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Directions in vehicle efficiency and emissions 
This paper provides a general review of light-duty (LD) and heavy-duty (HD) regulations, engine technology, and key 

emission control strategies. The US is placing a stronger emphasis on laboratory emissions, and the LD regulations are 
about an order of magnitude tighter than Euro 6, but Europe is focusing on real-world reductions. The California HD 
low-NOx regulation is advancing and may be proposed in 2017/18 for implementation in 2023+. The second phase of 
US HD greenhouse gas regulations propose another 25-30% tightening beyond Phase 1, beginning in 2021. LD and HD 
engine technology continues showing marked improvements in engine efficiency. LD gasoline concepts are closing the 
gap with diesel. HD engines are demonstrating more than 50% BTE using methods that can reasonably be commercial-
ized. LD and HD diesel NOx technology trends are also summarized. NOx storage catalysts and SCR combinations are 
the lead approach to meeting the LD regulations. Numerous advanced NOx technologies are being evaluated and some 
promise for meeting the California HD low NOx targets. Oxidation catalysts are improved for both diesel and methane 
oxidation applications. Gasoline particulate filters (GPF) are the lead approach to reducing particles from gasoline 
direct injection (GDI) engines. They reduce PAH emissions, and catalyzed versions can be designed for low back pres-
sure. Regeneration largely occurs during hot decelerations.
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1. Introduction
The challenges are significant in reducing vehicular 

criteria pollutants and greenhouse gases to meet tightening 
regulations around the world. Multitudes of papers and pres-
entations are given annually to advance the understanding 
and technologies. 

This paper focuses on recent key developments related 
to emissions for both diesel and gasoline engines in the 
automotive and heavy-duty markets. It begins with an over-
view of the major regulatory developments covering criteria 
pollutants and CO2. Then, a high-level review is provided 
of engine technologies, starting with light-duty gasoline and 
diesel engines, and then heavy-duty diesel engines. In this 
section, only broad developments are covered with the intent 
of summarizing the directions and emissions challenges 
for exhaust technologies. Next, the paper covers lean NOx 
control, oxidation catalysts, diesel and gasoline PM filters, 
and closes with representative papers on gasoline emission 
control.

This review is not intended to be all-encompassing and 
comprehensive. Representative papers and presentations 
were chosen that provide examples of new, key develop-
ments and direction.

2. Regulations
Figure 1 shows the relative light-duty (LD) gasoline 

vehicle tailpipe non-methane hydrocarbon (NMHC) and 
NOx regulations for representative regions around the world. 
The emerging US Tier 3 regulations, which started phase-in 
in California (regulation LEV3) in 2015, are the tightest in 
the world, and are 85% to 90% (for diesel) tighter than the 
current Euro 6 regulations. The US also has much tighter 
durability requirements of 240,000 km versus 160,000 km 
for Europe. For the first time, China is proposing deviating 

from the European regulations with their China 6b regula-
tions, which are 1/3 of the Euro 6 standards, proposed for 
2023. Given the relative size and dominance of these two 
markets, it seems likely the rest of the world will eventually 
follow. Additionally, further tightening in the US is possible 
with California recently laying out a regulation roadmap for 
2025+ suggesting converting the fleet average NMHC + NOx 
emissions of the 18 mg/km shown in the figure to a cap.

Europe also sees a need to reduce vehicular emissions, 
but is emphasizing tighter enforcement of current regulations 
by incorporating a real-driving emissions (RDE) regulation 
for NOx from light-duty diesel (LDD) and particles from 
gasoline direct injection (GDI) vehicles. Implementation is 
scheduled to begin in September 2017 with emissions be-
ing measured on roads using portable emissions monitoring 
systems (PEMS). By 2021, the RDE effective emissions are 
expected to be similar to the dynamometer certification limit 
values, versus values that averaged ~6x measured on 38 Euro 
6 cars tested using the RDE protocol (1).

For heavy-duty (HD) vehicles, the Euro VI regulations 
allow 10 mg/kWh PM (particle mass) and 460 mg/kWh NOx 
on the world-harmonized heavy-duty transient cycle. The US 
regulations are 30% looser on PM but about 40% tighter on 
NOx using the US transient cycle. Europe also added a parti-
cle number standard of 6 x 1011 particles/kWh on the transient 
cycle, essentially forcing the use of diesel particulate filters 
(DPF). Although not required to meet the PM regulation in 
the US, all heavy-duty trucks use DPFs to meet all aspects of 
the regulation. California is investigating further tightening 
the HD regulations by as much as an order of magnitude in 
the 2023-2027 timeframe, and the US EPA (Environmental 
Protection Agency) is considering following. 

Shifting to greenhouse gases, Figure 2 shows a compari-
son of LD CO2 regulations around the world [2]. In this case 
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Europe takes the lead, wherein the US generally harmonizes 
with a five-year delay. However, again in real-world driving 
the emissions improvements are different. European real-
world CO2 emissions as indicated using fuel consumption 
records on 600,000 vehicles were compared to certification 
values measured on the NEDC (New European Drive Cycle) 
[3]. The study found that model 2001 cars were emitting 
about 8% more CO2 than indicated on the test cycle. But in 
2014 this gap increased to 40%, with virtually no real-world 
CO2 emissions improvements for models 2010 to 2014. The 
researchers attribute 75% of the 2014 gap to testing the vehi-
cles on the dynamometer using the favorable end of allow-

able tolerances and procedures during certification testing. 
In the US, one estimate [4] is that automakers will need to 
triple their annual rate of improvement in vehicle efficiency 
(traction energy/fuel energy; ~22% in 2015) from 0.3% per 
year to 0.9% per year to meet the 2025 regulations.

On the HD side, the final stage of the US Phase 1 HD 
greenhouse regulation starts in 2017. The EPA (Environ-
mental Protection Agency) finalized a Phase 2 rule that will 
build upon this and be phased in from 2021 through 2027 
[5]. The main features of the rule are:
•	 Maintain separate engine and vehicle standards, but re-

weigh test cycles to better-reflect real-world operation. 
Engines should improve fuel consumption by ~4-6% from 
2017 to 2027.

•	 Regulate trailers using a computer model of technology 
options such as aerodynamics, rolling resistance, and 
weight reduction.

•	 Include transmissions using modeling or integrated power-
train testing.

•	 Improved vehicle simulation model to regulate vehicle 
technologies.

•	 18 vocational vehicle categories.
•	 Chassis dyno confirmation of reductions for some clas-

sifications.
•	 Regulate natural gas emissions from the crankcase and 

LNG (liquid natural gas) tanks.
Total CO2 reductions from the large line-haul freight 

trucks and trailers is on the order of 25% from the 2017 
Phase 1 baseline. 

3. Engine developments
Figure 3 shows estimates of CO2 reductions, emis-

sions issues, and the status of representative LD engine 
technologies, relative to the basic turbo-charged direct-
injection gasoline engine. Given the expense and market 
resistance to EV technologies (only < 5% hybrid market 
penetration 18 years after the first introduction), it seems 
reasonable that engine technology will be developed to 

the maximum practical potential and 
be combined with hybridization.

Figure 4 summarizes improvements 
and normalized cost of powertrain 
technologies to bring a Euro 5 plat-
form to the EU and US CO2 standards 
of 2020-22 [6]. Gasoline engines 
are closing the CO2 gap with diesel. 
However, the incremental cost of the 
diesel improvements is considerably 
less than that of gasoline once a diesel 
powertrain investment is made. Also, 
hybridization is generally more expen-
sive than engine improvements.

The impact of advanced engine 
concepts will affect exhaust gas tem-
peratures, highlighting the challenge 
of increasing engine efficiency while 
reducing criteria pollutants. This can 
especially be problematic for diesel 

Figure 1. Relative comparison of key gasoline LD vehicle non-methane 
hydrocarbon (NMHC) and NOx emissions regulations for key world 

markets

Fig. 2. Comparison of LD CO2 regulations around the world [2]
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engines. Pischinger [7] nicely summarizes the relationship 
between time, fuel consumption reductions and exhaust gas 
temperatures for the 2 liter class engines at a medium load 
point. Post-turbo temperatures dropped a remarkable 220°C 
(480°C to 260°C) from 2005 to 2015 while BSFC (brake 
specific fuel consumption) dropped 5%. 

Fig. 3. Estimated CO2 emissions reductions, criteria pollutant issues, and 
status for representative LD engine technologies

The most efficient engine to ever reach the development 
stage is the 2-stroke opposed piston diesel engine. Independent 
modeling work [8] shows a 13-15% incremental fuel con-
sumption reduction relative to a state-of-the-art 2020 diesel 1.2 
liter engine, confirming earlier reports from developers [9]. 

Moving to HD engines, the US EPA Phase 2 HD GHG 
proposal [5] lists some potential engine technologies and 
implementation timing needed to meet the regulation. 
Figure 5 shows the projected technologies and GHG reduc-
tions for the largest truck engines. Technologies that will 
be implemented at the highest rate by 2024 are reducing 
friction and other parasitic losses, improved aftertreatment, 
reduced pumping losses, and improved combustion. The 
incremental hardware cost relative to 2017 levels associ-

ated with these items is estimated by the EPA to be about 
$400-500 at maturity.

To help move these engine technologies forward, the US 
Department of Energy SuperTruck Program is now closing 
[10]. Common features independently developed by each of 
the four program participants to achieve 50% BTE engines 
(brake thermal efficiency = energy to crankshaft/energy in 
fuel) under road loads are:
•	 Engine efficiency: high efficiency turbochargers, friction 

reduction, reduced ancillary losses.
•	 Fuel Injection: high-pressure common rail.
•	 Combustion: higher compression ratio, optimized piston 

bowl redesign.
•	 Waste Heat Recovery: Rankine cycle.
•	 Selective Catalytic Reduction (SCR) for NOx: higher ef-

ficiency deNOx, low ΔP.
Although Rankine cycle waste heat recovery gives the 

largest fuel savings, and it was used by all four participants 
to achieve 50% BTE, the other technologies are enough in 
combination to achieve the program goals.

Fig. 5. Projected large truck engine fuel consumption reductions (relative 
to 2017 engines) [5]

4. NOx control
Light-duty diesel NOx control is being driven by the Euro 

6 regulation (80 mg/km NOx on the World-Harmonize Light-
Duty Test Cycle, WLTC), 
but the emerging RDE regu-
lations are requiring even 
more NOx control, with 
conformity factors of 2.1x 
(multiple of the certifica-
tion testing; 168 mg/km) in 
September 2017 and 1.5x 
(120 mg/km) in September 
2020 for new engines. The 
current US regulations are 
about 50% tighter on a fleet 
average basis, but cars can 
certify higher as long as 
other cars (e.g., gasoline) 
certify lower than the av-
erage. The emerging US 
LD NOx regulations are 
about an order of magnitude 
lower than Euro 6. Fig. 4. Estimates of CO2 reductions and costs relative to a Euro 5 gasoline car [6]
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The leading NOx architecture for both LD markets is the 
NOx storage catalyst (NSC) followed by an SCR catalyst ei-
ther coated on a diesel particulate filter (DPF) or downstream 
from it, or both [11]. The NSC has good low-temperature 
performance, and generates NH3 during the rich desorption 
portion of the operating cycle, to replace or supplement 
urea injection to the SCR catalyst. Figure 6 shows some of 
the architectures [12]. Using only the NH3 coming from the 
NSC, a “passively” operated NSC+SCR system (no urea) 
reduces NOx nearly 80% on the WLTC, with all the cold 
start NOx reductions coming from the NSC, and only 7% 
of the total reductions coming from the SCR unit. Larger 
cars or higher-load operation may require urea as an ad-
dition NH3 source. With urea-based NSC+SCR systems, 
upwards of 90-95% cycle averaged deNOx efficiencies can 
be achieved. In city driving cycles the NSC removes about 
2/3rd of the treated NOx, with the urea-SCR taking up the 
remaining third. Even on a highway cycle, the NOx burden 
is roughly evenly split between the NSC and SCR. For cold 
start applications, it is beneficial to locate the SCR catalyst 
as close to the engine as possible, so SCR catalyst coated 
onto the DPF is preferred. 

Passive NOx adsorbers (PNA) release the NOx thermally 
(T > 180oC) rather than chemically (rich-lean cycling). In 
one study [13], about 10% of the engine NOx was removed 
on the NEDC, all of it in the cold start portion, by the pas-
sive NOx adsorber and converted in the SCR. NOx emissions 
are 25% lower than if 
a DOC (diesel oxida-
tion catalyst) was used 
instead of the NOx ad-
sorber. Improvements 
are  coming.  When 
palladium is added to  
a ZSM-5 zeolite, NOx 
can be stored at 50°C 
and released at 250-
400°C [14]. The zeolite 
also adsorbs hydrocar-
bons, and it is thought 
the released HCs help 
in NOx reduction. 

In the heavy-duty 
sector, the aftertreatment 
architecture has been 
essentially unchanged 
since about 2010: DOC + 
+DPF+SCR+ASC (am-
monia slip catalyst). 
These systems are now 
achieving > 96% cycle-
averaged deNOx ef-
ficiencies on the cold 
and hot start composite 
transient cycles. How-
ever, to meet the future 
California HD low-NOx 

regulations that are being discussed with minimized GHG 
impacts, > 99% deNOx efficiency will be needed. In an  

Fig. 6. Some of the LDD aftertreatment system designs for Euro 6c 
(RDE) [12]

interim report of a technical feasibility study, 20 mg/bhp-hr 
NOx was achieved in composite (cold plus hot start) US 
HD transient testing using a burner rig simulator of engine 
exhaust conditions [15]. Technologies employed included 
improved engine calibration, auxiliary heating during the 
cold start and low-load periods, PNA, SCR+DPF, heated 

Fig. 7. Preliminary burner rig results and two HD systems delivering the lowest NOx [15]
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urea or gaseous NH3 injection, more SCR volume, and/or  
a light-off SCR catalyst. Figure 7 shows some results and the 
two lowest-configurations with the lowest NOx.

5. Oxidation catalysts
Diesel oxidation catalysts (DOCs) play the role of 

pre-conditioning the exhaust for the complex downstream 
components. As such, DOCs are being designed for specific 
applications. Fundamentals are still being developed.

DOC formulations balance the palladium and platinum 
levels for optimum performance. The precious metal ratio, 
hydrocarbon and CO oxidation characteristics, and NO2 
formation were simultaneously simulated and tested in  
a light-duty DOC [16]. They looked at the LD application 
with a constant PGM (platinum group metals) loading of 
4.2 g/liter (120 g/ft3). Increased platinum content improves 
n-C10H22, lean C3H6, and CO oxidation (except 100% Pt); 
but also NO oxidation, and the reduction back to NO by 
C3H6 and CO. Conversely, reactions promoted by increas-
ing or pure palladium are CO and methane oxidation, C3H6 
steam reforming, and rich C3H6 oxidation. A similar study 
[17] looked at HD applications. The results show a strong 
dependence of the NO oxidation on the catalyst oxidation 
state for different Pt-Pd DOCs. A model was developed and 
a case study demonstrated the capabilities of the model in 
designing an appropriate DOC for a given application.

Methane oxidation is important for natural gas engines, 
and can limit the application of these engines in Europe due 
to regulatory limits of 160 mg/kWh total HC on the transient 
cycle for compression ignition, and 500 mg/kWh methane for 
spark ignition engines. Methane is difficult to oxidize and the 
best commercial catalysts need T > 350°C to convert 50% 
of the methane. However, it was recently reported [18] that  
a platinum-palladium catalyst on a titania and ZSM-5 zeolite 
support that dropped this temperature to < 250°C.

6. Gasoline particulate filters
Converse to the US, the European Union has imple-

mented a particle number (PN) standard for gasoline direct 
injection engines, 6E12 particles/km, tightening to 6E11 
particles/km in 2017. In addition, the European Commission 
is likely to recommend maintaining these values in RDE test-
ing, after taking into account measurement error. Improved 
fuel injection and other engine methods can be used to help 
meet these standards [19], but these methods can fail to meet 
the regulations as the engine ages, if engine deposits form 
[20], or if the car is driven in somewhat more aggressive 
drive cycles or is not warm [11]. Alternatively, gasoline 
particulate filters (GPFs) provide a robust solution. Further, 
poly-aromatic hydrocarbons may be strongly associated with 
the particles, and GFPs greatly reduce these [11]. Hence, 
GPFs are a leading technology being evaluated to meet the 
European and proposed Chinese PN regulations.

Earlier GPF work focused on bare filters, but high po-
rosity filter substrates can make adding a three-way catalyst 
to the filter attractive [21]. Back pressure with a “four-way 
catalyst” is only 10% more than that of the base TWC sys-
tem [22]. Engine performance impacts after 160,000 km is 

minimally affected [21], with only 2.5% loss of peak power 
and < 1% loss of peak torque, with no deterioration in fuel 
consumption.

Regarding filter regeneration, a GPF was preloaded with 
a representative soot surrogate and installed in the under-
floor (UF) position on a car [23]. Figure 8 shows actual and 
simulated results. The soot is mainly burned during the lean 
decelerations. At 30 km/h there was no soot burn, but nor 
was there soot accumulation. Also shown in the figure is  
a simulated case when the filter is in the close-coupled (CC) 
position. Soot burn is rapid due to the higher temperatures. 

Fig. 8. Measured and simulated burning of soot in under-floor GPFs for 
three different average speed regimes [23]

7. Conclusions
The LD regulations in representative markets are com-

pared. The emerging US Tier 3 regulations (starting in 2017) 
are about an order of magnitude tighter than the current Euro 
6 regulations. Europe is shifting focus to real-world driving 
emissions (RDE) for LD diesel NOx and GDI (gasoline direct 
injection) PN (particle number) in 2017. China has been 
following the EU, but is proposing standards for 2023 that 
are 1/3 of Euro 6. LD GHG (greenhouse gas) regulations 
are also compared, with Europe implementing the tightest 
regulations. However, real-world reductions in the EU are 
significantly less than indicated by the regulation.

Europe and US currently have similar HD regulations, 
but California will be tightening down on NOx beginning 
in about 2023-27. The US EPA Phase 2 HD greenhouse gas 
standards for 2021-27, calling for a nominal 4-6% tightening 
on engine CO2 and 15-25% for the whole truck, depending 
on class.

Gasoline engines are developing rapidly, slowly closing 
the gap with diesel, but LDDs are making incremental gains 
that are very cost effective versus other options automak-
ers have. Exhaust temperatures are decreasing as engine 
efficiency improves. There are numerous incremental strat-
egies are being used on HD engines to approach or attain 
50% BTE.

Leading lean NOx reductions for heavy- and light-duty 
diesel engines is generally reviewed. SCR filters are central 
to the LD for meeting the EU RDE and US Tier 3 regula-
tions. LD systems are using NOx storage catalysts (NSCs) 
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for cold start and downstream SCR systems on filters and/
or in traditional flow-through designs. Advanced prototype 
HD systems are being evaluated for meeting the California 
HD low-NOx objectives. Some achieve < 20 mg/bhp-hr NOx 
on a simulated HD FTP transient cycle. 

Understanding on diesel oxidation catalysts continues to 
evolve. LD and HD simulations enable proper design to meet 
a variety of needs. An experimental catalyst was reported 
that oxidizes methane at ~250°C, about 100°C lower than 
the best commercial catalysts.

Gasoline particulate filters (GPFs) are essentially needed 
to meet the Euro 6c and RDE regulations coming in 2017. 
Toxic PAH (polycyclic aromatic hydrocarbon) emissions are 
reported from GDI vehicles and reduced using GPFs. GPF 
regeneration is characterized. Almost all the required burning 
of soot occurs during lean decelerations. Soot levels on GPFs 
reach an equilibrium loading in urban driving.
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