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Introduction

Traffic noise is a well-documented environmental stres-
sor linked to adverse health effects, including cardiovas-
cular disease, Alzheimer’s disease, diabetes, and cancer
[1, 2, 3]. This has led to regulatory efforts and ur-
ban planning initiatives aimed at mitigating noise expo-
sure, particularly in densely populated areas. Simulta-
neously, the global shift towards sustainable transporta-
tion, aligned with the United Nations Sustainable Devel-
opment Goals, has positioned electric vehicles (EVs) as
a key technology for reducing emissions, improving air
quality and lowering traffic noise levels [4].

A common assumption is that EVs contribute signifi-
cantly to noise reduction due to their lack of an internal
combustion engine (ICE). However, this assumption re-
mains largely unverified, particularly at low speeds where
powertrain noise plays a greater role. Existing research
suggests that at speeds above 50 km/h, tire-road inter-
action dominates vehicle noise emissions, making propul-
sion noise differences between EVs and ICE vehicles neg-
ligible [5, 6]. At speeds below 50 km/h, where urban
traffic noise is of particular concern, data remains sparse,
and the role of Acoustic Vehicle Alerting Systems (AVAS)
further complicates the soundscape.

This study addresses these knowledge gaps by con-
ducting controlled pass-by measurements of both EVs
and ICE vehicles at low speeds and examining how
their noise emissions are perceived in listening tests.
By integrating objective acoustic measurements with
subjective assessment data, this study provides insights
into whether the expected noise benefits of EVs hold
true in real-world urban driving conditions at low speeds.

Methods

Controlled Pass-by Measurements

Pass-by noise measurements were conducted in a con-
trolled environment to compare the external noise levels
of EVs and ICEs at low speeds. A total of 19 passenger
cars (9 EVs, 10 ICEs) were included, with pass-by record-
ings collected across six microphones positioned at 5 me-
ters and 7.5 meters from the vehicle midline. The test
setup followed ISO 11819-1 guidelines [9] to the extent
possible but with additional microphones. The sketch in
Figure 1 shows the experimental setup.

Each vehicle performed 3 pass-bys at the individual
instructed speeds of 15, 20, 30, 40, and 50 km/h.
Driven speed was validated using GoPro footage and

Figure 1: Schematic of the measurement area setup il-
lustrating where each microphone was located.

real-time radar monitoring to ensure that deviations
remained within <10% of the target speed. Sound level
measurements were obtained using Class 1 microphones
and recorded using Dewesoft DAQ at a sampling rate of
50 kHz. LAFmax was extracted for analysis.

Listening Tests

Listening tests were conducted to assess perceptions of
EV and ICE pass-by noise. 60 stimuli were selected from
the controlled measurements, using recordings from a
single microphone at a 5 meter distance. Only record-
ings with stable pass-by noise and minimal background
contamination were included. To maintain consistency,
recordings from the first measurement day were excluded
due to audible electrical noise artifacts. The stimuli
thereby included 12 vehicles - 5 EVs and 7 ICEs.

Eighteen native Danish participants aged 18 to 60 years
with self-reported normal hearing completed the listening
test using the SenseLabOnline platform. The tests were
carried out in individual listening booths, with stimuli
played as stereo in Sennheiser HD 650 headphones cali-
brated on a Briiel & Kjser HATS 4100 system.

The experiment consisted of three tasks:

1. Annoyance Rating: Participants rated 60 pass-by
recordings, one for each trial, using an 11-point scale
adapted from ISO 15666 [7].

2. Check-All-That-Apply (CATA): Participants se-
lected descriptive attributes (e.g., 'pleasant’, ’alarm-
ing’, "futuristic’) for each stimulus.

3. Loudness Scaling: Participants ranked the perceived
loudness of 12 stimuli per trial using an 11-point
scale from ISO 16832 [8].
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The order of the CATA and Loudness tests was random-
ized per participant. The Annoyance test was always
performed first to minimize bias. Results of the CATA
test are not included in this article, but can be accessed
in the published data set [16].

Results

Pass-by Measurements

A total of 829 pass-by measurements were analyzed for
each microphone distance after removing interruptions
and speed deviations >10%. A benchmark vehicle from
the EVs, present on both test days, exhibited an average
difference in LAFmax of <1 dB, indicating consistent
background noise conditions (53-55 dB).

Linear regression of LAFmax versus speed showed a
strong speed dependence as seen in Figure 2. EVs ex-
hibited significantly lower slope and intercept according
to a Welch T test (p < 0.05), suggesting a different noise-
speed progression compared to ICEs.
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Figure 2: Linear Regression of LAFMax vs Speed for
EVs and ICEs at 7.5 meter distance.

Across all speeds, the mean LAFmax difference between
EVs and ICEs was 1.2 dB(A), but not of statistic signifi-
cance using Mixed-effects models that account for within-
subject correlation.
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Figure 3: Boxplots showing summary statistics of mea-
sured LAFMax based on class of car.

Diesel vehicles contributed disproportionately to the
higher SPL of ICEs at 15-20 km/h and the overall dif-
ference was reduced to 0.9 dB(A) when comparing only
electric and petrol vehicles. Here, a significant difference

of 1.3 dB(A) was found at 40 km/h. Figures 3 and 4 show
boxplots of summary statistics from measured LAFmax
values based on car class or car type, respectively.

"W e

Vehicle_Type
70{ EEE Petrol
E Electric
=3 Diesel

LAFMax [dB]
g 8
© o
|
% .
oo

o @

30 a0 50
Speed [km/h]

Figure 4: Boxplots showing summary statistics of mea-
sured LAFMax based on type of car.

Third octave analysis as seen in Figures 5a and 5b re-
vealed a similar frequency content between EVs and
ICEs, with three key differences:

1. Slightly lower SPLs for EVs across all frequencies.
2. Higher spectral variation among EVs above 1 kHz.

3. Peak frequency shifts, where ICEs cluster around 1
kHz, whereas EV peaks are more dispersed.
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Figure 5: Frequency content from measurements at 7.5
meter distance across all speeds for EVs (a) or ICEs (b)

Figure 6 shows that for EV measurements at 20 km/h,
most SPLs exceed the minimum AVAS requirements,
though low frequencies appear to present challenging.
AVAS contribution in itself is not distinguishable.

Correlation analysis indicated that LAFmax was only
significantly correlated with vehicle class, whereas LAeq
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exhibited stronger associations with tire parameters, al-
though predictive models remained unreliable (R? < 0.5).
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Figure 6: Frequency content from EV measurements at
7.5 meter distance and speed of 20 km/h compared to
minima AVAS requirements.

Listening Tests

Loudness and annoyance ratings increased with speed
across all vehicles, displaying strong correlation between
the two characteristics as seen in Figure 7.
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Figure 7: Average ratings across participants from the
loudness test next to average ratings from the annoyance
test, all presented with confidence intervals and color
coded according to speed in the rated stimuli.

When sorting vehicles by loudness ratings, EVs domi-
nated the lower half, with only one petrol car exhibiting
similar ratings. Figure 8 shows sorted loudness ratings.
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Figure 8: Loudness ratings across all speeds, sorted de-
scending according to average rating for each vehicle.

Annoyance ratings, as seen in Figure 9, followed a similar
trend but showed greater variability, with some petrol
cars rated as less annoying than EVs.
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Figure 9: Annoyance ratings across all speeds, sorted
descending according to average rating for each vehicle.

Discussion

Measurements: Methodology and limitations
This study focused on steady-pace driving for con-
sistency, acknowledging that real-world urban driving
includes acceleration, braking, and varied interac-
tions. While this limits applicability to complex urban
scenarios, it provides a controlled baseline for noise
comparisons of EV vs. ICE. Measurements were carried
out at a single location to minimize variability from
the road surface and environmental conditions. The
presence of public traffic at the location limited the
flexibility of microphone placement. For an improved
SNR and investigation of the noise contribution of
AVAS, a microphone distance of 2-3 meters could
have added value. Furthermore, while a fixed surface
ensured consistency, it cannot stand alone, as tire-road
interactions can significantly influence noise levels. The
literature suggests that tire selection on its own can
cause a variation of up to 3.6 dB at 19 km/h [10], yet,
the measured differences between same class vehicles in
this study (up to 10 dB at 15 and 20 km/h) indicate
that tire/road noise is not solely responsible for low
speed noise differences.

LAFmax and Frequency Content Analysis
Results align with previous findings that EVs and ICEs
exhibit similar noise levels at low speeds, particularly
post-AVAS implementation. Earlier studies reported
larger differences (3-4 dB lower for EVs than ICEs at
10-20 km/h), likely due to the absence of AVAS [11].
Surface type also affects results; studies in China and
Switzerland reported values 3 to 6 dB(A) lower than
this study, consistent with previous findings that road-
tire interactions can cause up to 6.9 dB variation [12].
The matched-pair methodology in a Swiss study suggests
that vehicle matching influences variability, which may
explain their smaller result variation [13].

The findings of this study challenge previous noise mod-
eling predictions that projected urban noise reductions
of 1-2 dB from EV adoption [14].

Listening tests: Methodology and observations

During debrief discussions, listening test participants
consistently overestimated vehicle speed, likely due
to headphone-based presentation, which differs from
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real-world sound propagation. A simple approach to
better align the listening experience, could be explo-
ration of loudspeaker arrays. Additionally, context
influenced annoyance ratings despite instructions to
assess sound independently. Some participants imagined
traffic noise outside a bedroom, while others considered
roadside exposure, affecting their evaluations. Providing
a pre-defined scenario could help standardize responses.

Conclusion

This study explored the differences in noise emissions and
perceived sound characteristics between EVs and ICEs at
low speeds. By combining objective measurements and
subjective evaluations, key insights were obtained into
the unique acoustic profiles of EVs and ICEs, highlight-
ing areas of interest for future urban noise management
and regulatory frameworks.

The results showed that EVs generally emit lower noise
levels than ICEs, with a difference of 1.2 dB(A) in mea-
sured LAFMax across all speeds. This difference is how-
ever not statistically significant and diminishes when
diesel cars are excluded, except at 40 km/h where a sig-
nificant difference of 1.3 dB(A) was found.

Psychoacoustic evaluations revealed that though strong
correlation exists, perceived annoyance is not solely de-
termined by measured loudness. While AVAS ensures
the audibility of EVs at low speeds, its contribution to
annoyance was not visible in the subjective tests, sug-
gesting that current AVAS designs are unlikely to pose a
major challenge for public acceptance.

In general, significant differences do exist between per-
ceptual assessments of EVs and ICEs.

The results open up the possibilities for research into
more complex urban driving behaviors and determin-
ing the specific contributions of AVAS, propulsion, and
tire/road noise at low speeds. Diverse road conditions
could further validate these findings. Additionally, a
deeper investigation of how AVAS contributes to an-
noyance could inform improved design standards for EV
noise emission, encouraging a balance between functional
safety and acoustic quality in urban environments.

This research provides a foundation for understanding
the acoustic differences between EVs and ICEs, offering
insights for policymakers, urban planners, and vehicle
manufacturers as they navigate the challenges of a
transitioning vehicle fleet.
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