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1. Introduction

Abstract

Global ecosystems and public health face increasing risks from climate change, pri-
marily driven by greenhouse gas emissions from fossil fuel combustion. The auto-
motive sector accounts for more than 70% of greenhouse gas emissions within the
transportation sector, marking it as a primary focus for environmental impact stud-
ies. This research examines the ecological consequences of internal combustion en-
gines, which discharge a complex mixture of regulated pollutants—including car-
bon monoxide, nitrogen oxides, hydrocarbons, and particulate matter—alongside
unregulated toxins such as nitrous oxide, hydrogen cyanide, and volatile organic
compounds. These substances pose significant long-term threats to both human
health and atmospheric integrity. Analysis highlights the vital role of stringent emis-
sion standards, including EURO regulations and modernized testing protocols like
the Worldwide Harmonized Light Vehicles Test Procedure and Real Driving Emis-
sions, in minimizing hazardous outputs. While advancements in engine architecture
and aftertreatment technologies have been substantial, critical challenges persist re-
garding cold-start inefficiencies and the suppression of ultrafine particles. Simulta-
neously, the shift to low and zero-carbon fuels, such as hydrogen, ethanol, metha-
nol, and biodiesel, is highlighted as a feasible route to sustainable mobility. When
combined with lean-burn techniques and sophisticated engine designs, alternative
fuels provide significant reductions in both regulated and unregulated emissions.
They also have improved combustion characteristics and fewer adverse effects on
the environment. The transportation industry can drastically lessen its environmen-
tal impact by combining alternative fuels, efficient combustion techniques, and
strong emission control technologies with a supportive legislative framework.
Achieving climate goals, enhancing urban air quality, and moving closer to a sus-
tainable mobility future will all depend on these actions.

Keywords

Internal combustion engines; climate change; alternative fuels; regulated and un-
regulated emissions; emission control; hydrogen

The planet’s biosphere and human life are seriously threatened by climate change. Due to global warming, the
Earth’s surface temperature increased by an average of over 1 °C between 2011 and 2025 [1] compared to the late
industrialization era and the period of oil and gas industries development. June 2023 was the warmest June ever
recorded, with a worldwide temperature of 1.05 °C higher than the average for the 20th century, which was 15.5 °C.
The increase of greenhouse gas (GHG) emissions into the Earth’s atmosphere is the primary driver of climate change
and global warming. Future projections (2021-2100) [2] of global surface temperature changes are presented for
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various greenhouse gas emissions scenarios: very low (SSP1-1.9), low (SSP1-2.6), intermediate (SSP2-4.5), high
(SSP3-7.0), and very high (SSP5-8.5) [2]. These projections are depicted as “climate stripes”, which illustrate the
long-term human-induced trends in temperature while also accounting for ongoing natural variability. The patterns
highlight the expected evolution of global surface temperatures under different emissions pathways (Figure 1 and
see in Table 1 the explanation of the scenario terms). The transportation sector is a major contributor to global
greenhouse gas emissions, accounting for nearly a quarter of energy-related emissions worldwide. Among trans-
portation modes, road transportation is the largest source, responsible for over 70% of emissions, followed by ma-
rine transport at approximately 15% and aviation at around 10% (Figure 2), as well as the fossil fuels used for
transportation, heating, and power generation contribute significantly to greenhouse gas emissions [1]. One of the
most crucial objectives for determining future mobility that has no detrimental effects on the environment or human
health is emission reduction.

Table 1. Relationship between emission scenarios and modelled pathways [5]

GHG Emissions Scenarios Category description (SSP!x-y in WGI and WGII?) RCPy3 [W/m?]

Limit warming to 1.5 °C with no or a limited exceeding of 1.5 °C
Very low (SSP1-1.0) by up to 0.1 °C-0.3 °C for up to several decades )

Low (SSP1-2.6) Limit warming to 2 °C RCP2.6
Intermediate (SSP2-4.5) Limit warming to 3 °C RCP4.5
High (SSP3-7.0) Limit warming to 4 °C RCP6.0
Very high (SSP5-8.5) Exceeding warming to 2 °C RCP8.5

ﬂ“C Global temperature change above 1850-1900 levels

G ———

0 05 1 15 2 25 3 35 4

Future emisions

2020 scenarios 2060 2100

1900 1940

Figure 1. Predictions of the GHG emissions based on.

The world’s population is always increasing, as well as the increase in motorized individual mobility, facts that
counteract the efforts to reduce worldwide emissions. Between 1990 and 2007, the global transportation sector alone
had a 45% increase in CO» emissions, and by 2030, another 40% increase is anticipated [3]. The automotive industry
is being forced to continuously create even more resilient powertrains, emission control, and exhaust gas aftertreat-
ment systems due to the ongoing evolution of the carbon dioxide (CO») and pollutant emission limits [4]. Progress
in lowering emission-related pollution is essential since it will result in waste management, a cleaner energy transi-
tion, and increased technological energy efficiency [5].

Most of the oil used in the transportation industry comes from carbon-based fuels like gasoline and diesel. In
addition to CO;, the exhaust of vehicles powered by gasoline and diesel contains several harmful contaminants.
Within road transportation, the primary sources of emissions are light-duty vehicles, such as cars and trucks, which
collectively dominate the sector’s environmental impact. This highlights the critical need for targeted strategies to

! SSPx refers to the shared socioeconomic pathway describing the socioeconomic trends and the “y” stands for the level of the radiative forcing.

2 Working groups I and II refer to the physical science basis and the understating of the climate system and how it’s changing, respective impact,
adaption and vulnerability.

3 RCPy are scenarios used in the climate science to display possible future greenhouse gas emissions, where the “y” stands for the level of the radiative
forcing.
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reduce emissions from road transport as part of broader efforts to address climate change [6]. Exposure to diesel
and gasoline exhaust has been linked to negative health effects demonstrated in several previous investigations [7].
According to that research, breathing in particulate matter (PM10 and PM2.5) from diesel vehicle exhaust when
stuck in traffic has an impact on the brain, heart, and lungs. Long-term exposure to fine particulate matter (PM2.5)
has also been shown to increase the risk of heart failure and asthma [1]. There are two types of exhaust emissions
from combustion engines: regulated emissions and unregulated emissions. Particulate matter (PM), nitrogen oxides
(NOx), unburned hydrocarbons (HC), and carbon monoxide (CO) are all considered regulated emissions. Unregu-
lated emissions that are harmful include nitrous oxide (N>O), hydrogen cyanide (HCN), propene (C3Hs), ethene
(C2Ha4), and acetylene (C;H>) [8]. Acetylene inhalation can result in headaches, light-headedness, and unconscious-
ness [9]. Exposure to ethene causes similar symptoms, including headache, exhaustion, disorientation, and coma.
Prolonged exposure to propene may cause liver damage and irregular heartbeats. Shock, irregular heartbeats, se-
verely low blood pressure, and even cardiac arrest are among the severe cardiovascular effects caused by hydrogen
cyanide, a highly toxic gas [1]. The transportation industry needs to investigate fuel substitutes. Low-carbon fuels,
such as ethanol and methanol, and zero-carbon fuels, such as hydrogen, have the desirable qualities to take the place
of conventional fuels.

Global Energy - Related emission ~= 42 GT CO: Transport emission ~= 9 GT CO:

1% 3%

H Rail

m Aircraft

Marine

m Heavy - duty vehicles
M Light - duty vehicles

. 79% m Others

N

Figure 2. CO2 emission representation (based on [6], [27], [26]).

In a broad sense, alternative fuels encompass both fossil-derived and renewable energy sources. These fuels are
commonly categorized into two main types based on their physical state: gaseous fuels (e.g., liquefied petroleum
gas [LPG], natural gas [NG]) and liquid fuels, including alcohols such as methanol and ethanol, as well as ethers
like dimethyl ether (DME) and polyoxymethylene dimethyl ethers (PODEn). Biodiesel also represents a widely
used renewable alternative. These fuels are increasingly employed in localized transportation systems and industrial
applications as part of broader efforts to reduce environmental impact [10]. The transition to electric vehicles (EVs)
is widely regarded as a promising long-term strategy for addressing the environmental challenges posed by conven-
tional vehicle emissions. Although significant progress has been made in battery technology, electric drivetrains,
and control electronics, two critical barriers remain. First, existing energy infrastructure often lacks the capacity to
support large-scale vehicle electrification. Second, the reliability and availability of power supply may limit wide-
spread EV adoption, especially in regions with underdeveloped grids. To mitigate harmful emissions, various strat-
egies have been developed, including in-cylinder modifications, geometric and operational adjustments, and ad-
vanced exhaust gas aftertreatment technologies [11].

2. Formation of Exhaust Emissions

The process of converting thermal energy follows the fundamental principles of thermodynamics and can be sys-
tematically defined. Internal combustion engines and gas turbines serve as specialized energy conversion systems,
where the chemical energy stored in fuel is transformed into mechanical energy, which is then converted into elec-
trical energy by an electric motor. For large-scale electricity generation, stationary gas turbine plants are often used,
either independently or in combination with steam turbines. Due to inherent conversion losses, the efficiency of
these processes can be visually represented using a pyramid diagram (as shown in Figure 3), where the relative sizes
reflect differences in conversion efficiency [11].
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Figure 3. Energy conversion flow (based on [11]).

Exhaust pollutants generated during combustion processes can be categorized into harmless and harmful compo-
nents. Those emissions that are subject to regulatory limits are referred to as regulated emissions, while others fall
under the category of unregulated emissions. Air pollutants are further classified into primary and secondary pollu-
tants. Primary air pollutants include particulate matter, sulfur dioxide, nitrogen oxides, hydrocarbons, volatile or-
ganic compounds, carbon monoxide, and ammonia. These pollutants are directly released into the atmosphere from
sources such as vehicle emissions, the transportation sector (naval and air transport), industrial and construction
activities ac. In contrast, secondary air pollutants are formed through chemical reactions involving primary pollu-
tants or interactions with natural atmospheric components. Examples of secondary pollutants include ground-level
ozone, formaldehyde, smog, and acid mist, which typically result from processes such as coagulation, condensation,
or photochemical reactions.

Many primary pollutants, such as carbon monoxide, unburned hydrocarbons, sulfur oxides, and nitrogen oxides,
are emitted in gaseous form and are often invisible. However, in addition to these gaseous pollutants, atmospheric
pollution is significantly impacted by particulate matter, which has become a growing concern. The major sources
of particulates include industrial combustion and other anthropogenic activities. Particulate matter consists of a
mixture of solid particles and liquid droplets suspended in the air, with examples including smoke, fumes, and haze.
Furthermore, gaseous pollutants such as NOy, SOz, HC, VOCs, and NHs can undergo transformations in the atmos-
phere, ultimately contributing to the formation of particulate matter [11]. In order to determine the total exhaust
mass and the individual contribution of each pollutant, the fundamental equation (2.1) of the combustion process

gives a clear overview of such problems.
Mair

Mey = Meomp + Mair = Meomp (1 + ) = m'comb(1 +4- Lmin) (2.1)

Meompb
where:

m,, represent total mass of exhaust gases,

Meomp represent mass of the fuel combusted

mg;,- represent mass of air supplied

A excess air coefficient (air-to-fuel ratio relative to stoichiometric)
Lonin minimum air requirement per unit fuel mass (stoichiometric ratio)

A simple explanation is that the total mass of exhaust gases is increasing with the excess of the air-fuel ratio. At
the stoichiometric ratio, the engine uses just enough air to completely burn the fuel, and once the ratio increases (a
leaner combustion), then more air is added, which will lead to an increase in the amount of the exhaust emissions,
even though the fuel remains constant (Figure 4).

The formation of toxic gases in automotive exhaust is influenced by several factors, including the combustion
process, air-fuel ratio, engine power, compression ratio, flame temperature, and carburetor function. Complete fuel
combustion requires a precise stoichiometric air-fuel ratio. In addition, the nature and quantity of pollutants depend
on fuel quality, volatility, and the presence of minerals and contaminants. The release of highly toxic emissions
from vehicles poses serious risks to human health and the environment. The severity of these effects is determined
by the physical and chemical properties of the pollutants, their concentration, and the level of public exposure [12].
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Figure 4. Gas mass on excess air ratio example.
2.1 NOyx Emissions

Nitrogen oxides, consisting mainly of nitric oxide and nitrogen dioxide, though N2 makes up about 80% of the air
around us and generally doesn’t participate in chemical reactions, the scorching temperatures inside engines provide
enough energy to split its strong molecular bonds. This thermal activation transforms the inert nitrogen into reactive
NO, which accounts for most NOx emissions from combustion sources. Later, some of this NO may oxidize further
into NO., especially as exhaust gases cool [13]. The forward and reverse reaction rate constants found in the tech-
nical literature can be observed in Table 2, where the Zel’dovich emission formula describes how nitrogen oxides
are formed from the nitrogen and oxygen naturally present in air under high temperature conditions (typically above
1800 K)

Table 2. Kinetic parameters for Zel’dovich mechanism reactions

Reaction Forward rate constant Temperature Reverse rate constant Temperature
[cm?/mol-s] range [K] [cm?/mol-s] range [K]
N2+0O < NO+N 7.6 x 1013exp(-38000/T) 2000-5000 1.6 x 1013 300-5000
N+0O2 & NO+O 6.4 x 10%xp(—3,150/T) 300-3000 1.5 x 10%xp(—19,500/T) 1000-3000
N+OH < NO+H 4.1 x 10" 300-2500 2 x 10Mexp(—23,650/T) 2200-4500

2.2 Carbon Monoxide

The production of carbon monoxide is similar to that of nitrogen oxide, which is primarily dictated by the fuel-air
ratio within the engine’s cylinder, a phenomenon observed across various fuel types. An enriched air-fuel ratio,
characterized by an excess of fuel relative to the stoichiometric requirement, leads to incomplete combustion and a
subsequent surge in CO emissions. Compression ignition engines, operating consistently with a lean AFR to ensure
complete combustion, typically exhibit negligible CO output. Conversely, spark ignition engines pose a greater
challenge in CO emission control. This disparity arises from their operational characteristics: at partial loads, SI
engines function near stoichiometric conditions, while at higher loads, they often transition to a fuel-rich mixture.
These fuel-rich conditions are particularly conducive to the formation of CO, necessitating robust emission man-
agement strategies. CO formation is one of the key reaction steps in the HC combustion reaction described by the
following equation, which can also explain the further oxidation of the CO [13].

2.1
CHy + zO; - aCOz + b CO + dH;O 1)

2CO + 0, - 2CO; (2.2)
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CO + H0 & CO: + Hs (2.3)
CO + OH & CO; + H 24
where x=a+b,y=2d and z=a+b/2 + d/2.

2.3 Particulate Matter

Particulate matter formation is intrinsically linked to fuel-rich zones within the combustion chamber, occurring at
elevated temperatures around 1600 K and pressures approximating 100 bar. Under these conditions, the localized
air-fuel mixture lacks sufficient oxygen for complete combustion, leading to the creation of particulate matter (as
illustrated in Figure 5). Notably, diesel particulates typically exhibit larger particle sizes compared to those emitted
by direct injection spark ignition engines. Port-fuel-injected gasoline engines, conversely, primarily generate par-
ticulates within the nucleation mode size range. It has been observed that significantly elevated injection pressures,
exceeding 3000 bar, correlate with a reduction in both particulate mass and number. However, this decrease is
suspected to be, at least partially, due to the resulting particle diameters falling below the detection threshold of
measurement instruments [13].

Furthermore, nucleation mode particles can also form post-combustion, within the tailpipe’s end region or im-
mediately after exhaust expulsion, for both compression ignition (CI) and direct injection spark ignition (DI SI)
engines. While these post-combustion particles constitute a minor fraction (single-digit percentage) of the total
particulate mass, they dominate the particle number count, accounting for over 90% of the measured particles [13].

Temperatures

950K ~1600K

T : F co.&
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Cold Rich fuel/air - .
fuel mix® = 4 -0
Warm Prod_ucts of
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Ditfusion ftame B Soot oxidation zone
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Figure 5. Particulate formation concept (based on [13]).
2.4 Hydrocarbon Emissions

Hydrocarbon emissions in engine exhaust are generated from various sources, with the main contributors being
partially burned, recombined, or unburned fuel hydrocarbons. A smaller proportion of HC emissions can be traced
to the lubricating oil, which may undergo partial oxidation or volatilization. Typically, the total hydrocarbons in the
exhaust are reported as a collective measure, without distinguishing their individual sources. The concentration of
total hydrocarbons in the exhaust serves as a useful indicator of combustion efficiency, with higher levels of those
hydrocarbons signifying lower combustion efficiency [13]. Based on different studies, it was demonstrated that
related to the speed of the vehicle, as the speed increases, the HC emissions decrease (Figure 6).
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Figure 6. Evolution of speed vs HC emissions [28].

2.5 Emission Legislation

The primary goal of legislation updating emission regulations is to enhance air quality. For years, a key focus has

been achieving zero-emission mobility in urban areas. However, significant differences between emissions meas-

ured in laboratories and those recorded using portable emissions measurement systems (PEMS) on the road have

sparked public debate, legal disputes, and, in some cases, local bans on older vehicles. To address these discrepan-

cies, the “worldwide harmonized light-duty vehicle test procedure” (WLTP) introduced real driving emissions (RDE)
tests as part of the vehicle approval process, alongside traditional laboratory-based chassis dynamometer tests [4].

Further revisions to the regulations aim to establish fuel and technology-neutral emission standards. This means that

uniform emission limits will likely apply to petrol, diesel, and hybrid vehicles. Additionally, it is expected that all

commercially available fuels will be permitted for testing purposes.

Testing conditions for urban, rural, or highway profiles are considerably different, limiting the top speed, tem-
perature, and altitude, and the separation into moderate and extended conditions restricts the potential test scenarios.
As mentioned, different aspects should be taken into consideration during real driving test scenarios, but there are
particular elements that can impact the exhaust emissions, such as whether the tests are performed on long or short
trips, with or without cold starts, because cold starts can be affected by condensation when exhaust gas component
temperatures fall below the dew point. Many approaches for future tests consider long-term goals such as test pro-
cedures that must monitor the vehicle cleanliness under all boundary conditions, or urban mobility must be emis-
sion-free, but the current short-term goals are more important because they will lead to the fulfillment of long-term
goals:

e OEMs must ensure low emissions across the entire engine operating range through effective control mech-
anisms. In recent years, various studies—particularly on CO emissions from gasoline engines—have
demonstrated the feasibility of achieving this goal;

e  On-board diagnostics functionality must be validated under RDE conditions;

e The introduction of stricter and standardized emission limits for different propulsion technologies;

New limits are being introduced for additional pollutants, including nitrogen dioxide, nitrous oxide, am-
monia, formaldehyde, particle number (PN10) for solid particles larger than 10 nm, methane, and non-
methane organic gases [14].

2.6 Marine Engines

The maritime industry is home to the largest internal combustion engines in operation. In 2018, over 50,000 com-
mercial vessels—responsible for transporting approximately 75% of global trade—had a combined cargo capacity
of around 1.4 billion tons. Although ship engines contribute a relatively modest share (5-7%) to global air pollution,
the environmental standards for marine diesel engines are becoming increasingly strict [15]. This trend is driven by
the immense total power output of ship engines, which in some cases exceeds 100 megawatts. In regions with high
shipping density, such emissions can lead to significant local air quality concerns.
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Efforts to regulate emissions from merchant ships began in 1973 with the International Maritime Organization, a
United Nations agency, through the adoption of the MARPOL convention (ratified in 1978 as MARPOL 73/78). In
2005, this agreement was expanded to include emission limits for sulfur oxides, nitrogen oxides, particulate matter,
and greenhouse gases [15].

Beyond global regulations, specific emission control areas have been designated to enforce even stricter emission
limits. These emission control areas currently include the 200-nautical-mile zones off the coasts of the United States
and Canada, as well as the North Sea, Baltic Sea, English Channel, Caribbean Sea, and other regions. The MARPOL
limits have tightened over time: in 2010, the maximum allowable sulfur content in marine fuels was set at 1.0% in
those regions and 4.5% elsewhere; by 2020, those limits dropped significantly to 0.1% and 0.5%, respectively [15].

To meet these more demanding standards, especially within emission control areas, the maritime sector is in-
creasingly exploring alternative fuels—particularly combustible gas mixtures—as a viable solution. Among the
most promising options are natural gas (primarily methane, CH4) and liquefied petroleum gases, composed mainly
of propane (CsHs) and butane (CsHio). Onboard storage of natural gas is typically in liquefied form at temperatures
below -160°C in cryogenic tanks, while the liquefied form can be stored as a liquid at ambient temperature under
1.6 MPa pressure.

Switching to these gaseous fuels offers significant environmental benefits: they can virtually eliminate sulfur
emissions, reduce NOy emissions by up to 90%, and lower emissions of particulate matter and carbon dioxide (CO-)
by approximately 30% compared to conventional petroleum-based fuels [15].

3. Regulated Emissions

The automotive industry is among the most heavily regulated sectors in the European Union, as well as in other
regions globally. Existing regulations addressing safety, environmental impact, vehicle type approval, and taxation
have already substantially increased manufacturing expenses. With the European Commission proposed a range of
new initiatives (such as updated CO, emission standards for the period beyond 2020), manufacturers are likely to
face even greater cost pressures. These forthcoming measures, while aimed at advancing sustainability and innova-
tion, are expected to further escalate production costs within the industry. For instance, by the year 2020, the average
emissions from new passenger cars were reduced by 39% relative to their 2005 levels [16]. This target is notably
more ambitious compared to the anticipated reductions in other sectors. Specifically, non-ETS sectors are expected
to achieve a 10% reduction, while ETS sectors are projected to reduce emissions by 21% over the same period. This
disparity highlights the particularly stringent requirements placed on the automotive industry in efforts to curb
greenhouse gas emissions.

Vehicle emissions are regulated across global regions through various legislative frameworks, such as EUS, EU6,
ULEV, LEV II, and others. These can be broadly categorized into three major regulatory clusters:

e The United States and parts of Central and South America primarily follow the U.S. federal test procedure
or components derived from it [17];

e European countries and those aligned with EU standards transitioned in 2017 to the worldwide harmonized
light vehicles test procedure (WLTP), alongside the real driving emissions (RDE) test to better reflect real-
world conditions. Japan currently uses its own testing protocol but is shifting toward WLTP and considering
the adoption of the RDE test [17];

e China employs a hybrid approach, integrating elements of both European (initially the NEDC, but moving
toward WLTP and RDE) and U.S. regulatory frameworks [17].

Ongoing regulatory developments in Europe (Euro 7), the United States (particularly LEV 4 standards in Cali-
fornia), and China (China 7) are focused on significantly tightening emission limits. These proposed regulations
aim to sharply reduce nitrogen oxides and particle number emissions, including the measurement of ultrafine parti-
cles as small as 10 nanometers—a notable shift from the current 23 nm threshold. Additionally, new emissions
targets are being proposed for substances such as ammonia (NHs) and nitrous oxide (N20O), which have not been
previously regulated at this level [18].

Complying with these future standards will require advancements in both engine design and exhaust after-treat-
ment technologies. At the same time, increasingly strict CO: regulations mean that any solution must avoid increas-
ing system backpressure, as this could negatively affect fuel efficiency and performance. In stoichiometric gasoline
engines, the primary tool for controlling gaseous emissions is the three-way catalyst, a well-established and highly
effective technology. Once it reaches its operational “light-off” temperature, it can nearly completely convert harm-
ful pollutants—NOx, hydrocarbons, and carbon monoxide—into less harmful substances like carbon dioxide and
water vapor [18].
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Figure 7. After treatment architecture for the future lows of NOx requirements [18].

The main challenge that remains is mitigating “cold-start” emissions, which occur in the initial moments after
engine start-up, before the catalyst reaches its effective temperature. Various system architectures are currently
being developed to meet future emission standards more effectively (Figure 7). A common strategy involves inte-
grating a selective catalytic reduction unit upstream of the diesel particulate filter (DPF). This configuration facili-
tates earlier catalyst activation and enhances NOx reduction at lower exhaust temperature conditions commonly
encountered during city driving and low-load operation.

3.1 Diesel Engines

In general, regulations and programs targeting diesel emissions can be categorized into the following groups:
e Tailpipe emission standards: emission standards for new engines and/or vehicles; In most jurisdictions,
diesel regulated emissions focus on:
o Particulate matter;
o Nitrogen oxides (in some jurisdiction nitrogen oxide is regulated as greenhouse emission);
o Hydrocarbons;
o Carbon monoxide.
e FEmission control retrofit programs for existing vehicles: equipping older vehicles with aftermarket treat-
ment systems such as particulate filter, selective catalytic reduction;
e Inspection and maintenance programs.

Emissions are evaluated using an engine or vehicle test cycle, a critical component of every emission standard.
These regulatory testing procedures are essential for verifying and ensuring compliance with established standards.
Test cycles are designed to achieve two key objectives: they aim to provide consistent and repeatable conditions for
measuring emissions, while also simulating real-world driving scenarios relevant to the specific application. This
dual approach helps ensure that emission standards are both scientifically rigorous and reflective of actual operating
conditions, thereby enhancing their effectiveness in reducing environmental and health impacts [19]. Test cycles
can be categorized into two main types: steady-state cycles and transient cycles. In steady-state cycles, the engine
operates at a series of fixed speed and load conditions, with emissions measured at each stabilized mode. These
measurements are then averaged, often using specific weighting factors assigned to different modes to reflect their
relative importance. In contrast, transient cycles involve simulating a dynamic driving pattern that includes accel-
erations, decelerations, and variations in speed and load. Emissions during transient cycles are typically calculated
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either by integrating continuous, real-time measurements or by analyzing gas samples collected in sampling bags
over the duration of the cycle. This distinction allows for a comprehensive evaluation of emissions under both
controlled and realistic driving conditions. Among those test cycles, can me mentioned:
e US Heavy-Duty FTP Transient Cycle: used for testing the emissions of heavy-duty engines in United
States;
e European stationary cycle or ACEA cycle: introduces for emission certification of heavy-duty diesel en-
gines in Europe, introduced in the year 2000;
e  World harmonized stationary cycle: a global emissions test cycle covering a hot start steady-state test cycle
and a transient test cycle for both cold and hot start requirements;

3.2 Spark Ignition Engines

An evolution in the engineering process can observed that from 1993, where approximately 9% of the fuel remained
unburned during the main combustion process, which lead to significant implications for engine performance and
efficiency which resulted in a loss in the mean effective pressure and fuel conversion efficiency [20]. Recent studies
shows that the spark ignition engines can operate at higher compression ratios without abnormal combustion due to
the high-octane number of NH3. In order to speed up the flame speed is to use conventional fuel (gasoline) blended
with faster-burning fuels (such as hydrogen) [21]. Another development brought in the field for the spark ignition
engines are the use of multiple spark plugs, which ultimately increase the burning rate of the NH3. Not only this,
but this technique also allows multiple flame kernels to develop simultaneously, merge, and spread efficiently
throughout the combustion chamber, leading to faster and more stable combustion. Research has shown that, com-
pared to conventional single-spark ignition, the multi-spark strategy increases in-cylinder pressure, shortens com-
bustion duration, and improves engine stability by enhancing the combustion rate of ammonia fuel. Notably, the
coefficient of variation dropped significantly—from 19.58% with single-spark ignition to just 1.96% using multi-
spark. Visual analysis using natural flame luminosity imaging also confirmed a substantial increase in both flame
intensity and propagation area [21].

A variety of factors can interfere with the intended operation of the spark ignition engine, including the design of
the combustion chamber, the chemical properties of the fuel, the buildup of deposits within the cylinder, and the
specific conditions under which the engine operates. Among these, the most significant and concerning form of
abnormal combustion is known as knock, a phenomenon that can lead to engine damage and reduced efficiency.
Other issues related to abnormal combustion include surface ignition or preignition, where the fuel-air mixture
ignites prematurely, and misfire, which disrupts the normal propagation of the flame within the cylinder. These
challenges highlight the complexities of maintaining optimal combustion and the need for careful engineering to
mitigate such issues [13].

Carbon monoxide and hydrocarbons are the primary pollutants found in the exhaust emissions of gasoline-pow-
ered vehicles. These emissions arise from the incomplete combustion of fuel during the engine’s operation [22].
Conventional spark ignition engines often face difficulties in achieving an optimal balance between delivering high
performance and maintaining low emissions [23]. In contemporary SI engines, reducing fuel consumption requires
the integration of advanced technologies and strategies [24]. These include increasing boost pressure combined with
downsizing the engine, as well as incorporating techniques such as water injection, nitrogen oxide reduction con-
verters (de-NOx), lean air-fuel mixtures, and exhaust gas recirculation to dilute the combustion mixture. These
innovations aim to enhance fuel efficiency and reduce emissions, reflecting the ongoing effort to meet stringent
environmental regulations while preserving engine power and performance.

In port-fuel-injected spark ignition engines, the air and fuel are mixed in the intake port before the mixture enters
the cylinder. This intake charge then combines with any residual gases left in the cylinder from previous cycles. As
a result, the air-fuel ratio and the concentration of diluents, such as those from EGR and residual gases, are ideally
nearly uniform throughout the cylinder. During combustion, the portion of the mixture that ignites early is com-
pressed to higher temperatures as cylinder pressures rise, while the portion that burns later remains mostly unburnt
during compression and reaches lower temperatures. Consequently, the earlier-burning fractions of the fuel contrib-
ute significantly more to the formation of NO emissions compared to the later-burning fractions. The highest NO
concentrations are typically found near the spark plug, where combustion initiates. This uneven temperature distri-
bution and its impact on NO formation highlight the complex dynamics of in-cylinder combustion processes.

As mentioned above, spark ignition engines produce significant levels of CO emissions, which require careful
management. This is primarily because SI engines typically operate at or near stoichiometric air-fuel ratios under
part-load conditions and may run fuel-rich during high-load scenarios, creating ideal conditions for CO formation.
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In premixed SI engines, CO concentrations rise rapidly within the flame zone, often exceeding the levels expected
for adiabatic combustion under the same fuel-air conditions. Although CO concentrations decrease as the gases exit
the cylinder, they remain higher than the equilibrium concentrations predicted for the exhaust temperature. This
suggests that the formation and breakdown of CO are governed by kinetic processes rather than thermodynamic
equilibrium, highlighting the complex chemical dynamics involved in CO emission control [13].

Hydrocarbon concentrations in the exhaust of SI engines are notably higher compared to those from compression
ignition engines. Total hydrocarbon emissions tend to rise under two conditions: when the fuel-air mixture becomes
richer than stoichiometric and when it is leaned out beyond the optimal ratio. Several mechanisms have been pro-
posed to explain HC emissions in SI engines, including the following:

e  The fuel-air charge was compacted within the crevice regions;
e The cylinder liner’s oil film experienced absorption of fuel constituents;
e Incomplete burning resulted from flame quenching, liquid fuel, and exhaust valve leaks.

The incremental reactivity scale is widely utilized as a tool for assessing the environmental reactivity of HC
mixtures. Recent data from a University of California-Riverside report submitted to the California Air Resources
Board are presented in Table 3. Apart from methane, all HC species undergo chemical reactions over time in the
atmosphere. As a result, it is often beneficial to categorize total HC concentrations into two groups: methane (CHa)
and non-methane organic gases. This distinction helps provide a more accurate understanding of the environmental
impact of hydrocarbon emissions, as methane and NMOGs behave differently in terms of reactivity and their con-
tributions to air quality issues [13].

Table 3. Hydrocarbons incremental reactivity [13]

Hydrocarbons type Incremental reactivity [gO3/gNMOG]
C1—C4 alkanes 0.25-1
Benzene 0.4
Methanol 0.6
>Cs alkanes 1-2
Ethanol 1.3
Cyclic alkanes 1-2.5
Toluene 2.7
Olefins 4-10
Acetaldehyde 55
Aromatics 6-10
Formaldehyde 7.2
Ethylene 7.3
Diolefins 10

4. Unregulated Emissions

Emissions that fall outside the scope of the current regulatory system are called unregulated emissions [11]. These
include all exhaust compounds other than those specifically targeted by existing regulations, such as carbon mon-
oxide, total hydrocarbons, nitrogen oxides, and particulate matter. Despite the lack of regulations for these emissions,
they continue to attract significant attention for several reasons. For instance, several countries are currently con-
ducting trials to gather data on carbon dioxide emissions from vehicles, with the potential for future legislative
action in mind. Moreover, in recent years, there has been growing interest in understanding and addressing these
unregulated emissions due to their potential environmental and health impacts [25]. Certain emissions have dimin-
ished in significance as a result of technological advancements and regulatory measures. For instance, the formation
of sulfur oxides in diesel oxidation catalysts is closely linked to particulate matter emissions. In response, countries
such as the United States, Japan, and Europe have significantly reduced the sulfur content in fuels. This shift has
led to the introduction of ultra-low sulfur diesel, with sulfur content decreasing from 0.05% by weight in traditional
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diesel fuel to less than 0.005% by weight for specific urban applications. The adoption of low-sulfur fuels not only
reduces harmful emissions but also helps preserve the effectiveness of catalytic converters over the lifespan of a
vehicle, preventing catalyst poisoning and ensuring sustained performance [11].

Among the carcinogenic hydrocarbons of concern, polycyclic aromatic hydrocarbons stand out, particularly those
with 3-, 4-, 5-, or 6-ring structures. Smaller PAHs, such as naphthalene and phenanthrene, exist in both vapor and
particulate phases. One of the most potent carcinogens is Benzo(a)pyrene, a 5-ring compound that belongs to the
group of particulate PAHs, which typically consist of four or more fused rings. Diesel engines are a major source
of PAHs, and the carcinogenic nature of diesel particulate matter is largely attributed to the presence of these com-
pounds. However, the harmful levels of PAHs can be significantly reduced through the use of oxidation catalysts,
which help mitigate their impact on human health and the environment [11].

In summary, the exhaust emissions from vehicles burning hydrocarbon fuels can include a variety of concerning
species. These encompass hydrocarbons, both saturated (e.g., alkanes) and unsaturated (e.g., C2Ho, C2Hs, C3H3), as
well as aromatic compounds like benzene, toluene, and benzpyrene. Additionally, oxygenated hydrocarbons such
as alcohols (e.g., CH3OH, C;HsOH), aldehydes (e.g., formaldehyde, acetaldehyde), ketones, and ethers (e.g., CH3-
CH»-O-CH»-CH3) may be present. Particulate matter, including soot and soluble organic fractions, is also a signifi-
cant component. The sources of these compounds can be traced to several origins: intake air components (e.g., No,
0., CO,, and H,0), unburned fuel or fuel additives (e.g., MTBE, ETBE), products of complete combustion (e.g.,
CO», H20), products of incomplete combustion (e.g., CO, hydrocarbons), and fuel contaminants (e.g., H,O, NH3).
These emissions highlight the complex chemical processes involved in vehicle combustion and the importance of
addressing their environmental and health impacts [11].

5. Alternative Fuels

There is a growing imperative to explore alternatives to conventional fuels within the transportation sector. Low-
carbon fuels, such as ethanol and methanol, as well as zero-carbon fuels like hydrogen, exhibit properties that make
them promising candidates to replace traditional fossil fuels. These alternatives offer the potential to significantly
reduce greenhouse gas emissions and dependence on non-renewable energy sources. Table 4 provides a comparative
analysis of key properties among gasoline, methanol, ethanol, and hydrogen, highlighting their respective ad-
vantages and challenges in terms of energy density, emissions, and compatibility with existing infrastructure. This
comparison underscores the importance of transitioning to sustainable fuel options to address environmental and
energy security concerns [1].

Table 4. Comparative properties of different fuels [1]

Properties Gasoline Ethanol Methanol Hydrogen
Number of carbon atoms 8 2 1 0
Molecular formula CsHis C:HsOH CH3;0H H2
Mass weight of oxygen [%] 0 34.8 50 0
Molecular weight [g/mol] 114.62 46.068 32.041 2.016
Density [km/m?3] 700-800 778 792 0.084
Latent heat vaporization [kJ/kg] 317.7 837.4 1100 -
Stoichiometric air-fuel ratio 14.5:1 9:1 6.5:1 34:1
Flammability limit in air (% by volume 1.1-6.0 3.3-19.0 6.0-36.5 4.0-75.0
of air)
Calorific volume [MJ/kg] 443 26.8 20.0 120.21

Laminar burning velocity at

stoichiometric conditions (m/s) 0.46 047 0.50 26

Ethanol is a low-carbon fuel that offers several advantageous properties, including a higher-octane number and
greater oxygen content compared to gasoline. Bioethanol, a type of ethanol, can be produced from lignocellulosic
biomass, such as crop residues, wood chips, grasses, and sawdust. However, the production of bioethanol from
lignocellulosic biomass faces several challenges, including high costs, waste disposal issues, and the toxicity of
chemical reagents used in the process. Notably, the pretreatment of biomass alone accounts for over 20% of the
total production cost of lignocellulosic bioethanol. Despite these hurdles, significant progress has been made toward
commercializing this production method. According to different studies, the use of cost-effective raw materials,
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efficient pretreatment methods, optimized bioprocess integration, improved recovery techniques, and strategies for
minimizing energy use and waste can make the production of lignocellulosic bioethanol more economically viable
[26]. These advancements are critical for making bioethanol a sustainable and competitive alternative to conven-
tional fuels. Methanol is a low-carbon fuel that possesses several advantageous properties, making it a promising
alternative to gasoline. It has a higher-octane number, which improves engine performance and efficiency, as well
as a higher oxygen content, which promotes cleaner combustion. Additionally, methanol requires lower ignition
energy and exhibits a higher laminar burning velocity compared to gasoline, enabling faster and more efficient
combustion. These characteristics make methanol an attractive option for reducing emissions and enhancing fuel
performance in the transportation sector [27]. Hydrogen is a zero-carbon fuel that offers numerous advantageous
properties, making it a highly attractive alternative to gasoline. It has higher mass diffusivity in air, a wider flam-
mability limit, and a higher-octane number, which contribute to improved engine performance and efficiency. Ad-
ditionally, hydrogen requires lower ignition energy, has a higher heating value, and exhibits a faster laminar burning
velocity compared to gasoline, enabling more efficient and cleaner combustion. Hydrogen can be produced from a
wide range of sources, including both conventional and renewable energy systems, further enhancing its potential
as a sustainable fuel for the future. These characteristics position hydrogen as a key candidate for reducing carbon
emissions and advancing energy sustainability in the transportation sector [1].

In terms of efficiency, the thermal efficiency of engines using ethanol-gasoline blends remains largely compara-
ble to that of pure gasoline under standard conditions. However, under lean operating conditions (where the air-fuel
ratio, A, exceeds 1.3), ethanol-blended fuels demonstrate significantly better thermal efficiency than gasoline. The
peak efficiency for ethanol blends occurs at A = 1.3, while for gasoline, it is achieved at A = 1.2. A 3% improvement
in efficiency can be attained by optimizing spark timing and reducing compression work. To fully understand this
efficiency gain, it is important to examine the dynamics of the compression and combustion processes. During the
compression stroke, the ongoing vaporization of the fuel lowers the temperature of the working charge, which re-
duces compression work. At the same time, the increased presence of fuel vapor in the working charge raises com-
pression work. These competing effects highlight the complex interplay between fuel properties and engine perfor-
mance [28]. Thermal efficiency is influenced in part by combustion efficiency, which varies depending on the air-
fuel mixture. Combustion efficiency is highest under lean conditions (where the equivalence ratio is low) because
there is sufficient oxygen to ensure complete combustion. In contrast, combustion efficiency decreases under rich
conditions due to insufficient oxygen, leading to incomplete combustion. When ethanol is blended with gasoline, it
introduces additional oxygen into the combustion process. This oxygen content in ethanol supports leaner combus-
tion, enhancing the engine’s ability to operate efficiently under lean conditions. As a result, ethanol-blended fuels
can improve combustion efficiency and contribute to better overall thermal efficiency [28].

In terms of emissions, under slightly lean combustion conditions, where there is sufficient air to support oxidation
reactions, burned hydrocarbons can participate in further oxidation, reducing hydrocarbon emissions. However, if
the mixture becomes too lean, combustion becomes incomplete, leading to an increase in HC emissions. The intro-
duction of ethanol as a fuel can help mitigate HC emissions. Ethanol molecules are polar, which makes them less
likely to be absorbed by the non-polar molecules in the lubricating oil layer. This property of ethanol reduces the
likelihood of HC emissions being produced, as it minimizes the interaction between fuel and oil that typically con-
tributes to unburned hydrocarbon release. As a result, ethanol can play a significant role in lowering HC emissions
and improving combustion efficiency. Inclusion of hydrogen to fuel mixtures can lead to higher flame temperatures,
which typically increase NOx emissions. However, when hydrogen is enriched with gases such as N2 and CO,, the
cooling and charge dilution effects of these gases can counteract the rise in NOx emissions, even under stoichio-
metric combustion conditions [29]. This is because the presence of N, and CO; contributes to lowering peak com-
bustion temperatures, reducing the formation of thermal NOy. Lean combustion further contributes to this effect by
lowering peak temperatures and inhibiting thermal NOx mechanisms. On the other hand, the inclusion of CO; in
hydrogen-enriched gas can lead to higher CO, emissions, particularly around stoichiometric conditions. This high-
lights the trade-offs involved in using hydrogen-enriched fuels, where benefits in NOx reduction must be balanced
against potential increases in CO; emissions [28].

In terms of unregulated emissions that came from the alternative fuels, studies show that methane emissions are
significantly higher than in gasoline engines, and the explanation is that ethene interacts with methyl radicals during
combustion, leading to the formation of methane as a byproduct. As a result, higher emissions of ethene, which are
often observed when using ethanol as a fuel, contribute to increased methane emissions. In contrast, methane
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emissions were found to be negligible when methanol or hydrogen was used as the fuel source. This difference
highlights the varying chemical pathways and byproducts associated with different fuel types, emphasizing the
importance of fuel composition in determining emission profiles. Those ones can also be extracted from the equation:

C,H, + CH; & C,H, + CH, (5.1)

where CHj3 is the methyl radical, and C,H3 is the vinyl radical [1].

Also, in case of the ethanol use, due to the interaction of the hydrocarbons radical (CH,) and atmospheric nitrogen
(N2) in the cylinder, will end with the result the hydrogen cyanide (HCN) (reaction 5.2 and 5.3), even though in past
studies the emissions of HCN between ethanol and gasoline reported that the HCN emissions were low, nowadays
studies show that those emissions tend to have similar values (2.4 to 2.5 ppm). But a significant 20% reduction in
hydrogen cyanide emissions was observed when using hydrogen as a fuel compared to gasoline. Furthermore, hy-
drogen cyanide emissions were completely eliminated when methanol was used.

CH+ Ny o HCN + N (5.2)
CH, + N, & HCN + NH (5.3)

where N represents the nitrogen radical and NH the imidogen radical [1].
6. Conclusion and Future Perspectives

The purpose of this paper is to highlight the need to address the environmental and health impacts of transportation
emissions, which remain a significant contributor to global greenhouse gas emissions and air pollution. These en-
gines emit regulated pollutants such as carbon monoxide, nitrogen oxides, hydrocarbons, and particulate matter, as
well as unregulated emissions like nitrous oxide and hydrogen cyanide, which pose severe risks to human health
and the environment.

The transition to alternative fuels that are either low-carbon oriented, such as ethanol and methanol, or to zero-
carbon oriented, such as hydrogen, represents a must in terms of methods to reduce emissions and achieve sustain-
able mobility. Prospects for this approach represent:

e Advanced techniques for the combustion process, which can optimise air-fuel mixing or lean-burn opera-
tion with respect to reducing the harmful common pollutants and the unregulated ones. More innovations
in the components design can be included that can also minimize the unburned fuel and improve the fuel
conversion efficiency.

e Adaptation of the alternative fuels that can improve the combustion properties by achieving higher oxygen
contents compared to traditional fuels. Another key fuel that has been more and more analysed in recent
years is hydrogen due to its capabilities of rapid combustion and high energy density, making it a valuable
fuel for zero carbon emissions.

e Regulatory and technological advancements in the transportation industry, like EURO standards or real
driving emissions tests, were also conceived with the purpose of reducing emissions and translating the
virtual tests into real-world performance. Continued advancements in powertrains, exhaust aftertreatment
systems, and onboard diagnostics will be essential for meeting stringent emission targets and improving air
quality.

By embracing these strategies and perspectives, the transportation sector can significantly reduce its environmen-
tal footprint, contribute to global climate change mitigation efforts, and, as future perspectives can be mentioned:

e Focus on overcoming challenges associated with hydrogen, such as NOx emissions and infrastructure de-
velopment, to unlock its full potential as a zero-carbon fuel. Explore the scalability and economic viability
of alternative fuels production from renewable sources.

e Invest in infrastructure for hydrogen refueling, electric vehicle charging, and sustainable fuel distribution
to facilitate widespread adoption.

o The transportation sector must adopt a holistic strategy that integrates alternative fuels, optimized combus-
tion processes, and robust emission control technologies.

e Promote public awareness of the benefits of alternative fuels and sustainable transportation to drive con-
sumer acceptance and demand.
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