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Abstract

Urban energy infrastructure (e.g. HVAC systems, power distribution networks, and renewable energy technologies) represents
a persistent and often unavoidable source of environmental noise in modern cities. Conventional noise assessment and mitigation
approaches are primarily based on physical indicators such as sound pressure level, which do not fully capture the complexity
of human auditory perception and contextual sound appraisal. This case study investigates whether natural sound sources,
specifically birdsong, can improve the perceived acoustic quality of urban environments affected by continuous technical noise.
The study is based on a reinterpretation of previously published controlled listening experiment results, in which participants
evaluated recorded urban sound environments with and without added birdsong components. Subjective perception was assessed
using semantic differential scales, while psychoacoustic parameters were considered to support interpretation of perceptual
trends. The findings indicate that the inclusion of birdsong significantly improves perceived soundscape quality by increasing
pleasantness and calmness and reducing annoyance, even when overall sound pressure levels remain unchanged. In addition,
clear species-dependent differences were observed, suggesting that certain bird vocalizations provide a stronger benefit than
others. Among the evaluated species, the chaffinch produced the strongest positive effect, followed by the Eurasian blackcap
and European robin, whereas the great tit showed comparatively weaker influence. The results support the potential of
soundscape-based strategies as a complementary approach to conventional noise management for urban energy infrastructure.
Enhancing natural acoustic elements through biodiversity-supporting urban planning may improve public acceptance and
environmental quality in locations where technical noise reduction is limited by spatial, operational, or economic constraints.
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1. Introduction

Urban environments are increasingly shaped by the wide-  substations, power distribution networks, and renewable en-
spread presence of energy infrastructure, including heating, ergy technologies [1-4, 14-16]. Although these systems are es-
ventilation, and air-conditioning (HVAC) systems, electrical sential for ensuring energy efficiency and reliable operation of

cities, they often contribute to continuous environmental noise
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exposure, particularly in densely populated residential areas
[1-4]. Unlike traffic noise, which is frequently intermittent,
noise emitted by energy-related systems is often characterized
by steady-state operation, tonal components, and low-fre-
quency dominance, making it especially intrusive and difficult
to ignore [4-6, 17-20].

Noise management strategies traditionally rely on physical
indicators such as sound pressure level. However, it has been
repeatedly demonstrated that physical sound level alone does
not fully explain subjective human response to noise exposure
[7-9, 21-24]. Two acoustic environments with similar meas-
ured levels may be perceived very differently depending on
temporal variation, spectral composition, and contextual
meaning [8, 9, 24, 25]. These limitations have increased inter-
est in the soundscape framework, which considers the interac-
tion between acoustic conditions and human perception in-
stead of treating noise solely as a physical quantity [5, 7, 28,
29]. Previous research has also demonstrated that annoyance
caused by environmental noise is strongly influenced by non-
acoustic factors, including expectation, contextual interpreta-
tion, and perceived controllability of the sound source [22, 26,
27].

Natural sound sources, particularly birdsong, have been
widely associated with positive soundscape appraisal, in-
creased perceived pleasantness, and stress recovery [9-12, 30].

Previous studies indicate that natural sounds may improve
perceived environmental quality not necessarily by reducing
overall sound level, but by altering subjective interpretation
and balance within a sound environment [10-12, 28-30]. How-
ever, the application of such findings in the context of urban
energy infrastructure noise remains limited.

This paper presents a case study focused on the influence of
birdsong in urban acoustic environments relevant to energy
infrastructure. Rather than conducting a new listening experi-
ment, the study reinterprets previously published experi-
mental results [13] within an applied engineering context,
with a specific emphasis on practical implications for energy-
related noise management. In addition, this work highlights
species-dependent differences in perceptual effectiveness and
proposes the concept of ranking natural sound sources based
on their potential to improve perceived acoustic quality.

This case study translates psychoacoustic and soundscape
findings into a context relevant to energy infrastructure plan-
ning and explores how such knowledge may support comple-
mentary sensory mitigation strategies that may support con-
ventional technical mitigation measures, particularly in urban
areas where noise reduction is constrained by spatial, eco-
nomic, or operational limitations (shown in Figure 1).

Natural Sounds

Birdsong, water sounds,
natural acoustic
elements.

Masking Effects
Spectral overlap, ...l
reduced annoyance,
perceptual masking.

Conceptual Framework of Natural Sounds

and Urban Noise Perception

Sound
Perception /

Infrastructure Noise

Transformers, generators,
HVAC systems,
turbines.

Lower perceived noise,
improved comfort,
enhanced acoustic quality.

Figure 1. Conceptual framework illustrating the influence of natural sound sources on the perception of urban energy infrastructure noise.

Based on the above considerations, the aim of this case
study is to evaluate whether the inclusion of birdsong can im-
prove the acoustic quality of urban environments in a manner
relevant to noise emitted by urban energy infrastructure. The

study focuses on psychoacoustic changes that occur without
necessarily altering overall sound pressure levels, emphasiz-
ing the role of contextual and qualitative sound components.
In addition, the study explores whether different bird species
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produce measurably different subjective outcomes, support-
ing the concept of species-dependent soundscape design.

Accordingly, the analysis addresses the following research
questions:

(1) To what extent does the inclusion of birdsong improve
subjective soundscape appraisal in urban environments domi-
nated by technical and anthropogenic noise components?

(2) Do different bird species produce significantly different
sensorial effects, enabling the establishment of a ranking
framework based on their psychoacoustic effectiveness?

By answering these questions, the present work aims to con-
tribute an applied soundscape-oriented perspective to urban en-
ergy infrastructure noise management and to support the devel-
opment of complementary strategies that enhance perceived en-
vironmental quality through natural acoustic enrichment.

2. Materials and Methods

2.1. Data Source and Study Design

This case study is based on a reinterpretation of previously
published experimental results investigating the influence of
birdsong in urban soundscapes [13]. The original study em-
ployed a controlled listening experiment in which participants
evaluated recorded urban sound environments reproduced un-
der standardized laboratory conditions. The full experimental
protocol, including audio recording procedures, playback cal-
ibration, participant recruitment, and detailed stimulus prepa-
ration, is described in detail in [13]. The urban sound record-
ings were originally collected in Zagreb, Croatia, as part of the
controlled listening experiment described in [13]. The record-
ing represents typical urban outdoor environment character-
ized by dominant anthropogenic background noise, providing
a realistic context for reinterpretation in relation to urban en-
ergy infrastructure noise.

Rather than replicating the original analysis, the present work
interprets the findings from the perspective of urban energy in-
frastructure noise and its practical mitigation challenges. In par-
ticular, this paper emphasizes the implications of natural sound
integration as a sensory mitigation approach for continuous
technical noise sources and examines the possibility of ranking
bird species according to their perceptual effectiveness.

Two soundscape conditions were considered: (1) baseline
recordings representing typical urban acoustic environments
dominated by anthropogenic noise components, and (2) mod-
ified recordings enriched with birdsong as an additional natu-
ral sound component. The enrichment process was designed
to preserve the overall acoustic context of the baseline envi-
ronments while introducing natural auditory elements typical
of urban green areas.

The natural sound stimuli consisted of vocalizations from
several songbird species commonly present in European urban
habitats. These species were selected due to their ecological
relevance and frequent occurrence in everyday city environ-
ments. The evaluated species included the European robin
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(Erithacus rubecula), great tit (Parus major), chaffinch (Frin-
gilla coelebs), common blackbird (Turdus merula), and Eura-
sian blackcap (Sylvia atricapilla), as illustrated in Figure 2.

¢ g . . N AN oA
Figure 2. Bird species used in the study: A) European robin, B)
Great tit, C) Chaffinch, D) Common blackbird and E) Eurasian
blackcap.

2.2. Subjective Evaluation Procedure

Subjective perception was assessed using semantic differ-
ential scales with a 7-point rating system, following the pro-
cedure described in [13]. Participants listened to the sound re-
cordings and evaluated each stimulus using five descriptive
dimensions related to soundscape appraisal. The evaluated di-
mensions included pleasantness, calmness, and additional de-
scriptors reflecting perceived acoustic quality and comfort.

A total of 300 participants took part in the listening experi-
ment. The sample consisted primarily of university students
aged 19-24 years with self-reported normal hearing. The mean
participant age was 22 years, with an approximately balanced
gender distribution. Participation was voluntary and con-
ducted under controlled conditions.

2.3. Psychoacoustic Analysis

In addition to subjective evaluations, psychoacoustic de-
scriptors were used to support interpretation of the psychoa-
coustic improvement. The analysis included parameters com-
monly applied in psychoacoustics and soundscape research,
such as loudness, sharpness, and fluctuation strength. These
metrics were selected due to their established relationship with
auditory perception and their relevance in explaining differ-
ences in sound quality beyond conventional sound pressure
level indicators.
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The psychoacoustic values used in this paper were derived
from the sound recordings described in [13]. The present study
uses these descriptors primarily as interpretative indicators ra-
ther than as the primary outcome measures.

2.4. Applied Interpretation for Urban Energy
Infrastructure Noise

Although the analyzed recordings represent general urban

sound environments rather than isolated energy infrastructure
noise sources, the identified mechanisms are relevant to many
types of technical noise emissions typical of urban energy sys-
tems. Such sources include HVAC outdoor units, electrical
substations, transformers, power converters, and renewable
energy installations. These systems often generate continuous
broadband noise with low-frequency dominance and tonal
components, which are known to contribute strongly to an-
noyance and long-term disturbance (illustrated in Figure 3).
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Figure 3. Spectrogram of a typical noise source from urban energy infrastructure.

In realistic outdoor conditions, technical noise is rarely ex-
perienced in isolation; rather, it is perceived as part of a
broader acoustic environment shaped by both anthropogenic
and natural sources. For this reason, the present case study fo-
cuses on the role of natural sound integration as a complemen-
tary strategy that may enhance perceived acceptability of tech-
nical infrastructure, particularly in urban settings where con-
ventional engineering mitigation is limited by already men-
tioned constraints.

3. Results

The results of this case study demonstrate a clear and con-
sistent influence of natural sound inclusion on the subjective
perception of urban acoustic environments. Sound recordings
enriched with birdsong were systematically evaluated as more
pleasant, calmer, and more natural compared to baseline re-
cordings without natural elements. This effect was observed
across all evaluated dimensions and was consistent among
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participants, indicating a robust perceptual response.

Notably, subjective ratings improved even though the over-
all sound pressure level remained largely unchanged, suggest-
ing that the effect is not driven by physical noise reduction but
rather by a sensorial and contextual modification of the acous-
tic environment. This indicates that the perceived acceptabil-
ity of urban noise may be improved through soundscape com-
position even under identical acoustic exposure conditions.

In addition to the general improvement caused by birdsong
presence, the results indicate that different bird species did not
contribute equally to subjective improvement. Differences in
the spectral and temporal structure of birdsong were reflected
in subjective evaluations, suggesting that certain vocal char-
acteristics are more effective in improving soundscape ap-
praisal. This supports the concept of a species-dependent
ranking framework for natural sound sources based on their
perceptual effectiveness.

Clear differences were observed between evaluated bird
species regarding their influence on subjective perception (as
presented in Figure 4).
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EXPERIMENT RESULTS
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Figure 4. Experiment results.

Among all tested sound sources, the chaffinch produced the the Eurasian blackcap and European robin, whereas calmness
strongest positive effect, achieving the highest pleasantness  ratings showed a slightly different ranking, with the European
rating (4.8 compared to 3.3 for the baseline recording without robin outperforming the blackcap. In contrast, the great tit pro-
birdsong) and the highest calmness rating (4.7 compared to duced comparatively weaker subjective improvement.

3.2). Regarding pleasantness, the chaffinch was followed by These results are shown in Table 1.

Table 1. Ranking of bird species based on perceptual effectiveness.

Pleasantness Calmness Overall perceptual

Rank  Bird species .
(mean value)  (meanvalue) effectiveness

Observed perceptual impact

Strongest improvement in pleasantness and

! Chaffinch 48 4t Highest calmness; most effective enhancement
5 Eurasian black- 45 44 Very high Consistently strong posmve effect, slightly lower
cap calmness than chaffinch
3 European robin 4.3 46 High Strong calmlng eff(_act; calmness higher than
blackcap despite slightly lower pleasantness
4 C_ommon black- 40 a1 Moderate Moderate improvement; perceptual benefit pre-
bird sent but less pronounced
5 Great tit 37 38 Lowest Weakest |mproyement; least effective species
among tested birds
i B_asellne (no 33 39 Reference nglnated _by anthropogenic noise; lowest per-
birdsong) ceived quality

*Overall perceptual effectiveness is based on combined improvement in pleasantness and calmness relative to the baseline condition.

These findings suggest that birdsong is not a uniformacous-  ture. The superior performance of the chaffinch may be asso-
tic modifier but rather a tunable acoustic component whose  ciated with its melodic variability and broad spectral distribu-
effectiveness depends on the specific species and vocal struc-  tion (shown in Figure 5), which may support both auditory

masking and restorative effects.

58


http://www.sciencepg.com/journal/ajese

American Journal of Environmental Science and Engineering

http://www.sciencepg.com/journal/ajese

Chaffinch Spectrogram (20 Hz - 20 kHz)
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Figure 5. Spectrogram of chaffinch singing.

4. Discussion

The results of this case study confirm that subjective per-
ception of urban acoustic environments is strongly influenced
by contextual and qualitative characteristics of sound, rather
than by sound pressure level alone [5, 7, 24]. The addition of
natural sound elements, particularly birdsong, significantly
improved subjective evaluations of the acoustic environment,
increasing perceived pleasantness and calmness and reducing
annoyance, despite the absence of measurable changes in
physical noise intensity [9, 10]. These findings support previ-
ous soundscape research showing that acoustic perception de-
pends not only on sound intensity, but also on how listeners
interpret and associate particular sound sources [5, 7].

These findings are particularly relevant for urban energy in-
frastructure noise. Technical noise emitted by HVAC outdoor
units, transformers, electrical substations, and renewable en-
ergy installations is often continuous, spectrally stable, and
partially dominated by low-frequency components [1, 6].
Such acoustic characteristics may lead to increased annoyance
even at moderate levels, because continuous exposure reduces
the ability of individuals to ignore or adapt to the sound [2,
18]. In this context, the results suggest that natural sound en-
richment may provide a practical complementary approach for
improving perceived acoustic comfort in urban areas where
physical noise reduction is limited [5].

The improvement observed in this study is consistent with
the concept that natural sounds can modify perception through
combined masking and restorative mechanisms [9, 24]. Alt-
hough the sound pressure level remains unchanged, the pres-
ence of structured natural sound components may alter audi-
tory attention and reduce the dominance of technical noise
[24]. Because birdsong contains temporal variation and recog-
nizable frequency patterns, listeners may perceive the envi-
ronment as more dynamic and acoustically pleasant [10].

From an applied engineering perspective, this indicates that
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perceived acceptability of technical infrastructure may be en-
hanced not only by reducing emissions but also by improving
the acoustic context in which the infrastructure is experienced
[5].

A key contribution of this case study is the identification of
species-dependent differences in perceptual effectiveness.
The results show that birdsong does not represent a uniform
natural sound stimulus. Instead, individual species produced
clearly different subjective outcomes [10, 11]. This supports
the possibility of establishing a ranking framework for bird
species based on their sensory benefit. Such an approach is
relevant for applied soundscape planning, because it suggests
that biodiversity measures may have different acoustic out-
comes depending on which species are promoted or supported
in the local habitat [5, 7].

In the context of urban energy infrastructure, this introduces
a potential pathway for species-oriented soundscape design.
Landscape planning, green corridor design, and habitat-sup-
porting measures could be considered not only for ecological
value but also as perceptual mitigation tools [5, 7]. For exam-
ple, increasing vegetation density and supporting urban bird
habitats near substations or HVAC-dominated courtyards may
improve the perceived acoustic quality and reduce public an-
noyance, thereby improving acceptance of technical infra-
structure [7].

However, several limitations should be acknowledged. The
findings are based on controlled playback environments that
may not fully reflect real-world conditions, including long-
term adaptation, visual context, and weather-dependent sound
propagation [24]. The sample also consisted mainly of young
adults with similar educational backgrounds, and the study
does not isolate energy infrastructure noise as a standalone
source [1]. Future research should therefore include field stud-
ies near operational energy infrastructure and a more diverse
participant population, particularly those more vulnerable to
long-term noise exposure, such as older adults, individuals
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with chronic health conditions, and residents near HVAC sys-
tems or substations. This would improve generalizability and
better reflect real-life soundscape perception.

Despite these limitations, the findings provide a clear ap-
plied indication that perceptual noise mitigation strategies can
complement conventional engineering approaches. While tra-
ditional noise reduction remains essential, soundscape-based
enrichment may offer an additional tool for improving acous-
tic comfort in densely built urban areas where physical noise
mitigation is economically or spatially constrained [5].

5. Conclusion

Noise generated by urban energy infrastructure represents a
persistent environmental challenge due to its continuous oper-
ation and specific acoustic characteristics, often including
low-frequency and tonal components. While conventional en-
gineering approaches remain necessary for controlling emis-
sions, they do not fully address the perceptive and contextual
dimension of acoustic environments.

This case study demonstrates that the inclusion of natural
sound sources can significantly enhance perceived acoustic
quality without altering overall sound pressure levels. Record-
ings enriched with birdsong were consistently rated as more
pleasant and calmer and less annoying compared to baseline
urban recording. The results indicate that acoustic comfort de-
pends not only on noise intensity, but also on the overall com-
position and interpretation of the surrounding soundscape.

A further key outcome of this study is the observation of
clear species-dependent differences in perceptual effective-
ness. Among the evaluated bird species, the chaffinch pro-
duced the strongest positive effect on both pleasantness and
calmness, followed by the Eurasian blackcap and European
robin, whereas the great tit showed the weakest improvement.
This supports the concept of a ranking framework for natural
sound sources based on their sensory benefit and suggests that
birdsong can be considered a tunable acoustic element rather
than a generic natural background sound.

From an applied perspective, the results support the integra-
tion of soundscape-based strategies into noise management
approaches for urban energy infrastructure. Biodiversity-sup-
porting urban design, preservation of green areas, and habitat
enhancement measures that encourage acoustically effective
bird species may contribute to improved perceived environ-
mental quality and increased public acceptance of technical
infrastructure. Such measures should be considered comple-
mentary to conventional mitigation methods, particularly in
urban environments where physical noise reduction options
are limited by different constraints.

Future research should focus on field-based validation near
real energy infrastructure systems, long-term exposure studies,
and the development of practical guidelines for selecting and
integrating natural acoustic elements as part of applied urban
soundscape planning.
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