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Abstract: Over the past few decades, criteria emissions such as carbon monoxide (CO), hydrocarbons
(HCs), nitrogen oxides (NOx) and particulate matter (PM) from transportation have decreased signifi-
cantly, thanks to stricter emission standards and the widespread adoption of cleaner technologies.
While air quality is a complex problem that is not solely dependent on transportation emissions, it
does play a significant role in both regional and global air quality levels. Emission standards such
as Euro 1–6 in Europe, Corporate Average Fuel Economy (CAFE) regulations, Tier I—III standards
in the US and the low emission vehicle (LEV) program in California have all played a huge role
in bringing down transportation emissions and hence improving air quality overall. This article
reviews the effect of emissions from transportation, primarily focusing on criteria emissions from
road transport emissions and highlights the impact of some of the novel technological advances
that have historically helped meet these strict emission norms. The review also notes how modern
road engine vehicles emissions compare with national and international aviation and shipping and
discusses some of the suggested Euro 7 emissions standards and their potential to improve air quality.
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1. Introduction

The urban air quality issue is very complicated and is traditionally associated with
emissions from combustion [1–3]. These emissions can include both gaseous pollutants and
particulates that can adversely affect air quality, climate change and human health [4,5].
Vehicular emissions, especially from combustion, have significantly affected air quality [6].
Over the past 50 years, emissions from road vehicles have decreased significantly due to the
introduction of increasingly stricter emission standards [7,8] and the widespread adoption
of cleaner emissions-reduction technologies such as the three-way catalytic converter and
hybrid vehicles. The primary pollutants of concern, which are regulated by governments
around the world, are oxides of nitrogen (NOx), hydrocarbons (HCs), particulate matter
(PM), and carbon monoxide (CO) [9]. In addition, the use of catalytic converters, which
convert harmful pollutants into less toxic substances before they are released into the
atmosphere, has become widespread [10]. Different emissions standards are used across the
world to regulate motor vehicle emissions. European emission standards are regulations put
in place by the European Union (EU) to limit the amount of pollutants that can be released
into the atmosphere by road vehicles. The standards are termed “Euro” and numbered 1 to
6, with each new standard becoming more stringent in terms of emissions’ limits. Euro 6d
is the latest and most stringent set of EU regulations for limiting the emission of pollutants
from vehicles [11]. It was introduced in January 2021 and applies to all new vehicles
(MY2021) sold in the EU. In the United States, the Environmental Protection Agency (EPA)
is responsible for setting and enforcing emissions standards for vehicles. These standards
apply to cars, trucks and other vehicles with engines. The EPA has established a series
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of emissions standards for vehicles, known as the Tier system. The Tier standards are
similar in concept to the Euro emissions standards and are designed to limit the amount of
pollutants that vehicles can release into the atmosphere [12]. The most recent and stringent
set of standards (Tier 3, introduced in 2017) has lower limits for all pollutants, particularly
NOx and PM, and introduced real-world emissions testing [13]. In the state of California,
however, the California Air Resources Board (CARB) established its separate low-emission
vehicle (LEV) program, which is a set of regulations aimed at reducing vehicle emissions
and improving air quality in the state [14]. The LEV program sets standards for the amount
of pollutants that vehicles can emit into the atmosphere, including CO, HC, NOx and PM.
The LEV program has been successful in reducing emissions from vehicles and improving
air quality in California. It has also served as a model for other states and countries that
are looking to implement similar programs. The aim of the LEV program is to protect
public health and the environment by reducing emissions from vehicles and promoting
the use of clean and efficient transportation options [15]. In just over a decade, there
has been significant progress in establishing global standards for greenhouse gas (GHG)
emissions and fuel economy for light-duty vehicles (LDVs). By analyzing the characteristics
of vehicle fleets in major markets and the policy impact of fuel economy standards on
transport GHG emissions worldwide (see Figure 1a), it is evident that the growing disparity
between real-world and official fuel economy/CO2 emission values is a pressing concern.
This gap undermines the legitimacy and actual benefits of the standards [16]. The direct
correlation between CO2 emissions and fuel consumption is a result of the carbon intensity
of the fuel; although there is potential for further reductions in GHG emissions as we
shift to decarbonized fuels, this paper will only address the impact of criteria emissions
on air quality. Comparing the case of Santa Maria-Santa Barbara in California that has
had a “good” air quality index since 1980 with that of Delhi (see Figure 1b) gives us as an
understanding of the air quality trends in developed and developing economies [17]. While
the overall PM10 concentration in the atmosphere cannot be ascribed only to transportation,
it does seem to have good bearing on the overall air quality. While the PM10 concentrations
in Delhi seem to have decreased over the years [18], thanks to various measures such as
the odd–even traffic rationing scheme, promoting the use of electric vehicles and the use
of CNG in public transport, the issue of air quality is still persistent due to the continued
reliance on fossil resources by the legacy fleet and this is likely to be a huge concern in most
of the developing economies that demands action to manage the existing infrastructure to
meet the current emission standards.

Figure 1. (a) Historical fleet CO2 emissions performance and current standards (g CO2/km normal-
ized to NEDC) for passenger cars. Reproduced from [16]. (b) A case comparison of air quality in
terms of PM10 in Santa Maria-Santa Barbara, California and Delhi [17–19].
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Because of these increasingly stringent emission norms, overall emissions from road
vehicles have decreased, leading to improved air quality and reduced health impacts. Despite
this progress, air pollution from vehicles remains a major issue [5,20–22] in many urban areas
and efforts are ongoing to further reduce emissions and promote sustainable transportation
options. Air quality trends have varied depending on the region and the specific pollutants
being considered. In many developed countries, air quality has generally improved over
the past few decades due to increased regulations and efforts to reduce emissions from
industry and power plants, as well as from transportation [23,24]. This has led to reductions
in harmful emissions’ pollutants such as lead, sulfur dioxide and PM which might otherwise
adversely impact health [25–27]. However, in some regions, air quality remains a major
concern. Rapidly industrializing countries, such as China and India, continue to experience
significant air pollution problems due to the rapid growth of their economies and the
associated increase in emissions from industry and transportation [6,28–32]. In addition,
emissions from sources such as wildfires and agricultural practices can also have a significant
impact on air quality, which makes them a critical environmental and public health issue,
and continued efforts are needed to reduce emissions and improve air quality for current and
future generations. However, in this review article, we consider only transportation emissions
(primarily NOx, HCs and CO) and their effect on overall air quality. This article critically
reviews some of the novel concepts such as three-way catalytic converters, downsizing, direct
injection for gasoline engines, engine stop–start technology and powertrain hybridization
that have brought down emissions in recent years and notes that modern internal combustion
engines (ICEs) typically have lower exhaust emissions than battery electric vehicles’ upstream
emissions which, despite improving the air quality, do not necessarily help with improving
global air quality. However, this will largely depend on the electricity mix. This article
also discusses some of the proposed standards for implementation in the Euro emission
regulations and suggests future action for improving overall global air quality.

2. Emissions Regulations

Currently, the primary focus of transportation emission regulations is on reducing
the emissions of greenhouse gases (other than criteria emissions), such as carbon dioxide,
which contribute to climate change. In many countries, including the United States [33]
and European Union [34], vehicle manufacturers are required to meet specific emissions
standards for their vehicles. The regulations may also include requirements for the use of
cleaner fuels, such as low-sulfur gasoline or diesel [35,36], and may include incentives for
the development and production of electric or hybrid vehicles [37]. Overall, transportation
emission regulations play a crucial role in reducing air pollution and mitigating the effects
of climate change [38]. They help to promote the use of cleaner, more efficient technologies
and encourage the development of new, more sustainable forms of transportation.

2.1. Current Emission Limits

The European emission standards were introduced in the year 1992 and have been con-
stantly refined over the years with constantly reducing limits on different criteria emissions.
The emission limits for each of these pollutants are listed in Table 1. In Europe, the latest
emission standard in place is Euro 6d which is a set of emissions standards for vehicles that
was introduced by the European Union in January 2021. Therefore, the model year (MY) for
Euro 6d compliant vehicles is 2021 and later for passenger cars and light commercial vehicles
sold in the European Union. It sets limits on HCs, CO, NOx, PN and PM that can be released
into the air from the exhaust. To meet the Euro 6d standard, vehicles must be equipped with
advanced exhaust after-treatment systems such as selective catalytic reduction (SCR) [39–41]
and DPFs [42,43], as well as on-board diagnostic systems that continuously monitor the per-
formance of the emission control systems. The Euro 6d standard is part of a broader effort
to improve air quality in the EU and to reduce the health impacts of air pollution, which is a
major contributor to respiratory diseases, heart disease and premature deaths. The different
stages of the Euro 6 regulations are tabulated in Table 2. Each new standard, represented by
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a Euro stage, builds on the previous one, introducing more rigorous requirements for various
pollutants. The latest Euro 6e-bis standard includes even stricter emissions limits, with extended
ambient conditions for real-world driving emissions (RDE) compliance, updated utility factor
and on-board fuel/electric energy consumption monitoring (FCM) for certain vehicle categories.
RDE testing is a key component of the Euro standards, aimed at ensuring that vehicles meet
emissions limits not only in the laboratory but also on the road. RDE testing involves measuring
emissions during real-world driving conditions, using a portable emissions measurement sys-
tem (PEMS) that is installed on the vehicle. The PEMS measures the levels of pollutants such as
nitrogen oxides (NOx), PM and PN that are emitted from the vehicle’s exhaust. The RDE testing
provides a less repeatable but more realistic assessment of a vehicle’s emissions performance,
as it takes into account factors such as driving style, road conditions and temperature that can
affect emissions. The Euro 6d standard introduced RDE testing against ‘final’ conformity factors,
with reduced limits for NOx and PM emissions, and revised the evaporative emissions test
procedure. Some of these regulations are also specific to the vehicle size and design. In the
context of the Euro emissions standards, M1 and N1 are vehicle categories based on their weight
and design. M1 refers to vehicles with no more than eight passenger seats and a maximum
weight lower than 3500 kg, and includes passenger cars, minivans and SUVs. N1 refers to
vehicles with a maximum weight lower than 3500 kg that are designed and constructed for the
carriage of goods, and includes vans and light commercial vehicles.

Table 1. EU emission standards for passenger cars [34].

Stage Year
CO HCs HCs + NOx NOx PM PN
g/km g/km g/km g/km g/km #/km

Positive Ignition (Gasoline)
Euro 1 1992 2.72 - 0.97 - - -
Euro 2 1996 2.2 - 0.5 - - -
Euro 3 2000 2.3 0.2 - 0.15 - -
Euro 4 2005 1 0.1 - 0.08 - -
Euro 5 2009 1 0.1 - 0.06 0.005 -
Euro 6 2014 1 0.1 - 0.06 0.005 6.0 × 1011

Compression Ignition (Diesel)
Euro 1 1992 2.72 - 0.97 - 0.14 -
Euro 2, IDI 1996 1 - 0.7 - 0.08 -
Euro 2, DI 1996 1 - 0.9 - 0.1 -
Euro 3 2000 0.64 - 0.56 0.5 0.05 -
Euro 4 2005 0.5 - 0.3 0.25 0.025 -
Euro 5a 2009 0.5 - 0.23 0.18 0.005 -
Euro 5b 2011 0.5 - 0.23 0.18 0.005 6.0 × 1011

Euro 6 2014 0.5 - 0.17 0.08 0.005 6.0 × 1011

Table 2. Different stages in the implementation of the Euro 6 regulations [34].

Euro Stage Requirements

Euro 6a Excludes PMP measurement procedure for PM, PN standard and flex fuel vehicle low temperature emission testing with
biofuel (this stage applicable to vehicles that meet Euro 6 standards ahead of regulatory deadlines).

Euro 6b Euro 6 emission requirements including PMP measurement procedure for PM; PN standards (preliminary values for PI
vehicles); and flex fuel vehicle low temperature emission testing with biofuels (E10 and B7).

Euro 6c Euro 6b requirements plus final PN standards for PI vehicles; RDE NOx testing for monitoring only; OBD Euro 6-2; use of E10
and B7 reference fuels.

Euro 6c-EVAP Euro 6c requirements plus revised evaporative emissions test procedure.
Euro 6d-TEMP Euro 6c requirements plus RDE type approval testing against ‘temporary’ conformity factors (NOx = 2.1, PN = 1.5).
Euro 6d-TEMP-EVAP Euro 6d-TEMP requirements plus revised evaporative emissions test procedure.
Euro 6d-TEMP-ISC Euro 6d-TEMP requirements plus new ISC procedure, including RDE ISC, type 4 and type 6 tests.
Euro 6d RDE testing against ‘final’ conformity factors (NOx = 1.43, PM = 1.5) plus revised evaporative emissions test procedure.
Euro 6d-ISC Euro 6d requirements plus 48 h evaporative emissions test procedure and new ISC procedure.

Euro 6d-ISC-FCM

Euro 6d-ISC requirements plus on-board fuel/electric energy consumption monitoring (OBFCM or just FCM) requirements for
M1 and N1 ICE-only, hybrid and plug-in hybrid vehicles. End of series flexibilities by member states allowed vehicles meeting
earlier sub-stages to still be sold after Euro 6d-ISC-FCM requirements became effective to offset the impacts of the COVID-19
pandemic on the auto industry.

Euro 6e Euro 6d-ISC requirements plus RDE compliance considering updated PEMS error margins (NOx margin of 0.10, i.e., CF = 1.10;
PN margin of 0.34, i.e., CF = 1.34); on-board FCM for category N2 vehicles.

Euro 6e-bis
Euro 6e requirements plus increased extended ambient conditions for RDE compliance (the upper RDE temperature limit for
moderate temperature changes to 35 ◦C from 30 ◦C and the upper limit for extended temperature to 38 ◦C from 35 ◦C), Auxiliary
Emission System (AES) flag and updated utility factor for vehicles with off-vehicle charging using updated assumptions.

Euro 6e-bis-FCM Euro 6e-bis requirements plus updated utility factor for vehicles with off-vehicle charging using FCM data.
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Similar to the European emission standards, the US EPA has its Tier system. The current
US tier for vehicles is Tier 3. The Tier 3 standards [44–46] were finalized by the Environmental
Protection Agency (EPA) in 2014 and apply to light-duty vehicles and some medium-duty
passenger vehicles. The emissions limits for each of the criteria pollutants in this system are
listed in Table 3. The California Air Regulatory Board (CARB) established its own standards
through the low emission vehicle program (LEV) which has its own set of limits for the
emissions from vehicles that were being sold in California. These limits are summarized
in Tables 4 and 5. Thus, in summary, Tier 3, Euro 6e-bis-FCM, and LEV IV regulations all
aim to reduce the emissions of harmful pollutants from vehicles, but they differ in their
specific requirements and standards. Tier 3 regulations also include requirements for on-
board diagnostic systems, which help to detect and address issues that could affect emissions
performance. The Euro 6e-bis-FCM regulation, which applies to vehicles in the European
Union, sets even stricter limits on emissions of NOx and particulate matter compared to
previous Euro 6 regulations. It also includes requirements for an updated utility factor for
vehicles with off-vehicle charging using FCM data [47]. LEV IV regulations also include
requirements for on-board diagnostic systems, and they also set standards for zero-emission
vehicle (ZEV) sales in certain states [11,48].

Overall, the common theme among these regulations is the focus on reducing emis-
sions of harmful pollutants from vehicles to improve air quality and human health [49,50].
They also all include requirements for on-board diagnostic systems to ensure that vehicles
continue to meet emissions standards over their lifetime. However, there are differences in
the specific pollutants targeted and the standards set, as well as the additional requirements
such as on-board fuel/electric energy consumption monitoring and ZEV sales targets.

Table 3. EPA emission standards for passenger cars Tier 1–Tier 3 [51].

Stage Year
CO THC NOx (Diesel) NOx

(Gasoline) PM NMHC

g/km g/km g/km g/km g/km g/km

Tier 1
(50,000 miles/5 years) 1991 2.11 0.25 0.62 0.25 0.05 * 0.16

Tier 1
(100,000 miles/10 years) 1991 2.61 - 0.78 0.37 0.06 0.19

Tier 2 1999 1.3 0.06 0.04 0.04 0.01 0.06
Tier 3 2014 0.62 0.0342 0.018 0.018 0.003 0.024

* only for diesel.

Table 4. CARB LEV I and II standards for passenger cars [52].

Stage Category
50,000 m/5 Years 100,000 m/10 Years
NMOGa
g/mi

CO
g/mi

NOx
g/mi

PM
g/mi

HCHO
mg/mi

NMOGa
g/mi

CO
g/mi

NOx
g/mi

PM
g/mi

HCHO
mg/mi

LEV I Tier 1 0.25 3.4 0.4 0.08 - 0.31 4.2 0.6 - -
TLEV 0.125 3.4 0.4 - 0.015 0.156 4.2 0.6 0.08 0.018
LEV 0.075 3.4 0.2 - 0.015 0.09 4.2 0.3 0.08 0.018
ULEV 0.04 1.7 0.2 - 0.008 0.055 2.1 0.3 0.04 0.011

LEV II LEV 0.075 3.4 0.05 - 0.015 0.09 4.2 0.07 0.01 0.018
ULEV 0.04 1.7 0.05 - 0.008 0.055 2.1 0.07 0.01 0.011
SULEV - - - - - 0.01 1 0.02 0.01 0.004

Table 5. CARB LEV III and IV standards for passenger cars [52].

Stage Emission
Category

NMOG + NOx CO HCHO PM
g/mi g/mi mg/mi g/mi

LEV III LEV160 0.16 4.2 4 0.01
ULEV125 0.125 2.1 4 0.01
ULEV70 0.07 1.7 4 0.01
ULEV50 0.05 1.7 4 0.01
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Table 5. Cont.

Stage Emission
Category

NMOG + NOx CO HCHO PM
g/mi g/mi mg/mi g/mi

SULEV30 0.03 1 4 0.01
SULEV20 0.02 1 4 0.01
ULEV125 0.125/0.160 4.2

0.01

LEV IV ULEV70 0.070/0.105 2.1
ULEV60 0.060/0.090 1.7
ULEV50 0.050/0.070 1.7
ULEV40 0.040/0.060 1.7
SULEV30 0.030/0.050 1
SULEV25 0.025/0.050 1
SULEV20 0.020/0.030 1
SULEV15 0.015/0.030 1

2.2. Comments on the Proposed Euro 7 Regulations

The Euro 7 emission standard is currently being developed and is expected to be
introduced in the European Union in 2025. While the exact requirements of Euro 7 are
not yet finalized, some of the key changes that might come with this new system include
stricter emissions limits. In 2025, Euro 7 will mandate lower NOx and particle emissions
from cars, vans, buses and lorries. Compared to Euro 6, NOx emissions will be reduced
by 35% for cars and vans, and by 56% for buses and lorries. Particle emissions from the
tailpipe will be reduced by 13% for cars and vans, and 39% for buses and lorries while
particles from car brakes will be lowered by 27% [53]. In Figure 2, PM and NOx emissions
reduction levels between different Euro regulations can be seen. As we move towards Euro
7 [54], we would inch closer towards the origin in this figure.

Figure 2. Euro 1–6 emission standards for PM and NOx from heavy-duty vehicles.

All Euro 7 vehicles will have to meet new or lower emissions limits, including for
pollutants not previously regulated. The standard will require more representative driving
conditions and improved durability of vehicles. Additionally, the Euro 7 standard will
tackle brake and tire emissions, which are projected to become the main source of particle
emissions from road transport. To simplify compliance checks with the new rules, new
digital methods based on on-board sensors measuring emissions over the lifetime of the
vehicle will be implemented [53]. The Euro 7 regulation is expected to further refine
and strengthen RDE testing, which measures vehicle emissions under real-world driving
conditions. This could include more comprehensive testing on the road and a greater focus
on the emissions of pollutants such as ammonia, itself a byproduct of selective catalytic
reduction (SCR) systems [41,55,56]. It is also expected to encourage the development and
use of zero-emission vehicles (ZEVs) such as battery electric vehicles (BEVs) and hydrogen



Atmosphere 2023, 14, 1164 7 of 20

fuel cell vehicles [57]. This could include setting sales targets for ZEVs and providing
incentives for consumers and manufacturers to adopt these vehicles [58]. Overall, the
proposed regulation is expected to have a greater focus on air quality, with the aim of
reducing the impact of vehicle emissions on public health [59]. It is worth noting that the
details of Euro 7 are still being developed, and there may be further changes before the
standard is finalized and implemented.

These standards are ambitious and will require significant technological advancements
to meet the proposed limits. The proposed standards significantly lower the emission limits
for NOx, PM, and other pollutants, and require more stringent testing procedures, on-board
emissions’ monitoring and improved durability requirements. Meeting the proposed Euro
7 standards will be challenging for many automakers, especially considering that some of
the proposed limits are lower than what is currently measurable. It is also important to
note that the standards are not expected to come into effect until 2025 at the earliest, with
full implementation not expected until 2035. While it is possible that the Euro 7 standards
could indirectly lead to the end of internal combustion engines, it is also important to
note that the proposal includes provisions for advanced internal combustion engines with
improved after-treatment systems, as well as hybrid and plug-in hybrid powertrains.

3. Development of ICE Technologies for Emissions Mitigation

With advances in engine and emissions control technology, vehicular emissions have
significantly decreased over the years [60,61]. The introduction of catalytic converters,
diesel particulate filters and other emission control devices in the exhaust gas stream
has helped to reduce emissions of harmful pollutants such as CO, HCs, NOx, and PM.
Additionally, the adoption of fuel-efficient engines and powertrain technologies, such
as engine downsizing and increasing hybridization of the powertrain, has also helped
to reduce so-called “engine-out” emissions by improving combustion and reducing the
amount of fuel consumed by vehicles. This section discusses some of these technologies
and their role in emissions’ mitigation over the years.

3.1. Three-Way Catalytic Converters with Gasoline Engines

Three-way catalytic converters (TWCs) are an important component in the emission
control systems of most modern gasoline-powered vehicles. They are called “three-way”
because they are designed simultaneously to reduce three key pollutants in the vehicle’s
exhaust gases: CO, HCs, and NOx [62–64]. TWCs use a combination of catalyst elements,
such as platinum, palladium and rhodium, to facilitate chemical reactions that convert
these pollutants into less harmful substances [10]. For example, CO2 and HCs are converted
into carbon dioxide (CO2) and water (H2O), while NOx is converted into nitrogen (N2)
and oxygen (O2) through a combination of reduction and oxidation reactions within the
TWC [65]. The use of TWCs has been instrumental in reducing emissions from gasoline-
powered vehicles and helping to improve air quality. However, TWCs are not perfect and
can be affected by factors such as age [66], temperature [67,68] and the quality of the fuel
used [69,70]. It is also critical to maintain the engine operation at a stoichiometric ratio as
the catalytic converter is most efficient only in a narrow operating range around this value.
When the engine is running rich (too much fuel/not enough air for complete combustion),
there will not be enough oxygen available for complete combustion, and the excess fuel
can cause the TWC to overheat and degrade due to excessive exothermicity within it. On
the other hand, when the engine is running lean (too much air, not enough fuel), the high
temperature of the exhaust gases under some operating conditions can cause the TWC to
degrade and so reduce its effectiveness [71]. Figure 3 below shows the trend in exhaust
emissions from the year 1970 to 2021 in the US. As can be seen in the graph, despite the
increase in the utilization of fossil fuels, the CO, HCs and NOx emissions have dropped
significantly, especially after the widespread adoption of the TWC in the 1990–2000 period.
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Figure 3. Criteria emissions and petroleum consumption in the US between 1970 and 2021 showing
some of the key policy changes and technology adoptions that affected the emission trends. Data
taken from [72,73].

Thermal management is also a critical aspect when it comes to managing the efficiency
of the catalytic converter. Most of the emissions that arise from a gasoline engine occur before
the catalyst reaches its “light-off” temperature [74]. This temperature is where the catalyst
reaches 50% conversion of the original inlet exhaust gas [67]. ICEs reject almost 50% of the
heat generated during the combustion process through the exhaust, coolant and lubricant
oil. Gumus [75] used Na2SO4.0H2O as a heat storage material to preheat a 4-cylinder engine
before it was switched on. The preheating was applied through the coolant and increased
the engine temperature by 17.4 degrees Celsius, giving a 64% and 15% reduction in CO2
and HCs output, respectively. According to the study, the preheating of the engine did not
have a particularly strong effect on the catalyst performance and suggests that the technique
might be beneficially combined with catalyst preheating to further reduce engine cold-start



Atmosphere 2023, 14, 1164 9 of 20

emissions. Figure 4 shows the reduction in HC and CO2 emissions with engine preheating,
and its impact on the catalyst temperatures from the study [76].

Figure 4. Reduction in HC and CO2 emissions with engine coolant preheating and its effect on the
catalyst temperature. Reproduced from [76].

Aging also has a profound effect on catalytic convertors. A 2008 study that analyzed
this effect on pre-TWC and underfloor TWC (u-TWC) showed different effects of aging
in these systems. The specific surface area of the pre-TWC decreased dramatically from
42 m3/g to 3 m3/g. However, this did not lead to a complete deactivation of the catalyst.
The catalyst is still active towards to CO2 and methane and the loss in activity is comparable
with that of u-TWC which did not lose as much surface area post aging. However with
methane, this effect is more pronounced. It was also noted that in the case of diesel
oxidation catalysts, the effect was mainly to chemical aging but with TWCs, the aging due
to thermal activity and chemical aging was not straightforward. The effect of thermal aging
however, seemed stronger than chemical aging in this case [77].
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3.2. Engine Downsizing

Generally, engine downsizing refers to the use of a smaller, pressure-charged engine in
a vehicle as a means of improving fuel efficiency and reducing emissions versus an original-
employed naturally aspirated one. This can yield a reduction in the charge consumption of
an engine, which is the volume of air and fuel that the engine can process in each cycle. It can
be achieved through various means such as reducing the number of cylinders or reducing
the bore and stroke dimensions of each cylinder. Due to the reduction in the throttling
loss associated with the 4-stroke Otto cycle, at part load and for equivalent load, smaller
displacement engines consume less fuel, which leads to reduced emissions of pollutants
such as CO, NOx and PM [78–80]. However, the reduction in engine swept volume would
usually result in reduced power output. To overcome this, manufacturers use various
technologies to maintain or even improve power output. For instance, turbocharging
improves the volumetric efficiency of an engine, while also utilizing some of the waste
heat from the exhaust gases to drive the air compression and pumping process. Some
manufacturers choose direct injection strategies or a combination of the two (for example,
BMW N63) because there are beneficial synergies. While downsizing offers a clear reduction
in fuel consumption [81], and thereby a reduction in CO2 emissions, the effect of downsizing
on the criteria emissions are largely dependent on the downsizing strategy being used
in the engine. For example, heavily boosted engines can sometimes lead to more NOx
emissions if not properly controlled [82].

In 2008, the European Union (EU) introduced the first CO2 emissions standards for
passenger cars, which set a target of 130 g of CO2 per kilometer (g/km) for the average
new car sold in the EU by 2015. The target was based on the weight of the vehicle, with
heavier vehicles having a higher target. In 2014, the EU introduced the second phase of the
standards, which set a target of 95 g/km for the average new car sold in the EU by 2021,
again based on the weight of the vehicle. To achieve the targeted 95 g CO2/km [83–85]
emissions level for vehicles with an average weight of 1372 kg, there must be a significant
increase in the efficiency of combustion engines. However, this has also given rise to the
unintentional rise in the heavier vehicles that are being sold in today’s market as they do not
have to meet a stringent CO2 norm. This can be noted from the rise in the number of SUVs
sold globally. This has resulted in an increase in both the oil demand and CO2. Between
2021 and 2022, the oil consumption of SUVs went up by 500,000 barrels per day, accounting
for one-third of the total growth in oil demand. The CO2 emissions due to combustion in
SUVs also increased by nearly 70 million tons in 2022 [86]. However, we will not discuss
the emissions that rose as a result of this effect. One promising method currently being
explored is downsizing in combination with part-load dethrottling, which has the potential
to substantially reduce fuel consumption [87]. However, this approach could increase
the complexity of turbocharged gasoline engines in future powertrains. While pressure
charging and dethrottling can offer benefits in terms of fuel consumption, it also raises
concerns around gasoline engine knock and auto-ignition as the level of charging increases.
To address these issues, Miller cycle strategies can be used, which involve adjusting the
timing of the intake valve closure to reduce pumping work and the effective compression
ratio. This approach can help reduce the need for mixture enrichment and move towards
meeting future Real Driving Emissions requirements [78].

Turbocharging has been widely used in gasoline direct injection (GDI) engines.
Cucchi et al. [88] studied the effect of turbocharging on a Euro-IV compliant GDI engine
and found that there was a clear difference in the particulate concentration before and after
the start of pressure charging. In addition, as the load increases, there is a requirement for
an increase in both the fuel injection pressure and injection duration which leads to the
generation of many volatile particles. When these particles enter the turbocharger, they
nucleate, while the centrifugal motion of exhaust gases in the turbocharger volute promotes
the growth, agglomeration and fragmentation of micro-scale particles as well. Under low
load conditions, the nucleation is limited leading to a limited particulate number (PN)
after turbocharging, for the same total volume due to lower pressure. The dilution ratio
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(the ratio of the volume of fresh fuel-air mixture to the total volume inside the engine’s
combustion chamber) also seems to have a huge bearing on the particulate emissions, but
turbocharging had a substantial impact on particulate emissions irrespective of the dilution
ratio [89].

3.2.1. Downsizing in Spark Ignition Engines

Downsized SI engines that are power boosted sometimes use port fuel injection
methods. Oftentimes, these engines are mechanically supercharged for desired torque
characteristics. An increase in power output by increasing the boost typically warrants
additional measures to avoid engine knocking. Improved fuel consumption in SI engines
achieved by downsizing is often achieved by utilizing technologies such as gasoline direct
injection (GDI), Miller cycle operation, charge cooling and EGR combined with systematic
charge motion. GDI is often used in conjunction with turbocharging as it offers synergistic
advantages. Mixture homogenization improved through variable charge motion and
stoichiometric operation helps realize downsizing in SI engine, as it allows usage of a three-
way catalytic converter. Charge cooling and other measures to decrease the in-cylinder
temperature are mostly beneficial in terms of engine knock. Miller cycle operation in SI
engines where the inlet valve is closed when the desired charge is attained. This reduces
the need to control engine load through throttling and makes lower compression and
combustion temperatures possible. However, this strategy also requires higher boost
pressures. This increases the demand on the charging system and also makes it necessary
to use a variable valve train [90].

3.2.2. Downsizing in Compression Ignition Engines

Downsizing in CI engines has enabled a reduction in NOx and PM emissions despite
increased power densities achieved through injection and boosting. Mixture prepara-
tion needs to be quick and intensive to ensure a cold start. A rise in the specific power to
70–80 kW/dm3 cannot be made possible without an increase in peak pressure (180–220 bar).
The quality of the mixture, even with the larger injector operating range, needs improve-
ment to meet future legislation. Thus, it can be expected that increased injection pressures,
smaller nozzle diameters, variable nozzle geometries and pressure modulation will become
inevitable. Low-end torque requirements in downsized CI engines are met by sequential
turbocharging and regulated two-stage turbocharging. Typically, one of these turbocharg-
ers is smaller than the other and they are operational in different speed regions of the
engine. Since this means additional engine components, it makes the overall engine a bit
heavier and more expensive, thus offsetting some of the advantages it offers, which is
especially true in the lighter road vehicles segment. Electric boosting or e-boosting can
offer significant advantages by improving transient performance [90].

3.3. Engine Start-Stop Systems

The engine start–stop (S&S) system, also known as an idle–stop–start system, is
usually employed in modern ICE vehicle emissions to reduce fuel consumption and thereby
mitigate emissions’ production. This system automatically turns off the engine when it is
idling and usually restarts the engine, as soon as the driver takes his foot off the brake pedal
(automatic transmissions) or depresses the clutch pedal (manual transmissions). While this
strategy effectively reduces CO2 emissions, its effect when it comes to criteria emissions,
especially particulates, is not quite as desirable. Zhu et al. [91] tested the fuel consumption
of a GDI vehicle on a chassis dynamometer, which revealed a 3.1–4.3% reduction in fuel
consumption and a 3.1–4.4% reduction in CO2 emissions. However, it also showed a
19.2–32.8% spike in the PM emissions and a 21.8–31.8% increase in black carbon emissions,
both due to the restart strategy. A comparison of the emissions and fuel consumption with
and without the S&S system for cold and hot starts is shown in Figure 5.
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Figure 5. Comparison of FC and pollutant emissions with S&S-on and S&S-off for cold starts and hot
starts at 28 ◦C and 5 ◦C ambient temperature. Reproduced from [91].

3.4. Improvements with Injection Technologies

The practical solution for enhancing performance and decreasing emissions since the
implementation of electronic fuel injection equipment has been through the utilization of
higher injection pressures. Historically, for light-duty diesel engines, 1000 bar was deemed
as high pressure for an inline or rotary pump system. However, more recently the injection
pressure has habitually been elevated to levels exceeding 1600–1800 bar and sometimes
even beyond 2000 bar. The high pressure could cause a reduction in spray droplet diameters
and it leads to droplets (having velocities of up to 200 m/s) travelling further from the
nozzle before they break up [92]. As injection pressure was increased from 720 to 960 bar,
there was a decrease in PM emissions. When subsequently it was increased to 1220 bar,
there was a further notable improvement. However, with a further increase to 1600 bar, the
gain was relatively small. This was because the fuel pressure needed to reduce particulate
matter could not compensate for the decline in BSFC due to the required driving torque.
Additionally, a 3% increase in BSFC was necessary to maintain the NOx level at a constant
level [93].

Advancing injection timing generally increases NOx emissions while improving fuel
consumption and reducing CO2, HC and smoke emissions while retarding injection timing
has an inverse effect. Injection rate shaping is recognized as a better strategy to reduce NOx
and also combustion noise to some extent [94]. The nozzle geometry also plays a huge role
in determining the cavitation flow regime and atomization. It is understood that as the
nozzle hole diameter increases, there is an increase in fuel consumption. This results in an
increase in the peak temperature and a decrease in engine torque. This is due to unfavorable
combustion activity in the engine. The number of holes in a fixed-rate injector also plays a
huge role when it comes to engine performance and pollutant emissions. Taghavifar et al.
noted a 40% decrease in NOx concentrations in a D50H50 engine when the number of holes
was increased from 1 to 6, however, this also resulted in an increase in CO2 emissions [95].
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3.5. Hybridization of the Powertrain

Hybridization of a powertrain involves combining two or more power sources to
provide propulsion for a vehicle. Typically, a hybrid powertrain combines an ICE with an
electric motor and battery system. A hybrid powertrain can typically operate in various
modes depending on the driving conditions and the driver’s behavior. In some situations,
the electric motor alone can provide sufficient power to propel the vehicle, while in others,
the ICE provides the necessary power. Additionally, both power sources can work together
to provide maximum power or improve efficiency. Hybrid powertrains offer several advan-
tages over traditional ICE powertrains, such as improved fuel efficiency, reduced emissions
and better performance; this is due to the advantages of one power source mitigating the
disadvantages of the other and vice-versa. Lujan et al. [96] used the original engine cali-
bration of a 1.6 l Euro 6d-temp diesel engine, and compared the conventional powertrain
to that of a full-hybrid powertrain. The study found that, in the homologation cycles of
the WLTP (WLTC and RDE), the hybrid powertrain reduced fuel consumption by 20% and
NOx emissions by 8% when compared with conventional engine-only operation. The study
highlighted that this difference is more pronounced in urban areas with an improvement of
45% there. A summary of the engine-out NOx emissions and fuel consumption from these
configurations can be seen in Table 6.

Table 6. Engine-out NOx and CO2 emissions of a 1.6 l diesel engine in different homologation and
real-life driving cycles [96].

Parameter OEM Hybrid Improvement with Hybrid
NOx (g/km) CO2 (g/km) NOx (g/km) CO2 (g/km) NOx (%) CO2 (%)

WLTC 1.34 143 1.19 117 11.6 18.4
RDE 1.03 136 0.99 113 3.7 17.1
Urban 1 1.17 239 1.18 121 −0.6 49.2
Urban 2 1.05 201 1.09 117 −4.1 41.9
Urban 3 0.67 201 0.88 107 −31.6 46.8
Combined 1 1.22 142 1.28 128 −4.7 9.8
Combined 2 1.49 142 1.53 131 −2.5 7.7
Combined 3 1.12 123 1.11 110 0.5 10.5
Combined 4 1.64 138 1.61 132 1.9 4.2
Highway 2.25 160 2.18 159 3.3 0.4

3.6. Particulate Filters

Particulate filters are devices designed to capture and remove particulate matter
(PM) from the exhaust of diesel and gasoline engines through their in-operation regen-
eration [97–100]. PM is a mixture of solid and liquid particles that are produced during
combustion, and it can be harmful to human health and the environment. Diesel particulate
filters (DPFs) are used to capture the soot that is produced during the combustion of diesel
fuel. These filters are made of a porous ceramic material that traps the soot particles.
Over time, the filter becomes clogged with soot, reducing engine performance and fuel
economy. To prevent this, the DPF periodically goes through a regeneration process, where
the trapped soot is burned off at high temperatures. Gasoline particulate filters (GPFs)
are similar to DPFs, but they are used in gasoline engines to capture the smaller particles
that are produced during the combustion of gasoline. There are three main mechanisms
that regulate the filtration of particles. The first mechanism is Brownian diffusion, which
becomes more significant for capturing very small particles (<30 nm) as the particle size
decreases. The second mechanism is interception, while the third mechanism is inertial
filtration, which becomes more significant for capturing very large particles as the particle
size increases. For small, wet particles, thermophoresis also acts as a driving force. The
physics underlying these mechanisms is well-documented and understood, particularly
for diesel particulate filters [101,102].

The filter’s ability to trap particles, known as filtration efficiency, is not 100% when
the filter is new, but it increases with usage. Over time, soot and ash accumulate on
the filter walls and create a layer that prevents additional soot from entering the walls
and enhances filtration efficiency. However, when the filter regenerates the soot, it also



Atmosphere 2023, 14, 1164 14 of 20

breaks up the soot “cake layer”, leading to a subsequent decrease in filtration efficiency.
Nevertheless, for most driving conditions and the vehicle’s lifespan, it is expected that a
filter will function with very high (>90%) filtration efficiency [103]. Measuring a GPF’s
filtration efficiency over the FTP75 and US06 test cycles, shown in Figure 6, Chan et al. [103]
found that the filtration efficiency increased with time over the FTP-75 cycle, possibly due
to the accumulation of soot and ash. On the US06 cycle, the high temperatures resulted
in passive soot oxidation, which lowered filtration efficiency. Note in Figure 5 that the
filtration efficiency is high for both very small particles (<30 nm) and very large particles
(>200 nm). However, intermediate-sized particles have a lower filtration efficiency as they
are neither small enough to be filtered through Brownian motion nor large enough for
inertial filtration [104].
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3.7. Advanced Combustion Regimes

Combustion regimes utilized in engines also affect the overall emissions. Many novel
combustion regimes such as homogenous charge compression ignition (HCCI), gasoline
compression ignition (GCI) and pre-chamber combustion (PCC) have been proposed to
improve engine emissions. HCCI combustion offers several advantages. The advantages
also vary depending on the fuel that is being used in the engine. NOx emissions in the
HCCI engine are almost 10 times lower than in conventional engines. It was also noted that
among HCCI engines operated on diesel, gasoline, LPG and natural gas, NOx emissions
were the least when the engine was run on natural gas by almost 90–95%. HCCI combustion
emissions are also dependent on the intake pressure and engine speed wherein an increase
in the intake manifold pressure by 0.4 bar could increase the emissions by 0.17 g/kg and
0.1 g/kg of fuel per 1000 rpm increase. However, the trends were different for different
emissions. For instance, HC emissions for natural gas-fueled HCCI are almost 50–60% less
than diesel or LPG-run HCCI engines. With CO2 emissions, the emissions were less when
the HCCI engines were operated on LPG. The effect of EGR was noted to be beneficial with
NOx emissions while the contrary applied with HC and CO2 emissions. Implementing
HCCI combustion comes with its own set of challenges such as lower power output,
combustion timing control, charge preparation and cold-start [105]. In the pre-chamber
combustion technique, the jet penetration must optimize the distance between the flame
fronts moving towards the charge. Turbulent jet ignition (TJI) has been found to enable fast
and stable combustion and also support high compression ratio operation. An active TJI
couple with other strategies such as EGR and Miller cycle operation, can enable operation
up to lambda 2 and reduce NOx emission while achieving an indicated thermal efficiency
of 47% [59]. When the GCI was compared with the conventional gasoline SI engines, a
24.6% reduction in energy consumption and a 22.8% reduction in greenhouse gas emissions
was reported [106]. Increased pre-mixing and lower fuel ignition quality were found to
reduce unburned hydrocarbon, smoke and CO2 [107].
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4. Recommendations and Future Directions

In terms of automotive emissions management, a synergy of both technological ad-
vancements and policy regulations have reduced all emissions to a large extent. This means
that the regulations and the technologies have jointly brought down the criteria emissions
thereby improving air quality and, by extension, human health. However, it should be
noted this graph does not give us a complete picture of the emissions from modern vehi-
cles. Today, with increasing emphasis on global warming and climate change, we are also
looking to limit the greenhouse gas emissions, which are increasingly becoming a part of
the vehicular emissions regulations [108,109]. Globally, transportation still has the highest
reliance on fossil fuel, when compared with any other sector and accounted for almost 37%
of the CO2 emissions in 2021 [110]. Although there was a drop in the CO2 levels during
the COVID-19 pandemic [111], as the activity rebounded, global CO2 emissions from the
transport sector have grown by 8% from the previous year (which is almost 7.7 Gt CO2). A
net-zero scenario would require transport emissions to fall by about 20% (i.e., to less than
6 Gt by 2030) [112]. This requires the introduction of new measures such as reformulating
the fuel, increased electrification and hybridization and smarter transport planning, while
encouraging the use of public transportation, cycling and walking can reduce the number
of ICEs on the road and promote cleaner air.

While more stringent norms and avenues for improvement have to be explored with
the intention of improving air quality, it has to be noted that road transportation emissions
have actually decreased over the years. Although NH3 emissions from road transport have
risen, it represents a small proportion of total NH3 emissions [112]. Compared to 1990
levels, NOx emissions from international aviation have more than doubled (an increase
of 171%), while emissions of NOx, CO2, and NMVOC from international shipping have
increased by around 26%, 25% and 20%, respectively. As emissions of NOx and SOx from
land-based sources decrease, there is an increasing recognition of the shipping and aviation
sectors’ growing contribution to Europe’s air quality, with these sectors now accounting
for 23% and 12% of all NOx and SOx emissions [113]. This calls for increased efforts
in reducing emissions from these parts of the transportation sector, and thus to effect
meaningful change in terms of global air quality.

5. Conclusions

In summary, with increasingly stricter emission standards across the world and im-
proved emission control systems for road transport vehicles and increased hybridization of
the powertrain, the automotive sector is successfully complying with the legislation placed
upon it in the interest of improving the overall air quality. While stricter emission norms
could indirectly mean the end of ICEs, it does not have to. The criteria emission standards
have been met with every regulation; however, the CO2 limit being imposed with the
most recent regulations cannot be realized when still using the current fuels that are highly
carbon intensive and the means for measuring compliance is to measure tailpipe CO2
emissions (i.e., the “tank-to-wheel” portion). Meeting the greenhouse emission standards
while still using a cheap-to-produce technology such as the ICE is only possible with the
adoption of synthetic fuels that have a lower (such as methane or methanol) or zero car-
bon intensity (such as hydrogen or ammonia). It can also be achieved by using smarter
transportation planning by promoting public transportation, walking and cycling. While
promoting public transportation would require significant investment in many countries,
it might be a necessary cost to maintain air quality while also keeping greenhouse gas
emissions in check. From a global air quality point of view, it should also noted that the
road transport sector has made remarkable progress while the global shipping and aviation
sector criteria emissions have almost doubled since the 1990s. This is a cause for concern
and means that a meaningful change in terms of global air quality can only be made by
regulating the shipping and aviation sectors. The criteria emissions from the aviation and
shipping sectors not only affect air quality but also indirectly promote climate change,
global warming and adverse health impacts.
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Abbreviations

AES Auxiliary Emission System
CAFE Corporate Average Fuel Economy
CARB Californian Air Resource Board
CNG Compressed Natural Gas
CO Carbon monoxide
DPF Diesel Particulate Filter
EPA Environmental Protection Agency
EU European Union
FCM Fuel Consumption Meter
GHGs Greenhouse gases
HC Hydrocarbons
ICE Internal Combustion Engine
LDVs Light Duty Vehicles
LEV Low Emission Vehicles
MY Model Year
NEDC New European Driving Cycle
NHTSA National Highway Traffic Safety Administration
NOx Oxides of Nitrogen
OBFCM On-board Fuel Consumption Monitor
PMP Particle Measurement Program
PM Particulate Matter
PN Particulate Number
RDE Real Driving Emissions
SCR Selective Catalytic Reduction
SULEV Super Ultra Low Emission Vehicle
TWC Three-way Catalytic converters
ULEV Ultra Low Emission Vehicle
WLTC Worldwide harmonized Light vehicles Test Cycles
WLTP Worldwide Harmonized Light Vehicles Test Procedure
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