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Introduction 

 

In the “State of Global Air” report [1] published earlier this year, exposure to ambient particulate matter 

< 2.5 microns (PM2.5)was identified as the 5th largest risk factor to health, accounting for 4.2 million deaths 

across the globe. The report highlights measurements which show that 92% of the world’s population lives in 

areas that exceeded the 10 µg/m3 guideline recommendation by the World Health Organization (WHO). The 

poor air quality is also associated with some of the most densely populated and rapidly growing economies of 

the world. Accordingly, measures are being taken across several developing countries to adopt and enforce 

tighter vehicular emission regulations to minimize tailpipe unburned hydrocarbons, NOx and particulates. The 

societal needs for lower greenhouse gas (GHG) emissions have also increased focus on improvements in 

vehicle fuel economy and powertrain electrification. This has led to the adoption of fuel efficiency and/or 

tailpipe CO2 targets by several countries. Moreover, the emphasis on reduced emissions has shifted worldwide 

from lab-based certification cycles to real-world driving conditions. Much thought has been put into developing 

testing procedures to measure real-driving emissions (RDE). This triple confluence of reduced tailpipe 

emissions of criteria pollutants, improving fuel economy and achieving these under a wide range of real-world 

driving conditions is a significant challenge facing the automotive industry. This paper describes recent 

advances in both the regulations across the world as well as engine and after-treatment technologies. 

 

 

Regulations 

In 2016, several key regulations were advanced across the world, and some are highlighted here. 

European LD Emission Regulations 

Starting 2017, Europe will require new type approvals to be certified on the World-Harmonized Light-Duty 

Test Cycle (WLTC) as well as using the RDE test procedure. Relative to Euro 5, these regulations require a 

56% reduction in NOx and 26% reduction in (HC + NOx) for diesels, while particle number regulations have 

been introduced for gasoline direct injection vehicles. 

Real-world driving test procedure has been defined. The test starts with urban driving, followed by rural and 

motorway driving, with a minimum distance of 16 km for each section. PN (particle number) conformity factor 

(CF) is set at 1.5  (= 1 + margin), where the margin accounts for measurement uncertainties associated with 

PEMS (portable emissions monitoring system) equipment. The CF applies to new type approvals starting Sept. 

2017 and all new vehicles starting Sept. 2018. The CF applies to the entire RDE as well as the urban part of the 

trip. Conformity factor for NOx is temporarily set at 2.1 starting Sept. 2017, and is expected to also be tightened 

to 1.5 in 2020. Figure 1 below shows the regulatory timeline. 



 

Figure 1: Euro 6 regulatory timeline 

The 3rd legislative package of RDE requirements was adopted by the Technical Committee - Motor Vehicles 

(TCMV). Notable updates include inclusion of cold start emissions in the EMROAD and CLEAR post-

processing analyses, and requirements that hybrids also comply with the RDE requirements. There is an 

increased thrust on public disclosure: information on RDE testing must be provided via free website and include 

maximum test values for NOx and PN. Also, an “extended documentation package” is to be provided by OEMs 

on Auxiliary Emission Strategies. 

China 6 Regulations 

In December 2016, China’s Ministry of Environmental Protection (MEP) issued the final China 6 light-duty 

vehicle regulations. The standards will be phased in over two steps, with China 6a regulations enforced in 2020 

and China 6b enforced starting 2023. Figure 2 shows a summary of these regulations and the emission limits for 

each phase. The PN limit of 6x1011 particles/km is included in China 6a. RDE testing results are only monitored 

initially. The CFs for PN will be finalized in 2022, and full RDE compliance will be enforced starting 2023.  

 

 

Figure 2: China 6 Regulations 

Some important differences of China 6 and Euro 6 are identified here: 

• China 6 standards are fuel neutral and the same limits apply to both diesel and gasoline. For gasoline, the 

PN limits applies to both direct injected and port-fuel injected engines (as opposed to the limits applying to 

only direct injected engines in Europe). 

• Much tighter limits in 2023 (6b) on criteria pollutants. CO & HC emission limits lower by factor of 2, NOx 

lower by ~ 40%, and 33% lower allowable PM. Durability requirements increased in 2023 to 200K km, 

compared to 160K km in Europe.  



The compliance program includes three elements:  

(1) Type testing, to be done by the OEM at certified labs. Measurements include gas and particle emission 

testing on WLTC after cold-start at both normal and low ambient temperatures.  

(2) Conformity of production (COP) tests. OEM is also responsible for preparing and submitting a plan to 

guarantee COP to authorities. 

(3) In-service compliance tests to be done by OEM on a sub-set of the type tests. The regulatory agency can 

perform verification tests.       

 

US LDV Regulations: Tier3/LEV III gas, PM and GHG standards (MY 2022 – 25) 

Phase-in for the US Tier 3 standards begins this year. The standards are closely aligned with the CA LEV III 

regulations, and require the fleet average NMOG + NOx emissions to reach 30 mg/mi (Bin 30) by 2025. 

Particulate emissions have been capped at 3 mg/mi and are also phased-in over 5 years, starting this year 

through 2021. In California, the PM standards are tightened further to 1 mg/mi over 2025 – 2028. There is no 

particle number limit implemented yet in the US. The durability requirements have also been increased from 

120,000 to 150,000 mi.  

 

The LDV GHG standards target fleet average fuel economy of 54.5 mpg and CO2 emissions of 163 g/mi by 

2025. In January 2017, the US EPA issued a Final Determination to maintain these standards for MY 2022 – 25 

LD vehicles [2]. In mid-2016, the EPA, NHTSA and CARB released a joint Draft Technical Assessment Report 

[3], documenting technical evidence that the GHG standards can be met using a wide range of available 

advanced technologies. It was projected that incremental to MY 2021, the average per-vehicle costs for meeting 

the 2025 standards are in the range of $894 to $1,245 and a payback of about 5 to 5 ½ years.  A more recent 

study by ICCT [4] concludes that the costs of advanced technologies is actually much lower than in the EPA 

analysis and that the compliance cost will be up to 40% lower than projected in the mid-term evaluation. The 

study shows that efficiency improvements can continue into 2030 using mostly advanced combustion 

technologies and also increased levels of hybridization and plug-in penetration.   

 

Bharat Stage 6/VI 

India finalized its decision to leapfrog regulations from BS4 to BS6 for LD regulations, and BS VI for HD in 

2020. RDE test procedures are being developed, and compliance is expected to be enforced by 2023. 

 

Technology Trends 

The broader technology trends are being shaped by the concurrent needs to deliver on vehicles with high 

fuel economy and near zero tailpipe gas and particulate emissions. As part of the Advanced Clear Cars program, 

CARB has set a target of 80% reduction in GHG emissions by 2050, compared to 2010 levels. C. Gearhart [5] 

has shown that a large shift to low-carbon fuels is needed to meet such an ambitious goal: 60-80% of fuel will 

have to be derived from cellulosic ethanol, 48% of H2 and >36% electricity generation from renewables for the 

goals to be met through IC engines, fuel cell vehicles and pure-electric vehicles, respectively. This points to a 

long-term shift, already underway, to renewable fuels and electrification of the powertrain. In the short-term, 

meanwhile, various engine improvements and advanced technologies exist and are being deployed to improve 

the efficiency of modern vehicles. Table 2 lists some of the promising engine technologies, and their 

implications from an emissions perspective.  The reader is referred to Johnson et al. [6] for a comprehensive 

review. 
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Table 1: Summary of advanced engine technologies for reduction in CO2 emissions / fuel consumption 

Some observations from an emissions after-treatment perspective: 

(1) Several technologies are being deployed which have a synergistic effect in improving both fuel consumption 

as well as tailpipe emissions. Some examples:  

• Variable compression ratio (VCR) technology was recently commercialized by Nissan [7], and expands 

the optimum fuel consumption window on the engine map while also reduced cold-start particulate and 

gas emissions.  



• Cooled EGR and water injection are being pursued as technologies which mitigate the chance of knock 

at high loads, especially given the trend of downsized engines operating with higher specific power. The 

dedicated-EGR concept has been advanced and vehicle testing has shown the potential to reach NOx + 

NMOG emissions of 31 mg/mi, just outside the LEV-III limit [8, 9]. Water injection was shown to 

improve full load fuel economy up to 17%, while also reducing CO and NOx emissions [10,11]. Lower 

exhaust temperatures and HC emissions are a challenge for both technologies. 

 

In response to new technologies and tighter regulations, after-treatment systems also continue to evolve, 

performing over a wider operating window and deliver higher performance.  

In the context of new engine technologies, after-treatment systems will have to address the issue of lowering 

exhaust temperatures due to improving combustion efficiencies [12], development of low-temperature 

combustion strategies (e.g. HCCI, GDCI) and also penetration of stop-start and hybrids [13]. Some examples: 

• Direct injection technology, which offer improved fuel economy but lead to increased particulate 

emissions. Gasoline particulate filter technology has been developed and is being adopted by most 

OEMs in response to PN regulations in Europe and China.  

• Lean burn gasoline engines can potentially reduce fuel consumption significantly, but also requiring 

additional NOx after-treatment. Much work is being done [14] to optimize catalysts and process 

conditions for generating NH3 on three-way catalysts for passive SCR. 

• Gasoline direct injection compression ignition (GDCI) technology is being advanced to meet Tier3-

Bin30 limits [15]. BSFC of 211 – 214 g/kWh was demonstrated over a wide load range. The low-

temperature combustion presents key challenges with respect to catalyst light-off: very high conversion 

efficiencies (> 99%) are needed for HC. The after-treatment system being explored has a pre-turbo 

catalyst, HC trap, SCR and a passive GPF for off-cycle particulates 

On the other hand, regulations are also tightening and demand an increased emphasis on cold-start strategies 

and system optimization. The importance of cold-start emissions was recently highlighted by Drozd et al. [16]. 

Their study of emissions from vehicles complying with various levels of regulations (Tier 0 to SULEV) showed 

that for SULEV and PZEV vehicles, cold-start emissions are now equivalent to over 200 miles of driving under 

hot stabilized conditions. Some examples of work being done to address cold-start emissions and advanced 

regulations: 

• Low thermal mass substrates have been commercialized and enable early catalyst light-off [17]. Used in 

conjunction with an under-floor catalyzed GPF, a 10 -12% reduction in NMHC and NOx over the FTP 

cycle was realized over standard substrates. The system tested had two close-coupled catalysts and most 

of the conversion was found to occur over the first close-coupled catalyst. The best system tested 

reached 25 mg/mi of NMOG + NOx with the use of high-porosity substrates in both close-coupled 

positions. 

• Methane oxidation is a tough problem, and is getting much attention. A new catalyst family was 

reported by Osman, et al. [18].  A Pd (5%), Pt (2%), TiO2 (17.5%) catalyst on a ZSM 5 zeolite support 

showed light-off at 235°C.  Thermal durability and sulfur poisoning needs to be investigated. 

• Improved catalysts and system approaches are being evaluated to meet the potential California and EPA 

HD low-NOx regulations, targeting 20 mg/bhp-hr NOx on the composite FTP . Work done at SWRI 

[19] has led to identification of a few promising approaches. The leading contender uses a passive NOx 

adsorber, a mini-burner for catalyst light-off and a downstream SCR catalyst coated on filter 

Finally, several catalysts and after-treatment system approaches are being advanced to improve catalyst 

durability and manage increasing PGM costs. 



• Ryu, et al. [20] have developed a LTA-structured copper zeolite SCR catalyst that shows comparatively 

little deterioration after 12 hours of exposure at 900°C. Compared to Cu-SSZ-13 the new LTA zeolite 

also has similar or lower N2O emission and less high-temperature ammonia oxidation.      

•  PGM loadings are expected to increase with phase-in of the LEV III standards [21], and accordingly 

catalyst innovations are being pursued to reduce PGM usage to manage cost. Hashimoto, et al. [22] 

demonstrated the effectiveness of Ba/Zn/CeO2 as a support alternative to Al2O3 for improved emissions 

conversion. Hanaki et al. [23] explored the use of Fe/CeO2 catalysts in the under-floor position as an 

alternative to PGM-based catalysts. Golden, et al. [24] have demonstrated the viability of using 

advanced spinel oxides with low PGM loadings in both under-floor and close-coupled TWCs. 

Nakayama, et al. [25] developed a PGM-free under-floor NOx catalyst with a Cu/zeolite upper layer and 

a Ni/CeO2 bottom layer. 

 

Summary 

Regulations continue to get tighter throughout the world, with major regions such as China and India 

adopting some of the strictest measures. These developments are happening in conjunction with increased focus 

on reducing GHG emissions and achieving all of this under real-world driving conditions. This talk will give an 

overview of some of these regulatory trends and also the accompanying technology developments on the engine 

side as well as the after-treatment systems.  
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