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Abstract: Passenger cars differ in their levels of emitted noise and mileage, which can have a negative
impact on the environment and humans. This was confirmed by the results of this study on the noise
levels generated by passenger cars that have the same parameters, or are of one type. The loudest
place in the tested vehicles turned out to be the combustion engine compartment, with the average
noise level exceeding 90 dB and exhibiting a noticeable, significant increase alongside an increase in
the mileage of the vehicles. This value of noise intensity is classified as dangerous for the human body.
As a result of the conducted tests, it can be concluded that an engine cover is an important element in
damping the sounds emitted by an internal combustion engine after the use of an aluminum heat
shield to increase noise absorption. In the future, the environmental problem of noise emission from
cars can be solved by encouraging the use of quieter, electric vehicles.
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1. Introduction

The automotive industry is constantly evolving in terms of technological solutions.
The reason for such a significant evolution in this industry is the high expectations of
consumers. Modern technological solutions that meet the needs of users are not always
appropriate from the point of view of environmental protection. In order to prevent
solutions that are unfavorable for the customer and harmful to the environment, it is
necessary to tighten environmental standards based on the greater accuracy of vehicle
identification [1]. In this context, it should be recognized that noise pollution has become a
source of social tension related to economic development, on the one hand, and quality of
life on the other.

The first European Directive 70/157/EEC [2] deals with the maximum noise level
values and the corresponding procedure for measuring noise levels in motor vehicles. In
turn, the second of the EU directives, marked as 97/24/EC [3], introduced appropriate
limit values for two- or three-axle vehicles, taking into account the currently used silencing
and exhaust systems of motor vehicles. On this basis, an EU regulation (540/2014/EU) [4]
specifies the acceptable sound levels of vehicles and suggests the replacement of noise
reduction systems. In turn, another EU directive, 2001/43/EU [5], specifies the limits on
different types and widths of tires, which also relates to type approval for all new tires.
Following the introduction of EU regulation 2020/740 [6], related to noise levels generated
by tires, new markings for tires sold in the European market were also introduced.

The basic national legal act in the field of environmental protection, which includes
protection from noise, is the Environmental Protection Law published on 27 April 2001 [7],
and permissible noise levels for environmental protection were specified in the Ordinance
of the Minister of the Environment on 15 October 2013 [8].
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The forementioned national and European standards may apply to not only the
operation of cars, but also their production. Manufacturers of passenger cars are required
to use natural sources, as well as those from recycling, to obtain products for the production
of vehicles. According to some researchers from the automotive industry [9,10], it goes
unnoticed that rational waste management is conducive to minimizing negative impacts on
the environment. In turn, several researchers have studied the issue of vehicle noise [11-14],
and Cherry [15] has demonstrated active sound control technology that can be used to not
only reduce noise in the car environment, but also improve driving comfort.

One source of vehicular noise is the engine noise, which is transferred inside the cabin
of a car through an airborne path and a structure-borne path [16]. Moreover, vehicle-specific
noises include, among other examples, an air conditioning system and car horns. A large
portion of such noises changes between vehicles [1]. Another researcher [17] showed a
significant disease burden caused by environmental noise, stressing that noise is a public
health problem.

To obtain a more comfortable and safer driving environment, it is extremely important
to control the low-frequency noise radiated to a vehicle via the vibration of sheet metal car
parts [18]. Therefore, it is important to reduce noise in cars, particularly through modifying
the acoustic properties of the interior with a particular emphasis on increasing passenger
comfort, which may be caused by many of the auxiliary components, such as the electric
water pump, vacuum pump, low-speed fan, or ventilation equipment [19]. Hybrid and
electric vehicles are an alternative that pollute the environment to a lesser extent than
vehicles that are based on conventional technology [20,21].

This work aims to assess the variability in the noise levels of selected passenger cars
that have the same parameters and differ in their mileage and production year (2020-2022),
as well as to indicate methods of minimizing these levels. According to Ibarra et al. [22],
new vehicles may not yet be characterized in terms of noise emission.

2. Materials and Methods

Krishnamurthy and Hansen [1] demonstrated that road characteristics are a significant
factor effecting the noise levels of a vehicle, and that road surface characteristics may change
the noise levels of the vehicle (e.g., asphalt vs. concrete, smooth vs. cracks or holes). Hence,
passenger cars generate noise in various forms, and this noise may be generated by various
components of the vehicle. Noise from motor vehicles is generated by the act of driving,
vehicle movement, and overcoming rolling resistance (tire—surface) and air resistance (air
resistance coefficient “cx”), as well as friction resulting from braking and acceleration forces.
This research was based on the requirements outlined in the Environmental Noise Directive
(END) [23]. Measurements were taken at a standstill. Noise levels were measured using a
noise level meter (Sonometer BENTECH GM1356), which performs measurements with an
accuracy of 1.5 dB in the range of 30 dB to 130 dB. Immediately before the measurements
were taken, the meter was calibrated using a calibrator. The test was considered invalid if
the sound level meter showed that errors exceeding 1.0 dB were recorded during calibration
(EN IEC 60942:2018-06) [24]. A total of 13 cars that were manufactured in 2020-2022
(5 cars—2020, 4 cars—2021, 4 cars—2022) of the same type with the following parameters
were used for the tests:

Model—X3 GO01, standard version;
Type of fuel—diesel;

Engine power—125 kW;
Displacement—1995 dm3;

Engine fueling mode—normal;
SUV.

The measurement process consisted of reading the noise levels of each vehicle, in dB,
from a short period of engine operation. Before the measurements were taken, each vehicle
was brought to the operating temperature of the engine, i.e., the temperature reached by
the coolant, or a temperature of about 90 °C. Operating conditions during the engine test,
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such as types of fuel and oils and ignition timing, were set to default to follow the factory
manual of the cars.

Table 1 shows the coded notation for identifying the vehicles used in the test. A letter
was assigned to cars with the same year of production. Since the same types of cars were
used in this study, the kilometers driven by each car served as a differentiator.

Table 1. Code notation of and data on the tested vehicles.

Number of Cars Year of Production Mileage (km) Vehicle Code
1 2020 22,100 20a
2 2020 22,453 20b
3 2020 24,602 20c
4 2020 34,920 20d
5 2020 40,211 20e
6 2021 10,121 2la
7 2021 13,002 21b
8 2021 15,021 21c
9 2021 60,432 21d
10 2022 10 22a
11 2022 15 22b
12 2022 600 22c
13 2022 6012 22d

The vehicles’ noise measurements were taken in 2020-2022 at an external stand that
met the requirements set by the EU regulation from 2006 [25] on detailed requirements for
stations carrying out technical tests of vehicles.

During measurement, the owner (driver) of the vehicle and the person who conducted
the measurement were present at the measurement site as in Ferrari et al. [26], who also
carried out a study measuring vehicle noise.

For the tests to run properly, the following requirements—taken from the EU regulation
from 2002 [27], ISO 16254:2016 [28], and ISO/DIS 5128 [28]—had to be met:

The vehicle could not be loaded during the test;
During the test, the vehicle should be disconnected from trailers (semi-trailers); this
does not apply to inseparable vehicles;
Before the test, the vehicle’s engine was brought to its normal operating temperature.
If the vehicle’s cooling system was equipped with an automatically actuated blower,
the system would operate normally during measurement;

e If the diesel engine of the vehicle was equipped with a fuel enrichment system, the
lever of this system would be set to the “no load” position;

e  The test vehicle was to be placed in the middle of the test area with the drive system
in neutral position and the clutch and parking brake engaged.

To perform the measurements, an appropriate measuring station was prepared. Mea-
surements of the noise levels from the exhaust system were performed on a measuring
stand where there were no obstacles up to 3 m on each side of the vehicle. This was
necessary due to the physical propagation of sound waves and their reflection. Failure to
comply with this rule would have led to measurement errors. The measurements were
taken at 12 research points in the interior (2 points) or on the exterior (10 points) of the
vehicle at a distance of 2000 mm or a higher distance of 4000 mm (2 points). This distance
made it possible to take measurements near the car. These measurements were taken at
idle and maximum engine speeds at the following points (including the tripod) (Figure 1):

e  Measurement A—measurement of the noise level from the exhaust system at idle
speed;

e  Measurement AA—measurement of the noise level from the exhaust system at maxi-
mum engine revolutions (75% of rotational speed);
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e  Measurement B—measurement of the noise level at the front of the vehicle at idle
speed;

e  Measurement BB—measurement of the noise level at the front of the vehicle at maxi-
mum engine speed;

e  Measurement C—measurement of the noise level above the engine compartment at
idle speed;

e  Measurement CC—measurement of the noise level above the engine compartment at
maximum engine speed;
Measurement D—measurement of the noise level inside the vehicle at idle speed;
Measurement DD—measurement of the noise level inside the vehicle at maximum
engine speed;

e  Measurement E—measurement of the noise level 200 mm away from the vehicle at
idle speed;

e  Measurement EE—measurement of the noise level 200 mm away from the vehicle at
maximum engine speed;

e  Measurement F—measurement of noise level 4000 mm away from the vehicle at idle
speed;

e  Measurement FF—noise level measurement 4000 mm away from the vehicle at maxi-
mum engine speed.

——@ F/FF

A000[mm}

200 [mm)]

Figure 1. Scheme of the distribution of noise level testing points in the examined vehicles.

To eliminate measurement errors, three measurements were taken at each measure-
ment point, and then the average was calculated. During measurement, atmospheric
conditions were favorable, i.e., there was no rain or snowfall [21]. The results of the noise
level tests were related to the limit value specified in the EU regulation from 2002 [27].

The base statistics—minimum, maximum, arithmetic average, standard deviation,
and median—were used. The Shapiro-Wilk test was used to check the normality of the
distribution of the analyzed data, and the Pearson linear correlation coefficient (n = 13) was
used to identify relationships between the above-mentioned variables [10]. A scatterplot
for groups of three variables was used. As part of the analysis of variance, multiple post
hoc comparison tests (Tukey’s test) were also used as a result of some means differing
significantly from the others. The test’s probability (p < 0.05) was considered significant.
The Statistica 12 software (StatSoft Poland, StatSoft, Inc., Tulsa, OK, USA) was used for
statistical analysis.
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3. Results

Figure 2 shows a graph illustrating the measurements taken at the exhaust outlet
at idle speed. The chart shows that a vehicle manufactured in 2020 generated the most
noise, as much as 59.9 dB. The quietest vehicle—considering all the tested vehicles—was
produced in 2022. This vehicle generated only 58.1 dB of noise. The average value of all
measurements is 58.8 dB, while the standard deviation is 0.51 dB (Table 2).
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Figure 2. Variation in the noise levels emitted by the tested vehicles at the “A” measurement point.

Table 2. Statistical data of measurements performed at specific measurement points.

Value/Research Points Unit A AA B BB C CC D DD E EE F FF

Max. 59.9 89.2 674 942 752 101.847.6 66.2 62.4 78.5 57.9 80.1
Min. 58.1 83.9 652 921 73.2 98.3 454 63 613 77.1 56.6 79.2
Arithmetic average (dB) 58.8 86.6 66.7 93.5 742 99.7 46.1 64.3 619 77.7 57.2 79.7
Standard deviation 0.51 1.79 0.75 0.76 0.56 0.95 0.66 0.96 0.36 0.43 0.33 0.26
Median 589 87.1 66.9 93.6 741 99.6 459 64.2 619 77.8 57.1 79.7

Figure 3 shows the measurements taken at the exhaust outlet at maximum engine
speed. As shown in the figure below, the maximum noise level identified was 89.2 dB,
with a permissible 96 dB as specified in the EU regulation from 2002 [27]. This level was
generated by a vehicle with a mileage of 22,453 km that was manufactured in 2020. The
lowest noise level belongs to a vehicle manufactured in 2022, and this value is 83.9 dB. The
average value of the measurements is 86.6 dB. The greatest standard deviation occurred at
this point and was 1.79 dB (Table 2).
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Figure 3. Variation in the noise levels emitted by the tested vehicles at the “AA” measurement point.

N
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Figure 4 shows the individual measurements taken at the front of the car at idle speed
(approximately 200 mm from the vehicle). In this case, the measurements were taken with
the combustion engine idling. The chart shows that the loudest vehicle was produced in
2022 and generated a noise level of 67.4 dB. The quietest vehicle was produced in 2021 and
generated a noise level of 65.2 dB. It was calculated that the average value of the noise
levels from all measurements is 66.7 dB (Table 2). The highest value of noise intensity was
achieved by a vehicle that traveled only 600 km, but the quietest vehicle had a mileage of

10,121 km.
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Figure 4. Variation in the noise levels emitted by the tested vehicles at the “B” measurement point.

At measurement point “BB,” as shown in Figure 5, a vehicle produced in 2022 achieved
the lowest noise level of 92.1 dB, and the loudest noise level, at 94.2 dB, was emitted by a
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car manufactured in 2020 with a mileage of 34,920 km. The average noise level was 93.5 dB
(Table 2).
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Figure 5. Variation in the noise levels emitted by the tested vehicles at the “BB” measurement point.

Figure 6 shows the noise measurements taken at measurement point “C,” that is, at
the engine compartment above the drive unit at the minimum amount of evolutions for the
combustion engine. Measurements showed that the loudest vehicle was a car produced in
2022, and the noise level of this car was 75.2 dB with a mileage of only 10 km. A car with a
mileage of 22,100 km emitted the lowest level of 73.2 dB. The average value of the noise
level measurements was 74.2 dB (Table 2).
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Figure 6. Variation in the noise levels emitted by the tested vehicles at the “C” measurement point.

Figure 7 includes the measurements taken at the “CC” measurement point above the
engine compartment at the maximum amount of engine revolutions, where the permissible
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value is 96 dB. The highest noise value of 101.8 dB was generated by a vehicle manufactured
in 2022 with a mileage of 15 km. On the other hand, the car with the greatest mileage,
60,432 km, turned out to be the quietest, as it emitted noise at the level of 98.3 dB. Similarly,
the greatest averages of the noise levels of researched vehicles were 99.7 dB and 99.6 dB at
a low standard deviation of 0.95 dB.

65000 rTrrrrrrrTrTrrTrrTrr T rrrtrotortd 1 10
60000 105
55000 [ 100
50000 o
45000 4 - 3
N ] - 90 —
40000 - S
£ ] (g5 3
3 35000 L 2
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@ 30000 [ 2
= 1 L 75 =
S 25000 - [
20000 4 - 70
15000 - - 65
10000 - h
5000 - 55
0 - - 50

20a20b20c20d20e  21a21b21c21d  22a22b22c 22d
Vehicle

Figure 7. Variation in the noise levels emitted by the tested vehicles at the “CC” measurement point.

Figure 8 shows the measurements of noise levels inside the vehicle in the driver’s
position with the internal combustion engine at an idle speed. The highest noise value
recorded is 47.6 dB at a mileage of 60,432 km, in a vehicle produced in 2021. A car from
2022 with a mileage of 15 km generated the lowest noise value at the level of 45.4 dB. The
lowest average value was 46.1 dB and the median was 45.9 dB.

T T T T 1T 1T 11171717117 100
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Figure 8. Variation in the noise levels emitted by the tested vehicles at the “D” measurement point.
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Figure 9 shows results that varied significantly. The highest noise was generated by
a vehicle manufactured in 2021, and its measured value was 66.2 dB. The lowest noise
was recorded in a car manufactured in 2022 at only 63 dB. It was also calculated that the
average value of the noise levels of all vehicles oscillates around 64.3 dB. The vehicle with
the greatest mileage, 60,432 km, generated the most noise. The noise intensity in this case
was 66.2 dB. A car with a mileage of 10 km turned out to be the quietest, at the sound
intensity level of 63 dB.

65000 | I B B B B DL BN ENL N BN B BN AL L BN B B | 110
60000
55000 - - 105
50000 - I
45000 o _ - 100
- . Admissible limit of noise level
£ 40000 - n
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8) 35000 ]
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Vehicle

Figure 9. Variation in the noise levels emitted by the tested vehicles at the “DD” measurement point.

Figure 10 presents a summary of the results of noise level measurements, which were
carried out at a distance of 200 mm next to the vehicle at idle speed. According to the data,
the highest noise level was achieved by a vehicle manufactured in 2020, and the noise level
was equal to 62.4 dB with a mileage of 22,100 km. The lowest noise level, only 61.3 dB, was
generated by the vehicle produced in 2022 with a low mileage of 15 km. It was calculated
that the average value of the noise levels of all vehicles amounted to 61.9 dB, (Table 2).

Figure 11 shows a graph illustrating the noise level measurements taken with the
device placed 200 mm next to the vehicle at maximum engine speed. The highest measured
noise level was 78.5 dB with a mileage equal to 60,432 km. This result was achieved by a
vehicle produced in 2021. The lowest recorded noise value was 77.1 dB, generated by a
vehicle from 2022 with a mileage of 15 km. The average measurement of noise levels was
77.7 dB (Table 2).
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Figure 10. Variation in the noise levels emitted by the tested vehicles at the “E” measurement point.
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Figure 11. Variation in the noise levels emitted by the tested vehicles at the “EE” measurement point.

The results (Figure 12) of the noise measurements at the measuring point located
4000 mm next to the vehicle at idle speed showed a highest measured value of 57.9 dB,
which was generated by a vehicle manufactured in 2021. The lowest noise level amounted
to 56.6 dB and was produced by a vehicle manufactured in 2022. A vehicle with a mileage
of 60,432 km generated the highest noise level, while the lowest noise level was generated
by a car with a mileage of 15 km. The average of the measurements was 57.2 dB (Table 2).
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Figure 12. Variation in the noise levels emitted by the tested vehicles at the “F” measurement point.

Figure 13 summarizes the results of measurements taken at a distance of 4000 mm
from the side of the vehicle at maximum engine speed. The loudest vehicle, generating
80.1 dB, was produced in 2020, while the quietest vehicle, emitting 79.2 dB, was produced

in 2022.
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Figure 13. Variation in the noise levels emitted by the tested vehicles at the “FF” measurement point.

The highest noise level, 80.1 dB, was obtained from a vehicle with a mileage of
40,211 km. The lowest noise was produced by a vehicle with a mileage of 10 km and
reached a level of 79.2 dB. The average value of all measurements was 79.7 dB at the lowest
standard deviation of 0.26 dB (Table 2).
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In Figure 14a,b, a scatterplot of the measurement noise level at the “CC” measurement
point, above the engine, confirmed that all cars produced in 2022 with mileages below
10,000 km exceeded the level of 100 dB. At measurement point “D,” inside the vehicle, cars
produced in 2020 and 2021 with mileages of more than 10,000 km exceeded the level of
40 dB.
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-10000 s s s s s s s
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(b)

Figure 14. Mileage relative to (a) “CC” and (b) “D” measurement point—category relative to year pro-
duction.
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Post hoc studies showed that statistically significant differences in noise measurements
occurred in 2020-2022. For the “AA” variable, outside the cars, results were significantly
different between vehicles manufactured in the years 2020 and 2022, as well as between
those manufactured in the years 2021 and 2022. For the “DD” variable, inside of the cars,
the results from the years 2020 and 2022 were also significantly different (Figure 15).
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2020 2021 2022
& Average

Year of production T Average+/-0.95 Advance trust

(a)

67.0

66.5

66.0

655

650

DD[dB]

645+
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63.0 —
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(b)

Figure 15. Interaction graph of variables at points (a) “AA” and (b) “DD”.

Table 3 presents correlations between the variables covering the 12 test points and
vehicle mileage. High correlations between mileage and measurement points “F” (0.936536),
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next to the vehicle at idle speed, and “BB” (0.748879), at the front of vehicle at maximum
engine speed, were identified from the statistical analysis. A positive correlation means
that, as mileage increases, so does the noise level.

Table 3. Correlation results between noise level and mileage.

Variable

A AA

Correlation
B BB C CC D DD E EE F FF

Mileage 0.532275 0.658989 —0.2467620.748879 —0.493777—0.7407350.934106 0.895711 0.445739 0.67302  0.936536 0.534013

Statistical values in italics are statistically significant values at p < 0.05.

4. Discussion

The measurement of noise emitted by vehicles remains important in the context of
eliminating its sources, as it may affect the deterioration of the environments in which
people live. This research showed that a cars’” manufacturing year, especially for those
produced from 2020 to 2021, and the distance traveled by a vehicle with average mileages
above 10,000 km have an impact on changes to the noise levels generated by the vehicle.
Not without significance are the measurements of noise levels, which showed that the
highest noise level occurred in the engine compartment at 101.8 dB, from a vehicle with a
mileage of 15 km that was manufactured in 2022. Wrobel [29] obtained lower noise levels
inside vehicles during their tests, but Chiatti et al. [30] showed the dependence of noise
level on combusted fuel with an indication of biodiesel. The highest average value of noise
levels was confirmed at 99.7 dB, above the engine compartment at the maximum engine
speed, exceeding the allowable level. The lowest average value of noise levels was 46.1
dB, inside the vehicle at idle speed, and differences in the research results were confirmed.
According to Lee and Nasiri [31], the dominant irritating noise component covers engine
sound frequencies in the range of 20 to 200 Hz. Ambroszko [32] has shown that the main
noise sources are characterized by their location in the car and the spectra of the sound
pressure level. The high noise levels of 89.2 and 94.2 dB also occurred in the driver’s
cabin and at the front of vehicles produced in 2020 with mileages above 10,000 km. In this
case, the long and intensive use of the vehicle significantly affects the acoustic sensation
inside the vehicle, a fact that was confirmed by the high correlation (0.7) between the noise
levels and the mileages of the cars. Some researchers [33] showed a correlating relationship
between engine noise and rotating speed, enabling the control of the engine sound by using
active control systems. According to Lee [34], the frequency components of engine noise
are correlated with the rotational speed of the engine crankshaft and its harmonics.

Significant differences in noise emission intensities occurred mainly between vehicles
produced in 2020 and 2022 at points outside of the vehicles. On the other hand, the
difference in the noise levels in the driver’s cabin between the loudest and the quietest
vehicles was 3.2 dB. During a noise emission test, Sup Lee et al. [35] also showed different
results. Similarly, the highest standard deviation, 1.79 dB, showed a significant dispersion
of the results at the outside point. This may indicate changes in amplitude sound signal [36],
which are produced by rapid periodic changes over time [37].

According to Miloradovi¢ et al. [28], surfaces of the engine and underbody of the
vehicle generate vibrations and sound waves that constitute noise. This phenomenon may
be influenced by material aging clearances between elements and the deformation of vehicle
parts as a result of weather conditions [36]. Yu et al. [38] showed that noise reduction in
these parts of the vehicle can be achieved by using acoustic materials such as fiber, foam,
and polyurethane. Manufacturers, to some extent, minimize undesirable phenomena
related to noise emission by installing various types of noise-absorbing elements, e.g., the
soundproofing of door upholstery, of the engine bulkhead wall, and of the floor. However,
they do not install them in all sensitive places exposed to the penetration of noise outside
or inside the vehicle as a result of the significant costs of these operations. Another solution
may be the use of either “quiet surfaces” that reduce noise by 15 dB [39] or an adaptive
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filter with an optimal weight vector for the active control of engine noise [35]. The final
reduction in noise inside a motor vehicle above the standard is, therefore, the result of
several factors [40]. Hence, in the mentioned case, it would be advisable to use a thermal
screen in the form of a thin layer of extruded aluminum. Similarly, Noh [41] used a solution
with extruded aluminum. Generally, to minimize the level of noise emitted by internal
combustion engines, the solution, in short, is a gradual increase in the number of electric
cars in use. Klockner et al. [42] have shown that, at the micro level, electric cars benefit the
local environment as a result of their lack of local emissions and low noise levels. However,
transportation is certainly needed during electrification, and electric vehicles are inherently
an intensively exploited resource; thus, it is not certain whether the necessary resources
will be available to meet the increase in demand [43].

5. Conclusions

This study provides data on the levels of noise emitted by vehicles with identical
parameters manufactured in 2020-2022. The highest arithmetic average noise value in the
tested vehicles was 99.7 dB and came from above the engine, exceeding the permissible
noise level. It is worth emphasizing that statistically significant differences in the noise
measurements of the tested cars occurred between 2020 and 2022, as well as 2021 and 2022.
In turn, the noise levels increased in vehicles mainly produced between 2020 and 2021
with mileages of over 10,000 km. This is related to the high correlation (0.7) between noise
level and mileage in the tested cars, which showed that long-term and intensive use of the
vehicle significantly affects the noise level.

The loudest place in a passenger car turned out to be above the engine compartment,
where noise levels oscillated around 100 dB with mileages of less than 10,000 km. This
proves the impact of the moving or mechanical parts of a vehicle on noise, as well as the
need for noise reduction solutions developed by vehicle manufacturers. Our hope for the
reduction in noise levels in the future is an increase in the use of electric vehicles, which
would have a positive impact on the local environment.
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