ground noise in Part Two was intended to limit test
duration and participant fatigue [28].

To simulate indoor listening conditions, all final
stimuli were filtered using the octave-band transmis-
sion loss curve for a partially open timber window
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“Window G” configuration, (50000 mm? opening) from
[29] (Appendix B, Fig. B.1). This introduced realistic
spectral shaping without additional environmental filter-
ing such as atmospheric absorption, which was deemed
negligible given the low-frequency content and short
simulated propagation distances.

Final SPL verification was performed using the Dewe-
soft and further confirmed with the SLM, and stimuli
were remeasured at the start of each test day. Any devi-
ation greater than 0.5dB(A) from the calibration levels
was corrected. For both parts of the experiment, partic-
ipants were exposed to half of the stimuli from each set.
Stimuli were pseudo-randomised via a Python script to
ensure balanced representation, with each item repeated
25 times across the full participant sample of 50.

2.4 Experimental procedure

The experimental methodology and data collection
procedures were approved by the Ethics Committee of
the University of Salford (ref. no. 2024-0145-228). Before
starting the experiment, participants were divided into
two groups of 25 to evaluate different ownership scenar-
ios. They were instructed to imagine themselves sitting
on their living room sofa, where, in addition to the usual
household sounds, they could hear the noise of an ASHP
through a partially open window. The first 25 participants
were informed that the ASHP belonged to them (Sce-
nario 1), while the remaining 25 were given no informa-
tion about the ownership of the ASHP (Scenario 2), only
that there was an ASHP outside. This distinction was
made to see whether the ownership information would
influence their responses to the noise.

Each participant listened to a total of 60 audio stimuli.
For Part One, participants were presented with two con-
trol stimuli and 42 Continuous stimuli pseudo-randomly
sampled from a total pool of 84 stimuli. The control
stimuli only included shaped pink noise representing
the ambient background noise. For Part Two, partici-
pants were presented with one control stimulus repre-
senting nighttime rural ambient background noise and 15
stimuli containing stationary conditions and transitions
between maximum and minimum operational states,
pseudo-randomly sampled from a pool of 30 stimuli. This
sampling was balanced across the 50 participants for both
parts to ensure that each stimulus in the total pool was
evaluated by exactly 25 participants.

The experiment took place in the Listening Room
using the audio reproduction system detailed in
Section 2.3 and with the layout illustrated in Figure 3.
The participants were seated at 2 m from the loudspeaker,
corresponding to a plausible indoor listening position.
This reproduction setup was designed to reflect typi-
cal indoor exposure to ASHP noise rather than the 1m
facade measurement location defined by MCS 020 a) [13].
Python’s PyQt 5 library was used to prepare the experi-
mental Graphical User Interface (GUI). The experiment

Figure 3. The layout of the Listening Room during the cali-
bration process and the listening experiments. During calibra-
tion, the microphone is positioned 1m away from the centre
of the loudspeaker cone. The position above illustrates the
distance for the listening experiment, which is 2m from the
loudspeaker cone.

GUI was displayed on a screen placed directly above the
loudspeaker.

To assess individual differences in auditory percep-
tion, a questionnaire based on the Noise-Sensitivity-
Questionnaire (NoiSeQ) [30] was sent to participants to
complete before listening tests. The English translation of
this questionnaire was verified before the experiment by
directly reaching out to the authors of the original arti-
cle. The NoiSeQ consists of five subscales: Communica-
tion, Work, Leisure, Habitation and Sleep, each contain-
ing five questions, for a total of 35 questions. However,
one question from the Communication subscale was inad-
vertently omitted during the listening tests. Despite this,
the calculation of global noise sensitivity scores, which
involves reversing certain specific questions, summing the
responses, and dividing by the total number of questions
(34), remains unaffected. Additionally, while the original
NoiSeQ used a 4-point scale from 0 to 3, a 5-point scale
from 1 to 5 (1- Strongly disagree, 5-Strongly agree) was
used instead to capture more granularity in the data and
improve sensitivity.
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Upon entering the Listening Room, each participant
signed a consent form and completed a general demo-
graphics questionnaire. Before each part of the experi-
ment, participants were given a short training session to
familiarise themselves with the GUI and the terms used.
The training session used four stimulus examples for Part
1 and two for Part 2, selected to represent the highest and
lowest sound levels in the experiment. Participants were
informed that these examples were chosen to reflect the
range of levels they would encounter.

Part One of the experiment used Continuous record-
ings of ASHP noise, with the main aim of measuring
peoples’ response to ASHP operation noise under dif-
ferent background noise levels (39.5dB(A) daytime and
31.5dB(A) nighttime) and source distances (46 dB(A) at
5m, 40dB(A) at 10m and 36.5dB(A) at 15m). Each
participant listened to 44 stimuli and evaluated their
experience after each one by answering three questions.
The first two of these questions were based on the
Valence and Arousal dimensions of the pictorial scale
of Self-Assessment Manikin (SAM) [31], measured on a
nine-point scale.

Valence and Arousal are two dimensions of the cir-
cumplex model of affect [32], commonly used to describe
emotional responses. Valence refers to the intrinsic pleas-
antness or unpleasantness of a stimulus, ranging from
positive (pleasant) to negative (unpleasant). Arousal indi-
cates the intensity of emotional activation, ranging from
calm or sleepy to highly alert or excited. Together, they
provide a continuous two-dimensional space for char-
acterising affective states. These dimensions are also
related to the Pleasantness and Eventfulness constructs
in ISO 12913-2:2018 [33], which are used in soundscape
research. The work by Axelsson et al. [34], which informed
the development of ISO 12913-2, builds on Russell’s
circumplex model of affect.

The third question measured the Annoyance towards
the ASHP noise emissions using a 0-to-10 opinion scale.
This question was based on the ISO/TS 15666:202 [35]
which asked the participants to rate their annoyance by
answering, “Thinking about the sound environment you
just listened to, what number from 0 to 10 best repre-
sents the extent to which you are bothered, annoyed, or
disturbed by the air source heat pump noise? (0- “Not
Annoying at all”, 10- “Extremely Annoying”).” Once
Part One was over, participants were advised to take a
short break before proceeding to Part Two.

In Part T'wo, participants responded to the same three
questions to evaluate their experiences after listening to
the 60-second-long stimuli with Variable operation. These
stimuli included a transition in the operating condition
near the temporal mid-point of the recording. For sim-
plicity’s sake, the stimuli used in this part only included
the nighttime background noise levels of 31.5dB(A). In
contrast to Part One, participants rated their experience
at two different time points in this section. The playback
automatically paused 10s after the transition, prompting
participants to rate their experience up to that moment.
After submitting their responses, participants resumed

the playback and were once again introduced to the same
three questions to rate their overall reaction to the stim-
uli once it concluded. They were instructed to consider all
the stimuli, including the segment, before the transition
and provide their overall rating. On average, the experi-
ment lasted 75 min, including the setup time and breaks
in between.

2.5 Participants

Participants were recruited through the University of
Salford’s Psychoacoustics Participant Database, as well
as through advertisements within the university and on
social media platforms like LinkedIn. In total, 50 individ-
uals participated in the experiment: 35 males (70%) and
15 females (30%), aged between 19 and 57 years (mean =
32.1, SD = 8.95). While this may not be representative of
the general population, the main intention of this research
was to explore changes in perceptual responses. Partici-
pants’ Galvanic Skin Response (GSR) and heart rate were
monitored during the experiment using the Shimmer3
GSR+ sensor unit. (However, the physiological results are
not reported here.) Therefore, exclusion criteria included
any conditions or medications that could affect the phys-
iological measurements. Participants were instructed to
avoid caffeine and strenuous physical activities, such as
cycling, for at least five hours before the experiment.
Those who did not follow these instructions were resched-
uled. All volunteers reported no known hearing loss or
tinnitus. Nearly half of the participants reported having
audio or musical expertise (n = 24, 48%), while slightly
over half indicated no prior experience (n = 26, 52%).
The majority had no expertise in environmental noise or
urban planning (n = 40, 80%). Regarding dwelling types,
18 participants lived in apartments (36%), nine in ter-
raced houses (18%), six in semi-detached houses (12%),
five in detached houses (10%), and the remainder lived in
student accommodation or shared housing.

2.6 Data analysis

All statistical analyses were conducted in R (version
4.3.1) using RStudio. Analyses were structured to address
the study’s research questions: the effects of source dis-
tance and background noise on Annoyance, Arousal
and Valence, and the predictive role of psychoacoustic
metrics.

Linear Mixed Effects Models (LMMs) were used to
analyse repeated-measures data for the influence of Oper-
ating Conditions (OC), dynamic cycles, ASHP sound
levels, Background Noise (BN) level and their interac-
tions on subjective response (Annoyance, Arousal and
Valence), specifying random intercepts for participants.

Data normality and homogeneity of variances were
assessed using the Shapiro-Wilk and Levene’s tests,
respectively. When assumptions were violated, non-
parametric Kruskal-Wallis tests followed by Dunn’s post
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Figure 4. Histograms showing the distributions of (a) Annoyance, (b) Arousal, and (c) Valence responses to ASHP noise across

Part 1 and Part 2 of the experiment.

hoc tests with Bonferroni correction were used for group
comparisons.

Ownership scenarios were evaluated using Mann—
Whitney U tests, while Spearman’s rho correlations
explored associations between subjective responses and
psychoacoustic metrics. Generalised Linear Mixed Mod-
els (GLMMs), incorporating random intercepts for partic-
ipants, were developed to assess the predictive contribu-
tion of psychoacoustic parameters to Annoyance, Arousal
and Valence.

Sound Quality Metrics (SQMs) of the audio stimuli—
Loudness, Sharpness, Roughness, Fluctuation Strength,
and Tonality—were computed using ArtemiS Suite 15.9.
Loudness and Sharpness were calculated following the
DIN 45631/A1 [36] standard, whereas Roughness, Tonal-
ity, and Fluctuation Strength were calculated based on
ECMA 418-2 (1st and 2nd) [37].

Additionally, Partial Loudness was evaluated to quan-
tify how the background noise masks the ASHP sound.
This was calculated using the partial loudness model by
Moore & Glasberg [38], incorporating the time constants
specified by Moore et al. [39]. For these calculations, the
control stimuli, which were background noise only, were
used as the reference masker for each corresponding full
stimulus.

Appendix B Tables B.2 and B.3 summarise the
A-weighted sound levels and SQMs for each operating
condition, including mean, 5th and 95th percentile values
under both background noise conditions.

3 Results

3.1 Overview of the results

Responses to the NoiSeQQ were analysed to investi-
gate whether individuals’ evaluations of ASHP noise were

influenced by noise sensitivity. Spearman’s rank-order
correlation revealed statistically significant but negligi-
ble associations between noise sensitivity and subjec-
tive responses: Annoyance (p(3819) = 0.07, <0.001, 95%
CI [0.04, 0.10]), Valence (p(3819) = —0.11, p < 0.001,
95% CI [-0.14, —0.07]), and Arousal (p(3819) = 0.09,
p < 0.001, 95% CI [0.05, 0.12]). These results suggest
that noise sensitivity has a statistically detectable rela-
tionship with responses to ASHP noise, but its practical
significance is minimal.

The distribution of participants’ subjective responses
for Parts One and Two is visualised in Figure 4. In
both parts, Valence responses are centred around the
midpoint of the scale, indicating that participants gen-
erally felt indifferent or neutral towards the ASHP noise,
regardless of its continuous or transient nature. Arousal
responses showed a positively skewed distribution (i.e.
skewed towards the lower end). This suggests that ASHP
noise elicited low arousal and was generally found unstim-
ulating. Annoyance responses showed a bimodal distribu-
tion with a peak towards lower values of the scale and
a second peak at the middle range, suggesting low to
medium annoyance.

3.2 Subjective response to operating conditions and
dynamic cycles

A key objective of this study was to explore people’s
subjective reactions to different ASHP operating condi-
tions. The three Operating Conditions (OC) considered
in this study are Minimum Capacity (Defrost), Mod-
erate Capacity, and Maximum Capacity. Figure 5 pro-
vides a histogram depicting the distribution of Annoy-
ance, Arousal and Valence levels across three OCs in Part
One of the experiment. The most noticeable differences
in participants’ perceptions of ASHP noise are between
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operating conditions in Part One of the experiment.

the Minimum (Defrost) condition and the Moderate and
Maximum capacities, while there seems to be a very slight
difference between Moderate and Maximum capacities in
general.

Before conducting an in-depth analysis on how human
response is influenced by the interaction between OCs,
ASHP sound level, and Background Noise (BN) Level,
a Friedman test is used to examine if participants’
responses during the Control condition are different from
the other three OCs. This test indicated statistically
significant differences among all variables (Annoyance,
x2(3) = 85.03, p < 0.001; Arousal, x%(3) = 64.50,
p < 0.001; and Valence, x?(3) = 76.36, p < 0.001) across
OCs. Post hoc Wilcoxon signed-rank tests (Bonferroni-
adjusted) revealed that the Control condition differed sig-
nificantly from all other conditions for Annoyance (p <
0.001 for all), Arousal (p < 0.001 for all), and Valence
(p < 0.001 for all). Once it was established that responses
were statistically significantly different, the Control con-
dition was excluded from further analysis, as it did not
contain any ASHP signal and was represented by only
two stimuli in Part One.

A Linear Mixed Model (LMM) is used to assess
how OCs, BN, and ASHP sound levels influence sub-
jective response to ASHP noise. The LMMs with fixed
effects for OC and interaction between BN and ASHP
Sound Levels, and random intercepts for participants
were fitted to account for the repeated measures design,
participant-specific variability, and any unbalanced obser-
vations, thereby maximising the use of all available data.
The Moderate capacity OC, with signals that include
31.5dB(A) BN and 36.5dB(A) ASHP Sound level, is
used as the reference category (intercept). Visualisation
of these interactions is presented in Figure 6, while the
results of the statistical analysis are presented in Table 1.

The LMM for Annoyance (Tab. 1) yielded a marginal
R? of 0.14 and a conditional R? of 0.73, indicating that

fixed effects explained 14% of the variance while the full
model (fixed + random effects) explained 73%.

Relative to the Moderate condition (intercept, M =
2.86, SE = 0.26), Annoyance was significantly lower
in the Minimum condition (8 = —0.36, SE = 0.06,
t(2044) = —5.49, p < 0.001), whereas there was no
significant difference in Annoyance between the Moder-
ate and Maximum conditions (8 = —0.05, SE = 0.07,
t(2043) = —0.64, p = 0.525).

Annoyance increased significantly with higher ASHP
Sound Levels. Compared to 36.5dB(A), Annoyance was
higher at 40dB(A) (8 = 0.84, SE = 0.09, ¢(2044.96) =
8.93, p < 0.001) and substantially higher at 46 dB(A)
(8 = 2.31, SE = 0.09, (2043.82) = 24.94, p < 0.001).
Similarly, higher BN (39.5dB(A)) was associated with an
increase in Annoyance (8 = 0.56, SE = 0.09, t(2043) =
6.04, p < 0.001).

However, significant interaction effects indicate that
the impact of ASHP Sound Level depends on the BN
level. At 39.5dB(A) background, the increase in Annoy-
ance typically associated with higher ASHP sound levels
was attenuated. Specifically, the interaction between BN
at 39.5dB(A) and ASHP sound level at 40dB(A) was
negative (f = —0.54, SE = 0.13, #(2045.17) = —4.09,
p < 0.001), as was the interaction at 46 dB(A) ASHP level
(8 = —0.65, SE = 0.13, t(2043.07) = —4.96, p < 0.001).
These interactions suggest that increasing BN levels mit-
igated the increase in Annoyance caused by louder ASHP
signals.

The LMM for Arousal (Tab. 1) converged at REML
= 5989.9, with a random intercept variance of o2 = 1.693
(SD = 1.301) and residual variance o2 = 0.908 (SD
= 0.953), revealing significant main effects of BN level,
ASHP Sound Level, and OC. The marginal R? was 0.12,
and the conditional R? was 0.70, indicating that most
variance was explained by the combination of fixed and
random effects.
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Subjective responses by ASHP sound level, background noise level (dB(A)), and operating condition
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Figure 6. Subjective response as a function of operating condition (box colours), ASHP Sound Level (facets), and BN level
(z-axis). Each boxplot shows the distribution of responses, with notches indicating median confidence intervals. Blue horizontal
lines denote BN-level-specific mean ratings, and white points indicate overall means per operating condition.

Compared to the intercept (Moderate OC, BN
31.5dB(A), ASHP 36.5dB(A)), higher BN Levels
(39.5dB(A)) were associated with increased Arousal (3 =
0.365, p < 0.001). Both ASHP 40dB(A) and ASHP
46 dB(A) conditions yielded higher Arousal ratings (8 =
0.475, p < 0.001; 8 = 1.617, p < 0.001, respectively).
The Minimum OC was associated with reduced Arousal
(B = —0.230, p < 0.001), while the Maximum OC did not
differ significantly from the Moderate OC.

The LMM for Valence (Tab. 1) converged at REML =
5917.0, with a random intercept variance of o2 = 1.702
(SD = 1.304) and residual variance o2 = 0.873 (SD =
0.935), yielding a marginal R? of 0.13 and a conditional
R? of 0.70. Compared to the intercept, higher BN level
(39.5dB(A)) was associated with reduced Valence (5 =
—0.368, p < 0.001). Both ASHP 40dB and ASHP 46 dB
conditions resulted in lower Valence ratings (8 = —0.600,
p < 0.001; 8 = —1.661, p < 0.001, respectively). The
Minimum OC was associated with higher Valence (5 =
0.240, p < 0.001), while the Maximum OC did not differ
significantly from the Moderate OC.

Significant interaction effects indicated that the nega-
tive association between ASHP Sound Level and Valence
was weaker under the higher BN level (39.5dB(A)).
Specifically, the reduction in Valence associated with
ASHP 40dB(A) (8 = 0.329 (p = 0.001)) and 46 dB(A)

(B = 0.447 (p < 0.001)) was less pronounced in this
condition.

In Part Two, additional aspects of the ASHP condi-
tions are considered, with particular focus on the poten-
tial impact of transitions between operating modes. The
study examined two primary transition types, referred to
as the “dynamic cycles”: transitions from Minimum to
Maximum Capacity (Min-to-Max) and from Maximum
to Minimum Capacity (Max-to-Min). In addition to the
dynamic cycles, a continuous operating condition (“Sta-
tionary”) was included for comparison, along with a sin-
gle Control condition without any ASHP sound emissions.
However, for statistical purposes, the Control condition
is not included in the LMMs.

In addition to dynamic cycles, LMM analysis for Part
Two also included responses to two different time points
(Transition and End), allowing assessment of whether
responses vary across dynamic cycles and between the
Transition and End time points. In these analyses, the
Stationary condition with the End time point served as
the reference category, providing a baseline against which
both dynamic cycles and time points were compared.
Results of this analysis can be seen in Table 2.

The LMM for Annoyance converged at REML = 5665,
with a random intercept variance of o2 = 3.050 (SD =
1.746) and residual variance o? = 2.023 (SD = 1.422).
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Table 1. Results of Linear Mixed Models (LMMSs) for subjective responses in Experiment Part 1 (Annoyance,
Arousal, Valence) as a function of Operating Condition (OC), Background Noise (BN) level, ASHP Sound Level, and
their interaction. The reference levels (intercept) were Moderate OC with 31.5dB(A) BN and 36.5dB(A) ASHP Sound

Level.

Response type Fixed effects Estimate  Std. error df t value p value

Annoyance (Intercept) 2.864 0.263 58 10.874  0.000%**
OC Minimum —0.356 0.065 2044  —5.488  0.000***
OC Maximum —0.045 0.071 2043  —0.636 0.525
BN 39.5 0.558 0.092 2043 6.043 0.000***
ASHP 40 0.840 0.094 2044 8.933 0.000%**
ASHP 46 2.312 0.093 2043 24.941 0.000***
BN 39.5: ASHP 40  —0.544 0.133 2045  —4.087  0.000***
BN 39.5: ASHP 46  —0.645 0.130 2043  —4.960  0.000***

Arousal (Intercept) 2.817 0.194 59 14.518  0.000%**
OC Minimum —0.230 0.051 2042  —4.532  0.000***
OC Maximum —0.060 0.055 2042 —1.092 0.275
BN 39.5 0.365 0.072 2041 5.038 0.000%**
ASHP 40 0.475 0.074 2043 6.457 0.000%**
ASHP 46 1.617 0.073 2042 22.249 0.000***
BN 39.5: ASHP 40  —0.215 0.104 2043  —2.057 0.039%*
BN 39.5: ASHP 46 —0.437 0.102 2041 —4.280  0.000***

Valence (Intercept) 5.710 0.194 58 29.414  0.000%**
OC Minimum 0.240 0.050 2044 4.810 0.000%**
OC Maximum 0.042 0.054 2043 0.768 0.443
BN 39.5 —0.368 0.071 2043  —5.177  0.000***
ASHP 40 —0.600 0.072 2045 —8.307  0.000***
ASHP 46 —1.661 0.071 2044 —23.304  0.000***
BN 39.5: ASHP 40 0.329 0.102 2045 3.218 0.001**
BN 39.5: ASHP 46 0.447 0.100 2043 4.470 0.000%**

Notes. * p < 0.05, ** p < 0.01, *** p < 0.001.

Table 2. Results of Linear Mixed Models (LMMSs) for subjective responses in Experiment Part 2 (Annoyance,

Arousal, Valence).

Response type Fixed effects Estimate  Std. error df t value  p value
Annoyance (Intercept) 3.365 0.263 59.945 12.816  0.000%**
Max-to-Min 0.518 0.098 1490.187  5.284  0.000***
Min-to-Max 0.959 0.101 1490.225  9.495  0.000***
TP Transition —0.037 0.072 1490.040 —0.513 0.608
Arousal (Intercept) 3.226 0.193 61.159 16.701  0.000%**
Max-to-Min 0.326 0.076 1490.192 4.319 0.000***
Min-to-Max 0.681 0.078 1490.234  8.747  0.000%**
TP Transition  —0.032 0.056 1490.029 —0.573 0.566
Valence (Intercept) 5.383 0.185 63.594  29.144  0.000%**
Max-to-Min —0.394 0.078 1490.219  —5.047  0.000%**
Min-to-Max —0.660 0.080 1490.269 —8.213  0.000***
TP Transition 0.040 0.058 1490.025  0.703 0.482

Notes. * p < 0.05, ** p < 0.01, *** p < 0.001, TP = Time Point.

The model yielded a marginal R? of 0.023 and a condi-
tional R? of 0.611. This substantial difference between
marginal and conditional R? show that while the model
works well when accounting for individual differences, its
ability generalise based on fixed effects alone is limited.
Compared to the intercept (Stationary), both dynamic
cycles were associated with significantly higher Annoy-
ance ratings: 8 = 0.518, SE = 0.098, #(1490.19) = 5.284,
p < 0.001 for Max-to-Min, and 6 = 0.959, SE = 0.101,

t(1490.23) = 9.495, p < 0.001 for Min-to-Max. The Min-
to-Max transition elicited the highest Annoyance scores
among the dynamic cycles. In contrast, the difference in
responses given at different time points (Transition vs.
End) did not reach statistical significance (8 = —0.037,
p = 0.608), suggesting that Annoyance ratings were not
reliably different at these two time points.

The LMM for Arousal (R?, = 0.02, R? = 0.58) con-
verged at REML = 4856.1, with a random intercept
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Mean subjective responses to stimuli across different ASHP and BN SPLs
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Figure 7. Mean subjective responses ((a) Annoyance, (b) Arousal, and (c) Valence) as a function of combined ASHP and BN
sound pressure levels at the listener’s position, shown separately for BN levels of 31.5dB(A) and 39.5dB(A). Points indicate
mean responses at each sound level; lines show linear trend fits. Responses were rated on different scales (Annoyance: 0-10;
Valence and Arousal: 1-9) but are plotted on a common y-axis for alignment, and are restricted to the range covering the

observed data for clarity.

variance of o2 = 1.631 (SD = 1.277) and residual vari-
ance 02 = 1.200 (SD = 1.095). Relative to the inter-
cept, both dynamic cycles produced significantly higher
Arousal ratings: 8 = 0.326, SE = 0.076, #(1490.19) =
4.319, p < 0.001 for Max-to-Min, and 3 = 0.681, SE =
0.078, £(1490.23) = 8.747, p < 0.001 for Min-to-Max. As
with Annoyance, the Min-to-Max transition elicited the
highest Arousal responses. The responses given at two
time points was not statistically significant (8 = —0.032,
p = 0.566).

Lastly, the LMM for Valence (R%, = 0.02, R? = 0.56)
converged at REML = 4946.4, with a random intercept
variance of o2 = 1.455 (SD = 1.206) and residual vari-
ance 02 = 1.279 (SD = 1.131). Relative to the inter-
cept, both dynamic cycles were associated with signifi-
cantly lower Valence ratings: 0 = —0.394, SE = 0.078,
t(1490.22) = —5.047, p < 0.001 for Max-to-Min, and
8 = —0.660, SE = 0.080, ¢(1490.27) = —8.213, p < 0.001
for Min-to-Max. The Min-to-Max transition produced
the largest decrease in Valence. Similar to the previ-
ous results, Valence responses given at two time points
were also not statistically significantly different from each
other (8 = 0.040, p = 0.482).

3.3 Comparison of subjective responses at two time
points following operating transitions

In Part Two of the experiment, participants eval-
uated ASHP noise at two key moments: 10s after a
transition in operating conditions (Transition) and at
the end of the recording (End), evaluating the entire
sound recording. In addition to the analysis reported in

the previous section (Tab. 2), further statistical analy-
sis is conducted to understand if transitions in operat-
ing conditions affect subjective response. The Shapiro—
Wilk Test revealed that the distributions of Annoyance,
Arousal and Valence responses at both the Transition
and End time points significantly deviated from nor-
mality (p < 0.0001 for all variables). As a result, the
non-parametric Wilcozon signed-rank test was used to
compare the responses between these two points.

The analysis revealed no statistically significant differ-
ences between Transition and End responses for Valence
(W = 108514.5, p = 0.613), Arousal (W = 97283,
p = 0.744), or Annoyance (W = 114777, p = 0.555).
These findings are open to interpretation. One possibil-
ity is that the transition dominated the overall percep-
tion, shaping the responses to the entire recording. Alter-
natively, participants’ reactions remained unaffected by
the transition. It is worth noting that the experiment
featured the most extreme transitions—from minimum
(defrost) to maximum capacity and vice versa. This sug-
gests that transitions between less extreme operating con-
ditions (e.g., from minimum to moderate capacity) are
even less likely to provoke a strong reaction. Although
responses to dynamic cycles and Stationary conditions
were (statistically) significantly different, the lack of dif-
ference between Transition and End responses, also sup-
ported by the LMM analysis (Tab. 2), indicates that the
perception of transition dominates overall impressions.

3.4 Impact of background noise towards ASHP noise
perception

One of the critical research questions of this study
was regarding the effect of Background Noise (BN) on
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the perception of ASHP noise. Data gathered from Part
One of the experiment is used to answer this research
question, as Part Two only included nighttime BN.

Figure 7 presents Annoyance, Arousal, and Valence
responses as a function of the combined A-weighted
sound pressure levels (Laeq,20s) of ASHP and background
noise (BN), measured at the listener’s position. Stim-
uli with the lower background noise level (31.5dB(A))
include ASHP levels starting below 30dB(A), whereas
those with the 39.5dB(A) background begin at approx-
imately 32dB(A), resulting in a slightly different ASHP
level range across background conditions. Interpre-
tation, therefore, focuses on the overlapping ASHP
range (approximately 32-40dB(A)), where comparisons
between background conditions are most robust.

Linear trend lines are used to illustrate the overall
direction of change in subjective responses as the sound
level increases. Across this range, Valence decreases with
increasing combined sound level, while Annoyance and
Arousal increase. Additionally, it can be observed that the
separation between the trendlines representing the two
BN conditions tends to decrease with the increased SPL.
This suggests that differences associated with background
noise level become less pronounced as ASHP sound levels
increase. This pattern is consistent with a reduced rela-
tive influence of background noise at higher ASHP levels;
however, this observation is descriptive and is formally
examined through statistical modelling.

Further statistical tests are conducted to examine the
relationship between subjective response as a function
of source distance and BN levels. Levene’s Homogeneity
of Variance tests showed that the assumption of equal
variance is violated for the three variables (Annoyance:
F(7,2015) = 4.7881, p < 0.001; Arousal: F(7,2015) =
7.8528, p < 0.001; Valence: F(7,2015) = 3.4906, p <
0.001).

The Kruskal-Wallis test revealed a statistically signif-
icant difference in Annoyance responses, between stim-
ulus combinations (x2(7) = 329.58, p < 0.001), with
an effect size of 7 = 0.160. The Dunn’s test results
between ASHP noise and Background Noise (BN) com-
binations (Tab. 3) reveal distinct patterns in how ASHP
noise impacts Annoyance perception.

The perception of Annoyance is more pronounced
at higher ASHP sound levels. At lower BN levels
(31.5dB(A)), no significant differences are observed for
36.5dB(A) ASHP noise compared to control condi-
tions, indicating minimal impact. However, significant
increases in Annoyance are observed at 40dB(A) and
46 dB(A). At 46dB(A), ASHP noise consistently domi-
nates Annoyance perception, even when background noise
is higher, suggesting a threshold effect. At higher BN lev-
els (39.5dB(A)), the masking effect of BN reduces the
Annoyance perception at lower ASHP levels (36.5dB(A)
and 40 dB(A)), but higher ASHP sound levels (46 dB(A))
still trigger significant Annoyance. These findings suggest
that higher ASHP sound levels consistently elicit Annoy-
ance, regardless of BN, while lower ASHP levels are more
likely to be masked by higher BN.

For the Arousal responses, the Kruskal-Wallis test
showed statistically significant differences across ASHP
and BN combinations (x*(7) = 229.62, p < 0.001), with
an effect size of n? = 0.141. Dunn’s test is used to
further examine differences in Arousal responses across
ASHP-BN combinations (Tab. 4).

As shown in Table 4, Arousal responses are influenced
more by changes in ASHP sound levels than by BN lev-
els alone. At lower background levels (31.5dB(A)), sig-
nificant differences emerge at 40 dB(A) ASHP noise and
above. At higher background levels (39.5dB(A)), a mask-
ing effect is observed, where responses to ASHP noise
are similar to those for the background noise, except at
46 dB(A), where ASHP noise dominates. These results
show that higher ASHP sound levels consistently lead to
greater Arousal, with the largest differences at 46 dB(A).
This suggests that higher BN levels reduce the per-
ceptual differences between ASHP and ambient sounds,
moderating Arousal responses up to a threshold.

For Valence, the Kruskal-Wallis test revealed statis-
tically significant differences across the ASHP noise and
BN level combinations (x2(7) = 326.15, p < 0.001), with
an effect size of 77 = 0.158, indicating a large effect and
meaningful difference between groups. The post hoc anal-
ysis using Dunn’s test suggests that ASHP sound levels
and BN levels influence human response. Table 5 shows
that Valence responses decrease as ASHP sound levels
increase. At lower BN levels (31.5dB(A)), 36.5dB(A)
ASHP noise does not significantly differ from control
conditions, but at 40dB(A) and 46 dB(A) ASHP noise,
responses become significantly more negative. At higher
BN levels (39.5dB(A)), 36.5dB(A) ASHP noise has a
reduced impact, with responses similar to the 39.5 dB(A)
control, suggesting a masking effect.

These findings align with the subjective response
trends shown in Figure 7. Annoyance increases with
increasing ASHP sound level under both background
noise conditions, while Arousal shows a similar increasing
tendency. In contrast, Valence decreases with increasing
ASHP sound level, indicating a more negative percep-
tual response at higher levels. A more detailed explana-
tion of the patterns observed in Tables 3-5 is provided in
Appendix A.

The lack of significant differences between the two
background noise levels (31.5dB(A) vs. 39.5dB(A)) is
likely due to the nature of the control stimuli, which
consisted of filtered pink noise with no salient or memo-
rable content. As participants were not directly compar-
ing these control conditions and were exposed to numer-
ous acoustically varied ASHP stimuli in between, it is
plausible that level differences in otherwise featureless
signals did not result in distinguishable or memorable
perceptual effects.

3.5 Influence of ownership

To understand whether the participants responded
more favourably to the sound of their own heat pump
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Table 3. Dunn’s Test Z-statistics (top rows) and Bonferroni-adjusted p-values (bottom rows) for Annoyance responses
across different ASHP and Background Noise (BN) Ljeq 205 combinations.

31.5 (Control)  36.5 ASHP  31.5 BN  39.5 (Control) 40 ASHP 46 ASHP  39.5 BN

36.5 ASHP — 31.5 BN —2.858 - - - - - -
(0.057)
36.5 ASHP — 39.5 BN —4.596 —3.463 - - - - -
(0.0001%*) (0.0075%*)
39.5 (Control) —1.753 0.523 2.243 - - - -
(1.000) (1.000) (0.348)
40 ASHP - 31.5 BN —5.805 —5.877 —2.411 —3.440 - - -
(0.0000%**) (0.0000%*) (0.223) (0.0081%*)
40 ASHP — 39.5 BN —5.123 —4.518 —1.048 —2.764 1.366 - -
(0.0000%*) (0.0001%*) (1.000) (0.080) (1.000)
46 ASHP - 31.5 BN —9.369 —13.008 —9.539 —6.969 —7.134 —8.509 -
(0.0000%*) (0.0000%*)  (0.0000%*) (0.0000%*) (0.0000%*)  (0.0000%%)
46 ASHP - 39.5 BN —9.197 —12.650 —9.187 —6.799 —6.785 —8.158 0.33911
(0.0000%*) (0.0000%*)  (0.0000%*) (0.0000%*) (0.0000%*)  (0.0000%*)  (1.000)

Notes. * p < 0.01, ** p < 0.001.

Table 4. Dunn’s Test Z-statistics (top rows) and Bonferroni-adjusted p-values (bottom rows) for Arousal responses
across different ASHP and Background Noise (BN) Laeq 205 combinations.

31.5 (Control)  36.5 ASHP 31.5 BN 39.5 (Control) 40 ASHP 46 ASHP 39.5 BN

36.5 ASHP — 31.5 BN —2.499 - - - - - -
(0.174)
36.5 ASHP — 39.5 BN —4.005 —3.001 - - - - -
(0.0009%%) (0.038%*)
39.5 (Control) —1.656 0.295 1.786 - - - -
(1.000) (1.000) (1.000)
40 ASHP - 31.5 BN —4.878 —4.744 —1.741 —2.650 - - -
(0.0000%*) (0.0000%*) (1.000) (0.113)
40 ASHP - 39.5 BN —4.997 —4.983 —1.977 —2.767 —0.236 - -
(0.0000%*) (0.0000%*) (0.672) (0.079) (1.000)
46 ASHP - 31.5 BN —8.699 —12.387 —9.383 —6.433 —7.650 —7.419 -
(0.0000%%) (0.0000%*)  (0.0000%*) (0.0000%%) (0.0000%*)  (0.0000%*)
46 ASHP — 39.5 BN —8.432 —11.840 —8.840 —6.169 —7.109 —6.879 0.530
(0.0000%*) (0.0000%*)  (0.0000%*) (0.0000%*) (0.0000%*)  (0.0000%*)  (1.000)

Notes. * p < 0.01, ** p < 0.001.

Table 5. Dunn’s Test Z-statistics (top rows) and Bonferroni-adjusted p-values (bottom rows) for Valence responses
across different ASHP and Background Noise (BN) Leq,20s combinations.

31.5 (Control) 36.5 ASHP 31.5 BN 39.5 (Control) 40 ASHP 46 ASHP 39.5 BN

36.5 ASHP — 31.5 BN 2.451 - - - - - -
(0.199)
36.5 ASHP — 39.5 BN 3.787 2.661 - - - - -
(0.0021%%) (0.109)
39.5 (Control) 1.400 —0.585 —1.907 - - - -
(1.000) (1.000) (0.791)
40 ASHP - 31.5 BN 5.319 5.720 3.057 3.424 - - -
(0.0000%*) (0.0000%*) (0.031%) (0.0086**)
40 ASHP - 39.5 BN 4.589 4.265 1.599 2.701 —1.462 - -
(0.0001%**) (0.0003**) (1.000) (0.097) (1.000)
46 ASHP - 31.5 BN 8.936 12.955 10.292 7.005 7.239 8.711
(0.0000%*) (0.0000%*)  (0.0000%*) (0.0000%*) (0.0000%*)  (0.0000%*)
46 ASHP — 39.5 BN 8.625 12.322 9.662 6.698 6.613 8.082 —0.616
(0.0000**) (0.0000%*)  (0.0000%*) (0.0000%*) (0.0000%*)  (0.0000%*)  (1.000)

Notes. * p < 0.01, ** p < 0.001.
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Comparison of Ownership Scenarios
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Figure 8. Comparison of Annoyance, Arousal and Valence responses across ownership scenarios (Scenario 1 = ASHP belonged
to the participant, Scenario 2 = No information was provided). Red dots indicate the mean values.

than to a heat pump of unknown ownership, they were
presented with one of two scenarios. In Scenario 1, par-
ticipants were informed that the ASHP belonged to
them, while in Scenario 2, no ownership information was
provided.

The results of a Shapiro-Wilk Normality Test indi-
cated that the responses were not normally distributed for
any of the three metrics: Valence (Scenario 1: W = 0.96,
p < 0.001; Scenario 2: W = 0.96, p < 0.001), Arousal
(Scenario 1: W = 0.93, p < 0.001; Scenario 2: W = 0.93,
p < 0.001), and Annoyance (Scenario 1: W = 0.95,
p < 0.001; Scenario 2: W = 0.96, p < 0.001). There-
fore, the Mann—Whitney U Test was used to compare
the distributions of these variables across scenarios.

Among the three response variables, only Annoyance
differed significantly between ownership conditions (W =
1701181, p < 0.001). Mean Annoyance was slightly lower
in Scenario 1 (Participant owns the ASHP) (M = 3.62,
SD = 2.35) than in Scenario 2 (No ownership informa-
tion) (M = 3.91, SD = 2.28), corresponding to a mean
difference of —0.29 on the 9-point scale. Median Annoy-
ance ratings were identical across scenarios (median =
4), and the associated effect size was small (r = —0.06),
indicating a modest distributional shift rather than a
pronounced separation between groups.

No statistically significant differences were observed
for Valence (Scenario 1: M = 5.17, SD = 1.78; Sce-
nario 2: M = 5.00, SD = 1.66; W = 1887728, p = 0.053,
r = 0.03) or Arousal (Scenario 1: M = 3.46, SD = 1.86;
Scenario 2: M = 3.45, SD = 1.56; W = 1803712,
p = 0.607, r = —0.01). Median values for both variables
were identical across scenarios.

As illustrated in Figure 8, Annoyance distribu-
tions overlap substantially between ownership condi-
tions, consistent with the small effect size observed. The

statistically significant result for Annoyance, therefore,
reflects the large sample size and the sensitivity of
rank-based tests to small but systematic shifts in the
response distribution. Overall, these findings suggest that
perceived ownership of the ASHP may slightly reduce
reported Annoyance; however, the practical impact of this
effect appears limited, and ownership should be inter-
preted as a contextual modifier rather than a primary
determinant of perception of ASHP noise. It is worth not-
ing that the ownership manipulation may also influence
the distributional characteristics of Annoyance ratings in
the full dataset. For example, the divergence in responses
between ownership and non-ownership groups could lead
to bimodal patterns or increased variability, which may
affect subsequent analyses if not explicitly accounted for.
Further studies could explore this interaction in greater
detail.

3.6 Subjective response and sound quality metrics

The relationships between participants’ subjective
evaluations (Annoyance, Arousal, Valence) and Sound
Quality Metrics (SQM) were examined using Spearman’s
p correlation analysis. The results reflect the acoustic
character of ASHP noise and A-weighted sound pressure
levels of the ASHPS (Laeq20s and Laeq60s), as shown
in Table 6. BN levels are excluded from this analysis, as
only Part One included both BN conditions.

Responses to the stimuli from Part One and Part T'wo
follow the same trends and show no significant devia-
tion from the overall correlation coefficients calculated
across both parts. The only exception is Sharpness, which
exhibits weak correlations in Part Two (r < 0.3 across all
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Table 6. Spearman’s p correlation coefficients between subjective response variables (Annoyance, Arousal, Valence)
and Sound Quality Metrics (SQMs), including ASHP sound levels.

Loudness Partial Sharpness Fluctuation Roughness Tonality ASHP SPL (Laeq,20s) LAeq,60s)
(sone) loudness (acum) strength (vacil) (asper) (tuHMS)
Annoyance (Overall) 0.388**  0.328** —0.293** —0.119** 0.366**  0.305** 0.359**
Arousal (Overall) 0.359**  0.290** —0.259** —0.115** 0.332** 0.269** 0.323**
Valence (Overall) —0.381** —0.333** 0.296** 0.133** —0.367**  —0.298** —0.361**
Annoyance (Part One) 0.348**  0.329** —0.303** —0.141%* 0.345**  0.287** 0.361**
Arousal (Part One) 0.341**  0.302** —0.289** —0.164** 0.335** 0.274** 0.346**
Valence (Part One) —0.348%* —0.338** 0.315** 0.146** —0.351**  —0.284** —0.368**
Annoyance (Part Two) 0.378**  0.320** —0.190** —0.125%* 0.317**  0.269** 0.357**
Arousal (Part Two) 0.324**  0.262** —0.139** —0.112** 0.255** 0.215** 0.295**
Valence (Part Two) —0.370** —0.322**  0.190** 0.138** —0.320"* —0.254** —0.352**

Notes. * p < 0.01, ** p < 0.001.

variables), but shows most values to be moderate corre-
lations in Part One (r ranging from —0.289 to —0.315),
only one falling below the lower bound of the moderate
range.

While all correlations between all pairs reached sta-
tistical significance, the correlation coefficients between
Fluctuation Strength and all three subjective response
variables were notably low. In the overall dataset,
there were statistically significant moderate correlations
between Annoyance and Loudness (r(3518) = 0.388,
p < 0.001), Partial Loudness (r(3518) = 0.328, p <
0.001), Roughness (r(3518) = 0.366, p < 0.001), and
Tonality (r(3518) = 0.305, p < 0.001). A statisti-
cally significant negative correlation was also observed
between Annoyance and Sharpness (r(3518) = —0.293,
p < 0.001), falling just below the conventional threshold
for a moderate association.

Arousal exhibited a moderate positive correlation
with Loudness (r(3518) = 0.359, p < 0.01), Roughness
(r(3518) = 0.332, p < 0.01), Tonality (r(3518) = 0.323,
p < 0.01), and a low positive correlation with Partial
Loudness (r(3518) = 0.290, p < 0.01), while showing
a low negative correlation with Sharpness (r(3518) =
—0.259, p < 0.01).

In contrast to the predominantly positive associations
observed for Annoyance and Arousal, the SQMs, apart
from Sharpness, were negatively correlated with Valence.
Valence responses showed a moderate negative correla-
tion with Loudness (r(3518) = —0.381, p < 0.01), Rough-
ness (r(3518) = —0.367, p < 0.01), and Partial Loudness
(r(3518) = —0.333, p < 0.01), a low negative correlation
with Tonality (r(3518) = —0.298, p < 0.01), and a low
positive association with Sharpness (r(3518) = 0.296, p <
0.01). It should be noted that for the Valence responses in
Part One, Partial Loudness showed an association almost
as strong as standard Loudness.

Finally, the correlations between ASHP SPL (Leq,205
and Lacqe0s) and the subjective response variables
(Annoyance, Arousal and Valence) suggested trends
similar to those observed between ASHP and BN

combinations and subjective response in Figure 7.
Valence has a moderate negative association with ASHP
sound levels (r(3518) = —0.361, p < 0.01), suggest-
ing that higher ASHP sound levels were perceived as
less pleasant. Both Arousal (r(3518) = 0.323, p <
0.01) and Annoyance (r(3518) = 0.359, p < 0.01) had
statistically significant positive associations with ASHP
sound levels, indicating that as the noise levels from
the heat pump increased, it became more annoying and
stimulating.

Among all the SQMs, Loudness is shown to have the
strongest association with the subjective response vari-
ables. Roughness ranked second, which showed almost
similar, and in some cases, the highest correlation coef-
ficients relative to ASHP sound levels. Partial Loudness
and Tonality followed these, which showed a statistically
significant low to moderate association between subjec-
tive responses. Two of these significant SQM variables
showed higher or comparable correlations with subjec-
tive response than sound levels. These findings suggest
that the acoustic character of ASHPs significantly affects
human perception and needs to be considered in the
planning process.

A Generalised Linear Mixed Model (GLMM) with a
Beta distribution and logit-link function was applied to
model the impact of SQM on Annoyance, Arousal and
Valence (Tab. 7). In this model, Loudness, Tonality, and
Roughness were considered fixed effects and significant
predictors across all three response variables. In contrast,
Sharpness and Fluctuation were not statistically signifi-
cant in any models and were not considered among fixed
effects.

GLMMs were fitted with a random intercept for par-
ticipants and a random slope for Loudness. This struc-
ture allowed the model to account for individual differ-
ences in overall response levels and to let the effect of
Loudness vary across participants. Inclusion of random
intercepts for Loudness was justified, given that it showed
the highest associations with subjective responses in the
Spearman correlation analysis (Tab. 6). The equation
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Table 7. GLMMs for Annoyance, Arousal, and Valence (Beta Distribution with Random Slopes). For each model,
the Akaike Information Criterion (AIC) value, the marginal coefficient of determination (R2)), the conditional coeffi-
cient of determination (R?), and regression estimates are reported. ICC refers to the Adjusted Intraclass Correlation

Coefficient. VIF refers to Variance Inflation Factor.

Response AIC RZ, R? ICC  Fixed effect Estimate Std. error z value VIF
Annoyance —6196.3 0.161 0.934 0.921 (Intercept) —0.704 0.150 —4.696*** -
Loudness 0.325 0.045 7.290%** 1.22
Tonality 0.113 0.013 8.610™** 1.15
Roughness 0.122 0.020 5.986*"*  1.32
Arousal —5922.3 0.157 0.831 0.799 (Intercept) —0.487 0.087 —5.6137F -
Loudness 0.198 0.031 6.393%** 1.93
Tonality 0.062 0.009 6.745** 1.33
Roughness 0.086 0.015 5.936"**  2.07
Valence —5288.4 0.157 0.922 0.907 (Intercept) 0.342 0.104 3.299%FF -
Loudness —0.211 0.047 —4.521%** 2,62
Tonality —0.079 0.011 —7.318%**  1.48
Roughness —0.114 0.017 —6.821"**  2.86

Notes. ** p < 0.01, *** p < 0.001.

corresponding to the GLMM model is:
Y’-Lj ~ Beta(,uij7 (b)a

log (1/%) = Bo + (1 Loudness;;+

i

(1)
B2 Tonality;; + (3 Roughness, ;+

ug; + w1 Loudness;;

Where:

— Y € (0,1) represents the scaled response variables

(Annoyance, Arousal, Valence).

i denotes the observation index, and j denotes the

participant index.

— pi; is the expected value of the response variable for
observation ¢ from participant j.

— ¢ is the precision parameter of the Beta distribution.

— The fixed effects include §y (intercept), 81, B2, and G,
representing the coefficients for Loudness, Tonality,
and Roughness, respectively.

— The random effects comprise ug; ~ N(07030), the
random intercept for participant j, and wu;; ~
N(0,02,), the random slope for Loudness for partici-
pant j.

— The logit-link function ensures that predicted values
remain within the bounded interval (0, 1), appropriate
for the Beta distribution.

Additional exploratory models, including individual noise
sensitivity scores (NoiseQ) as a fixed effect, were fitted.
However, in all three outcomes, NoiseQ did not produce
statistically significant effects (Annoyance GLMM: p =
0.0278; Valence GLMM: p = 0.382; Arousal GLMM: p =
0.254) and did not improve the fit of the model. Therefore,
NoiseQ was not retained in the final models.

The variable SPL (Laeq,20s and Laeq60s) Was not
included among the fixed effects in the final model. Dur-
ing the model development phase, multicollinearity was

observed between ASHP SPL and Loudness when both
variables were included. Models that included only loud-
ness performed equally or better than those that included
ASHP SPL. Given the aim of creating a model addressing
the acoustic character of ASHPs, models with Loudness
were preferred over those with ASHP SPL.

In the Annoyance model, the adjusted Intraclass Cor-
relation Coefficient (ICC) was 0.921, indicating that
individual differences account for a substantial portion
of variance in Annoyance responses. Each fixed effect
was a statistically significant positive predictor, meaning
that increases in these psychoacoustic metrics are asso-
ciated with increased Annoyance. VIF values were low
(1.15-1.32), indicating minimal multicollinearity. Ten-
fold cross-validation yielded an Root Mean Square Error
(RMSE) of 1.204, R? of 0.733, and Mean Absolute Error
(MAE) of 0.895, demonstrating that the model gener-
alises reasonably well to unseen data while highlighting
the dominant contribution of random effects.

In the Arousal model, the adjusted ICC was 0.799,
confirming that a dominant portion of response vari-
ance is attributable to between-participant differences.
The fixed effects of Loudness, Tonality, and Roughness
were all statistically significant predictors of Arousal,
with positive coefficients indicating that increases in
these psychoacoustic metrics increase Arousal. VIF values
were within acceptable ranges, indicating minimal mul-
ticollinearity. Cross-validation results showed an RMSE
of 0.951, R? of 0.690, and MAE of 0.712. These results
demonstrate that the model generalises well to unseen
data, though the high ICC highlights that individual vari-
ability remains the primary driver of response magnitude.

In the Valence model, the adjusted ICC was 0.907,
suggesting that a very large proportion of the variance
in Valence ratings is attributable to between-participant
variability rather than fixed effects alone. All fixed effects
were statistically significant and contributed negatively
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to the model, indicating that increases in these values
decrease Valence. The Variance Inflation Factor (VIF)
values were below the typical threshold of 5, suggest-
ing minimal multicollinearity. Additionally, 10-fold cross-
validation yielded an RMSE of 0.958, an R? value of
0.681, and an MAE of 0.695. While the marginal R? value
is relatively low (0.157), the high conditional R? (Tab. 7)
and cross-validation scores confirm that the model pre-
dicts responses accurately when accounting for individual
differences.

The GLMM analysis showed that Loudness, Tonality,
and Roughness are the primary psychoacoustic predictors
of Annoyance, Arousal, and Valence, consistently out-
performing SPL in model fit. While increased Loudness,
Tonality, and Roughness characteristics result in signif-
icantly increased Annoyance and Arousal and decreased
Valence, NoiSeQ did not emerge as a significant predic-
tor. Additionally, ICC values across all models highlight
that a substantial portion of the variance in human per-
ception of ASHP noise is driven by individual differences
rather than acoustic character alone.

4 Discussion

The results of the study revealed that Annoyance,
Arousal and Valence responses to ASHP noise emissions
are affected by changes in the operating condition. How-
ever, further analysis (Tab. 2) showed that the differ-
ences in subjective response are affected by major changes
in the ASHP operation (i.e., changes from Minimum to
Maximum) and not affected by changes from Medium to
Maximum capacity conditions.

Moreover, the findings demonstrate that sound qual-
ity metrics, such as Loudness, Tonality, and Roughness,
significantly influence subjective responses to ASHP noise
and may capture perceptual impacts that A-weighted SPL
alone does not. Spearman’s correlation analysis (Tab. 6)
supports this empirically: Loudness and Roughness exhibit
equally important or almost as strong associations with
subjective responses (Annoyance, Arousal, and Valence) as
L pcq-based metrics, with Tonality also showing meaning-
ful correlations. These results align with prior studies (e.g.
[10]) that have argued for including spectral and temporal
features in assessments of heat pump noise.

These empirical findings underline the perceptual
salience of specific acoustic features, which, in turn, raise
broader questions about the adequacy of current regula-
tory frameworks, such as for the existing UK guidelines,
ASHP sound pressure levels are required not to exceed
37dB(A) when measured one meter away from the win-
dow of nearest habitable room of a neighbouring property.
In quieter residential contexts, such as rural areas, even
planning compliant ASHP noise may exceed perceptual
thresholds, leading to heightened annoyance. In contrast,
in noisier urban environments, masking effects from back-
ground activity may reduce the perceptual prominence of
such features, though this should not be misinterpreted
as justification for relaxed protections. Rather, this calls

for a context-sensitive approach to regulation, one that
incorporates perceptual data and accounts for how indi-
viduals experience sound in situ, in line with the sound-
scape approach outlined in ISO 12913 [40]. Regulation
guided by both physical metrics and lived experience can
help ensure that protection from noise is distributed more
equitably, regardless of baseline environmental sound
levels.

Recent research carried out by Goecke et al. [41]
used noise emissions from a heat pump as an appli-
cation example to show how psychoacoustic mapping
can be used to predict sound emissions to contribute
to modern urban development. In addition to using the
A-weighted sound levels, the psychoacoustic mapping
prepared using SoundPLANnoise [42] maps the propaga-
tion of Loudness and Sharpness, with mapping of Tonal-
ity under development. The propagation of psychoacous-
tic quantities of sound can be different from sound pres-
sure. Sharpness, for example, decreases less with distance
compared to Loudness or sound pressure level [41]. Even
though the sound emissions from an ASHP are within
the limits, it can still lead to annoyance at tradition-
ally unexpected distances. Along with the psychoacoustic
findings presented in this paper, this suggests that correc-
tions for the acoustic character of the heat pumps must
be further considered to reduce the noise impacts of sus-
tainable technologies like ASHPs and facilitate broader
acceptance.

The model fit metrics of the GLMM model, presented in
Table 7, show substantial differences between the Marginal
R? (R2)) and Conditional R? (R?) values. Note that these
parameters represent the explanatory power of the full
model, whereas Cross-Validation metrics (RMSE, MAE)
assess predictive generalisability. In the Annoyance model,
where R2, = 0.161 and R? = 0.934, the outcome suggests
that while the fixed effects (psychoacoustic metrics) explain
a moderate portion of the variance, the model captures a
very high degree of within-sample variability when individ-
ual differences are accounted for. This highlights that the
variability in Annoyance responses is largely attributable
to participant-specific factors. Additionally, a similar pat-
tern between R2, and R? is observed in the LMM analyses
reported in Tables 1 and 2, confirming that a substantial
portion of variance is driven by participant-level differences
not captured by fixed effects alone.

The GLMM model explicitly modelled this variabil-
ity through random effects. Crucially, the inclusion of a
random slope for Loudness indicates that individuals dif-
fer not only in their baseline annoyance levels but also
in their sensitivity to changes in Loudness. This suggests
that some individuals may be highly reactive to loud-
ness increases, while others are more tolerant. The sta-
tistically significant but very weak correlations between
the NoiseQQ and subjective responses indicate that this
individual variability cannot be fully attributed to self-
reported noise sensitivity. Moreover, findings confirm that
Loudness, Tonality, and Roughness significantly influ-
ence Annoyance responses to ASHP noise, with notable
inter-individual variation. If regulatory frameworks
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consider such models, they must balance predictive accu-
racy with simplicity. Loudness emerged as the strongest
and most consistent predictor across conditions, suggest-
ing it can potentially complement SPL in standards.
However, A-weighted SPL remains necessary for com-
patibility with existing regulations. Future work should
explore hybrid models combining SPL and Loudness to
provide a simple, robust implementation that optimises
the cost-benefit ratio.

The results of this study reveal significant patterns in
how varying ASHP sound levels, in relation to BN, influ-
ence human emotional responses, particularly Annoy-
ance. Statistical analysis shows that ASHP sound levels
above 40dB(A) consistently trigger higher Annoyance,
for the BN conditions we consider. In contrast, lower
ASHP sound levels are more susceptible to masking
by background noise. At the highest ASHP noise level
(46 dB(A)), background noise fails to mask the impact
on Annoyance, while lower ASHP sound levels are more
easily masked.

This finding for BN is consistent with the complex role
of masking in environmental acoustics. Along with estab-
lished A-weighted sound levels and SQMs, Partial Loud-
ness was considered in this analysis to account for how
ambient background noise affects the perception of ASHP
signals. The Moore—Glasberg Partial Loudness model [38]
successfully accounted for the contribution of BN, yield-
ing statistically significant low-to-moderate associations
with subjective responses across all parts. Although stan-
dard Loudness exhibited stronger correlations within this
specific dataset, incorporating Partial Loudness offers a
valuable framework for future research. This is espe-
cially evident when Partial Loudness’s performance in
Valence responses is compared to standard Loudness in
Part One (Loudness (r(3518) = —0.348), Partial Loud-
ness (r(3518) = —0.338)). Given the operational dif-
ferences between the stimuli where Part One involved
continuous ASHP operation, while Part Two featured
transient signals, the model successfully captures the
steady-state masking of continuous ASHP noise by the
ambient background. Because this steady-state masking
effectively smooths out the intrusive features of the con-
tinuous signal, it directly mitigates perceived harshness,
which maps closely onto the pleasantness-unpleasantness
dimension of Valence. On the other hand, temporal fluc-
tuations and swift envelope changes that are currently
more heavily weighted by standard Loudness may be
introduced by the dynamic nature of the transient oper-
ations in Part Two. Specifically, Partial Loudness can be
utilised to establish more precise masking thresholds, aid-
ing in the assessment and optimisation of ASHP noise
limits across diverse ambient environments.

As an alternative to the Moore—Glasberg approach,
the Sottek Hearing Model, which was used to calcu-
late the perceptual quantities of Tonality, Roughness,
and Fluctuation Strength [37] in this study, is cur-
rently being extended to encompass partial sound quali-
ties, including Partial Loudness. As the official, validated
implementation of this extended Sottek framework

undergoes final experimental verification, it will pro-
vide a valuable alternative for precise quantification of
the ASHP signal’s prominence relative to varying BN
thresholds in the future studies.

These observations regarding BN have important
implications for the future regulation of ASHP noise, par-
ticularly in residential settings, where community accep-
tance is critical. This study highlights the need to focus
on the effect of background noise. Global policies must
account for the interaction between ASHP noise char-
acteristics and varying background noise levels. As a
result, this oversight could lead to discrepancies between
regulatory limits and actual human perception of noise
annoyance.

Considering these findings, policies regarding ASHP
noise could benefit from a more dynamic regulation
approach that accounts for variations in background noise
and psychoacoustic characteristics. In particular, ASHPs
could be subject to stricter noise regulations in rural areas
where the background noise is lower and psychoacoustic
effects, like Tonality, are more pronounced. In contrast,
more flexible criteria could be applied in urban environ-
ments where higher background noise levels could mask
the ASHP noise to a degree. Such an approach would help
reduce the likelihood of unnecessary denials of planning
applications in urban areas while protecting the residents
in quieter, rural environments from potentially disruptive
ASHP noise.

This study focused on human responses to noise emis-
sions from a single ASHP. However, there is growing con-
cern about the cumulative impacts of multiple ASHPs
operating in the same area. Currently, the cumulative
effect of ASHPs is not well known, and there is a lack of
understanding of how communities newly exposed to mul-
tiple ASHPs would respond to it. The noise regulations
are not yet designed to account for the effects of multiple
units. For example, in the UK, ASHPs installed under
PDR are not subject to assessments that adequately
account for cumulative noise impacts [9]. This could
adversely affect residents’ wellbeing and slow down wider
adoption if they remain unaccounted for. To address
this gap, future studies should prioritise investigating the
cumulative impact of multiple ASHPs, particularly in
residential areas where such installations are becoming
more common and particularly in multi-family buildings
or high density contexts.

When interpreting the findings of this study, it is
important to consider that certain methodological deci-
sions were taken to reflect the worst-case scenarios.
Firstly, the study employed two representative ASHP
recordings selected to capture a meaningful range of psy-
choacoustic characteristics. The microphone position was
deliberately chosen based on the angle of maximum noise
emission to reflect a worst-case exposure scenario. While
this approach does not capture full spatial directivity or
the entire diversity of ASHP models, it provides a robust
and consistent basis for assessing perceptual responses.
Future work will expand the range of ASHP types and
incorporate directivity data to increase generalisability.
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Secondly, although the background noise spectrum
used in the experiment was based on the standardised
Spectrum No. 2 from BS EN ISO 717-1:2020 [26], which
represents typical road traffic noise in terms of one-
third octave band composition, it does not replicate the
full temporal, spatial, and semantic complexity of real-
world environmental soundscapes. As such, differences in
masking behaviour and subjective impressions may exist
compared to actual outdoor acoustic conditions.

Lastly, this experiment considered a partially open
window scenario to investigate a potential worst-case con-
dition, which also reflects a plausible real-life situation.
While ASHPs are commonly used for heating indoor
spaces during winter, they are used year-round for domes-
tic hot water production, which may also occur dur-
ing nighttime. Laboratory studies have shown that even
small openings (e.g. tilted windows) significantly increase
the risk of sleep disruption due to ASHP noise emis-
sions [23]. Future field studies should assess the long-term
sleep impacts of ASHP noise, as well as the potential
for low-frequency noise transmission through closed win-
dows. Additionally, although it was not within the scope
of this paper, ASHPs are also used for cooling residential
spaces in warmer regions. This implies that ASHP noise
may adversely affect neighbouring properties even dur-
ing warm daytime conditions. Such impacts could signif-
icantly affect the quality of life in neighbouring dwellings
that rely on natural ventilation in warm climates. Future
research should compare the noise impact of ASHPs dur-
ing cooling versus heating operation, examine how this
compares to traditional mechanical cooling systems (e.g.
air conditioning units), and investigate how such noise is
perceived by affected residents.

5 Conclusions

This study investigated how background noise levels,
operating conditions, and the acoustic characteristics of
ASHP noise affect human subjective responses. Partic-
ipants’ responses to Continuous vs. Variable operation
were analysed across different operating conditions, back-
ground noise levels, A-weighted sound pressure levels, and
Sound Quality Metrics (SQM). Specifically, we considered
participants’ Annoyance, Arousal, and Valence responses
across these conditions. It was shown that Annoyance,
Arousal, and Valence responses are significantly affected
by A-weighted ASHP sound levels, with higher SPL
correlating with increased Annoyance and Arousal and
decreased Valence, as might be predicted.

One of the main aims was to understand the psy-
choacoustic characteristics of ASHP noise. SQMs, such
as Loudness, Sharpness, Roughness, and Tonality, are
low-to-moderately associated with subjective response to
ASHP noise. Among these, Loudness consistently showed
stronger correlations with subjective responses than
A-weighted sound levels. Roughness, however, showed
a stronger association than A-weighted levels only in
the overall analysis and showed weaker associations with

human response in the separate analyses of Parts 1 and 2.
Tonality was the third most strongly associated metric,
with correlation coefficients close to A-weighted levels
in the overall analysis, but notably weaker in the part-
specific analyses. The fact that these psychoacoustic met-
rics are more than or nearly as influential as A-weighted
noise levels further emphasises the importance of acoustic
characteristics, suggesting that tonal characteristics con-
tribute meaningfully to perceived annoyance and overall
sound perception. These results highlight the limitations
of regulatory approaches that rely solely on A-weighted
sound levels and point to the need to incorporate psychoa-
coustic factors into noise assessment and policy frame-
works for ASHP installations. However, it is important
to state that any amendment to the policy must con-
sider streamlined means of regulating the ASHP instal-
lations while still prioritising people’s wellbeing. The
homeowners or the installers should not be overburdened
with unnecessary tasks or administration.

Another significant finding of the study was related to
Background Noise levels (BN). Statistical analysis showed
that the daytime BN levels, especially, can mask the lower
ASHP A-weighted noise levels (lower than 40dB(A)).
When ASHP sound levels are above 40 dB(A), and espe-
cially at 46dB(A), the masking effect associated with
both background noise levels becomes largely reduced,
leading to increased annoyance. Taken together, these
findings indicate that the influence of background noise
is most relevant at lower ASHP levels, where higher day-
time background noise can partially mask ASHP emis-
sions. Importantly, this does not imply that increases in
ASHP noise are acceptable simply because an environ-
ment is already noisy. Rather, the results suggest that
a single, fixed noise limit applied irrespective of back-
ground conditions and contextual factors may be overly
restrictive at moderate ASHP levels. Instead, the results
support the consideration of differentiated ASHP noise
limits, with stricter thresholds during nighttime condi-
tions and a modestly higher allowable limit during day-
time periods, limited to the range where masking remains
effective.

An interesting finding of the study concerned heat
pump ownership. Participants responded more positively
to the noise from an ASHP they were told was their own
than to the noise of a unit of unknown ownership.

Lastly, the study considered the effect of continuous
and variable ASHP noise. Subjective responses to Contin-
uous operation (Part One) and Variable operation (Part
Two) conditions followed similar patterns. Participants’
responses to the Minimum capacity condition (Defrost)
were significantly more positive compared to the Maxi-
mum capacity condition. Responses elicited immediately
after a transition in operational capacity were not statis-
tically significantly different from the responses given to
the overall signal. This may be primarily because the per-
ception of transition dominates the overall response to the
ASHP noise. However, the absence of statistically signifi-
cant differences between immediate and overall responses
to transitions may reflect the complexities of the
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perceptual changes involved. Future research should
further look at how specific experimental design choices,
such as timing, transition types, and participant atten-
tion, affect the sensitivity of such comparisons.

These findings suggest limitations in current regula-
tory frameworks, which rely primarily on SPL thresh-
olds without considering the environmental factors or
the acoustic character of the ASHP noise. Hence, psy-
choacoustic considerations and tailoring the noise assess-
ment procedure to specific environmental contexts should
be integrated into the regulations to improve wellbe-
ing in domestic environments and facilitate the broader
adoption of ASHPs.
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Appendix A Impact of background noise on ASHP noise
perception

Results of the Dunn’s post hoc analysis for Valence
responses are presented in Table 5. For the lower Background
Noise (BN) condition (31.5dB(A)), Valence responses at an
ASHP sound level of 36.5dB(A) do not differ significantly
from the 31.5dB(A) control condition. This indicates that
introducing ASHP noise at a level comparable to the back-
ground does not result in a statistically detectable change in
Valence. In contrast, Valence responses at 40 dB(A) ASHP dif-
fer significantly from the 31.5dB(A) control condition, indi-
cating a measurable shift in perceptual response at higher
ASHP levels. At this BN level, Valence responses for ASHP
levels of 36.5dB(A), 40dB(A), and 46dB(A) are all sig-
nificantly different from one another and show a decrease
with increasing ASHP level, consistent with the overall
trends shown in Figure 7. Responses to the 31.5dB(A) and
39.5dB(A) control conditions do not differ statistically sig-
nificantly, confirming that changes in Valence are primarily
driven by the presence and level of ASHP noise rather than
BN alone.

When the BN level is 39.5dB(A), Valence responses
at 36.5dB(A) ASHP differ statistically significantly from
the 31.5dB(A) control condition. This difference is likely
attributable to the higher combined sound level relative to
the lower BN. However, no statistically significant differences
are observed between Valence responses at 36.5 dB(A) ASHP
under the two BN levels, suggesting that BN level does not
substantially affect Valence at this ASHP level.

At 40dB(A) ASHP under the higher BN condition,
Valence responses do not differ statistically significantly from
those observed at 36.5dB(A) ASHP or from the 39.5dB(A)
control condition. In contrast, Valence responses at 46 dB(A)
ASHP differ significantly from both control conditions and
from all other ASHP-BN combinations, except for the cor-
responding 46 dB(A) ASHP condition under the lower BN
level. This indicates that at higher ASHP sound levels,
Valence responses converge across background noise condi-
tions, consistent with a reduced influence of BN as ASHP
level increases.

In terms of Arousal, the Kruskal-Wallis test showed sta-
tistically significant differences in responses across ASHP and
BN level combinations (x*(7) = 291.62, p < 0.001). Table 4
shows the results of the Dunn’s Test.

At the lower BN level of 31.5dB(A), Arousal responses to
36.5dB(A) ASHP noise do not significantly differ from con-
trol conditions of 31.5dB(A) and 39.5dB(A), suggesting min-
imal impact on Arousal at this ASHP noise level. In contrast,
Arousal responses at 40dB(A) ASHP noise level are signifi-
cantly different from the 31.5 dB(A) control condition but not
statistically significantly different from the 39.5dB(A) con-
trol condition. Additionally, responses to 46 dB(A) ASHP are
substantially different from both control conditions (31.5 and
39.5dB(A)), as well as from lower ASHP noise levels (36.5 and
40dB(A)). Like the pattern observed in Valence responses,
responses to the 31.5dB(A) and 39.5dB(A) control condi-
tions are not significantly different, indicating that the Arousal
response is more sensitive to ASHP noise than to BN alone.

At a higher BN level of 39.5dB(A), Arousal responses
to 36.5dB(A) ASHP are significantly different from the
31.5dB(A) control condition but not different from those given
to the 39.5dB(A) control condition. At 40 dB(A) ASHP noise,
the Arousal responses are again significantly different from

the 31.5dB(A) control condition but not from the 39.5 dB(A)
control condition. These patterns were also observed for the
Valence responses, most likely due to the increase in the over-
all noise levels. Responses at 46 dB(A) ASHP, however, are
significantly different from all control conditions and ASHP
and BN combinations, except for the 46 dB(A) ASHP paired
with 31.5dB(A) background noise. This suggests that high
levels of ASHP noise override the masking effect of the BN.
Overall, the findings indicate that Arousal responses to ASHP
noise are moderated by BN levels, with lower BN (rural night-
time soundscape) increasing perceptual sensitivity to mod-
erate ASHP noise levels and higher BN creating a masking
effect, though only up to a certain ASHP noise threshold.

Regarding Annoyance, the Kruskal-Wallis test revealed
statistically significant differences across the stimuli combina-
tions (x?(7) = 329.58, p = 0.000). Table 5 in the manuscript
shows the results of Dunn’s Test.

When BN is at 31.5dB(A), responses to 36.5dB(A) ASHP
noise do not significantly differ from either the 31.5dB(A)
or 39.5dB(A) control conditions, indicating minimal Annoy-
ance impact at this lower ASHP noise level. However, at
higher ASHP noise levels (40dB(A) and 46 dB(A)), Annoy-
ance responses are significantly increased compared to the
31.5dB(A) control, implying that Annoyance begins to grow
considerably above 36.5dB(A) ASHP noise. Furthermore,
Annoyance at 46dB(A) ASHP is significantly higher than
responses at both control levels (31.5dB(A) and 39.5dB(A)),
as well as all other ASHP-BN combinations, except the
46dB(A) ASHP with 39.5dB(A) BN condition, indicat-
ing a threshold effect in which higher ASHP noise domi-
nates Annoyance perception regardless of ambient background
noise levels. Furthermore, reactions to control conditions
of 31.5dB(A) and 39.5dB(A) are not statistically different,
demonstrating that background noise at these levels does not
significantly impact Annoyance.

When BN is increased to the higher rural daytime level
of 39.5dB(A), 36.5dB(A) ASHP noise is significantly differ-
ent from the 31.5dB(A) control but not from the 39.5dB(A)
control. Similar patterns are detected at 40dB(A) ASHP,
which is significantly different from the 31.5dB(A) control but
not from the 39.5dB(A) control, a pattern also observed for
Valence and Arousal. However, at 46 dB(A) ASHP, Annoy-
ance responses are significantly different from all control
and ASHP-Background Noise combinations, except for the
46 dB(A) ASHP with 31.5 dB(A) Background Noise condition.
This suggests that the highest ASHP noise levels consistently
elicit high Annoyance, largely independent of background
noise masking effects. Overall, the results highlight a complex
interplay between Background Noise and ASHP noise, with
lower ASHP levels appearing more sensitive to Background
Noise masking effects. In comparison, higher ASHP levels con-
sistently elicit Annoyance across different Background Noise
levels.

Appendix B Acoustic characterisation of ASHP stimuli
after outdoor-to-indoor propagation filtering

This appendix provides detailed acoustic characteristics of
the Air Source Heat Pump (ASHP) stimuli used in the lis-
tening experiment after applying outdoor-to-indoor propaga-
tion filtering based on different window types and opening
configurations.
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Table B.1. Octave band filters simulating indoor sound transmission through different window types via a 50 000 mm?
opening [29]. The filter curve for Opening G (green highlight)-a side-hung outward tilt window—is used to simulate
ASHP noise transmission through a partially open window in the experiment.

Opening Octave band centre frequency (Hz) Dp,e,w (C; Ctr)
63 125 250 500 1k 2k 4k

Opening A-1 21.8 16.6 17.1 21.6 18.9 23.0 24.5 21 (0; —1)
Opening A-2 21.3 17.5 16.7 21.7 19.2 23.2 24.5 22 (—1; —2)
Opening A-3 22.0 15.7 19.2 20.4 16.0 21.4 24.5 20 (—1; —2)
Opening B 23.4 16.2 17.3 20.5 13.9 20.1 23.6 18 (—1; —2)
Opening C-1 25.5 19.8 23.8 20.3 17.9 22.0 26.2 21 (—1; —-1)
Opening C-2 25.9 19.9 22.6 22.5 189 23.2 278 22 (—1; —1)
Opening C-3 25.5 20.9 26.5 20.4 18.5 22.5 27.0 21 (0; —1)
Opening C-4 24.6 19.3 23.2 20.4 16.2 23.5 27.2 21 (—1; —=2)
Opening D-1 25.1 18.9  23.0 19.1 184 235 245 21 (0; —1)
Opening D-2 26.0 18.0 17.0 23.7 15.4 19.5 21.5 19 (—1; —1)
Opening D-3  26.7 19.0 18.9 22.5 174  26.0 24.6 23 (—2; —3)
Opening E 25.7 19.9 21.3 20.3 19.2  22.0 23.6 21 (0; —1)
Opening F 27.0 19.4 21.5 20.4 20.4 22.5 25.1 22 (—1; —1)
Opening G 25.1 18.6  20.5 19.6 18.7 17.9  20.1 18 (0; 1)

Table B.2. Mean A-weighted sound level, Loudness, Sharpness, and Partial Loudness characteristics of each operating
condition under 31 dB(A) (night) and 39 dB(A) (day) background noise. Conditions at the top four rows are found in
Part 2, while the rest are found in Part 1. Metrics calculated from stimuli after outdoor-to-indoor propagation filtering
and at the listener position.

Operating condition Background noise Sound levels (dB(A)) Loudness (sone) Sharpness (acum) Partial loudness (sone)
L95 L5 LAeq N95 N5 AVg. 595 S5 AVg. AVg.
MaxToMin 31dB(A) 29.9 35.5 32.2 0.413 1.540 0.878 0.755 1.110 0.912 0.184
MinToMax 31dB(A) 30.9 35.5 33.1 0.431 1.690 0.889 0.757 1.210 0.910 0.203
Stationary 31dB(A) 30.4 36.3 32.8 0.587 1.380 0.888 0.756 1.020 0.880 0.197
Control (P2) 31dB(A) 22.6 239 23.3 0.361 0.395 0.376 0.914 1.070 0.988 NA*
Minimum 31dB(A) 28.6 36.4 32.1 0.583 1.400 0.902 0.808 1.110 0.960 0.188
Moderate 31dB(A) 29.2 36.6 32.5 0.611 1.420 0.937 0.799 1.090 0.924 0.205
Maximum 31dB(A) 29.6 38.5 33.8 0.597 1.570 0.949 0.736 1.040 0.879 0.233
Control (P1) 31dB(A) 22.6 23.9 23.3 0.361 0.395 0.375 0.909 1.070 0.988 NA*
Minimum 39dB(A) 29.7 32.2 33.5 0.868 1.490 1.100 0.966 1.140 1.050 0.172
Moderate 39dB(A) 33.9 374 34.7 0.882 1.510 1.120 0.954 1.130 1.030 0.185
Maximum 39dB(A) 35.2 39.9 35.6 0.874 1.640 1.130 0.900 1.090 1.000 0.206
Control (P1) 39dB(A) 30.2 314 30.9 0.764 0.821 0.787 1.020 1.130 1.080 NA*

Notes. *Background noise-only stimuli are used as the reference masker for Partial Loudness calculations.

Table B.3. Mean Roughness, Tonality and Fluctuation Strength characteristics of each operating condition under
31dB(A) (night) and 39dB(A) (day) background noise. Conditions at the top four rows are found in Part 2, while
the rest are found in Part 1. Metrics calculated from stimuli after outdoor-to-indoor propagation filtering and at the
listener position.

Operating condition Background noise Roughness (asper) Tonality (tuHMS) Fluctuation strength (vacil)

R95 R5 Avg. 195 15 Avg. F95 F5 Avg.
MaxToMin 31dB(A) 0.021 0.202 0.084 0.007 0.232 0.075 0.001 0.011 0.003
MinToMax 31dB(A) 0.022 0.232 0.079 0.005 0.381 0.102 0.001 0.023 0.003
Stationary 31dB(A) 0.033 0.115 0.064 0.006 0.368 0.084 0.001 0.005 0.003
Control (P2) 31dB(A) 0.014 0.033 0.022 0.005 0.056 0.029 0.001 0.003 0.002
Minimum 31dB(A) 0.021 0.271 0.079 0.006 0.198 0.069 0.001 0.039 0.005
Moderate 31dB(A) 0.032 0.215 0.106 0.006 0.235 0.084 0.001 0.042 0.005
Maximum 31dB(A) 0.028 0.114 0.063 0.006 0.439 0.098 0.001 0.041 0.005
Control (P1) 31dB(A) 0.014 0.032 0.022 0.005 0.054 0.028 0.001 0.022 0.003
Minimum 39dB(A) 0.024 0.223 0.067 0.006 0.165 0.054 0.001 0.039 0.005
Moderate 39dB(A) 0.026 0.185 0.082 0.006 0.196 0.062 0.001 0.043 0.005
Maximum 39dB(A) 0.033 0.131 0.065 0.005 0.466 0.124 0.001 0.041 0.005

Control (P1) 39dB(A) 0.023 0.056 0.038 0.008 0.080 0.041 0.001 0.028 0.004
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