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Abstract: This paper reviews the next generation of automotive emission regulations, with particular focus on the
European Union’s Euro 7 framework and the U.S. Environmental Protection Agency (EPA) Tier 4 requirements
for light- and medium-duty vehicles beginning with model year 2027. These new regulations tighten control of
regulated pollutants under a wider range of operating conditions, expand real-driving and low-temperature
compliance expectations, and, in the case of Euro 7, extend regulations to non-exhaust sources such as brake and
tire emissions while also strengthening durability requirements for electrified vehicles. Compared with current
Euro 6 and Tier 3-era technologies, the new standards expose an important gap between existing production-ready
emission-control solutions and the robustness required for future compliance. This gap is mainly driven by several
factors: limited catalyst performance at low exhaust temperatures, slower catalyst light-off during cold starts and
engine restarts, reduced emissions-control efficiency during rapid changes in engine operation, and the difficulty
of maintaining low emission levels throughout the vehicle’s full useful life. The paper examines how conventional
approaches based on incremental calibration refinement, conventional three-way catalysts, diesel oxidation
catalysts, particulate filters, and Selective Catalytic Reduction (SCR) systems may no longer be sufficient on their
own to meet the combined demands of lower emissions, broader operating boundaries, and long-term durability.
To address this gap, the study summarizes the most relevant emerging technologies in exhaust aftertreatment. On
the in-cylinder side, the paper briefly discusses ultra-high-pressure gasoline direct injection, advanced fuel-
injection strategies, improved air-path and Exhaust Gas Recirculation (EGR) management, combustion
optimization, ignition-system enhancement, and increased electrification or hybridization to reduce engine-out
emissions. On the aftertreatment side, which is the main focus of this paper, it reviews electrically heated catalysts,
close-coupled and dual-stage catalyst architectures, improved particulate filtration systems, low-temperature NOx-
control technologies, and advanced thermal-management strategies. Together, these technologies form a multi-
layer compliance pathway for achieving future NOy, CO, hydrocarbon, particulate, and greenhouse-gas targets
while preserving vehicle performance, fuel economy, and cost competitiveness during the transition toward lower-
emission mobility.
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1. Introduction

Automakers are navigating a complex transition toward electrification while continuing to improve internal
combustion engine (ICE) technologies. Since 2020, industry planning in many regions has been shaped by
expectations of rapid battery electric vehicle (BEV) growth, supported by regulatory pressure, incentive programs,
and long-term decarbonization targets. However, from 2024 to 2025, the electric vehicle (EV) adoption rate was
slower than expected in many markets. Combined with uneven regional demand and ongoing profitability
challenges, this has pushed the industry toward a more cautious, multi-technology strategy, where ICE and hybrid
platforms continue to play an important role.

As 0f 2024, the global BEV fleet has surpassed 39 million vehicles, accounting for approximately 2% of the
worldwide vehicle stock (see Figure 1). China continues to lead the BEV market, with around 22.5 million vehicles
on the road, making up slightly more than 6% of its national vehicle fleet. In comparison, the European Union and
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the United States account for about 2.1% and 1.6% of their respective vehicle stocks. Additionally, plug-in hybrid
electric vehicles (PHEVs) continue to play a significant role in the electrification of transportation [1-3].

International Council on Clean Transportation (ICCT) market tracking indicates that PHEVs represented
approximately 40% of EV sales in 2024 and 37% in the first half of 2025 in the principal monitored markets [4].

Although EV sales have continued to grow in absolute terms, demand has weakened in several major markets,
including the United States and parts of Europe, and the short-term pace of electrification has been slower than
earlier projections suggested. BEV adoption also continues to face practical challenges, such as high vehicle prices,
limited availability of affordable models, and insufficient charging infrastructure coverage and reliability. In the
United States, average BEV transaction prices remained close to USD 55,000 in 2024 [5]. While battery pack
prices have fallen to approximately USD 115/kWh, battery systems remain considerably more expensive than
conventional internal combustion engine (ICE) powertrains [6]. These costs and infrastructure barriers indicate
that ICE and hybrid vehicles are likely to remain an important part of the global transportation mix for the
foreseeable future, even as electrification continues to expand.
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Figure 1. Share of battery electric vehicles in major global markets.

At the same time, the continued use of ICE vehicles is being challenged by increasingly stringent pollutant
and CO, regulations. New regulatory frameworks, such as Euro 7 in Europe and the next phase of U.S. EPA
emissions requirements, are pushing automakers toward lower tailpipe emissions, stronger real-world compliance,
and longer useful-life performance. In Europe, Euro 7 also expands the scope of regulation beyond traditional
tailpipe pollutants by adding limits on brake-particle emissions and battery durability requirements for electrified
vehicles. This broadens the practical compliance challenge for manufacturers [7-9]. Meeting these requirements
will require more than small calibration updates. Automakers will need to combine improved combustion systems,
advanced boosting and thermal management, hybridization, cleaner or sustainable fuels, and more sophisticated
exhaust aftertreatment systems.

This paper reviews the next generation of automotive emission regulations and examines the principal
technical pathways available to meet them. Particular emphasis is placed on the gap between current mainstream
production solutions and the more robust performance required under future Euro 7 and EPA standards, especially
under cold-start, low-load, transient, and real-driving conditions. The paper then summarizes the main
aftertreatment technologies that can help close this gap while preserving the competitiveness and cost-
effectiveness of ICE and hybrid powertrains during the transition toward electrified mobility.
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2. Upcoming Emission Regulations

The proposed Euro 7 and U.S. EPA Tier 4-type light- and medium-duty regulations, applicable from 2027
onward, represent a further tightening of pollutant-control requirements. For the U.S. light- and medium-duty sectors,
the EPA framework introduces a phased reduction in fleet-average Non-Methane Organic Gases + Nitrogen Oxides
(NMOG + NOxy) limits beginning in 2027, reaching an approximately 50% reduction for light-duty vehicles relative
to the current Tier 3 level, together with tighter carbon monoxide (CO) and formaldehyde (HCHO) requirements; in
Europe, Euro 7 strengthens the regulatory burden through broader real-driving, durability, and particle-control
requirements even where some light-duty mass limits remain similar to Euro 6e [7,9-11]. Figure 2 illustrates the
historical development of NOx limits in the U.S. and EU.
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Figure 2. History of US and EU NOx regulations.

2.1. U.S. EPA Tier 4 Emissions Regulations

Emission regulations in the United States and Europe have evolved steadily since their introduction in the
1960s and 1970s, respectively, with progressively stricter limits on pollutants such as hydrocarbons (HC), carbon
monoxide (CO), nitrogen oxides (NOy), and particulate matter (PM). These regulations have been a major driver
of improvements in combustion efficiency, catalyst technology, particulate filtration, and overall aftertreatment-
system performance. In the United States, this regulatory framework began with the 1965 Motor Vehicle Air
Pollution Control Act, which introduced the first nationwide tailpipe limits for 1968 model year vehicles, and was
further strengthened by the Clean Air Act of 1970 and the establishment of the Environmental Protection Agency
(EPA), which was given authority to regulate vehicle emissions at the federal level. Building on this long
progression, the next major step is the EPA Tier 4 program for light- and medium-duty vehicles, scheduled to
begin with the 2027 model year [10,11]. Tier 4 does not prohibit internal combustion engine (ICE) vehicles, but it
imposes much more stringent fleet-average requirements for pollutants and greenhouse gases (GHGs). As a result,
ICE vehicles can remain in the market only if manufacturers achieve compliance through cleaner combustion,
increased electrification, and more advanced aftertreatment systems; otherwise, non-compliance may lead to
substantial financial penalties [10,11].

For criteria pollutants, Tier 4 introduces new fleet-average limits for NMOG + NOy, as well as tighter CO
and HCHO standards. The fleet-average NMOG + NOy requirement is phased in beginning in 2027 and tightens
over time, reaching 15 mg/mi for light-duty vehicles (LDVs) in 2032 and 75 mg/mi for medium-duty vehicles
(MDVs) in 2033. The detailed phase-in NMOG + NOx limits specified by the Tier 4 standard are summarized in
Table 1, while the corresponding CO and HCHO limits are presented in Table 2 [10,11].
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In parallel with the pollutant limits, the planned EPA 2027-2032 regulatory roadmap also targets significant
reductions in vehicle GHG emissions, with up to 56% CO;-equivalent reductions in the light-duty sector and 44%
for the medium-duty sector by 2032, relative to current baselines [10]. This combined pollutant and GHG
requirements will drive the deployment of high-efficiency combustion concepts, sophisticated exhaust
aftertreatment, and varying levels of electrification to keep ICE-based powertrains viable in the Tier 4 era.

Table 1. EPA Tier 4 NMOG + NOx fleet-average emissions standards.

Light-Duty Vehicles Medium-Duty Vehicles (mg/mi)
Model Year (mg/mi) Class 2b Class 3
2026 30 * 178 * 247 *
2027 25 175
2028 23 160
2029 21 140
2030 19 120
2031 17 100
2032 15 80
2033+ 15 75

* MY 2026 values are current fleet-average standards shown as the reference baseline; Tier 4 standards begin in MY 2027.

These values define the fleet-average NMOG + NOy emissions targets that automakers must achieve, based
on the mix of vehicles they sell. Rather than requiring every individual model to meet the same emissions limit,
compliance is assessed across the entire fleet. This means vehicles with higher emissions need to be offset by
cleaner models, such as improved combustion control, more effective aftertreatment systems, hybrid systems, and
electrified powertrains.

For light-duty vehicles, the upcoming Tier 4 standard tightens these requirements significantly. The fleet-
average NMOG + NOy limit will drop from 30 mg/mi under Tier 3 to 15 mg/mi by 2032—a 50% reduction [10,11].
Separately, EPA’s earlier nonroad diesel Tier 4 program applies to nonroad compression-ignition engines and is
distinct from the on-road Tier 4 standards for light- and medium-duty vehicles, as the two regulatory programs apply
to different engine categories [12]. Medium-duty limits are similarly tightened over the 2027-2033 timeframe,
ensuring progressively stricter controls on NOx and organic emissions for improved air quality.

Table 2. EPA Tier 4 emission standards for CO and HCHO.

Pollutant Test Cycle Light-Duty Vehicles (g/mi) Medium-Duty Vehicles (g/mi)
CcO 25 °C FTP, HFET, SC03 1.7 32
CcO —7°CFTP 10.0 10.0
HCHO 25 °C FTP 0.004 0.006

Note: FTP = Federal Test Procedure; HFET = Highway Fuel Economy Test; SC03 = Supplemental Federal Test Procedure air-
conditioning test cycle.

Although this review focuses primarily on criteria pollutants such as NOx, NMOG, CO, HC, PM, and particle
number (PN), CO, and GHG regulations remain an important parallel driver of powertrain development. In
practice, CO, and fuel-economy targets influence the adoption of hybridization and electrification strategies
because OEMs must manage overall fleet-average fuel economy and CO; emissions. To meet these requirements,
manufacturers may need to produce more low-CO, vehicles, such as EVs and plug-in hybrids, or purchase
regulatory credits from EV manufacturers such as Tesla.

2.2. Euro 7 Emission Regulations

In April 2024, the European Parliament and Council adopted Regulation (EU) 2024/1257 (“Euro 7”’), which
replaces the current Euro 6e framework and establishes new emission requirements for cars, vans, trucks, and
buses. Euro 7 consolidates light- and heavy-duty rules into a single legislative package and, for the first time,
regulates not only tailpipe pollutants but also non-exhaust emissions from brake systems and tire wear. Compared
with earlier Euro emission standards, Euro 7 introduces more stringent requirements by tightening or expanding
pollutant limits for certain vehicle categories and by addressing several gaps that remained under Euro 6. These
enhancements include improved particle-number measurement, stronger on-board monitoring requirements,
longer durability obligations, and the regulation of non-exhaust emissions such as brake and tire particles. Euro 7
retains Real Driving Emissions (RDE) as a key compliance verification procedure, building on the testing framework
established under the Euro 6d and Euro 6e regulations for passenger cars and light commercial vehicles [7,13].
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As illustrated in Figure 3, earlier certification cycles such as New European Driving Cycle (NEDC),
Worldwide Harmonized Light Vehicles Test Procedure (WLTP), and Euro 6 Real Driving Emissions (RDE) low-
speed motorway operation cover progressively larger portions of the engine speed-load map, but they still do not
represent the full operating envelope. In the conceptual comparison shown, NEDC is concentrated mainly below
approximately 40% relative engine speed and 30% relative load, while WLTP extends the covered region to
roughly 55% relative speed and 50-55% relative load. The RDE < 100 km/h region further expands operation
toward approximately 70% relative engine speed and 75-80% relative load. In contrast, full-range RDE
requirements push compliance toward nearly the complete engine operating map, approaching both high-speed
and high-load regions. This expanded coverage means that low emissions can no longer be achieved only within
a narrow set of calibrated laboratory test points; instead, robust emissions control must be maintained over a
substantially wider range of real-world speed, load, and transient conditions [7,14,15].
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Figure 3. Comparison of RDE and other driving test cycles across the engine operating map.

RDE pushes compliance toward higher load, wider speed ranges, and more transient real-world conditions.
This broader coverage means that low emissions can no longer be achieved only in a relatively narrow set of
calibrated test points; instead, robust control must be maintained across a far larger portion of actual vehicle
operation [14,15]. For light-duty vehicles, the regulated tailpipe mass limits for core pollutants remain broadly
similar to Euro 6e. Yet, compliance becomes more challenging because particle counting is extended from 23 nm
to 10 nm, real-world conformity requirements are strengthened, brake emissions are regulated for the first time,
and battery durability requirements are introduced for electrified vehicles. In other words, Euro 7 raises the
practical compliance burden by broadening controlled emission sources, extending the useful-life and in-use
performance expectations, and requiring consistently low-emission operation over a wider range of real-driving
conditions [7,13—15].

Euro 7 does not introduce new fleet-average CO; targets; these are defined in separate CO, regulations that
progressively reduce WLTP-based fleet limits for cars and vans between 2025 and 2034, followed by a zero-CO»
target from 2035 onward [13]. Instead, Euro 7 focuses on pollutant emissions and durability, including minimum
battery-capacity retention requirements for electrified vehicles to ensure long-term performance. Collectively,
these measures make Euro 7 a comprehensive standard that simultaneously addresses tailpipe pollutants, non-
exhaust particles, and the robustness of electrified powertrains, while interacting with parallel CO, legislation that
ultimately drives the transition toward zero-emission vehicles in the EU [7,9]. The regulated emission species
under the Euro 7 standard are listed in Table 3 [7].

Therefore, the significance of Euro 7 lies less in a simple reduction of every light-duty tailpipe limit and more
in the expansion of regulatory scope, measurement sensitivity, durability expectations, and real-world compliance
requirements relative to Euro 6.
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Table 3. Euro 7 emission standards for passenger cars.

SI (Gasoline) CI (Diesel)
Pollutant (g/km) (g/km)
CcO 1.0 0.5
HC 0.10 0.14
NOx 0.06 0.08
PM 0.0045 0.0045
PN (1/km)—10 nm 6 x 10! 6 x 10!

Euro 7 is issued as a single regulation that covers both light- and heavy-duty vehicles, with separate test
procedures and emission limits defined for each category. Additional species, such as NH; and N,O, have also
been added as regulated pollutants for heavy-duty engines under Euro 7. For heavy-duty vehicles, the transition
from Euro 6 to Euro 7 is more explicit: the regulation tightens several exhaust-emission limits, extends PN control
down to 10 nm, and introduces additional regulated species such as NH; and N»O [7,15]. As a result, Euro 7 is
more challenging to meet than previous Euro standards, because manufacturers must now achieve low emissions
not only over conventional certification cycles, but also across broader operating conditions, over longer useful
lifetimes, and for a wider range of pollutants and non-exhaust sources [7,9,15].

Compliance limits for these species according to the Euro 7 heavy-duty emission standards are summarized
in Table 4 [7]. It should be noted that emission limits for passenger cars and heavy-duty engines are expressed
using different units because these vehicle categories are tested and certified under different procedures.
Passenger-car emission limits (listed in Table 3) are typically reported on a distance basis, such as g/km or
particles/km, since certification is based on vehicle driving cycles that represent real-world driving conditions. In
contrast, heavy-duty engine emission limits are generally reported on a work basis, such as g/kWh or
particles/’kWh, because heavy-duty engines are certified using engine dynamometer test cycles, in which emissions
are normalized to the engine’s brake work.

Table 4. Euro 7 emission standards for heavy-duty engines.

Pollutant Steady Test RDE Test
Cycle Limits (g/kWh) Cycle Limits (g/kWh)
CO 1.5 1.95
NMHC 0.08 0.105
CHa4 0.50 0.65
NO«x 0.20 0.26
NH3 0.06 0.085
N20 0.20 0.26
PM 0.008 -
PN (particle number /kw-hr) 6.0 x 10! 9.0 x 101!

3. Emission Standard Compliance Strategies

Meeting future emission regulations, such as EPA Tier 4 and Euro 7, requires a multi-technology approach
rather than relying on a single solution [7,10,11,15]. The principal pathways are in-cylinder emission control and
exhaust aftertreatment, supported where appropriate by electrification and alternative fuels [15-19]. Although current
combustion and aftertreatment technologies have enabled compliance with existing standards, they are increasingly
challenged by the broader and more stringent demands of upcoming regulations. The difficulty lies not only in lower
allowable emission limits, but also in the requirement to maintain compliance over a much wider range of operating
and environmental conditions, including cold start, low-load urban driving, transient operation, real-driving
conditions, and extended useful-life durability [7,13,14,18,20]. These are precisely the regions in which many
conventional engine and aftertreatment systems are least effective [16,18-20].

From the combustion perspective, further reductions in engine-out emissions are constrained by fundamental
trade-offs. Measures such as exhaust gas recirculation, lean operation, retarded combustion phasing, increased
dilution, and optimized injection strategies can reduce specific pollutants, but often at the expense of others [21-29].
The classical PM—NOy trade-off associated with the use of EGR in a diesel engine is shown in Figure 4. Figure 4 is
plotted from empirical data obtained during an EGR sweep conducted at fixed engine speed and load conditions on
a single-cylinder research diesel engine in the authors’ laboratory. This trade-off remains a central limitation in both
diesel and gasoline direct-injection engines, while attempts to improve one aspect of combustion may negatively
affect fuel economy, cyclic stability, cold-start performance, or exhaust enthalpy for catalyst activation. As a result,
the remaining margin for emissions reduction through combustion optimization alone has become increasingly
limited [30-34].
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Figure 4. Classical PM-NOx trade-off from empirical data.

From the aftertreatment perspective, conventional systems are highly effective once they reach their intended
operating temperatures. Still, future regulations place increasing emphasis on operating conditions under which
catalyst activity is weakest, particularly during cold start and other low-temperature operating modes
[15,18,20,35,36]. This limitation is expressed in measurable terms: three-way catalysts typically require catalyst
temperatures of approximately 250-300 °C to achieve high CO, HC, and NOy conversion efficiency, whereas
diesel SCR systems show reduced NOy conversion and limited urea decomposition below approximately 200-250
°C. This creates a widening gap between the performance of current mainstream solutions and the robustness
required for future compliance [15,18,20,37,38]. Overall, the literature shows strong agreement that low-
temperature operation remains the primary challenge for current aftertreatment systems, rather than catalyst
performance under fully warmed conditions. While the precise light-off temperature and conversion efficiency
depend on factors such as catalyst formulation, aging, exhaust gas composition, and testing methodology, studies
consistently identify cold starts, low-load operation, and frequent engine restarts as the most demanding conditions
for achieving effective emissions control. Consequently, emission control can no longer be approached as a collection
of isolated hardware solutions. Instead, it must be treated as a fully integrated, system-level challenge involving
combustion strategy, thermal management, catalyst design, controls, electrification, and fuel pathway selection
[15,18,20,31,39-42].

For this reason, automakers and suppliers are pursuing parallel development pathways that combine advanced
combustion concepts, improved exhaust-aftertreatment architectures, partial or full electrification, and alternative low-
carbon or low-emission fuels [15,20,31,39-42]. The objective is not only to reduce regulated pollutants such as NOy, PM,
THC, and CO, but also to do so consistently across the full range of real-world operating conditions while simultaneously
addressing fuel economy, greenhouse-gas emissions, durability, packaging, and cost [7,9,15,20,40,42,43]. In this context,
no single powertrain solution is universally optimal. Instead, future compliance will depend on the coordinated
application of multiple complementary technologies, each addressing the limitations of the others [15,18,20,31,39-42].

Accordingly, this chapter reviews the principal technology pathways being adopted to meet future emissions
requirements. Section 3.1 examines in-cylinder and combustion-based strategies, including mixture preparation,
dilution, combustion phasing, low-temperature combustion concepts, and fuel effects. Section 4 then focuses on
advanced exhaust-aftertreatment technologies, with emphasis on next-generation three-way catalysts and filtration
systems, aggressive thermal management and electrically heated catalysts, and dual-dosing or dual-SCR architectures
for low-temperature and real-driving NOy control. The subsequent discussion also considers electrification and
alternative fuels as complementary pathways for reducing engine-out emissions and easing the burden on
aftertreatment systems. Taken together, these sections highlight that future compliance with Euro 7 and EPA Tier
4 will depend not on a single technology, but on coordinated advances in combustion control, thermal management,
catalyst systems, and overall powertrain integration.

3.1. In-Cylinder Emission Control Methods
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In-cylinder emission-control methods act directly on the combustion process through dilution, temperature
control, fuel selection, injection scheduling, and mixture preparation. Among the major pollutants, nitrogen oxides
(NOx) and particulate matter (PM) are especially difficult to control because their formation is governed by local
combustion temperature, oxygen availability, and mixture stratification, and they often exhibit opposing trends. In
both conventional diesel engines and gasoline direct-injection (GDI) spark-ignition engines, locally rich regions,
wall wetting, and incomplete premixing can promote soot and particle formation, whereas high-temperature,
oxygen-rich zones favor thermal NOy formation [21,24-27,32-34,44]. For this reason, most in-cylinder control
strategies aim to reduce peak burned-gas temperature while simultaneously improving mixture homogeneity and
oxidation quality [21-27,31-34].

A central limitation of in-cylinder emission control is the classical NO,—PM trade-off, as illustrated in Figure 4.
Measures that suppress NOy by reducing combustion temperature or increasing dilution may impair soot oxidation,
combustion stability, and efficiency, whereas measures that improve oxidation and reduce particulate emissions
can increase local flame temperature and promote NOy formation. In practice, the challenge extends beyond the
NO,—PM trade-off alone, because in-cylinder measures must also balance cyclic variability, misfire tolerance, fuel
consumption, transient drivability, and the need to maintain sufficient exhaust enthalpy for aftertreatment light-
off. Consequently, although in-cylinder approaches can significantly reduce engine-out emissions, they are rarely
sufficient on their own under all operating conditions [21-24,27,31-34].

For spark-ignition (SI) gasoline engines, the principal in-cylinder control levers are combustion phasing, dilution
tolerance, and mixture preparation [25,26,32-34,45-51]. In practice, NOx can be reduced through external or internal
exhaust gas recirculation (EGR), lean-burn operation where feasible, optimized spark timing, and variable valve timing
or valve-overlap strategies that lower peak combustion temperature or provide internal residual dilution
[28,29,38,46,47]. In GDI SI engines, PM and PN control depend strongly on minimizing wall wetting and fuel-rich pockets
[25,26,32—34,44]. Increasing injection pressure and improving spray quality and targeting accelerate fuel-air mixing,
thereby reducing locally over-rich zones that promote soot formation [25,26,32-34,45,49-51]. However, the
resulting shorter ignition delay and hotter early combustion can increase NOx, reintroducing the NO,—PM trade-
off and requiring careful calibration of injection pressure in combination with EGR and combustion phasing [25—
29,32-34,45-48].

For direct-injection compression-ignition (Cl/diesel) engines, the dominant in-cylinder measures include
EGR, high injection pressure, injection-timing optimization, multiple injection, in-cylinder air-motion control,
advanced boosting, and combustion-chamber geometry optimization [21,24,27,31]. EGR remains one of the most
established methods for lowering engine-out NOy because it dilutes intake oxygen concentration and increases the
heat capacity of the air charge, thereby reducing local combustion temperature and suppressing thermal NOx
formation [21,24]. However, this also introduces the classical NOy—soot trade-off by slowing oxidation and
increasing the tendency for locally rich diffusion flames. To mitigate this effect, modern diesel strategies combine
cooled EGR with very high injection pressure, optimized start of injection, pilot, pre-, and post-injections, as well
as tailored piston-bowl geometry and swirl to accelerate fuel-air mixing and improve soot oxidation [21,24,27,31].

Fuel selection provides an additional in-cylinder pathway for emission reduction in both SI and CI
engines [22,23,31,33]. Oxygenated fuels and alcohol blends can improve evaporation and reduce soot tendency in GDI
operation. In contrast, gaseous fuels such as methane and hydrogen can substantially reduce carbonaceous PM formation,
albeit with their own challenges, including methane slip, abnormal combustion, and storage complexity [26,32,33]. In diesel
engines, biodiesel and other oxygenated fuels can reduce soot because of their inherent fuel-bound oxygen, although NOx
behavior remains strongly dependent on cetane number, injection timing, and EGR calibration [21,24,27].

Overall, in-cylinder strategies such as EGR, optimized injection, mixture-motion control, alternative fuels, and
advanced low-temperature combustion modes can significantly reduce engine-out NOx and PM [21-27,31-34].
However, they are generally insufficient on their own to satisfy the most stringent present and future emissions
regulations across all operating conditions [7,10,11,15]. Consequently, modern emissions control depends on close
co-optimization of in-cylinder measures with robust exhaust aftertreatment systems [15,20-24,31].

3.2. Conventional Aftertreatment Technologies

In-cylinder emission-control strategies alone are generally insufficient to meet increasingly stringent
emissions regulations [7,10,11,15]. Although combustion optimization can reduce engine-out emissions, it is
inherently constrained by several competing trade-offs, including the classical NOx—PM trade-off, combustion
stability, fuel economy, thermal efficiency, and transient drivability [21-27,31-34]. Measures that lower
combustion temperature and suppress NOx formation may increase particulate, CO, and HC emissions or reduce
combustion efficiency, while strategies that improve oxidation and reduce soot can raise local temperatures and
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promote NOy formation [21,24,27,31]. As a result, in-cylinder measures alone cannot reliably achieve ultra-low
emissions across the full engine operating range and under all real-world driving conditions [7,10,11,14,15].

For this reason, OEMs and suppliers continue to develop increasingly advanced exhaust-aftertreatment
systems to complement in-cylinder control and ensure compliance with upcoming emissions regulations. These
systems are designed to convert or remove pollutants downstream of the engine, including NOx, PM, CO, and
unburned hydrocarbons [15,16,18-20,37,38,52,53]. Their importance has grown significantly as regulatory
frameworks have expanded beyond steady-state laboratory testing to include transient operation, cold-start
emissions, low-load urban driving, and RDE requirements [7,10,11,14,15,18,20].

This section reviews the state of the art in exhaust-aftertreatment systems for both gasoline and diesel engines.
Although the underlying control mechanisms differ—stoichiometric three-way catalysis for gasoline engines and
lean-NOy reduction systems for diesel engines—both are highly sensitive to exhaust temperature and face similar
challenges related to cold-start operation, catalyst light-off, and transient control.

For stoichiometric gasoline engines, the three-way catalyst (TWC), shown in Figure 5, remains the primary
emissions-control device and the most mature and effective aftertreatment technology currently available.
However, high TWC conversion efficiency can be achieved only within a narrow lambda window around 1.0,
where the simultaneous oxidation of CO and HC and the reduction of NOy are thermodynamically favorable. In
addition to precise air-fuel-ratio control, catalyst temperature is a dominant factor governing performance.

TWC Tailpipe

Tailpipe

Figure 5. Typical aftertreatment for a gasoline engine.

Typical light-off characteristics for modern TWC are shown in Figure 6. TWC conversion efficiency
increases sharply with temperature, while tailpipe emissions of CO, HC, and NO decrease steeply once the catalyst
light-off threshold is reached at around 300 °C. CO typically exhibits the earliest activation, followed by NO,
while THC conversion occurs at higher temperatures. This temperature dependence is especially important for
future compliance, since emissions released before the catalyst reaches light-off temperature can account for a
significant portion of the total allowable emissions. As a result, achieving faster catalyst warm-up and better
low-temperature conversion efficiency will be critical to meeting upcoming Euro 7 and EPA Tier 4 standards.
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Figure 6. TWC conversion efficiency vs. temperature from empirical data.
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3.2.1. Cold-Start Challenges

Before the catalyst light-off, the three-way catalyst (TWC) is largely inactive. As a result, cold start and catalyst
warm-up contribute disproportionately to total cycle emissions, particularly in urban driving, where short trips and
repeated stops often prevent the catalyst from reaching its optimal operating temperature [17,18,28,35,36,54]. In an
FTP cycle, experimental and real-world studies indicate that more than 50% of HC emissions occur before catalyst
light-off, that over 50% of total particle emissions in the NEDC were emitted during the cold-start period, and that
64% of CO, 68% of HC, and 58% of NOy over an average on-road trip may be emitted before the TWC reaches its
effective operating temperature [17,18,35,44]. Although close-coupled catalyst placement is already widely used to
reduce warm-up time, additional thermal management measures remain necessary [18,28,35,36]. Retarded spark
timing can increase exhaust enthalpy and promote faster catalyst heating, but it may also impair combustion
stability and increase engine-out HC and PM emissions. Likewise, late-injection heating strategies can elevate
exhaust temperature. Still, they may disturb stoichiometric air-fuel ratio control and shift operation away from the
narrow lambda window required for optimal TWC efficiency [28,29,45].

3.2.2. Diesel Engine Aftertreatment

Unlike gasoline engines, diesel engines operate under lean conditions over most of the engine map, which
precludes the use of three-way catalysts for simultaneous conversion of NOx, CO, and HC. Modern diesel
aftertreatment systems therefore rely on a sequence of dedicated devices, typically including a diesel oxidation
catalyst (DOC), a diesel particulate filter (DPF), and aSCR system. As in gasoline aftertreatment, temperature is
the single most important factor governing overall diesel aftertreatment performance.

Typical aftertreatment layout for a diesel engine is shown in Figure 7. The aftertreatment system comprises
various components placed in sequence, each designed to control specific emission species at different stages of
the exhaust stream, making the system both complex and highly integrated.

DEF

Tailpipe

DOC @ DPF — SCR | ASC -

Figure 7. Typical aftertreatment for a diesel engine.

3.2.3. Diesel Oxidation Catalyst (DOC)

The DOC performs several essential functions. It oxidizes CO and HC and partially oxidizes NO to NO,, which
is beneficial for both DPF regeneration and enhanced SCR performance under fast-SCR conditions [20,37,52,53].
Like the TWC, the DOC exhibits characteristic light-off behavior. CO and HC conversion increase rapidly above
approximately 200-250 °C, while effective NO-to-NO; conversion generally occurs in the range of about 250—
350 °C [20,37,53]. Once sufficiently heated, the DOC can maintain high and stable conversion efficiency [20,53].

3.2.4. Selective Catalytic Reduction (SCR)

SCR is the dominant NOx-control technology for medium- and heavy-duty diesel engines and is increasingly
applied in light-duty diesel vehicles as well.

3.2.5. Ammonia Generation

In SCR systems, diesel exhaust fluid (DEF), a 32.5% urea-water solution, is injected upstream of the SCR
catalyst. This process involves two sequential reactions. First, thermolysis converts urea into isocyanic acid (HNCO)
and ammonia (NH3). Second, hydrolysis converts HNCO and water into additional NH3 and CO, [20,37,52]. Only the
generated NH;3 participates directly in NOy reduction, making the efficiency of ammonia formation strongly
temperature dependent [20,37]. The highest NOx-conversion efficiency is achieved under fast-SCR conditions,
described by the reaction:

2NH; + NO + NO; — 2N, + 3H,0
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Fast-SCR chemistry requires an approximately 1:1 NO: NO; ratio [20,37,38,52]. For this reason, the upstream
DOC plays a critical role in generating the NO, fraction needed to promote high SCR activity [20,37,52,55].

3.2.6. Diesel Particulate Filter (DPF)

DPFs capture soot and require periodic regeneration to oxidize the accumulated carbon. NO, generated
upstream at DOC can promote passive soot oxidation, whereas active regeneration typically relies on elevated
exhaust temperatures achieved through postfuel injection strategies. DOC-assisted heat release may also be used,
although it is less common in light-duty applications, while external burners are generally more applicable to
heavy-duty diesel aftertreatment systems. Despite their high effectiveness under favorable operating conditions,
current diesel aftertreatment systems remain limited by low exhaust temperatures and transient operation, both of
which can reduce catalyst activity and regeneration efficiency [19,20,37,39,52,53]. One of the most significant
challenges is limited low-temperature performance, typically below approximately 200—250 °C. In this range, SCR
catalysts exhibit reduced activity, while urea injection may lead to incomplete thermolysis and insufficient NH;
generation [20,37,39]. Under such conditions, solid urea-derived byproducts, including ammonium nitrate,
ammonium sulfate, and cyanuric acid, may form and accumulate, thereby reducing NOy-conversion efficiency and
compromising long-term system durability [20,37]. Delayed light-off of the DOC further reduces NO; availability,
negatively affecting both DPF regeneration and SCR performance [20,37,52,53]. These limitations become even
more severe during low-load urban driving, hybrid operation with frequent engine restarts, and operation in cold
climates [18,20,37,39,40].

As a result, considerable development effort has been directed toward mitigation strategies, including
advanced thermal-management measures such as late injection, EGR throttling, and turbo throttling, as well as
hardware solutions such as close-coupled SCR catalysts, SCR-on-filter (SDPF) concepts, electrically heated
catalysts, and dual-SCR architectures that combine a close-coupled low-temperature SCR with a larger underfloor
SCR for higher-load operation [19,20,37,39-42,52]. A second major limitation is the difficulty of maintaining
precise control of the ammonia-to-NOj ratio under real-driving conditions. SCR performance depends strongly on
accurate NH3 dosing: under-dosing leads to insufficient NOy conversion, whereas over-dosing results in ammonia
slip, which is itself a regulated pollutant in many markets. Achieving the optimal balance is particularly
challenging during rapid transients, where exhaust conditions change continuously and control delays become
significant. In practice, NOx sensors have limited accuracy and response time, exhaust temperature varies
dynamically, and the decomposition of injected urea introduces a substantial open-loop delay before NH; becomes
available at the catalyst surface. In addition, the engine-out NO/NO; ratio can vary widely, further complicating
the maintenance of favorable fast-SCR conditions. Collectively, these factors make transient NH3; management
one of the principal control challenges in modern diesel aftertreatment systems.

Consequently, current development trends are directed toward faster light-off behavior, wider effective
temperature operating windows, improved conversion efficiency, and more robust integration between
aftertreatment systems and engine calibration [15,18-20,37—42,52,53]. In practice, future compliance will depend
on close co-optimization of combustion strategies and advanced aftertreatment technologies rather than on
combustion improvements alone [15,20-24,31,37,38].

4. Next-Generation Aftertreatment Technologies
4.1. Next-Generation Three-Way Catalysts and Filters for Gasoline Engines

Next-generation three-way catalysts and filters are being advanced not only through improved exhaust mixing
and lower-thermal-mass substrates, but also through more sophisticated washcoat design [55-62]. In conventional
TWC systems, the washcoat is typically based on high-surface-area y-alumina, ceria-zirconia oxygen-storage
material, platinum-group metals (PGMs), and rare-earth stabilizers such as lanthana and yttria. Current development
trends focus on improving the interaction between active precious metals and the oxygen-storage phase, as closer
coupling between PGMs and ceria-zirconia can accelerate redox activity, suppress thermal sintering, and lower
the light-off temperature. Recent literature indicates that incorporating ceria-zirconia into the washcoat improves
HC and NO oxidation light-off and stabilizes the noble metals during thermal aging [55-58]. In addition, the
architecture of the washcoat itself is being refined through layered or functionally differentiated designs, so that
oxidation-promoting and NOy-reduction-promoting functions can be distributed more effectively across the
coating thickness and along the catalyst length [55-58]. Another notable trend is partial substitution of PGMs with
lower-cost catalytic components.

A 2025 review on the recently presented PROMETHEUS concept reports that Cu-containing, PGM-lean
TWC formulations can achieve similar or even better catalytic efficiency than conventional state-of-the-art TWC
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systems. This suggests that adding copper-based oxidation functionality, together with a high oxygen-storage Ce—
Zr support and well-controlled metal dispersion, can enable meaningful reductions in PGM content, as illustrated
in Figure 8 [59]. These developments are consistent with recent industry reporting that next-generation TWC systems
can achieve faster light-off and maintain emissions performance while reducing PGM loading by about 39%.
Therefore, the key novelty in the latest washcoat systems is not a single new material, but rather the integrated
optimization of support chemistry, oxygen-storage capacity, metal-support interaction, coating architecture, and
metal utilization efficiency [55-59]. In combination, low-thermal-mass and high-porosity substrates further shorten
heat-up time by reducing thermal inertia, complementing the gains achieved through the washcoat itself [60,61].

o Reactants 9 Surface Interaction o Reaction o Product Release &
(Feed Gas) L (Adsorption & Activation) L (CO Oxidation) L Catalyst Regeneration
co 0, co* 0, Co,” CO,

-9 -9

]

]

I
’

(
A
| ]

o oo
L .
Q0 Qe -~ ,/3—@;:-5-\ -»Alj{l *->Q0 0 Q@

RN

. ok p - - ‘
N ( | | ( (

\ g

b " 4 . Evs _ - 4

CO and O, approach CO adsorbs on PGM sites. [ Adsorbed CO reacts with €O, desorbs.
the catalyst surface 0, activates with lattice oxygen | activated oxygen to form CO, Oxygen vacancies are
generating vacancies. on the surface. restored; surface ready
for next cycle.
\ CeZrO,-supported Cu/PGM catalyst D
PGM sites O : () Lattice oxygen ¢y Oxygen vacancy
{ (PL, P, Rh) e (0% (Vo)

Figure 8. Three-way catalytic converter containing Cu and PGM. Asterisk (*) denotes a surface-adsorbed species.

Cold-start operation and the associated catalyst light-off period can contribute a disproportionately large
fraction of total cycle emissions [17,18,28,35,36,44,63]. Published studies have shown that this phase may account
for more than 50% of FTP-cycle hydrocarbon emissions, more than 50% of total particle number emissions over
the NEDC, and, in recent real-world gasoline vehicle datasets, approximately 64%, 68%, and 58% of total trip
CO, HC, and NOy emissions, respectively [17,18,35,44]. As shown in Figure 6, TWC requires that the light-off
temperature be reached before acceptable conversion efficiency can be achieved.

Rapid heating of the aftertreatment system is therefore critical for reducing cumulative emissions over the entire
cycle [17,18,28,35,36]. For stoichiometric gasoline engines, once the TWC light-off temperature is reached and under
well-controlled stoichiometric conditions, CO conversion can approach 98-99%, HC conversion is typically around
or above 95%, and NOy conversion can also exceed 95% [16,36,38,62]. Diesel aftertreatment shows a similarly strong
temperature dependence. DOCs are primarily responsible for oxidizing CO and HC and promoting the partial
oxidation of NO to NO,. At the same time, SCR performance strongly depends on catalyst temperature, NH3
availability, and the upstream NO»/NOx ratio [20,37,52,53]. Recent literature indicates that once adequate operating
temperature is reached, both DOC and SCR systems can achieve high and comparatively stable conversion
efficiencies [20,42,45,64]. Thus, the main challenge is not improving the performance of a fully warmed catalyst, but
shortening the cold-start interval before the aftertreatment system reaches its high-conversion regime [18,20,35,36].

Emission regulations such as those of the U.S. EPA and the European Euro framework generally do not
prescribe the specific hardware or control strategy to be used for catalyst heating; instead, they define pollutant limits
and certification procedures such as FTP, WLTP, and RDE, against which compliance is assessed. Accordingly, the
catalyst warm-up strategies are largely determined by OEM engine and aftertreatment system design and
calibration [7,10,11,13,14]. Traditional gasoline-engine approaches include load management, ignition timing
retard, and elevated idle speed during the initial cold-start period [18,28]. These measures increase exhaust
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enthalpy and catalyst inlet temperature, but they may also involve penalties in fuel consumption, drivability,
combustion stability, and raw engine-out emissions [18,28,29].

For this reason, more advanced thermal-management strategies have received increasing attention,
including fuel burners, exhaust throttling, cylinder deactivation, improved insulation, and electrically heated
catalysts (EHCs) [18-20,30,39]. Among these, EHCs are particularly attractive for light-duty gasoline, hybrid, and
some diesel applications because they can accelerate catalyst activation without relying solely on engine-based heat
generation [17,39,65,66]. By using electrical energy from a 12 V, 24 V, 48 V, or high-voltage vehicle network to
preheat the catalyst brick or a dedicated heated element, EHC systems can reduce the duration of sub-light-off
operation and improve emissions control during the first seconds after start [40,42,64]. In practice, the EHC
architecture includes electrically heated catalyst bricks, heated-disc concepts, and integrated heated elements
combined with TWC, DOC, NOy-adsorber, or SCR functions [42,64]. 12, 24, and 48 V commercial examples are
available for both gasoline and diesel applications, with maximum current up to 300 A and power levels ranging from
1 to 10 kW [42,64]. For light-duty gasoline and hybrid vehicles, low-single-digit-kW systems are typical. In contrast,
recent heavy-duty diesel demonstrations have used external electric heaters in the approximate 1.2—5.0 kW range to
accelerate low-temperature SCR activation [39].

An additional advantage of electrically assisted heating is that it can enable a cleaner warm-up calibration [18,42].
Without EHC support, manufacturers often rely on mixture enrichment, elevated idle speed, or aggressive spark timing
retard to generate exhaust heat, which can increase fuel consumption and elevate raw HC and CO emissions [18,28,29].
EHCs can reduce reliance on these measures and support operation closer to stoichiometric conditions during warm-
up [17,42,65,66]. The concept of an electric heating element for exhaust aftertreatment is shown in Figure 9.
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1. ENGINE 2. EXHAUST MANIFOLD / 3. ELECTRICALLY 4. DOWNSTREAM 5. TAILPIPE
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Figure 9. Concept of electrical heating element for exhaust aftertreatment.

Recent Euro-7-oriented development programs likewise identify EHC systems as an important enabler of
robust cold-start and low-load emissions control, especially in hybridized vehicles, where exhaust enthalpy is
intermittent and often insufficient to heat the catalyst [15,18,40,42,65] rapidly. From a system-integration
standpoint, EHCs add hardware costs and packaging complexity through the heater element or heated substrate,
high-current conductors and connectors, relays or smart switches, and, in many cases, dedicated DC/DC
conversion and additional sensing and diagnostic functions [40,42,64,67]. For higher-power applications, 48 V
architectures are especially attractive because they enable faster heating than 12 V systems while avoiding
excessive high current [40,42]. 48 V mild-hybrid architectures have become increasingly common in modern
premium ICE and hybrid vehicles, including models from Mercedes-Benz, Audi, and BMW. These systems
typically include a 48 V battery, an integrated starter-generator, and a DC/DC converter that connects the 48 V
and 12 V electrical networks. Because EHCs require short-duration high electrical power during cold start, the
higher voltage reduces current demand compared with 12 V systems, making 48 V architectures more practical
for EHC integration. Based on an Eaton estimate, the added cost for the resistive heater, controller, harness, and
integration is approximately $250 to $500 per vehicle. However, the total system cost still depends on heater
power, voltage class, catalyst size, and overall electrical architecture [42,43].

Published studies also show that EHC effectiveness can be substantially improved when heater power,
catalyst placement, and control strategy are properly matched to the application [17,42,65,66]. For gasoline TWC
systems, cold-start studies have reported emissions reductions of roughly 70% for CO and about 50% for THC
and NOx. Other cold-start experiments using short-duration electric heating have shown a smaller, but still notable,
THC reduction of around 23% [17,65,66]. For diesel aftertreatment, EHC-assisted heating has been shown to raise
SCR inlet temperature by about 19.9 °C on average, improve NOy conversion efficiency by up to 8%, and shorten
SCR light-off time by about 62 s in electrically heated SCR/DOC configurations [39]. These benefits, however,
require well-designed supervisory control. Key features of supervisory control include managing heater power,
evaluating catalyst temperature, accounting for battery state-of-charge constraints, and protecting the EHC system
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from over-temperature or over-current conditions [42,65]. Although the magnitude of the benefits provided by
EHC varies across studies due to differences in heater power, heating duration, catalyst size and thermal mass, and
baseline engine warm-up strategies, the literature consistently shows that EHCs accelerate catalyst light-off and
significantly reduce cold-start emissions.

4.2. Next-Generation Aftertreatment for Diesel Engines

For larger diesel engines, the preferred thermal-management solution is often a fuel burner rather than an
EHC alone [19,20,68]. Heavy-duty low-NOy studies have shown that exhaust burners can raise and maintain SCR
temperature very effectively over low-load cycles, in some cases yielding near-zero tailpipe NOy on selected
cycles, albeit with a CO» penalty [19]. For very large diesel and marine engines, scaling an EHC to the required
thermal duty raises durability and energy-supply concerns; recent EPA marine-technology assessment work
therefore notes that burner-based heating is generally more practical at those sizes, while electric heaters or EHCs
remain possible but more challenging options for large-scale implementation [68].

An exhaust burner block diagram of the future aftertreatment system is shown in Figure 10. Fuel and air are
injected upstream of the DOC and DPF, enabling rapid heat generation in the order of tens of kilowatts. This
approach enables the catalysts to reach the light-off temperature more rapidly than an electrically heated catalyst
system, making it more suitable for mid- and heavy-duty engines, although the primary trade-off is increased fuel
consumption due to heat generation.

Fuel and air Ignitor DEF

DOC |DPF (NSNS SCR | ASC Tailpipe

Figure 10. Exhaust burners for aftertreatment.

Modern diesel aftertreatment systems conventionally comprise a DOC, followed by a DPF, a selective
catalytic reduction (SCR) catalyst, and an ammonia slip catalyst (ASC), typically combined with engine-side EGR
for in-cylinder NOy reduction [37,52,69]. However, a single-SCR layout is increasingly challenged by stringent
real-driving and low-temperature NOyx requirements, because SCR efficiency is strongly limited during cold start
and low-load operation when exhaust temperatures are insufficient [20,37]. For this reason, the industry trend has
moved toward dual-dosing or dual-SCR architectures, typically consisting of a close-coupled SCR near the engine
and a second underfloor SCR downstream [41,70]. The close-coupled unit improves early light-off and speeds up
low-temperature NOy conversion, while the downstream SCR provides high conversion efficiency during higher-
load, higher-temperature operation [41,70]. This arrangement widens the effective deNOx window over the entire
drive cycle and is therefore well suited to Euro 7 and CARB ultra-low-NOx targets [7,15,41,43,70]. A conventional
modern diesel aftertreatment system typically consists of a DOC, a diesel DPF, a urea dosing and mixing section,
a selective catalytic reduction (SCR) catalyst, and an ammonia slip catalyst (ASC), often used together with
engine-side exhaust gas recirculation for upstream NOy control [37,52,69].

Dual-dosing SCR architectures. Dual-dosing SCR layouts are expected to become increasingly common
under Euro 7 because they provide a robust pathway to very low tailpipe NOx emissions over the wider temperature
range and operating envelope mandated by the upcoming Euro 7 regulations [7,15,41,43,70].

In a typical layout, urea is injected at two locations: first upstream of a close-coupled SCR or SCRF positioned
near the turbine outlet, and again ahead of an underfloor SCR catalyst located farther downstream [41,70]. The close-
coupled catalyst benefits from the high exhaust enthalpy available directly after the engine, enabling rapid light-
off and improved NOy conversion during cold start, urban driving, and other low-load transients, while the
underfloor SCR provides additional conversion volume and ammonia storage capacity during sustained medium-
and high-load operation [41,70].

Block diagram of dual-stage SCR shown in Figure 11 [41]. Reports indicate the deNOy performance of
modern dual-SCR systems is much higher than that of a conventional single SCR configuration [41,70]. In a typical
baseline single-SCR system, the SCR catalyst is located farther downstream from the engine, where it provides
sufficient catalyst volume but may not warm up fast enough during cold-start, low-load conditions [37]. By adding
a close-coupled SCR near the engine, the dual-SCR layout improves early low-temperature NOy conversion, while
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the downstream SCR maintains high conversion capacity during medium- and high-load operation [41]. DieselNet
reported that Volkswagen’s passenger-car dual-SCR system reduced RDE NOy emissions by about 80% relative
to the previous generation equipped with a single SCR, while general SCR literature indicates that once sufficient
temperature and ammonia availability are established, overall NOx conversion efficiencies above 90% are
achievable [70]. The main advantage of split dosing is that ammonia generation and storage can be more closely
matched to local temperature and flow conditions, thereby improving transient deNOy efficiency while reducing
the risk of local over-dosing, deposit formation, and ammonia slip [41].

DEF DEF

Figure 11. Dual stage SCR.

A key drawback, however, is increased system complexity and cost [41,43,70], SCR can cost from $1000 to
$2500, depending on the size. In practice, very low-slip systems often pair SCR bricks with ammonia-slip catalyst
(ASC), especially downstream of the final SCR stage. An ASC is installed downstream of the SCR catalyst to oxidize
unreacted ammonia, thereby preventing NHj tailpipe emissions and enabling more aggressive urea dosing to achieve
high deNOy efficiency [52,69]. Some advanced layouts use a close-coupled SCR/ASC assembly together with an
underfloor SCR/ASC system. In practice, this means that ammonia slip must be treated after both SCR stages, or that
ASC functionality must be integrated into each module [41,52,69,70]. While this approach can improve emissions
control, it also increases catalyst volume, sensor requirements, heated dosing hardware, control complexity, and
packaging constraints, making it more costly than a conventional single-SCR system [41,43,52,69,70]. Closed-loop
urea dosing, using feedback from upstream and downstream NOy sensors, is therefore important for maintaining
robust SCR performance during transient operation. This allows reductant delivery to be continuously adjusted
according to the instantaneous NOx mass flow and catalyst condition [37,52]. Low-temperature NO, formation
upstream of the SCR can also be beneficial, because a favorable NO»/NOy ratio promotes the fast-SCR pathway
and improves low-temperature deNOy performance [20,37,52,53].

In addition, low-temperature NO, generation upstream of the SCR is beneficial because the fast-SCR pathway is
promoted when the NO»/NOx ratio is favorable, thereby improving low-temperature deNOy activity [20,37,52,53].
However, aggressive NH3 dosing must be carefully managed to avoid ammonia slip; accordingly, downstream slip
control through precise dosing calibration, NHj storage management, and an ammonia slip catalyst (ASC) is required to
ensure both high NOy conversion efficiency and low tailpipe NH; emissions [37,52,69]. Figure 11 presents a conceptual
diagram of the new diesel exhaust aftertreatment layout with dual SCR systems, the placement of a close-coupled
SCR/ASC unit near the turbocharger to ensure rapid light-off, followed by a second underfloor SCR/ASC system that
provides additional NOy reduction and ammonia storage capacity during higher temperature operation [41,52,69,70].
ICCT cost assessments for future low-NOy diesel systems show that adding a close-coupled SCR/ASC, a second
heated urea doser, additional sensors, and underfloor SCR/ASC hardware materially increases aftertreatment system
costs, although these penalties are considered technically justified to achieve near-zero NOy performance under cold
and low-load operation [43]. Accordingly, dual-dosing SCR is likely to become a mainstream solution where ultra-
low diesel NOy targets must be met over real-world driving, but it does so at the expense of additional hardware,
calibration effort, and system integration burden [7,15,41,43,70].

While there is broad agreement on the need to combine advanced combustion control, thermal management,
and aftertreatment technologies, no consensus exists on a single optimal solution. The most appropriate technology
combination depends on factors such as vehicle application, duty cycle, hybridization level, available electrical
power, packaging constraints, and cost considerations. Consequently, the final technology selection is largely
determined by each OEM’s design philosophy and emissions-compliance strategy. Table 5 summarizes the major
technology pathways available for complying with future emissions regulations and highlights their principal
advantages, limitations, and application considerations. In practice, OEMs are expected to combine advanced
combustion strategies, aftertreatment systems, low-carbon fuels, and varying levels of hybridization or
electrification, depending on vehicle-specific technical and economic requirements.
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Table 5. Major technology pathways for future emission regulations compliance.
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5. Summary

This paper reviews the forthcoming EPA Tier 4 and Euro 7 emission regulations, focusing on their stricter
pollutant and greenhouse gas limits, broader certification procedures, and stronger emphasis on real-world
emissions measured with portable emissions measurement systems (PEMS). It then examines in-cylinder
emissions-control strategies for gasoline and diesel engines. It shows that measures such as exhaust gas
recirculation (EGR), advanced combustion concepts, and alternative fuels can substantially reduce engine-out NOx
and particulate emissions, but are not sufficient on their own to meet future regulatory requirements across the full
operating range.

This discussion highlights the growing importance of advanced emissions-control technologies, such as
electrically heated catalysts, gasoline and diesel particulate filters, dual-dosing SCR systems, and improved
thermal management and control strategies. Looking toward 2035 and beyond, future pollutant and CO, targets
are unlikely to be met through any single technology. Instead, progress will depend on the combined development
of combustion systems, electrified powertrains, cleaner fuels, and exhaust aftertreatment.

One of the key challenges for compliance is the strong temperature dependence of aftertreatment systems. A
large portion of total emissions is generated during cold start, low-load operation, and other low-temperature
conditions, where catalyst efficiency is limited. As a result, faster catalyst light-off, improved low-temperature
conversion efficiency, and advanced thermal-management strategies are critical priorities. In addition, maintaining
low emissions under real-world and highly transient driving conditions remains essential for RDE compliance.

The paper also highlights the growing importance of advanced emission control technologies, including
electrically heated catalysts, gasoline and diesel particulate filters, dual-stage SCR systems, improved catalyst
formulations, and advanced thermal-management and control strategies. However, these systems must achieve
consistently high performance over the service life periods while addressing catalyst aging, poisoning, and
durability constraints. At the same time, practical system-level limitations—including packaging constraints,
electrical power demand, cost, and overall system complexity—play a critical role in determining feasible
implementation strategies.

Although internal combustion engines have matured through more than a century of continuous development,
OEMs continue to invest in research and development to keep ICE-based powertrains competitive with electric
alternatives. BEVs and fuel-cell vehicles are expected to play an important role in zero-tailpipe-emission
applications, while hybrid powertrains will likely remain a key transition technology until zero-emission vehicles
are more widely adopted. At the same time, hydrogen internal combustion engines (H, ICEs) and synthetic fuels
are increasingly recognized as important directions for the long-term evolution of internal combustion engine
technology. These pathways offer the potential to significantly reduce lifecycle greenhouse-gas emissions while
leveraging existing engine architectures and manufacturing capabilities.

Meanwhile, highly optimized ICE platforms that use cleaner fuels, employ improved combustion strategies,
and feature advanced aftertreatment systems will continue to support vehicle segments and regions where full
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electrification remains challenging. This balanced roadmap gives OEMs the best opportunity to meet upcoming
emissions regulations while maintaining vehicle performance, affordability, and durability across global markets.
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