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Abstract: The article offers a comprehensive examination of vehicle emissions, with a specific focus
on the European Union’s automotive industry. Its main goal is to provide an in-depth analysis of the
factors influencing the emission of microcontaminants from light-duty vehicles and the challenges
associated with their removal via exhaust aftertreatment systems. It presents statistical insights
into the automotive sector and explores the relationships between vehicle categories, fuel types,
and the emission of regulated and nonregulated pollutants, as well as relevant legal regulations
such as the European Emission Standard. The article delves into the characteristics of vehicle
exhaust, compares exhaust-gas aftertreatment systems, and introduces factors affecting emissions
from gasoline engines, including downsizing, fuel composition, and engine operating parameters. It
also considers the impact of driving style, start–stop systems, and related factors. Concluding, the
article offers an overview of vehicle-testing procedures, including emission tests on dynamometer
chassis and real driving emissions. With the growing global vehicle population and international
environmental regulations, a focus on solid particles containing microcontaminants is paramount,
as they pose significant risks to health and the environment. In summary, this article provides
valuable insights into vehicle emissions, significantly contributing to our understanding of this
crucial environmental issue.

Keywords: emission regulations; light-duty vehicles; European emission standards; nonregulated
emission; microcontaminants

1. Vehicles around the World
1.1. Statistical Information on the Automotive Industry

In the 15th century, Leonardo da Vinci presented a plan for a vehicle moving by the
force of the wind, while, in the following centuries, the idea was developed, among others,
by JH Genevois, who proposed the use of small windmills and springs as energy storage.
The first steam vehicle was created in 1769, constructed by Nicolas-Joseph Cugnot, while
Karl Benz in 1886 patented a machine that is considered the first internal combustion car.
The Model T produced in 1908 by the Henrys’ Ford Company became the first inexpensive
vehicle available to a wide audience, marking the beginning of the dynamic development of
the automobile industry [1]. Currently, it is one of the most important businesses—vehicles
are responsible for the transport of goods, people, and services around the world.

The automotive branch includes all activities in the design, production, servicing,
marketing, and sale of cars. One third of all research and development expenditure
in the European Union is spent on the development of the automotive industry. This
makes the automotive business the most dynamically developing branch of business, with
expenditures on research and development reaching EUR 60 billion in 2020. This amount
is higher than the four next most cost-intensive sectors (drugs and biotechnology EUR
31.4 billion; technological equipment EUR 15.9 billion; software and computer services
EUR 10.3 billion) [2].
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In 2019, 12.7 million people were employed in the automotive industry, which is
approximately 7% of total employment in the EU and more than 11.5% of employment
in the industry sector. Related to the production of vehicles, parts and accessories are
3.5 million positions, while the rest are related to the sale and maintenance of vehicles,
transport services, and the construction of road infrastructure [2].

There are approximately 1.3 billion vehicles on the world’s roads and more than
246 million passenger cars on EU roads [2,3]. In 2021, 79 million new vehicles were
produced, and every fifth vehicle was produced in Europe. Over 12 million vehicles were
produced in the European Union alone, of which almost 10 million were passenger and
service vehicles up to 3.5 tonnes. There were 66 million vehicle registrations worldwide, of
which 9.7 million were in the European Union itself. The largest number of new vehicles
appeared in Germany, France, and Italy (respectively, 2.6, 1.7, and 1.4 million) [2].

Figure 1 illustrates the average annual vehicle mileage for selected European Union
countries, revealing a general downward trend. This decline can be attributed to various
factors, including the emergence of alternative transportation modes such as railways and
air travel, urban migration patterns, and economic growth that has resulted in shorter
distances to essential amenities like workplaces, shopping centres, and service outlets. In
the EU-27, the average mileage decreased from 13,000 km annually to 11,300 km. In partic-
ular, Finland experienced the most significant reduction, with a decrease of approximately
30% from around 19,000 km to 14,000 km over a 20-year period. Italy also demonstrated
a comparable percentage decrease, as the average mileage dropped from 12,500 km to
8500 km.
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Figure 1. Average annual mileage of passenger vehicles for selected countries in 2000–2019. Repro-
duced data from Odysse-Mure [4].

In contrast to other EU countries, in Poland in the years 2002–2010, there was an
increase in the average annual mileage, at its peak reaching approximately 8500 km. The
downward trend continued until 2014 when vehicles travelled 1.5 thousand km less. In
2017–2019, the average distance was about 8.6 thousand km.

Based on the number of motor vehicles and the average mileage, it can be assumed
that almost 2.8 trillion km (2.8 × 1012) were driven in the EU in 2019. This means that
seemingly small amounts of pollutants introduced into the environment, often counted in
micrograms per kilometre driven, add up to significant amounts over the course of a year.

When analysing emissions, the type of vehicle and the fuel on which it is driven
should be taken into account. These factors determine not only the emission tests used and
the limits that the vehicles must meet but also the scale of the tests.



Energies 2024, 17, 209 3 of 42

1.2. Vehicle Categories

Vehicles differ in performance, appearance, weight, purpose, and price. The division
of vehicles into appropriate categories is used, e.g., while conducting emission tests and
limiting individual exhaust-gas components. In addition, assigning a vehicle to a given
group defines which requirements it is subject to, e.g., tax, and the scope of permissions
necessary for its use. In Poland, vehicle division is defined by the Road Traffic Law [5],
which is based on the Directive of the European Parliament and of the Council [6]. Table 1
presents the individual categories with a simplified description.

Table 1. Vehicle categories. Own elaboration based on [5,6].

Category Description

M Motor vehicles intended for the transport of persons and luggage with
at least four wheels.

M1 With up to 8 seats in addition to the driver’s seat
M2 With more than 8 seats, weighing less than 5 tonnes
M3 With more than 8 seats, weighing more than 5 tonnes

N Motor vehicles designed to transport cargo
N1 Weighing less than 3.5 tonnes
N2 Over 3.5 tonnes and under 12 tonnes
N3 Weighing more than 12 tonnes

O Trailers designed to transport cargo, people, or residential purposes
O1 Weighing less than 750 kg
O2 Weighing more than 750 kg, less than 3.5 tonnes
O3 Weighing more than 3.5 tonnes, less than 10 tonnes
O4 Weighing more than 10 tonnes

L Two- or three-wheeled vehicles and some four-wheeled vehicles
T Agricultural tractors
G Off-road vehicles
R Agricultural trailers

Categories M, N, and O have additional subgroups depending on the number of seats
for passengers or the permissible total weight.

The laws in force in the European Union regulating i.a. the regulations on approval
and emission tests divide vehicles into two categories: light duty and heavy duty. In simple
terms, light-duty vehicles (LDV) have a reference mass of up to 2610 kg (or in some cases
2840 kg) [7]. LDVs are further divided into two groups, depending on the purpose of
the vehicle: light-commercial vehicles (LCV), designed mostly to transport goods, and
passenger cars, for driving people. According to the 2017/1151 Regulation of the EU
Commission, the reference mass is the total mass of the vehicle ready to drive, including
with the fuel tank filled to at least 90%, including the mass of the driver, fuel, operating
fluids, and standard equipment according to the manufacturer’s specification [8,9].

Reports and statistical studies are divided into vehicle market segments. Here, the
division criteria often focus on one feature that connects the vehicles, e.g., size, body type,
and price [10]. Due to the size, vehicles are divided into small, city, compact, family, luxury,
sports, and vans. The most popular body types include hatchback, crossover, and fastback,
while due to the price, vehicles are divided into cheap, popular, luxury, and sports. Due
to similar parameters, such as the weight and size of the vehicle in individual segments,
an additional division is applied due to specific engine power, torque, acceleration, and
maximum speed. In the context of emission measurements in selected groups of vehicles
(e.g., M1 and N1), vehicles are classified according to their power-to-weight ratio (PWR).

Depending on engine displacement and size, vehicles may be subject to additional tax
relief. An example is the vehicle ownership fee applicable in some EU countries. Vehicles
with higher unit power or engine displacement and meeting older emission standards are
subject to higher tax rates [11], for example, in Japan, the so-called kei car, where the maxi-



Energies 2024, 17, 209 4 of 42

mum dimensions and engine power of the vehicle were imposed. Belonging to this segment
was associated with lower tax rates, for example, in purchase and insurance [12]. Vehi-
cles classified as movable historical monuments benefit from exemptions, including those
pertaining to emission requirements and restrictions on entering low-emission zones [5].

Furthermore, all self-propelled machines [6], including vehicles not designed for
passenger and goods transport, along with mobile machines and transportable devices
installed on the vehicle chassis for passenger or goods transport, fall under the category of
nonroad mobile machines [13]. This category encompasses a diverse range of equipment,
including small gardening equipment, construction machinery, agricultural machinery,
locomotives, and inland waterway vessels [14].

1.3. Types of Fuel Used

Depending on the internal combustion engine (ICE) in vehicles, the kinetic energy to
drive the wheels is obtained from various energy sources. For example, vehicles powered
by refined petroleum products, such as diesel, gasoline, and liquid petroleum gas (LPG),
convert chemical energy. Hybrid and electric vehicles (EVs) can also draw electricity from
the conversion of chemical energy, i.e., burning hard coal and lignite in conventional power
plants, but also from renewable sources, such as solar and wind power plants.

The type of fuel that the vehicle is powered by is important not only in terms of legal
emission limits but above all in terms of the exhaust-gas treatment systems used. The most
popular fuels, classified as conventional fuels, include gasoline and diesel. An increasing
number of alternatively powered vehicles are appearing on European roads. Alternative
fuels include compressed natural gas (CNG), LPG, and hydrogen.

Bioadditives are added to conventional fuels to effectively mitigate total CO2 emis-
sions [15]. In the European Union, fuels are designated with specific codes that indicate the
maximum addition of biocomponent (% vol). For instance, gasoline variants like E0, E5,
E85 and E100 contain a maximum volume of 0, 5, 85, and 100% vol. bioethanol, respectively.
Similarly, diesel fuels such as B7 and B10 consist of up to 7% vol. and 10% vol. fatty acid
methyl esters (FAME), respectively.

Some vehicles are equipped with hybrid systems with two different energy converters
(and energy storage systems). Hybrid vehicles are divided into light (mild) hybrids, full
hybrids, and plug-in hybrids. In light hybrids, the electric motor supports the internal
combustion engine and cannot drive the vehicle on its own. The electric unit functions
as a starter and alternator, is able to power onboard electrical devices, and supports the
start–stop system. An additional advantage of hybrids is the ability to recover energy
during braking, which reduces the need for fuel. Full hybrids can run on electric power
for short distances. The electric motor supports the internal combustion engine, providing,
among other things, additional torque and draws energy from the combustion engine
and when recovering it from braking. The plug-in hybrid has an electric drive capable of
independently propelling the vehicle on routes reaching several dozen kilometres. The
battery is charged both from the grid and by the engine under specific conditions. Once
the energy from the grid is fully consumed, this approach can substantially minimize CO2
emissions [16].

Electric vehicles have batteries that can cover up to 800 km on a single charge [17]. Due
to the lack of a combustion engine, they do not emit exhaust gases and engine particulates.
Figure 2 shows the fuels used in new vehicles.

In 2018, gasoline-powered spark-ignition (SI) passenger vehicles accounted for over
55% of all units sold, around 37% had compression ignition (CI) engines, and the share of
vehicles with other engines was less than 8%. In 2021, the share of vehicles with SI and
CI engines dropped to 40% and less than 20%, respectively. Other vehicles accounted for
more than 40% of all passenger vehicles sold, of which approximately 20% were hybrid
vehicles (light and full), and electric and plug-in hybrids accounted for 9%. In the case of
light-duty vehicles, the share of units with a diesel engine decreased slightly from 93% to
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90%, the share of diesel-engine-equipped vehicles was approximately 4–5%, and the share
of alternative fuels increased from 2.5% to 6%.
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In Poland in 2018, of 23.4 million registered passenger vehicles, almost 53% were with
a spark-ignition engine, 31% with a compression-ignition engine, and 14% with an LPG
installation. Vehicles with an alternative drive accounted for 2% of the entire fleet [4].

Motor vehicles can run on two types of fuel. Depending on the adaptation of the
engine, two-fuel vehicles and flex-fuel vehicles are distinguished [9]. Bifuel vehicles have
two separate fuel delivery systems; the internal combustion engine uses one type of fuel
at a time. An example is vehicles with a gasoline engine powered by a gasoline engine
equipped with an installation designed to supply LPG. Flex-fuel vehicles have one fuel
tank, and the engine is designed to burn a mixture of different proportions. A flex-fuel
ethanol vehicle can run on petrol or a mixture of petrol and ethanol of up to 85% (E85),
and a flex-fuel biodiesel vehicle can run on mineral diesel or a mixture of mineral diesel
and biodiesel. In 2019, the average fuel consumption in light passenger and commercial
vehicles was 6.0 litres of gasoline equivalent per 100 km [18].

In addition to exhaust-gas treatment systems and emission limits, fuel selection is
also influenced by economic and technological considerations. In the European Union,
starting from 2035, manufacturers will be restricted to exclusively selling zero CO2 emission
vehicles. This transition requires the expansion of the electric vehicle charging infrastructure
and network, as well as the establishment of an extensive hydrogen refuelling-station
network to support vehicles powered by alternative fuels. Furthermore, the market will
require a sufficient supply of synthetic gasoline. Additionally, producers will face the
challenge of meeting the increased demand for raw materials and components required
for battery production and electricity generation. Transport poverty, which pertains to the
limitations imposed on transportation and mobility, is also a significant factor influencing
fuel restrictions set by the legislative body.

2. Vehicle Emissions
2.1. Emission and Low-Stack Emission

Within the European Union, several impactful acts are currently in effect to safeguard
or uphold air quality. Examples include the implementation of Best Available Techniques
(BAT) [19] and the Fit for 55 initiative [20]. BAT requires the use of the most effective
practical methods. Fit for 55 is an integral part of the 2030 Climate Target Plan and the
Green Deal, which aims to achieve a 55% reduction in CO2 emissions by 2030. Furthermore,
from 2035, only vehicles with zero CO2 emissions should be produced.
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According to the Polish Environmental Protection Law, emission is the direct or
indirect introduction, as a result of human activity, of substances or energy (heat, noise,
vibration, or electromagnetic field) into the environment [21]. One type of emission is the
so-called low emission or low-stack emission. That is, the emission of dust and harmful
gases is the result of inefficient and incomplete fuel burning during residential heating,
industrial energy and heat production, and automotive emission [22] which, according
to source classification by the Environmental Protection Agency U.S., refer to nonpoint
emission sources, point emission sources, and on-road emission sources, respectively [23].
Substances are introduced into the environment at a height of up to 40 metres above ground
level [24,25].

2.2. Selected Legal Regulations

Low-stack emission is particularly dangerous in urban agglomerations with dense high
buildings or in places where air circulation is hindered by the terrain. An example of such a
place is the city of Krakow, where dense historical buildings and location in a valley make
the removal (dilution) of air pollution by air movement particularly difficult. To improve
air quality, numerous solutions are used, such as creating zones free of tall buildings, the
so-called air corridors, which are used to ensure the free flow of wind. Another solution
is to limit the sources of low emission through local regulations, e.g., limiting the use of
solid fuels [25] and limiting the traffic of motor vehicles, e.g., clean transport zones, zones
of limited transport emissions [26,27] and local air protection programs [28]. There are over
220 restricted emission zones in 15 countries across the European Union [29].

2.3. Regulated Emission—European Emission Standard

The literature widely describes the significant risks that regulated emissions pose
both to human health and the environment [30,31]. This underscores the importance of
considering the complete life cycle of vehicle emissions, including fuel extraction and
transportation, in order to comprehensively address the environmental impact.

Vehicle emissions are calculated only on the so-called way from the tank to the wheel
(TTW), i.e., without taking into account the pollution caused during the extraction and
transport of fuel, i.e., on the way from the well to the tank (WTT; well to tank). Emissions
from the production of the vehicle are also not taken into account. The diagram of the path
from the well to the wheels is shown in Figure 3. This is important, for example, when
comparing the CO2 emissions of electric vehicles—while the TTW emissions will rather be
constant, the WTT will be higher for energy from nonrenewable sources [32].
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In Poland and the European Union, vehicle emissions are regulated by the European
Emission Standards [9] and CO2 emission limits [33]. The regulated emissions are carbon
dioxide, carbon monoxide, nitrogen oxides, hydrocarbons (HC), nonmethane hydrocarbons
(NMHC), and particulate matter. In the case of solid particles, there is a division into their
mass (PM) and number (PN). Depending on the fuel used, the limits set for individual
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components differ. Table 2 compares the value of the current Euro 6d-ISC-FCM standard
(in-service conformity, fuel-consumption measurement) [34]. All regulated pollutants have
their source in the engine, i.e., they are created as a result of fuel combustion and small
amounts of engine-oil combustion.

Table 2. Comparison of Euro 6d-ISC-FCM (in-service conformity, fuel-consumption measurement)
and CO2 limits for gasoline (SI) and diesel (CI) vehicles. Own reproduction based on [33].

CO HC NMHC NOx
HC+
NOx

PM PN CO2
(a)

[g/km] [g/km] [g/km] [g/km] [g/km] [g/km] [#/km] [g/km]

SI 1.0 0.10 0.068 0.060 - 0.0045 6 × 1011 (b) 95
CI 0.5 - - 0.080 0.170 0.0045 6 × 1011 95

(a) Manufacturer’s fleet limit [33]. (b) Only for vehicles with direct fuel injection.

Vehicles with a spark-ignition engine can emit 1 g of carbon monoxide for every
kilometre driven, while vehicles with a compression ignition engine can emit half as much,
0.5 g/km. In vehicles with a gasoline engine, hydrocarbons and nonmethane hydrocarbons
are limited, while in vehicles powered by a diesel engine, the sum of hydrocarbons and
nitrogen oxides is specified. In addition, in both cases, there is an individual NOx limit of
0.060 and 0.080 g/km, respectively. The mass of particulate matter emitted by both types of
vehicles is identical. For vehicles with a gasoline engine, the particle-number limit only
applies to vehicles with direct fuel injection (DI). It is worth noting that only particles with
an electrical mobility diameter of 23 nm or larger are limited. Vehicle CO2 emissions are
calculated according to specific tests, such as the Worldwide Harmonised Light Vehicle
Test Procedure (WLTP), while manufacturers’ fleet CO2 emissions are determined by
averaging the specific CO2 emissions of all new passenger vehicles produced by a given
manufacturer. [33]. According to applicable regulations, all passenger and light-duty
vehicles that emit less than 50 gCO2/km are classified as low-emission vehicles (LEV) [33].
This parameter refers mainly to vehicles powered by conventional fuels. For example,
vehicles with a hydrogen-powered drive unit emit insignificant amounts of CO2 resulting
from engine oil, while emitting relatively large amounts of nitrogen oxides [35].

The emission of sulphur oxides is not directly limited by the emission standards;
however, in this case, the upper limit of the sulphur content in diesel oil and gasoline is
applicable, which is 10 mg/kg in both cases [36].

According to the European Union regulations, motor vehicles’ exhaust-gas treatment
systems must effectively reduce harmful exhaust components for 5 years or over a distance
of at least 160,000 km, whichever comes first [7].

Since 2018, work has been underway on the next Euro 7 emission standard [37], which,
in addition to tightening the existing emission limits for components such as NOx, aims to
reduce the diameter of regulated particulate matter from 23 nm to 10 nm and introduce a
NH3 limit of 20 mg/km [38–41]. Motor vehicles must meet emission standards for 10 years
or 200,000 km [42,43].

2.4. Nonexhaust and Unregulated Emissions

In addition to the regulated pollutants, vehicle exhaust contains a number of elements
and compounds that are not limited. In the exhaust stream, there are numerous particles
and particulates formed by the incomplete combustion of fuel and co-combustion of engine
oil [44–47]. Nonregulated gaseous emissions from internal combustion-powered engines
encompass a range of pollutants beyond those subject to specific regulatory frameworks,
such as methane, nitrous oxide, benzene, formaldehyde, acetaldehyde, acrolein, toluene,
and xylene. They contribute to air pollution and environmental concerns. While solid
particle mass and number are limited, currently there are no regulations regarding their
chemical composition. The literature describes a possible way of solid particle formation
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starting from fuel pyrolysis through nucleation, coalescence, and agglomeration [45,48–50].
In addition, the extreme conditions in the engine, e.g., high fuel-combustion temperature,
locally reaching 2000 ◦C, and the high speed of the engine pistons [51], lead to abrasion of
the elements and emission of metal particles. Unregulated emissions also include pollution
from road traffic [52,53], mainly the abrasion of wheels and roads. During vehicle use,
tires and components of the braking system, such as brake discs and pads, are subject to
abrasion. Roads on which vehicles move are subject to gradual degradation and abrasion,
which also affects the emission of particles into the atmosphere. Moving vehicles on the
road can also dislodge and release particulate matter that has accumulated on the road
surface, contributing to airborne solid particles. This effect is particularly noticeable when
driving on unpaved roads.

The Geneva Convention on Long-Range Transboundary Air Pollution obliges Member
States to annually report the level of emissions of selected pollutants. For road transport, the
following categories are distinguished: road abrasion, tire and brake wear, light-commercial
vehicles, and passenger cars. Mopeds, motorcycles, heavy-duty vehicles and busses are
also included. However, for clarity of data presentation, they were merged into the “other”
category. Figures 4–7 show the emission levels of selected pollutants since 2000. It should
be noted that, due to restrictions on movement during the COVID-19 pandemic, particulate-
matter emissions in 2020 have drastically decreased. Figure 4 shows PM10 emissions from
road traffic. In general terms, PM emissions in the years 2000–2020 are decreasing every
year. This is the effect of tightening emission limits by introducing successive versions
of the European Emission Standard. PM10 emissions in light commercial and passenger
vehicles have been reduced from 142,000 tonnes per year to about 36,000 tonnes. In the
same period, the mass of PM10 particles emitted from road abrasion, tires, and brakes
increased from approximately 98,000 tonnes to 109,000 tonnes. The increase in emissions
is mainly related to the increase in the number of vehicles on the road and the increase in
the average weight of the vehicle. The share of particulate matter from light-commercial
vehicles and passenger cars fell from 60% to less than 25% over the period under review.
The emission from the other sources also decreased from 88,700 tonnes to 13,200 tonnes.
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Tire and brake abrasion is also a major source of emissions of metals such as copper,
zinc, chromium, and nickel, as shown in Figures 5 and 6.

At its peak, in 2019, copper emissions from tires and brakes amounted to over
1040 tonnes, passenger vehicles emitted over 86 tonnes of this metal and light-commercial
vehicles over 8.5 tonnes. The copper emissions from road abrasion amounted to just over
2 tonnes and other groups contributed 21 tonnes, bringing the total emissions to 1159 tonnes.
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For comparison, in 2000, 1000 tonnes were released into the atmosphere. Zinc emission
in this period is lower, but, like Cu, it maintains an upward trend. In 2000, road traffic
was responsible for the emission of 510 tonnes, while 20 years later, the weight of metal
introduced increased by 112 tonnes. In 2020, compared to the previous year during the
COVID-19 pandemic, vehicles emitted 130 tonnes of Cu and 75 tonnes of Zn less.
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Figure 7. PAHs emissions from road traffic and the number of vehicles in the years 2000–2020 in the
EU-27 countries. Reproduced data from EEA and EC [3,54].

Chromium and nickel emissions follow a similar trend to the previously discussed
metals, with tires and brakes being the main sources. However, due to the lower degree of
use of these metals, the scale of emissions is definitely smaller. In 2000, less than 46 tonnes
of chromium and 13 tonnes of nickel were emitted, while in the peak period, in 2019, the
emissions reached 56 tonnes of Cr and 14 tonnes of Ni, respectively. The year 2020 brought
a total decrease in the emission of these metals by eight tonnes.

In contrast to the metals discussed above, i.e., copper, zinc, chromium, and nickel, com-
bustion engines from passenger cars, LDVs, and other vehicles are the dominant sources
of polycyclic aromatic hydrocarbon (PAHs) emissions. This is the result of incomplete
combustion of fuel and engine oil. Figure 7 also shows that the cumulative change in PAH
emissions is not linear. This is caused by several factors affecting the level of emissions.
The introduction of subsequent versions of the European Emission Standard affects the
reduction of PAHs by individual vehicles. The increase in the number of vehicles on the
road itself is a phenomenon that intensifies emissions. In 2000, about 177 million passenger
vehicles travelled on the roads of the EU-27 countries; two decades later this number
increased to 250 million [3].

In the case of PAHs, from tires, brakes, and abrasion of the road, over the last 20 years,
emissions have oscillated between 630–727 kg per year. Light-commercial vehicle emissions
at their peak in 2007 were 2.3 tonnes. At the beginning of the period in question, PAH
emissions from passenger cars amounted to approximately 7.9 tonnes per year, to reach the
highest value in 2017, 10.5 tonnes per year. In 2020, passenger vehicles emitted 8.7 tonnes
of PAHs, which is a decrease of 1.6 tonnes compared to the previous year. Other vehicles
emitted from 4.2 to 4.5 tonnes of PAHs.

The European Commission’s proposed Euro 7 vehicle emissions standard, expected to
gain approval in 2025, introduces significant regulations, notably including initial limita-
tions on brake-generated particulate matter. It is geared toward a 27% reduction in brake
emissions, with a maximum of 7 mg/km until 2035, subsequently reduced to 3 mg/km.
The emission of microplastics from tires is also a target of the Euro 7 standard, which aims
to control the loss of mass of tires during exploitation [41].

2.5. Impact of Nonregulated Emission on Health

As mentioned above, the particulate matter from vehicles with a gasoline engine
contains a number of harmful elements and compounds. The literature focus is on the
danger of compounds and elements that are part of PM [45,55,56]. For example, Pacura
et al. [45] studied the microcontaminants concentration in particulate matter from gasoline
light-duty vehicles. Table 3 summarises the analysed groups of pollutants, i.e., organic
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polycyclic aromatic hydrocarbons and their derivatives, and inorganic impurities, i.e.,
selected metals and anions. The most common negative effects are shown next to each
element. It should be noted that, for many of the ingredients listed in Table 3, in small
concentrations, they are neutral for the body (zirconium, bismuth) or even necessary for the
functioning of the body. Macroelements such as sodium, calcium, potassium, phosphorus,
and chlorine should be consumed in a min. 100 mg per day, while micronutrients such
as chromium, cobalt (vitamin B12), manganese, and copper should be consumed in an
amount not exceeding 100 mg [57]. Halogens, including chlorine, fluorine, bromine, and
iodine, are found primarily in bound forms [58], often manifesting as potent acids or their
corresponding salts. This characteristic has significant implications from an environmental
protection perspective, posing risks to ecosystems and human health.

Table 3. Selected pollutants from vehicle traffic and their possible harmfulness. Compounds selected
according to the study [45].

Name Possible Harmful Effects Source

PAHs
PAHs affect the reproductive system and make it difficult to maintain a pregnancy. The

offspring can also experience the same effects while showing much more frequent defects at
birth and lower body weight. These compounds are carcinogenic.

[59–61]

Oxidized PAHs

1,4-Naphthoquinone Toxic by inhalation, irritating the eyes, respiratory system, and skin. Toxic to
aquatic organisms. [62,63]

Nitro-PAH
6-Nitro

chrysene
It has a hundred times greater carcinogenic potential than chrysene. The presence of the

NO2
− group destroys and hinders DNA repair. [59,63–65]

Anions
[F ] Fluorides Fluoride may cause irritation to the respiratory system, skin, and eyes. [66]

[Cl−] Chlorides The presence of chlorides may lead to irritation of the eyes and respiratory system. [59]

[Br−] Bromides Bromine compounds can cause restlessness, confusion, stupor, nausea, vomiting, and skin
conditions such as angiomas and rashes (bromism). [59]

[HCOO−] Formate Formates can cause hypoxia at the cellular level and metabolic acidosis. [67]
[NO2

−]
Nitrites

Excess can cause low blood pressure, accelerated pulse, headaches, stomach cramps,
vomiting, and thyroid damage. [59]

[NO3
−]

Nitrates
Excess can cause low blood pressure, accelerated pulse, headaches, stomach cramps,

vomiting, and thyroid damage. [59]

[PO4
3−]

Phosphates
Due to the high retention in the body, phosphates can lead to cell and tissue damage and

negatively affect the kidneys, and circulatory and reproductive systems. [68]

[SO4
2−]

Sulphur
Sulphates can aggravate asthma by limiting lung function and have a negative effect on

the heart. [69]

Metals
[Al] Aluminium Excess can lead to respiratory problems and neurological diseases. [59,66]

[Ba] Bar Consuming barium-contaminated water can cause digestive problems, muscle weakness, and
kidney damage. [59]

[Bi] Bismuth Excess bismuth can cause damage to the kidneys, brain, and bone tissue. [59]

[Ca] Calcium Responsible for the carbonate hardness of water; in combination with sulphate, it
forms gypsum. [70]

[Co] Cobalt In high concentrations, it is harmful to the respiratory and haematological systems. It exhibits
carcinogenic properties. [59,66]

[Cr] Chromium May be carcinogenic and cause ulceration of the respiratory tract and skin. [66]

[Cu] Copper It can be accumulated by plants. In high doses, it can cause vomiting, diarrhoea, and
abdominal pain. Continued exposure may cause kidney and liver damage. [59,66]

[Fe] Iron Excess iron can cause abdominal pain, diarrhoea, vomiting, metabolic acidosis, liver damage,
and cardiac collapse. Iron poisoning can be fatal in children. [66]

[K] Potassium Forms strongly basic potassium hydroxide [70]

[Mg] Magnesium Responsible for the carbonate hardness of water; magnesium oxide and sulphate have
laxative properties [66,70]

[Mn] Manganese Excess manganese negatively affects the nervous system, can cause personality changes,
movement and reproductive system disorders, and is irritating to the lungs. [59,66]



Energies 2024, 17, 209 12 of 42

Table 3. Cont.

Name Possible Harmful Effects Source

[Na] Sodium Forms strongly alkaline sodium hydroxide, excess leads to hypernatremia. [70]
[Nb] Niobium As dust can irritate the eyes and skin, niobium nitrate can cause permanent lung damage. [71]

[Ni] Nickel It causes an allergic skin reaction in 10–20% of the population. Inhalation of nickel may cause
reduced lung capacity and bronchitis. [59,66]

[P] Phosphorus Phosphorus compounds can cause nausea, abdominal pain and drowsiness, and long
exposure can cause osteoporosis and kidney damage. [59,71]

[S] Sulphur Sulphur compounds can damage the circulatory and immune systems, cause skin and eye
irritation, and have a negative effect on the lungs [71]

[Sb] Antimony Inhalation of antimony-containing dust can cause abdominal pain, vomiting, diarrhoea, lung
irritation, and stomach ulcers. [59]

[Si] Silicon Inhalation of silicon-containing dust may cause respiratory irritation. [59]

[Ti] Titan Titanium can accumulate in the lungs, reducing their capacity; titanium dioxide can cause
oxidative DNA damage. [59]

[Zn] Zinc Excess can cause stomach cramps, nausea, and vomiting. Long exposure can cause anaemia. [59,66]

[Zr] Zircon May be irritating to eyes, skin, and lungs. Prolonged exposure may cause allergic reactions
and cocci. [72]

In addition to the evident environmental and health advantages, emissions reduc-
tion initiatives also exert a substantial influence on the economy. For instance, a study
conducted by Levin et al. [73] evaluated the effects of the U.S. Environmental Protection
Agency’s revision of the lead and copper limit in drinking water on Americans’ medi-
cal expenses. Originally projected as a $335 million investment that resulted in annual
savings of $645 million in medical costs, Levin et al. [73] calculated that stricter limits
would prevent $9 billion in healthcare spending and an additional $2 billion in water
infrastructure-related expenses.

2.6. Micro-Contaminants and Their Classification

Microcontaminants (MCs) are components introduced into the environment as a result
of human activity in small, often trace amounts [74]. In the case of vehicle emissions,
microcontaminants are present in a much lower concentration (often by several orders
of magnitude) compared to regulated components, e.g., hydrocarbons. Despite their low
concentrations, MCs pose a serious health risk due to their mutagenic and carcinogenic
properties. Therefore, in-depth studies on MCs are necessary. In the literature, microcon-
taminants present in particulate matter from vehicles with a direct-injection gasoline engine
are divided into organic and inorganic groups. The differences in analytical treatment
between these groups are presented in Table 4. The main motivation for applying the
division presented in Table 4 is the difference in analytical techniques and methods of
removing selected pollutants. In the flue-gas system, organic pollutants can be removed
using materials with catalytic properties, while in the case of inorganic compounds, they
are emitted to the atmosphere or deposited on elements (e.g., GPF) in the form of ash de-
posits, some of which may subsequently be emitted into the environment [75]. During the
literature analysis, it was also recognised that organic pollutants have a greater impact on
health and the research environment, so the conduct focused on their removal [45,49,76,77].

Table 4. Differences between organic and inorganic microcontaminants are listed in the
literature [45,49,76,77].

Microcontaminants Organic Inorganic

Example Polycyclic aromatic hydrocarbons and
their derivatives. Elements, metals, and salts.

Removal Oxidation—also catalytic None a

creation of ash deposits
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Table 4. Cont.

Microcontaminants Organic Inorganic

Extraction method In organic solvents, e.g., cyclohexane In acid solutions, e.g., methylsulphonic acid, HNO3

Analytical techniques GC-MS IC, MP-AES
a—No method initiated automatically or by the user during vehicle operation.

3. Vehicle Exhaust
3.1. General Characteristics of Vehicle Exhaust

As previously indicated the vast majority of motor vehicles are powered by CI and
SI engines. The most important differences between these engines are the method of
combustion of the fuel and the composition of exhaust gases.

In compression-ignition engines powered by diesel, the ignition is triggered auto-
matically. During the movement of the piston in the compression stroke, there is a rapid
increase in the temperature of the gas, which is combusted after reaching the autoignition
temperature. The process is carried out with an excess of air, which translates into a high
oxygen content in the flue gases, ranging from 8 to 15% vol. [78].

In vehicles with a SI engine, the ignition of the air–fuel mixture is forced by a spark
from the spark plug. Under stoichiometric conditions (λ = 1), one kilogramme of fuel needs
14.7 kg of air for combustion (approximately 12 m3 of air for 1.3 dm3 of gasoline under
standard conditions) [79]. The exhaust gases leaving the drive unit contain a small volume
of oxygen, approx. 0.5–1.5% vol. [78].

Table 5 features the literature references selected based on the similarity of compared
vehicle groups, including factors such as weight, mileage, and engine power. Notably,
Hesterberg et al., 2008 [80] present emission factors derived from a comprehensive review
of 25 reports. Park et al., 2019 [81], Ntziachristos and Samaras 2019 [82], Aosaf et al.,
2022 [83], and Zhang et al., 2023 [84] compare vehicles meeting the same emission standard.
Hakkarainen et al., 2020 [85] compare vehicles tested on a chassis dynamometer, while
Šarkan et al., 2022 [86] present a comparison of emissions in real conditions for a vehicle
that has been adapted to run on LPG in accordance with applicable regulations.

Owczuk et al., 2018 [87] compared the emissions of carbon monoxide, hydrocarbons,
and nitrogen oxides from a vehicle with an SI engine powered by gasoline and CNG. The
use of gasoline is associated with a much higher amount of CO in the exhaust gas, reaching
0.12%; in the case of CNG, this value reaches about 0.01%. Hydrocarbon and nitrogen
oxides were higher for vehicles powered by compressed natural gas. It was 19 ppm and
1580 ppm, respectively, compared to 6 ppm and 1150 ppm for gasoline-combustion exhaust
gases. However, the study conducted by [87] could not be included in Table 5 due to
incomparable units of measurement.

Table 5. Exemplary composition of exhaust gases from light passenger vehicles based on selected
scientific publications from 2008–2023. The values presented in the table are given with the same
accuracy as the source. The lack of a value in the table means that the given component was not
analysed. Own elaboration based on the listed sources.

Fuel a CO CO2 HC NOx _ PM

[g/km] [g/km] [g/km] [g/km] [mg/km]

Zhang et al., 2023 [84]
Gasoline 0.84 270.28 0.24 0.04

Gasoline (Hybrid) 0.28 98.72 0.004 0.0009

Šarkan et al., 2022 [86]
LPG 1.90 213.97 0.0043 0.0513

Gasoline 1.93 217.69 0.0040 0.0311
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Table 5. Cont.

Fuel a CO CO2 HC NOx _ PM

[g/km] [g/km] [g/km] [g/km] [mg/km]

Asoaf et al., 2022 [83] b,c

Gasoline 0.81 0.19 0.01
CNG 0.76 1.79 0.01
Diesel 3.58 0.27 0.80

Hakkarainen et al., 2020 [85]
CNG 0.201 0.48

Gasoline (E10) 0.031 1.35
Diesel (B7) 0.463 0.64

Ntziachristos and Samaras 2019 [82] d,e

LPG 0.62 173.88 0.056 1.1
CNG 0.616 171.71 0.056 1.1

Gasoline 0.62 221.83 0.061 1.6

Park et al., 2019 [81]
LPG 0.82 270.5 0.001

Gasoline 0.42 265.0 0.007
Diesel 0.03 273.0 0.657

Hesteberg et al., 2008 [80]
CNG 0.42 0.59 0.18 10
Diesel 0.70 0.12 0.81 80

a The fuel was given according to the source. b The values have been converted assuming a density of gasoline
0.750 kg/L; CNG 0.592 kg/L; diesel 0.84 kg/L. Fuel consumption: for gasoline/diesel: 6.06 L/100 km; CNG 3.64
based on [88]. c NOx values are shown for NO. d Values given for Tier 2 Gasoline Medium Euro 6d; LPG Euro 6
and CNG Euro 4 and later based on tables 3–17 and 3–18 (1.A.3.bi) of the EMEP/EEA report [82]. e CO2 values
were estimated from tables 3–12 and 3–15 (1.A.3.bi) of the EPA/EMEP report [82].

Hesterberg et al., 2008 [80] conducted a comparison study of various reports from the
USA revealing that CNG-fuelled vehicles emit approximately 40% less carbon monoxide,
nearly 78% less NOx, and eight times less particulate matter (PM) than their diesel counter-
parts. However, they also emit nearly five times more hydrocarbons. Park et al. [81] studied
Euro 6-compliant vehicles under the National Institute of Environmental Research (NIER)
cycle tests. The study indicates that vehicles with a gasoline engine emit half as much
carbon monoxide as their counterparts powered by LPG. Diesel vehicles emit 0.03 gCO/km,
which is the lowest value among the analysed vehicles. At the same time, diesel vehicles
emit more than 0.65 gNOx/km, which is a higher value compared to LPG/gasoline. The
CO2 emissions for all vehicle groups are similar, amounting to about 270 gCO2/km. In the
Ntziachristos and Samaras 2019 [82] report for the European Environment Agency, Euro
6 vehicles were tested under the Worldwide Harmonised Light Vehicle Test Procedure.
The values of CO and NOx emissions from vehicles powered by LPG, CNG, and gasoline
are similar. Vehicles with an SI engine emit about 30% more CO2 and 45% more PM.
Hakkarainen et al., 2020 [85] compared the NOx and PM emissions of Euro 6-compliant
vehicles powered by CNG and gasoline, tested according to the New European Driving
Cycle (NEDC) test procedure. Compressed natural gas vehicles emitted more than six times
more nitrogen oxides while emitting almost three times less mass of particulate matter.
Aosaf et al., 2022 [83] studied idle emissions from representative vehicles from 2015–2020
in a Bangladesh fleet. This publication shows that diesel-powered vehicles emit the most
CO and NOx, respectively 3.58 and 0.80 g/km, while CNG-powered vehicles emit the
most hydrocarbons, 1.79 g/km. Vehicles with a gasoline engine emit the least hydrocar-
bons and NOx. In the study conducted by Šarkan et al., 2022 [86], a Euro 4-compliant
spark-ignition (SI) Subaru Impreza was modified to operate on LPG. Emission tests in real
driving conditions demonstrated comparable emission levels of carbon monoxide, carbon
dioxide, and hydrocarbons when compared to its gasoline counterpart. However, a notable
disparity was observed in the emissions of nitrogen oxides (NOx), with the utilization of
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LPG resulting in an approximate 65% increase in NOx emissions. As for the emissions from
China IV-compliant gasoline and hybrid vehicles described in Zhang et al., 2023 [84], there
are clear differences in the emission of individual components. The hybrid vehicle emits
three times less carbon oxides, while the emission of hydrocarbons is sixty times lower.
Vehicles with a gasoline engine emit more than forty times more nitrogen oxides than their
hybrid counterparts.

The values presented In Table 5 exhibit notable variations across publications, which
can be attributed to various factors, including the distinct fuel compositions employed,
diverse emission measurement methodologies, and the inclusion of vehicles with varying
weights and performance characteristics. These discrepancies underscore the importance of
standardized vehicle-testing procedures in order to ensure the obtainment of comparable
and reliable results for accurate emissions evaluation and analysis.

3.2. Microcontaminants Emission from Vehicles

As previously mentioned, the lack of stringent guidelines, such as comprehensive
emission standards, results in less uniformity regarding the analysis of compounds and
testing methods for nonregulated exhaust substances. Table 6 shows the exemplary litera-
ture that studied various microcontaminants that were present in the solid particles from
gasoline LDVs.

Table 6. Studies of microcontaminants present in particulate matter from gasoline LDVs. The
literature examples are based on scientific papers from 1998–2022. Own elaboration based on the
listed sources.

Test Object Emission Standard of the
Test Object Sample Source Identified Microcontaminants

Pacura et al., 2022 [45]
DISI vehicles

from 2017 and 2019 Euro 6b–Euro 6d-TEMP PM from WLTC tests PAHs, PAHs derivatives, metals,
anions +TEQ

Zhao et al., 2020 [47]
PFI and DISI vehicles

from 2000–2018 China 1–China 5 PM from UDC tests PAHs, PAHs derivatives +TEQ

Lin et al., 2019 [89]
Gasoline LDV

from 2004–2015 Euro 3–Euro 6 PM from NEDC tests PAHs

Muñoz et al., 2018 [90]
DISI vehicles Euro 3–Euro 6 PM from WLTC tests PAHs, alkyl-PAHs, soot +TEQ

Jakober et al., 2008 [91]
Gasoline LDV

from 1991–2002
PM and gas-phase carbonyls from

FTP tests
Aldehydes, ketones,

dicarbonyls

Riddle et al., 2007 [92]
Gasoline LDV

from 1991–2002 PM from FTP tests PAHs

Oda et al., 1998 [93]
Gasoline LDV

(pre–1998) PM scrapped from exhaust pipe PAHs, PAHs derivatives

For example, Oda et al., 1998 [93] conducted a study where they sampled partic-
ulate matter scraped from the exhaust pipes of pre-1998 gasoline LDVs. The analysis
revealed varying concentrations of analysed polycyclic aromatic hydrocarbons (PAHs),
with benzo(ghi)perylene reaching a concentration of 540 µg/gPM. Other abundant PAHs in-
cluded benzofluoroanthene isomers (b and j), indeno(1,2,3-cd)pyrene, and benzo(e)pyrene,
with concentrations of 300, 250, and 210 µg/gPM, respectively.
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Riddle et al., 2007 [92] and Jakober et al., 2008 [91] investigated solid particles collected
during the Federal Test Procedure (FTP) from 16 gasoline LDVs, including 10 low-emission
vehicles (LEV) and 6 cars equipped with three-way catalytic converters (TWC). In Riddle
et al.’s study, the highest concentrations were found for phenanthrene, benzo[a]pyrene,
and pyrene, reaching 320, 300, and 230 µg/gPM, respectively, for LEVs. For vehicles with
TWC, overall emissions were significantly increased. The most abundant groups were
isomers of 302 molecular weight, benzofluoroanthene b and k isomers, and benzo[a]pyrene,
with concentrations of 1100, 700, and 600 µg/gPM, respectively. Jakober’s study expanded
the analysis of these vehicles to include other microcontaminants in both the particle
and gas phases, with a specific focus on carbonyls. Comparing LEVs and vehicles with
TWC, the latter exhibited higher emissions. Moreover, there were significant differences
in the concentration and composition between the gas-phase and solid-phase compounds.
Generally, the gas phase had higher concentrations compared to the solid phase. For
example, butanal exhibited a concentration of 2000 µg/L in the gas phase compared to
92 µg/L in the solid phase, while acetophenone showed concentrations of 28 µg/L and
13 µg/L in the gas phase and solid phase, respectively. This trend was not linear, and
certain compounds were exclusively present in either the gas phase or solid phase, such as
propanal (630 µg/L) and 2-butanone (45 µg/L) in the solid phase, and 4-Et-benzaldehyde
(190 µg/L) and undecanal (20 µg/L) in the gas phase.

Muñoz et al., 2018 [90] conducted a thorough analysis of seven gasoline LDVs’ emis-
sions according to WLTP, focusing on PAHs and alkyl-PAHs, among other compounds.
The expectation was that, with each successive and more stringent emission standard, the
emissions of all hydrocarbons, including PAHs and their derivatives, would decrease. How-
ever, when comparing vehicles compliant with Euro 3 to Euro 6 Emission Standards, no
significant decrease in microcontaminant concentrations was observed. When comparing
Euro 3 and Euro 4 vehicles to Euro 6 vehicles, a noticeable decrease was observed across
all studied compounds. In contrast, when comparing the most recent standards of Euro 5
and Euro 6, no clear trend emerged, which can be attributed to the absence of significant
changes in the regulations governing emissions from gasoline vehicles. For instance, the
emissions of phenanthrene and pyrene were lower in Euro 5 vehicles compared to Euro 6
vehicles, while chrysene and fluoranthene emissions were lower in Euro 6 vehicles. In a
separate study conducted by Lin et al. [89], examining PAHs concentration from Euro 3 to
Euro 6 vehicles tested under the NEDC procedure, a consistent decrease in PAHs concen-
tration was observed with each successive emission standard. This decrease was attributed
to stricter regulations on PM and PN. It is important to note that the differences in testing
procedures between these two studies could have a significant impact on the final results.
The variations in testing procedures are further discussed later in this article.

Zhao et al., 2020 [47] conducted a comparison of emissions of PAHs and nitro-PAHs
from vehicles complying with China 1 to China 5 emission standards, tested using the
urban driving cycle (UDC). The vehicles were further categorized based on mileage, with
separate groups for vehicles under and over 100,000 km. Overall, it was observed that
emissions of microcontaminants decreased with each successive emission standard. On
average, China 1-compliant vehicles emitted 4500 µg/km of PAHs and 13 µg/km of nitro-
PAHs, while vehicles meeting the China 5 emission standard emitted 3000 µg/km and
8 µg/km of PAHs and nitro-PAHs, respectively. Vehicles with higher mileage exhibited
higher microcontaminant emissions due to the deterioration of exhaust aftertreatment
systems. For instance, in the case of China 5 vehicles, the average PAH emission increased
by 500 µg/km between vehicles with mileage under and over 100,000 km. It is noteworthy
that the China 6a Emission Standard was introduced in 2021, representing a substantial
advancement from its predecessor. This standard has significantly tightened restrictions on
pollutant levels, specifically targeting reductions in emissions of NOx and PM emitted by
vehicles. Building upon this progress, China 6b was implemented in 2023, further elevating
the benchmarks by imposing even more stringent limits. China 6b sets ambitious targets,
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including a 50% reduction for hydrocarbons, a 40% reduction for NOx, and a 33% reduction
for PM compared to Euro 6 levels [94].

Pacura et al., 2022a [45] studied various microcontaminants emissions from Euro 6b
and 6d-TEMP compliant vehicles under WLTP. The overall PAH emission varies from
4.0–12.8 µg/km; the highest emissions were from Euro 6b vehicles. The overall emissions
of PAHs ranged from 4.0 to 12.8 µg/km, with the highest emissions observed in Euro 6b
vehicles. Interestingly, there were no significant impacts of engine displacement, vehicle
mass, PM emissions, and type of gearbox on PAH emissions.

In three sources mentioned above [45,47,90] an additional parameter, PAHs–toxic
equivalency factor (TEQ), was investigated. TEQ serves as an indicator of the overall
toxicity of a mixture of various compounds [95,96]. It was observed that, with each
successive emission standard, the TEQ values decreased. However, it is important to
note that the toxicity of particulate matter (PM) is not solely determined by the emitted
particulate mass. Vehicles with low PM emissions may still exhibit high TEQ values due to
the presence of highly toxic compounds on their surfaces.

The literature clearly demonstrates that microcontaminants are present in the exhaust
emissions of vehicles, posing significant negative impacts on human health and the envi-
ronment. However, due to the lack of standardized worldwide procedures, it is challenging
to directly compare research findings on microcontaminants as accurately as in the case
of regulated emissions. Differences in sampling and extraction procedures, as well as
variations in the range of tested compounds, contribute to this challenge.

It is worth noting that while efforts to reduce regulated emissions have been successful,
there is a possibility of an unintended consequence: an increase in microcontaminants in
the exhaust stream. This phenomenon is further discussed in detail in this article.

3.3. Comparison of Exhaust-Gas Treatment Systems

Depending on the fuel used and the construction of the engine, combustion products
may have different compositions and physicochemical properties. These features can
be controlled at every stage of the combustion process, i.e., before, during, and after
combustion [97].

Precombustion activities focus on improving the physicochemical properties of the
given components, i.e., fuel and engine oil, in order to adapt them to applicable legal
regulations and to improve engine operation. Examples include the removal and limited
use of additives [98,99]. At the same time, the composition of gasoline and diesel fuel can be
modified based on the emission indices described in the Section 4.3 to reduce PM emissions.

Phenomena occurring during combustion affecting the emission of, e.g., hydrocarbons
and the possibility of their control are described in the Section 4.

Raw exhaust gases, i.e., leaving the engine exhaust manifold, are subjected to further
treatment before leaving the exhaust system. Postcombustion solutions vary depending on
the fuel used. In general terms, exhaust aftertreatment systems remove carbon monoxide,
hydrocarbons, nitrogen oxides, and particulate matter. Example solutions are shown in
Figure 8.

Exhaust-gas recirculation (EGR) used in SI and CI engines redirects part of the exhaust-
gas stream back to the combustion chamber [78]. The literature indicates that recirculation
leads to a reduction in exhaust-gas temperature and a lowering the oxygen concentration.
This phenomenon is beneficial for NOx control, and to some degree leads to the reduction
of solid particles in the exhaust stream. However, a high EGR rate can lead to forming a
rich mixture in the cylinders, leading to the intensification of PM and PN emissions [100].

For diesel engines, a diesel oxidation catalytic converter (DOC) is used after the EGR
system. The role of DOC is to oxidise carbon monoxide, hydrocarbons, and burn soot [78].
Relatively high oxygen content in flue gases facilitates these processes and, at the same
time, requires the use of different nitrogen oxide reduction systems. The most popular
solutions are selective catalytic reduction (SCR) and a lean nitrogen trap (LNT).
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In the SCR process, an aqueous solution of urea is injected into the flue-gas stream,
which is decomposed into carbon dioxide and ammonia. Ammonia reacts with nitrogen
oxides to form molecular nitrogen and water vapour [101]. The use of catalytic reduction
may be associated with the emission of ammonia into the atmosphere, which is why LNT
is often used after SCR to selectively remove ammonia from exhaust gas [102].

The trap (adsorber) consists of metals responsible for the reduction of nitrogen oxides
(Pt, Pd, Rh), a compound responsible for storing NOx (e.g., barium oxide) and a carrier with
a large specific surface [103]. During the combustion of the lean mixture, nitrogen oxide is
oxidized in the flue-gas stream to NO2, which is adsorbed on the surface of the trap. The
regeneration process consists of the combustion of a rich mixture in the engine, which leads
to the formation of reducing compounds, i.e., carbon monoxide and hydrocarbons, which
allow the reduction of NOx with the use of platinum-group metals into molecular nitrogen,
carbon dioxide, and water vapour [104,105]. The advantage of traps is the possibility of
using them in small vehicles; they do not require an additional urea tank, as is the case with
SCR. In general, these traps show a lower degree of NOx reduction and are susceptible to
sulphur poisoning.

In vehicles with an SI engine, raw exhaust gases contain much less oxygen, which
makes it possible to use a three-way catalytic converter (TWC). The TWC is made of a
ceramic or metal body with alternately closed channels through which the flue gases flow.
The surface is covered with metals with catalytic properties, i.e., palladium, platinum, and
rhodium. Pd and Pt are responsible for the oxidation of carbon monoxide and hydrocarbons
to water vapour and carbon dioxide, and Rh is responsible for the reduction of nitrogen
oxides [106,107]. The typical TWC contains 1.9 g of platinum-group metals (PGMs), such
as platinum, palladium, and rhodium [108]. Considering the number of vehicles equipped
with oxidation catalysts, this mass translates to the demand for tons of PGMs each year to
support the ongoing production of vehicles that comply with existing emission standards.

All the systems listed above have an optimal operating temperature, after which the
removal of harmful exhaust-gas components proceeds with a sufficiently high efficiency.
Exhaust-gas treatment systems are heated by the exhaust-gas stream, which, depending
on the engine load, has an operating temperature of 180–500 ◦C [101,109]. Oxidation of
carbon monoxide and hydrocarbons in the DOC catalytic reactor proceeds effectively at
a temperature of 250–300 ◦C [110]. In the case of nitrogen oxides, the literature indicates
the optimal operating temperature of SCR and LNT in the range from 250–300 ◦C to
450–500 ◦C [101,111]. However, a 90% reduction of NOx can already occur at 200 ◦C [112].
Three-way catalytic reactors achieve the desired degree of conversion at about 300 ◦C [113].
In order to avoid or shorten the cold-start effect, the above-mentioned systems can be
equipped with additional heating systems.

Solid particles are reduced by using metal or ceramic filters. DPF and GPF, similarly
to the previously described TWC, have alternately closed channels, forcing the flow of
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exhaust gases through a porous structure, e.g., cordierite, or channels through which
exhaust gases can flow without additional resistance [101,114,115]. The main mechanisms
for the removal are diffusion and interception [116,117]. In the first one, which removes
the smallest particles, Brownian motion causes the particles to move towards the walls of
the filter. Interception occurs when the particle comes into contact with the filter wall. The
other mechanisms are the sieve effect and the inertial impact of the particles on the filter
surface. As the filter operates, the degree of particle removal increases. This is due to the
deposition of particles and the narrowing of the channels, which intensifies the sieve effect.
Blockage of the channels by particles causes an increase in back pressure in the exhaust
system [118–120]. In order to reduce the pressure, the filters are regenerated in a passive
and active way [101,121].

Passive DPF regeneration does not require additional energy sources. It consists of the
fact that the accumulated particles, mainly soot, are oxidized in the presence of NO2 at a
temperature of 250–400 ◦C. Active regeneration consists of increasing the temperature of
the filter to about 550–600 ◦C. This is achieved, e.g., by enriching the fuel mixture, which
leads to less oxygen, longer combustion times, and higher temperatures. Alternatively, the
filter can be equipped with an electric or microwave heating system [101,105].

Passive regeneration of filters in vehicles with an SI engine takes place at a higher tem-
perature, around 600 ◦C, due to the lower concentration of NOx in exhaust gases [122,123].
The oxygen required for the removal of organic compounds is supplied during fuel-supply
cutoff, leading to an oxygen concentration of up to 20% vol. [124]. The course of active
regeneration of the filter depends, among others, on its construction. In the case of cerium-
coated filters that can store oxygen on their surface, complete removal of organic material
is achieved at a temperature of 550–570 ◦C [125,126]. Uncoated filters require a higher
temperature, up to 650 ◦C. The increase in temperature is achieved, as in the case of DPF, by
controlling the combustion process. Delaying the ignition timing and enriching the fuel–air
mixture can increase the exhaust-gas temperature from 50 to 200 ◦C [122,123].

Solid particles, in addition to the organic fraction, also contain a number of compounds
and elements such as potassium, zinc, iron, CaSO4, and MgSO4. Their removal is impossible
with thermal methods during the use of the vehicle. After each stage of burning, a thin
layer of ash is deposited on the surface of the filter, which increases the back pressure and
clogs the porous structure [119,122,127].

DOC + DPF and TWC + GPF can be replaced by a single catalytic diesel particulate
filter. The surface of the DPF or GPF is covered with platinum-group metals, which perform
the same function as in catalytic systems. In the literature, such filters are called three-way
and four-way filters, respectively [128,129].

As mentioned before, exhaust aftertreatment systems have to work effectively for at
least 5 years or 160,000 km. This means that each system has to be designed in a way, to
prevent early deterioration by means of thermal and chemical deactivation and mechanical
degradation [97,130].

4. Factors Affecting Emissions from Vehicles with Gasoline Engines
4.1. Downsizing and Rightsizing

The selection of an SI engine is a critical consideration during the vehicle design phase
to ensure compliance with existing or upcoming emission standards. As the power required
from the engine is influenced by factors such as the vehicle’s gross weight, acceleration
capabilities, and maximum performance. Furthermore, the design of the exhaust-gas
treatment system, including the utilization of specific platinum-group metals, the size of
TWC, and the size of GPF, is contingent upon the volume and composition of the exhaust
gases emitted by the engine. These design decisions directly impact the overall effectiveness
of emission control measures.

In engine design, there are two main trends in research and development: downsizing
and rightsizing [131,132]. Downsizing is a process of reducing engine displacement while
maintaining its parameters, i.e., specific power and torque [133,134]. There are two types
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of this technique, i.e., dynamic and static. The first consists of deactivating individual
cylinders by turning off fuel injection and ignition and closing the intake and exhaust
valves. Switching off is carried out in a way that ensures the balance of forces related to
the movement of the piston and the combustion process itself. In Figure 9, a graphical
diagram is provided, showing the cylinders that are shut down during dynamic downsizing.
Another type of dynamic downsizing is the so-called dynamic skip fire, consisting of
actively reducing the load or completely skipping the cylinders [135]. This allows the
engine to work not only under stoichiometric conditions (λ = 1) but also with the use of
a lean fuel–air mixture. In direct-injection SI engines, variable valve timing is also used,
which affects the valve opening and closing times depending on the power demand. This
allows for reducing the demand for fuel, reducing NOx emissions, and improving engine
performance [136]. The static effect is achieved in the engine design stage by reducing
the number of cylinders. The loss of power associated with this solution is compensated
for, among others, by applying supercharging and changing the geometry (increasing the
diameter and length) of the other cylinders. The use of air compressors provides more
air for combustion, which translates into the possibility of obtaining more power [137].
Increasing the stroke or bore of the cylinder translates into an increase in the displacement
of the engine.
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Downsizing allows for the reduction of fuel consumption, carbon dioxide, and NOx
emissions. In addition, it reduces the weight and dimensions of the engine itself and can
lower the total friction inside the cylinders compared to the original, unmodified units [136].

Rightsizing involves adapting the engine to a specific vehicle to achieve the desired
performance and dynamics, while simultaneously preserving the number of cylinders. A
drive unit optimized in this way should be characterized by low fuel consumption and
low emissions [138,139]. This goal is achieved by increasing the compression ratio or by
using direct fuel injection. In simplified terms, the engine’s energy efficiency increases
with the increasing compression ratio; however, this requires the use of high-octane fuel.
Using a direct fuel-injection system allows cooling of the cylinder walls and piston, which
allows for a higher compression ratio; too high of a temperature in the cylinder can lead to
knocking combustion.

4.2. Octane Number

The octane number (ON) determines the fuel’s resistance to uncontrolled ignition and
knocking combustion. The higher the ON value, the greater the knock resistance.

There are several standardized methods for determining octane number, the most
popular being research octane number (RON), motor octane number (MON) and antiknock
index (AKI). RON and MON are determined using a standardised single-cylinder engine.
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Selected process parameters are presented in Table 7. The RON value more accurately
reflects the characteristics of engines subjected to light and medium loads, while the MON
value, due to the higher engine speed, better describes conditions during high load. For
commercial gasolines, the MON value is lower than the RON value. The antiknock index is
the arithmetic mean of the research and motor octane numbers.

Table 7. Selected parameters of the engine used to determine the octane number. Reproduced data
from ASTM [140,141].

Unit RON MON

Standard – ASTM D2699 ASTM D 2700
Engine rotation rpm 600 ± 6 900 ± 9

Opening the intake valve

◦CA

10
Closing the intake valve 214 ± 2.5

Ignition angle 347 334
Opening the outlet valve 500

Closing the discharge valve 735 ± 2.5
oil temperature ◦C

57 ± 8
Air temperature 52 ± 1 38 ± 2.8

Air humidity gH2O/kg air 3.56–7.12

In many countries, including EU member states, the research octane number is pro-
vided. This parameter is used in gasoline stations, fuel certificates, and various legal acts.
In North America (Mexico, the USA, and Canada), the antiknock index is used.

Components like methanol, ethanol, and alcohol esters offer the dual benefit of reduc-
ing CO2 emissions throughout the fuel’s lifecycle while also serving to enhance the octane
number. These additives play a crucial role in improving the performance characteristics
of gasoline. Table 8 depicts a range of additives utilized in vehicle gasoline. However, it
is important to acknowledge that the impact on octane number is not linear due to the
complex interaction between the additive and the base fuel [142].

Table 8. Research value and motor octane number for selected antiknock additives (alcohols and
ethers) used in automotive gasoline. Own elaboration based on [142].

Additive MeOH EtOH MTBE ETBE TAME TAEE DIPE

RON 131 128 119 114 113 112 105
MON 102 103 101 99 100 93 98

The use of gasoline with a higher ON is desirable for vehicles powered by high-
compression engines. The use of gasoline with a higher octane than recommended by the
engine manufacturer recommends can lead to increased emissions. In the study of Sayin
et al. [143], for an engine adapted to gasoline with an octane number of 91, the use of ON95
gasoline increases fuel consumption by about 6%. In addition, the higher octane number
has the effect of increasing carbon monoxide emissions by 6% and hydrocarbon emissions
by 3.5%.

4.3. Physicochemical Composition of Fuel

As mentioned previously, motor vehicles can be powered by converting the chemical
energy from gasoline into mechanical energy. The implementation of this process, i.e.,
the type and method of fuel combustion, should be carried out in the most effective and
economical way. For decades, the development of the powertrain, especially SI engines,
has been one of the key issues of research and development.

In gasoline, apart from combustible hydrocarbons, there are a number of various
compounds and additives aimed at improving the properties of the fuel. They can be
grouped according to their role in the fuel: combustion-improving agents, protective agents
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(anticorrosion agents), agents improving the lubricating properties, and increasing the
oxidation stability of the fuel, as well as lubricants and detergents [98]. These additives
might be the source of various microcontaminants.

The physical and chemical properties of the fuel, such as the content of aromatic
compounds, olefins, and compounds containing oxygen and sulphur, as well as the volatil-
ity and boiling point of individual components, affect the emission of particulate matter
and other pollutants [48]. The content of aromatic compounds in the fuel may have an
impact on the emission of carbon monoxide, NMHC, PM, and PN, as well as soot [77,144].
However, using modern exhaust aftertreatment systems the variation of fuel composition
might have a limited significance. Depending on the engine and exhaust aftertreatment,
the number and mass emissions can increase with the presence of olefins and sulphur. The
low volatility of gasoline increases the emission of particulate matter [48,145]; however, in
the case of using bioethanol, this relationship is not linear [146].

One of the intentions of adding biocomponents to fuels, like bioethanol, is to reduce
greenhouse gas emissions. It is assumed that the growth of plants used for the production
of bioethanol absorbs as much carbon dioxide as is emitted during the combustion of this
type of fuel in the engine. In practice, the type of these fuels is still associated with CO2
emissions; for example, bioethanol obtained from corn reduces the total greenhouse gas
emissions by about 40% and from lignocellulose by over 60% [147].

The use of oxygen-containing compounds, such as bioethanol, in the fuel, in addition
to having a positive impact on the balance of greenhouse gas emissions, may result in
a number of side reactions [148]. In general terms, the addition of biofuels reduces the
emission of soot, hydrocarbons, and carbon monoxide, but may intensify the emission of
nanoparticles and oxidised derivatives of PAHs [149]. In research on bioadditives present
in gasolines, it was found that MTBE and ETBE slightly increase NOx emissions [142], while
the addition of bioethanol may lead to a decrease in NOx concentration [150]. The literature
also indicates the formation of combustion byproducts [151] such as formaldehyde and
acetaldehyde [142,152,153], acetone, propanal, benzaldehyde and tolualdehyde [154], and
mono- and dicarboxylic acids [155,156].

Individual gasoline components, due to their physical and chemical properties, have
a specific impact on PM and PN emissions. Emission indices are the result of work on
linking the composition of gasoline with emissions [157]. One of the first such indices is
the Honda index, currently considered the best and used as a benchmark when developing
similar indices. Based on a detailed analysis of hydrocarbons contained in gasoline, it
allows for a precise determination of their impact on PM emissions. It is also used in the
creation of synthetic gasolines used during research and development, e.g., in adapting the
engine to future standards. In the case of fuels with bioadditives, the Honda index shows
large deviations from the true value; hence, work is underway to develop more accurate
indexes [50,158].

According to Leach et al. [68], the disadvantage of this solution is the need to use
advanced equipment (GC), which is not available in typical fuel laboratories, and the long
time of the analysis itself. It should be noted that a detailed analysis of hydrocarbons
can contribute to the prediction of regulated emissions but also of numerous unregulated
exhaust components.

4.4. Engine Oil

The main role of engine oil in the engine is to reduce the internal resistance between
the piston and the cylinder. In addition, due to a number of different additives, the lubricant
may also have other characteristics; they are achieved by additives containing, among
others, calcium, magnesium, phosphorus, sulphur, and zinc [159]. For example, magnesium
sulfonates act as a detergent; zinc dialkyldithiophosphate is used as an antioxidant and
antiwear compound; and compounds containing sulphur and phosphorus serve as an
antiseize additive [160].
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During the operation of the drive unit, 0.12 to 2.13 g of engine oil are burned for each
litre of gasoline [82,161], which is responsible for the emission of organic compounds such
as PAHs. In addition, sulphur compounds are responsible for corrosion and SOx emissions
and inorganic solid particles in the form of ash [99,162]. Metals derived from engine-oil
additives, such as zinc and potassium, can be responsible for poisoning the three-way
catalytic converter, affecting the emission of HC, CO, and NOx [99].

4.5. Wet Piston Effect

One of the negative effects occurring in the SI engine is the wetting of the walls and
pistons by a thin layer of gasoline. In the case of engines with indirect fuel injection, fuel
and water vapour may condense in the intake manifold. Direct injection of fuel may cause
the formation of small areas of liquid gasoline, which results in prolonged combustion of
the fuel–air mixture and incomplete combustion, intensifying the emission of particulate
matter [163]. The degree of wetting can be controlled by injection time and pressure,
cylinder pressure, system temperatures, and the number and shape of the fuel injectors.
The path taken by the fuel from the injector in the cylinder, i.e., control of the injection
timing, has the greatest impact on PM emissions [99].

4.6. Fuel-to-Air Ratio

The absence of fuel-to-air ratio control, such as electronic injection control, may have
an impact on PM emissions. Early research on this ratio was conducted by Wu et al. [164].
In the tested case, a λ below one allowed for the achievement of the maximum torque.
The increase in CO emissions was compensated for by supplying the oxygen contained in
the ethanol. The highest CO2 emission was present at λ ~ 1. In the case of hydrocarbon
emission, it was strongly dependent on the excess air factor. At values deviating from λ = 1,
the HC emission was the highest. In the case of excess fuel, it was impossible to completely
burn it, while excess air leads to incomplete combustion. At the same time, it was possible
to reduce hydrocarbon emissions by using ethanol. The emission of particulate matter also
undergoes similar changes; that is, an increase in PM is observed at λ < 1 [165].

4.7. Engine Operating Parameters

During the combustion of the fuel–air mixture in the engine cylinders, a number of
parameters can be controlled that affect the quality and efficiency of the combustion process.
The most important parameters are ignition timing, fuel-injection timing and pressure,
and how the gasoline is delivered to the cylinder volume. Currently, these parameters are
dynamically controlled by the engine control unit [48,166].

At a given moment of engine operation, there is an optimal moment of ignition of
the fuel–air mixture, often characterised by the parameter of maximum braking torque,
i.e., the torque at maximum load. Initiation of the combustion process before this moment
allows the combustion process to be extended, reducing PM and CO emissions. Delaying
the ignition timing increases the temperature, leading to a prolongation of the oxidation
process [165,167].

The early timing of fuel injection increases the cooling effect of the cylinder, which has
a positive effect on the combustion process and its energy efficiency, reducing the risk of
knocking and fuel consumption. Delaying the fuel-injection moment allows for obtaining a
stratified fuel–air mixture.

An increase in fuel-injection pressure has a positive effect on the homogenisation of
the fuel–air mixture and the reduction of the size of the fuel droplets.

The study of the impact of engine parameters on emissions was carried out by, among
others, Liu et al. [168] analysing a three-cylinder engine operating in the Atkinson cycle.
The increase in fuel-injection pressure in the range of 5 to 30 MPa with the ignition in the
340 ◦CA (crank angle) position increases the emission of NOx and hydrocarbons and at
the same time reduces the emission of carbon monoxide. The emission of mass and the
number of particles increases at a pressure of 10 MPa and remains constant up to 35 MPa.
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Changing the ignition angle also has a significant effect on emissions. For example, ignition
at 320 ◦CA is associated with the emission of about 1 × 106 cm−3 of particulate matter.
Delaying the ignition by 20 ◦CA intensifies the emission by an order of magnitude, while
advancing the ignition by 20 ◦CA and 40 ◦CA results in a 20-fold reduction of the PN
emission, to the level of about 5 × 104 cm−3.

Too high of injection pressure can lead to wetting of the piston and cylinder, which
is indirectly seen in the studies of Liu et al. [168], where the CO emission increases by
about 10% when the pressure increases from 30 MPa to 35 MPa. The opposite phenomenon
applies to NOx emissions, where the highest emission occurs in the range of 20–30 MPa,
while, at the pressure of 35 MPa, the emission is much lower. The lowest emission of
CO at a pressure of 5 MPa occurs during ignition at 320 ◦CA, while at 280 ◦CA and
340 ◦CA, it is about 30% higher. This means that the correction of the parameters for the
maximum braking torque must be within the appropriate range, while taking into account
all regulated exhaust components.

4.8. Exhaust-Gas Recirculation and Combustion Air

The exhaust-gas recirculation system is used in internal combustion engines to reduce
the emission of harmful exhaust components, mainly NOx [78,168,169]. It works by re-
introducing part of the exhaust gas into the engine’s intake system via an exhaust-gas
recirculation valve. Recirculation helps to lower combustion temperatures by diluting the
air–fuel mixture with the exhaust gas, which reduces the amount of nitrogen oxides in the
exhaust gas. At the same time, the lower amount of oxygen present in the cylinder can lead
to increased emissions of carbon monoxide, hydrocarbons, and particulates.

For vehicles powered by a spark-ignition engine, 5% to 20% of the exhaust gases are re-
circulated. Above this value, exhaust gases contain significant amounts of carbon monoxide
and hydrocarbons, and the leaning of the fuel–air mixture leads to misfires. Table 9 presents
an example of the effect of recirculation on selected exhaust-gas components emitted by
a prototype engine with a displacement of 1.8 L [170]. Exhaust-gas recirculation at the
level of 20% reduces nitrogen oxide emissions by more than three times, which has a slight
impact on the emission of carbon monoxide and hydrocarbons. With 40% recirculation,
NOx emissions are reduced by almost 95%, while CO and HC emissions increase by 570%
and 360%, respectively, compared to engine operation without recirculation.

Table 9. The influence of the degree of exhaust-gas recirculation on the emission of nitrogen oxides,
carbon monoxide, and hydrocarbons. Own elaboration based on [170].

EGR [%] NOx [g/h] CO [g/h] HC [g/h]

0 115 21 5
10 80 21 5
20 35 25 6
40 6 120 18

Vehicles with a CI engine have a recirculation valve that returns up to 50% of the
exhaust gases. A higher level of recirculation compared to vehicles equipped with an
SI engine is possible due to the significant excess of air. Despite the leaning of the air–
fuel mixture, there is still enough oxygen in the cylinder to achieve the desired degree of
oxidation of carbon monoxide and hydrocarbons.

Exhaust-gas recirculation can also be carried out internally, without the need for
an EGR valve. Internal recirculation involves controlling the valve timing or intake and
exhaust valves to partially trap the exhaust gases in the cylinder. This solution is used at
relatively low engine loads [171].

Thanks to the use of exhaust-gas recirculation technology, combustion vehicles can
achieve better environmental parameters and meet stringent emission standards while
maintaining engine efficiency and performance.
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4.9. Cold Start and Weather Conditions

In the initial phase of the operation of a motor vehicle, there is a period when the
engine, operating fluids, fuel, exhaust-gas treatment systems, and other structural elements
have an ambient temperature much lower than the optimal operating temperature. This
period is called the cold start or low-temperature period [172].

During the heating of individual components and fluids, significant amounts of
pollutants, such as nitrogen oxides, carbon monoxide, solid particles, and hydrocarbons,
are emitted [173,174]. For example, in the study of Giechaskiel et al. [175], CO, HC, and
NOx emissions are higher for temperatures below 5 ◦C compared to tests conducted at
23 ◦C according to the WLTP. Similar conclusions were reached by Engelmann et al. [176]
when comparing vehicle emissions in summer and winter.

This is due to a number of factors, the most important of which include the difficult
evaporation of fuel in the cylinder, the phenomenon of vapour condensation, and too low
of a temperature of the catalytic reactor. When fuel is injected while the temperature is
low, the fuel droplets have a large diameter, which makes their evaporation difficult. At
the same time, contact with the cold walls of the piston and cylinder further reduces the
possibility of evaporation.

Vapour condensation can occur before the cylinders, in the intake manifolds, and
during the exhaust stroke stage and the movement of exhaust gases in the cold exhaust
system. Moisture present in atmospheric air, fuel (especially in SI engines equipped with
indirect fuel injection), and products of incomplete combustion, such as hydrocarbons,
condense [177]. The presence of fuel condensation has a negative impact on the combustion
process by uncontrolled enrichment of the fuel–air mixture, and it creates deposits on engine
components. Water-vapour condensation leads to moisture in the mixture being present in
the cylinder, causing a reduction in the effective unit power of the engine and may intensify
corrosion of the engine and the exhaust system. The presence of condensed compounds,
such as hydrocarbons, in the engine’s exhaust system results in their accumulation within
the system, which subsequently leads to their emission into the environment upon the next
start up.

Exhaust-gas treatment systems, in particular catalytic reactors, have an optimal oper-
ating temperature, at which the process of removing harmful pollutants is carried out most
effectively. These temperatures are described in more detail in the Section 3.3. In addition,
in order to avoid misfire and increased internal resistance of a cold engine, in the initial
stage, the engine operates with an excess of air from λ = 0.2 − 0.5, gradually reaching the
value of λ = 1 [172]. The heating period of individual vehicle systems depends on weather
conditions. Low temperatures extend and intensify the cold-start effect [173].

4.10. Start–Stop Systems

The electronic start–stop system enables automatic switching off and on of the com-
bustion engine when the vehicle is stationary, effectively reducing fuel consumption. This
system is used primarily during urban driving, where there are frequent stops, e.g., at
traffic lights, which ensures a reduction in fuel consumption by 10% to 20% [142,178,179]
and CO2 emissions by 20% [178]. At the same time, electronic control allows for intelligent
use of this function. As an example, the system detects manoeuvring, e.g., in a parking lot,
turning the vehicle, or using additional vehicle functions that require continuous engine
operation, such as air conditioning, defrosting windows or driving in sport mode. The
start–stop system is also inactive during a cold start of the vehicle, when the exhaust-gas
treatment systems are heating up or operating close to the minimal operating temperature,
and when driving on roads with a sufficiently high gradient [179].

The use of a start–stop system also affects other components of automotive emissions.
In model studies, da Silva et al. [180] checked the impact of two start–stop systems—with
and without engine temperature control. In the first case, the simulated vehicle showed
lower emissions of carbon monoxide, hydrocarbons, and NOx. Fuel consumption was no-
ticeably lower, while the engine’s warm-up time remained the same. In the case of a system
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without engine temperature control, i.e., activated independently of the temperature, the
warm-up period was extended. This was associated with an increase in carbon monoxide
and NOx emissions.

Storey et al. [181] analysed the emission of selected regulated pollutants from a 2014
Chevrolet Malibu vehicle with a 2.5-litre engine with direct fuel injection. The use of
the start–stop system in a vehicle powered by E0, E21 and iBu12 fuels (gasoline with the
addition of ethanol up to 21% vol. or 12% vol. isobutanol) reduced the emission of carbon
oxides, nitrogen oxides, and hydrocarbons. For E0 gasoline, the mass of emitted particulate
matter was higher when the start–stop system was used, while the number of particles
was lower. In the case of E21 gasoline, the use of the start–stop system reduced the mass
emitted from particulate matter but did not significantly change the PN. In both cases, the
soot emission was at a similar level. When using iBu12 fuel, the active start–stop system
intensified PM, PN, and soot emissions.

4.11. Other Systems

In modern cars, there are many other systems and solutions that affect emissions. The
development of materials from which the vehicle is made improves driving comfort by
stiffening the structure, lowering its weight, and reducing fuel consumption. The Tesla
Company produces electric vehicles using aluminium and high-strength stainless steel
alloys to reduce the weights of vehicles, which increases their battery range. Metals are
often replaced with composite materials based on glass or carbon fibre. Titanium and
magnesium are also materials that can significantly reduce the weight of the vehicle while
maintaining appropriate physical and chemical parameters (e.g., strength and thermal
resistance). However, due to the much higher price compared to the typically used steel,
they are not used in large quantities [182].

Regenerative braking allows for the conversion of kinetic energy during the process of
braking or driving downhill and using it to power other vehicle components or storing it
in batteries [183]. In electric vehicles, the use of this system allows for an increase in the
range by 10%.

Many vehicles are equipped with an active aerodynamic control system that controls
the air intake ducts, chassis, and spoilers to change aerodynamic drag while driving.
Reducing the aerodynamic drag while driving allows for reduced fuel consumption [184].

These systems reduce fuel consumption or energy losses, which translates into lower
emissions. At the same time, these are examples of activities in the automotive industry
aimed at promoting sustainable development and reducing environmental impact.

4.12. Driving Style

Driving style has a significant impact on vehicle emissions, in particular fuel consump-
tion. Eco-driving (energy-efficient driving) is a set of principles and techniques of economic
driving that assume the most ecological driving possible. The main factors include grad-
ually accelerating and decelerating the vehicle (engine braking); maintaining a constant
speed (using cruise control); observing the road (anticipating stop, observing traffic, and
observing the speed limit); trip planning (routing and removing unnecessary payload);
lowering air resistance (closed windows and no roof rack); maintaining proper tire pressure;
and limiting the use of additional systems (air conditioning and heating) [185].

The literature indicates that the driver has the greatest impact on CO2 emissions and
fuel consumption below 70 km/h during city driving [186]. This is due to frequent speed
changes (braking and accelerating) and frequent gear changes. Under urban conditions,
compliance with the principles of eco-driving can reduce CO2 emissions by 22–30%. The
impact of the driver on emissions when moving at higher speeds is lower. This is due to
the fact that, most often, driving in these conditions takes place at a constant speed in the
highest gear, e.g., on motorways.

Huang et al. [187] analysed the influence of eco-driving training on drivers compar-
ing CO2 emissions. Depending on the intensity of the reduction training, the achieved
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carbon dioxide emissions ranged from 0 (no effect) to 15%. The largest decrease was
recorded immediately after training sessions, while the training effects decreased over
time. Simultaneously, Huang et al. highlight the necessity of aligning road infrastructure
with eco-driving principles to ensure that economic driving is not hindered or restricted.
Examples of infrastructure-improvement solutions include synchronising traffic lights and
reducing the number of intersections or replacing them with turbine roundabouts.

5. Vehicle-Testing Procedure
5.1. First Emission Tests

In the USA in the 1940s and 1950s, there was a dynamic development of cities, which
resulted in the appearance of a large number of motor vehicles on the roads. In Los Angeles
County, California, the population increased from 2.8 million to over 4.1 million during this
period, while the number of vehicles in motion increased from 2.5 to 4 million, half of which
were on Los Angeles City roads [188]. Simultaneously, during this period, the observation
of photochemical smog as a phenomenon commenced. Los Angeles-type smog is formed in
the presence of pollutants from vehicles, i.e., carbon monoxide, hydrocarbons, and nitrogen
oxides, which, when exposed to UV rays, lead to the formation of high concentrations
of ozone.

The presence of photochemical smog initiated the dynamic development of research
and legislative work on air pollution. As a result, the first studies of the physicochemical
composition of exhaust gases appeared. The first work on emission measurement was
carried out in 1951 by Magill et al. [189]. The exhaust gases were analysed in the sampling
trailer while driving in three modes: acceleration from 16 to 48 km/h; driving at a constant
speed of 48 km/h; and braking up to 16 km/h.

The dynamic development of the automotive industry and the science of environ-
mental pollution caused the need for developing a repeatable and reproducible method
of emission measurement in order to control and limit harmful components of vehicle
exhaust gases.

5.2. Coastdown

Before the tests, the vehicles are subjected to a coastdown test, which consists of
accelerating the vehicle to a certain speed and then, at idle gear, braking it using the
internal resistance of the drive system and the aerodynamic resistance of the vehicle.
Internal drag results from the friction force between the road surface and the tires and
internal parts of the vehicle, such as bearings and the gearbox. Prior to undergoing
emission tests, vehicles entering the coastdown test are required to fulfil several criteria,
including maintaining appropriate tire pressure and tread depth, ensuring a stable starting
temperature for the coastdown, and having all operational components and fluids properly
equipped. The coastdown must be run on a test track that meets the relevant requirements
and under appropriate weather conditions. For instance, when performing the coastdown
test as part of the WLTP procedure, it is necessary to conduct the test on a track with a
maximum gradient of ±1%, ensuring that wind speed does not exceed 7 m/s and that
the air temperature ranges from 5 to 40 ◦C. The vehicle undergoing the coastdown test,
along with its tires, must undergo a minimum break-in process of 3000 km and 200 km,
respectively [190,191].

The results obtained from the coastdown test are utilized to calibrate the chassis
dynamometer, ensuring optimal representation of the actual test conditions.

5.3. Chassis Dynamometer Test

The unification of tests is carried out by testing vehicles in strictly defined laboratory
conditions in test chambers equipped with a chassis dynamometer, on which the vehicle can
perform a specific driving scenario without the need to move. The chassis dynamometer is
a device that simulates the forces that act on the vehicle while driving, including the speed
and slope of the road by means of one or two sets of rollers. This device is located in an
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air-conditioned laboratory, ensuring a constant measurement temperature. The air supplied
to the room is filtered from any gaseous pollutants and dust to avoid any influence on the
emission test’s result.

Before starting the tests, operating fluids and gasoline are replenished in the vehicles
to the required values, the battery is charged, and the tires are inflated to the appropriate
pressure. Vehicles prepared in this way are subjected to the conditioning process, during
which they reach the temperature appropriate for the test.

A properly prepared vehicle is placed on rollers and immobilised with belts or rigid
connections (e.g., Bleyer anchors), and the engine control unit is connected to the computer
that operates the dynamometer through the engine onboard diagnostic type II socket
(EOBD II), which also provides access to a number of vehicle operating parameters (speed,
engine RPM, pressure, and temperature readings, etc.). There is a fan in the front to cool
the engine during the test. Within the dynamometer, specific parameters are configured,
including the wheelbase and weight of the vehicle under testing, as well as coastdown
parameters acquired from real-world conditions. Subsequently, additional coastdown tests
are conducted to verify or refine the calibration of the dyno chassis.

The test room, depending on the parameters to be analysed, may be equipped with
additional devices for analysing the physical and chemical parameters of vehicles. For
example, the exhaust system can be connected to various pressure and temperature sensors,
as well as analysers examining the exhaust-gas parameters before and after individual
exhaust-gas treatment systems.

During emission tests, such as the NEDC or Worldwide Harmonised Light Duty
Vehicle Test Cycle (WLTC), the physicochemical composition of exhaust gases is analysed
in terms of regulated pollutants described in the Section 2.3. Exhaust gases leaving the
exhaust system go to the appropriate analysers through a heating line that prevents vapour
condensation. Techniques such as FT-IR (CO2 analysis), GC-FID (HC and CO), and QCL
(NOx) are used for the analyses.

5.4. European Driving Cycles

In Europe, the first emission tests carried out using a chassis dynamometer appeared
in 1970. Along with the development of the automotive industry, the tightening of emission
limits, and the need to more accurately adapt the test to obtain real-world results, emission
tests were developed.

Initially, the test consisted of four replicas of the UDC, as shown in the blue part
of the graph in Figure 10. In subsequent years, various additional measurements were
introduced in order to test emissions more precisely, e.g., carbon monoxide emissions
during engine idling immediately after the end of the test. Two types of extraurban driving
cycles (EUDC) were also introduced, differing in maximum speed. In the EUDC Low, for
relatively low-performance vehicles, the maximum speed was 90 km/h, while, for the other
EUDC, it was 120 km/h. Both steps are illustrated in Figure 10.

In the course of work on the cycle, the procedure was extended to include other types
of tests [192,193].

• Type I: a cold-start emission test;
• Type II: emissions at idle; the test is carried out immediately after the end of the EUDC;
• Type III: checks crankcase emissions when idling and at 50 km/h;
• Type IV: test for the loss of hydrocarbons as a result of their evaporation from the fuel

system for SI vehicles;
• Type V: test to verify the durability of pollution-control devices;
• Type VI: carbon monoxide and hydrocarbon emissions test at −7 ◦C;
• Type VII: fuel consumption and range test;
• Type VIII: environmental tests;
• Type IX: noise-level test.
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Figure 10. Speed graph during the NEDC test. Own elaboration based on [194].

The general advancement in the field of emission testing led to the development of
NEDC, depicted in Figure 10. NEDC comprises four UDC stages and an EUDC stage.
Unlike previous iterations, the test now initiates at engine start without a 40 s idling period,
to account for cold-start emissions in the test [195].

Work on a new light-vehicle testing cycle was initiated in 2007 by the United Nations.
The outcome of extensive research was a WLTP, which was introduced in the European
Union in September 2017 [196]. The WLTP procedure divides vehicles according to their
power-to-weight ratio into four classes. Class 1 includes vehicles with a PWR below
22 W/km inclusive, and Class 2 includes vehicles from 22 to 34 W/kg. Class 3 includes
other vehicles above 34 W/kg, with a note that vehicles with a maximum speed of up to
120 km/h belong to class 3a, and the rest with the best performance belong to class 3b [9].

Figure 11 shows the speed graph for vehicles meeting the requirements of class 3b.
The test is divided into four stages, differing in engine load, maximum speed, and standstill
time. The first phase simulates city driving with long stops to simulate stopping at traffic
lights and relatively low speeds associated with driving on heavily trafficked roads. The
second stage corresponds to dynamic urban driving, where average speeds are higher. In
the first two stages, there are relatively frequent gear changes, which affect, among others,
CO2 emissions, as explained in the section about driving style. The medium speed phase,
during the peak period, requires driving at 90 km/h, which is intended to simulate the
conditions of rural driving. The last stage, at a speed exceeding 130 km/h, corresponds to
driving on the highway, where the vehicle is moving in the highest available gear most of
the time.
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5.5. Comparison of Dyno Chassis Tests

Already in 2001, studies showed that the test of light motor vehicles conducted in
accordance with the NEDC procedure underestimates the value of CO2 emissions by 8% in
relation to real conditions. In 2015, the difference was approximately 39% [196–199]. This
resulted in the need to create a test that more accurately reflects real driving conditions; as
a result, tests in accordance with the WLTP procedure were introduced. Table 10 shows the
parameters of the NEDC cycle and the four WLTC cycles.

Table 10. Comparison of the selected parameters of NEDC and WLTC tests of different classes. Own
elaboration based on [9,194].

Selected Parameters of Driving Cycles
Test NEDC WLTC 3b WLTC 3a WLTC 2 WTLC 1

Parameters of the Tested Vehicle
Power to weight (W/kg) – >34 >34 22–34 ≤22

Max. speed of vehicle (km/h) – ≥120 <120 – –

Test Parameters
Time (s) 1180 1800 1800 1800 1611

Distance (km) 10.93 23.27 23.19 22.65 11.43
Average speed with stops (km/h) 33.35 46.53 46.40 45.31 25.56

Average speed without stops (km/h) 43.10 51.35 51.17 50.00 32.17
Maximum speed (km/h) 120.0 131.3 131.3 123.1 64.4

Maximum acceleration (m × s−2) 1.04 1.58 1.58 0.96 0.76
Stop duration (%) 22.6 13.4 13.4 13.3 22.1
Total stop time (s) 267 242 242 240 356

“–” means that there are no defined requirements.

Tests conducted in accordance with the new procedure are longer and show greater
driving dynamics. The biggest differences can be seen between the WLTC class 3b and
the NEDC tests. The WLTP-compliant test lasts half as long, covers 12 km more distance,
and the average speed is 13 km/h faster with stops, or 18 km/h faster if only driving is
included. Also, the maximum acceleration w is greater by 0.5 m × s−2 The total length of
stops is similar in both cases, while the percentage of stops during the NEDC test is nine
percentage points longer than in the case of the WLTC class 3. It is worth pointing out that,
during WLTP tests, the influence of cold start on emissions might be undervalued. The
issue will be significant in places where vehicles are used mostly for short trips, such as for
inner-city travelling.

The use of the driving cycle and the tightening of the requirements for the measure-
ment of automotive emission components allow for a more accurate mapping of driving in
real conditions.

5.6. Real Driving Emissions

Conducting emission tests in laboratory conditions ensures their reproducibility world-
wide. As mentioned above, laboratory tests did not reflect the actual CO2 emissions, which
were related to the additional influence of factors such as weather conditions, driver’s be-
haviour, road traffic and its intensity, technical condition of the vehicle, and factors listed in
Section 4. The literature also states that, due to the use of measurements in accordance with
the NEDC test guidelines, the emission of nitrogen oxides was underestimated compared
to real conditions. The literature indicates that, in the period 1990–2006, NOx emission was
not effectively reduced [200]. At the same time, emission results were manipulated during
laboratory tests, consisting of modifying engine settings and parameters, leading to lower
emissions compared to real conditions.

Since 2017, in addition to the WLTP tests, real driving emissions (RDE) tests have been
introduced to provide realistic emission values. The introduction of the tests in accordance
with the RDE took place in four stages. The first, published in March 2016, introduced the
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basic parameters of the ride, test requirements, and requirements for measuring equipment.
The second package, from April 2016, introduced nonexceedable limits for NOx emissions
and additional test requirements such as the total increase in altitude during the journey.
The third package, from June 2017, introduced the requirement to measure the number
of particles with a maximum limit. The fourth package from, November 2018, simplified
the measurement procedure and introduced in-service compliance tests, tightened the
requirements for NOx emissions, and simplified CO2 measurements [34].

The test in real conditions is carried out on roads in accordance with the guidelines
presented in Table 11. The measurement in real conditions is divided into three stages,
urban, rural, and motorway, lasting up to two hours in total. The vehicle in each stage must
cover a minimum distance with a certain average speed. Road and weather conditions are
taken into account during the test.

Table 11. Real driving emission test guidelines. Own elaboration based on [34].

Road Requirements

Duration 90–120 min

Distance

Urban

>16 km eachRural

Motorway

Trip composition

Urban 29–44% of the total distance

Rural
23–43% of the total distance

Motorway

Average speed

Urban 15–40 km/h

Rural 60–90 km/h

Motorway >90 km/h
>100 km/h for min. 5 min

Boundary Conditions of A Correct Test

Payload ≤90% max. weight

Altitude Moderate a 0–700 m above sea level

Extended b 700–1300 m above sea level

Altitude difference <100 m (start–finish)

Cumulative altitude gain 1200 m/100 km

Ambient temperature Moderate a 0–30 ◦C

Extended b −7–0 ◦C; 30–35 ◦C

Use of auxiliary systems Used as in real life
a The vehicle must meet emission limits. b The vehicle must meet the emission limits divided by a factor of 1.6.
The rule does not apply to CO2 emissions [9].

The limitation of the test is the measurement accuracy of the devices used, PEMS
compared to the WLTP-complied analysers, and the inability to control the test environment
conditions. With RDE, two correction factors are introduced. During the test, when selected
values, such as height above sea level or ambient temperature, are exceeded, the determined
emission is divided by a correction factor of 1.6 [201].

During the life of a motor vehicle and during tests in real conditions, the value of
its emissions is limited by not-to-exceed (NTE) limits. These limits are related to the
uncertainty of the PEMS measurement and are tightened along with technical progress or
improvement of the measurement procedure. Currently, the conformity factors that are
applied to nitrogen oxides and PN are 1.43 and 1.5, respectively [202].
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Figure 12 shows the speed graph of an example test performed in accordance with the
guidelines in Table 11. The urban stage lasts from 0 to about 2500 s, the rural stage to about
4700 s, and the motorway stage takes up to 6000 s. The decrease in speed at the end of the
graph, in the range of 5800–6000 s, is related to the motorway exit and is included in this
stage due to maintaining the required average speed, above 90 km/h.
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The RDE and WLTC tests were compared by, among others, Andrych-Zalewska
et al. [203]. A gasoline vehicle meeting the requirements of the WLTC class 3b and Euro
6d-Temp emission standards was used for the tests. The emissions in real conditions were
higher for carbon monoxide and dioxide, nitrogen oxides, and PN. Compared to the WLTC
test, the CO emissions were higher by more than 1500 mg/km, in the RDE test reaching a
value of about 2300 mg/km. NOx, CO2, and PN emissions were also higher for the test in
real conditions, by about 20%, 12%, and 100%, respectively.

The total hydrocarbon emissions during the test in real conditions was approximately
0.17 mg/km, while on the chassis dynamometer, the value was three hundred times higher,
reaching the value of 51.68 mg/km. This is the result of a relatively small share of the
cold start in the entire cycle. This may translate into an underestimation of hydrocarbon
emissions, especially in urban conditions where, during a single journey, a cold start has a
relatively large share of the total trip [204].

Currently, in the European Union, motor vehicles undergo tests on a chassis dy-
namometer as well as in accordance with real driving emissions, with the requirement that
the emission values in both cases remain below the set limits of the emission standards.

6. Current Challenges in Vehicle Emission

The ongoing transformation to zero-emission vehicles will be greatly accelerated in
2035, when in the European Union manufacturers will be forced to sell only LEVs powered
by sustainable fuels. In the following years, after 2035, the vehicles powered by gasoline or
diesel will be replaced by more environmentally friendly alternatives.

Despite these advancements, there are still several challenges pertaining to vehicle
emissions. Current legislation within the European Union primarily focuses on limiting the
PM and PN, without considering their composition. However, as discussed in this article,
microcontaminants present in PM pose significant risks to both health and the environment.
Concentrations of these microcontaminants are not solely dependent on particle mass, and
efforts to reduce regulated pollutants may inadvertently lead to the emergence or increase of
microcontaminant concentrations, thereby elevating the overall toxicity of vehicle exhaust.
Therefore, it is imperative to prioritize the reduction of microcontaminants by improving
existing exhaust aftertreatment systems, such as GPFs.
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Given the growing number of vehicles on the road, it is essential to conduct research
on alternative materials for the removal of hydrocarbons, as an alternative to the current
use of Pt, Pd, and Rh. The utilization of such metals is progressively increasing with each
passing year. Additionally, it is important to prioritize research on the optimization of
existing systems to prevent the excessive expansion of exhaust aftertreatment systems,
thereby avoiding unnecessary manpower requirements and cost implications associated
with improvement efforts.

Moreover, given the emergence of microcontaminants, it is essential to conduct in-
depth investigations into the impact of bioadditives on nonregulated emissions. This
research is crucial in order to avoid the utilization of compounds that exhibit a wide-
ranging adverse effect rather than providing beneficial outcomes.

The development of a worldwide testing procedure for MCs and exhaust toxicity
indicators (such as TEQ) is necessary to ensure standardized and comparable measurements
of emissions across different regions and countries. Such a procedure would allow for a
more accurate assessment of the health and environmental impacts of vehicle emissions on
a global scale, facilitating the identification and mitigation of potential risks. It would also
enable the evaluation and comparison of different exhaust aftertreatment technologies and
strategies, aiding in the development of more effective and efficient solutions to reduce
harmful emissions.

7. Future Trends

Stringent emission standards for fossil-fuel-powered vehicles are crucial for achieving
the goal of near-zero-CO2-emission vehicles by 2035. By implementing more rigorous
regulations, older cars, which are likely to remain on the roads for an extended period,
would contribute significantly less to environmental impact. This proactive approach aligns
with the imperative to reduce overall emissions and pave the way for a more sustainable
and environmentally conscious transportation landscape.

Looking ahead, several key future trends are expected to shape the landscape of emis-
sions from light-duty vehicles. One prominent trend is the increasing adoption of electric
vehicles as a viable alternative to traditional internal combustion engine vehicles. With
advancements in battery technology and an expanding charging infrastructure, EVs are
poised to play a significant role in reducing emissions. Governments and industry stake-
holders are actively promoting the electrification of vehicles through incentives, regulations,
and investments in research and development.

Another emerging trend is the integration of connected and autonomous vehicle (CAV)
technologies. CAVs have the potential to optimize driving patterns, reduce congestion,
and enhance fuel efficiency, thereby minimizing emissions. Additionally, the application of
advanced sensors and artificial intelligence in CAVs can enable real-time monitoring and
control of vehicle emissions, allowing proactive emission management and compliance.

Furthermore, the development of sustainable alternative fuels, such as biofuels, hydro-
gen, and synthetic fuels, holds promise for reducing the carbon footprint of transportation.
These fuels offer the potential for lower emissions and improved air quality without requir-
ing significant modifications to existing vehicle fleets. Additionally, the use of renewable
energy sources in fuel production can further enhance the environmental benefits of these
alternative fuels.

In summary, the future of emissions from light-duty vehicles is expected to witness a
shift towards greater electrification, the integration of connected and autonomous technolo-
gies, and the exploration of sustainable alternative fuels. By embracing these trends and
fostering innovation, stakeholders can collectively work towards achieving cleaner and
more sustainable transportation systems, effectively mitigating the environmental impact
of vehicles, and contributing to a greener future.
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8. Conclusions

In conclusion, this article has provided a comprehensive exploration of emissions from
light-duty vehicles, focusing on the statistical trends, regulatory framework, and testing
procedures within the European Union. By examining statistical information about the
automotive industry and vehicle categories, valuable insights are gained into the magnitude
and impact of emissions on a global scale.

The discussion of emission regulations, particularly the European Emission Standard,
highlighted the efforts made to mitigate the environmental impact of vehicles. In addition,
the complexities of both regulated and unregulated emissions were delved into, empha-
sizing the significance of addressing the health implications associated with unregulated
microcontaminants.

Examination of vehicle exhaust and the comparison of exhaust-gas treatment systems
revealed the significance of technological advancements in reducing emissions. The concept
of eco-driving showcased the potential for further emission reduction.

Factors affecting emissions from gasoline engines were thoroughly analysed, cov-
ering aspects such as downsizing, fuel composition, and engine operating parameters.
Additionally, the influence of driving style, start–stop systems, and other relevant factors
emphasised the role of individual behaviour in emissions.

Lastly, various testing procedures were explored, including emission tests and real-world
testing, which are crucial for evaluating and ensuring compliance with emission standards.

In general, this article underscores the need for continued research, innovation, and
collaboration to address the challenges posed by vehicle emissions. By understanding the
complexities surrounding emissions and implementing effective regulations and testing
procedures, we can strive towards a cleaner and more sustainable future for the automotive
industry and the environment as a whole.
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AKI Antiknock Index GC Gas Chromatography PWR Power-to-weight ratio
ASC Ammonia Slip Catalyst GPF Gasoline Particulate Filter QCL Quantum Cascade Laser
BAT Best Available Techniques HC Hydrocarbons RDE Real Driving Emissions
CA Crank Angle IC Ion Chromatography RON Research Octane Number

CAV
Connected and Autonomous
Vehicles

ICE Internal combustion engine RPM Revolutions Per Minute

CI Compressed Ignition ISC-FCM
In-service Conformity–Fuel-
Consumption Measurement

PGMs Platinum group metals

CNG Compressed Natural Gas LDV Light-duty vehicles PM Particulate Matter
DI Direct Injection LEV Low-emission vehicle SCR Selective Catalytic Reduction
DIPE Diisopropyl Ether LNT Lean Nitrogen Trap SI Spark Ignition

DOC
Diesel Oxidation Catalytic
Converter

LPG Liquid Petroleum Gas TAEE Ethyl Tert-Amyl Ether

DPF Diesel Particulate Filter MCs Microcontaminants TAME Methyl Tert-Amyl Ether
EGR Exhaust-Gas Recirculation MeOH Methanol TEQ Toxic Equivalency Factor

EOBD II
Engine Onboard Diagnostic
type II

MON Motor Octane Number TTW Tank to wheel
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ETBE Ethyl Tert-Butyl Ether MP-AES
Microwave Plasma–Atomic
Emission Spectroscopy

TWC
Three-way catalytic
converter

EtOH Ethanol MS Mass Spectrometry UDC Urban Driving Cycle
EU European Union MTBE Methyl Tert-Butyl Ether UV Ultraviolet

EUDC Extraurban Driving Cycle NEDC
New European Driving
Cycle

WLTC
Worldwide Harmonised
Light-Duty Vehicle Test
Cycle

EVs Electric vehicle NMHC Nonmethane Hydrocarbons WLTP
Worldwide Harmonised
Light-Duty Vehicle Test
Procedure

FID Flame Ionization Detector NTE Not to exceed WTT Well to tank

FT-IR
Fourier Transform Infrared
Spectroscopy

ON Octane Number WTW Well to wheel

FTP Federal Test Procedure PAHs
Polycyclic Aromatic
Hydrocarbons

λ Air–fuel ratio

LCV Light commercial vehicles PN Particle Number
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państwach. Bus. Insid. 2022, VII, 1–2. Available online: https://businessinsider.com.pl/technologie/motoryzacja/jak-moze-
wygladac-polski-podatek-od-samochodow-spalinowych-sprawdzamy-jak-wyliczaja/1c5lvdd (accessed on 7 March 2023).

12. Daniel, A. Your Guide to Owning a Car in Japan. Available online: https://www.borderlink.co.jp/magazine/1938/ (accessed on
7 March 2023).

13. European Comission. ROZPORZDZENIE PARLAMENTU EUROPEJSKIEGO I RADY (UE) 2016/1628 z dnia 14 września 2016 r.
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44. Michalik, M.; Brzezański, M.; Wilczyńska-Michalik, W.; Fisior, K.; Klimas, B.; Samek, L.; Pietras, B. Characterisation of solid
particles emitted from diesel and petrol engines as a contribution to the determination of the origin of carbonaceous particles in
urban aerosol. IOP Conf. Ser. Mater. Sci. Eng. 2016, 148, 012079. [CrossRef]
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