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Abstract 

Diesel engines draw admonition and admiration in transport 

and propulsion circles. Diesel engines are popular due to their 

durability, high fuel efficiency, reliability and low-cost of 

operating. However, despite all of their merits, diesel engines 

have proven themselves to be primary polluters. Diesel exhaust 

emissions are responsible for negative human and 

environmental health effects. Recent years have witnessed 

tremendous efforts to increase emission awareness and control 

measures by governments all over the world. Legislative 

restrictions have been increasing with the implementation of 

the EURO V and VI regulations, following the USA EPA 

regulations which took effect in 2010 and similar regulations in 

Japan in 2005. The emphasis for most mainstream technology 

has been on low-temperature operation, secondary emissions 

and optimization of engine systems. The efficiency of lowest 

NOX traps (LNTs) is limited to 60 % to 70 % deNOx, which is 

only good for light duty (LD) vehicle applications and not 

heavy duty (HD) vehicles. However, these can be 

supplemented with the selective catalytic reduction (SCR) and 

diesel particulate filter (DPF) to cater for the HD vehicle 

category. The main pollutants that are emitted by diesel 

exhausts are carbon monoxide (CO), particulate matter (PM), 

unburnt hydrocarbons (UHC) and the leading polluter, nitrogen 

oxide (NOX). In the last decade much research has focussed on 

exhaust emissions and the methods of controlling them, 

namely, diesel after-treatment or diesel emission control 

systems. This work aims to provide a detailed literature review 

of research conducted on diesel exhaust emissions, the 

formation and mechanisms of formation of diesel engine 

emission (particularly NOX emissions), pollutant 

categorization, and their effects on human and environmental 

health. This work also looked at how technology has been 

evolving regarding diesel engine emissions control systems, 

particularly DPF, SCR and diesel oxidation catalyst (DOC), 

and future developments in improving these technologies. 

Finally, this work examines the legislative restrictions that have 

been developed and the emerging legal issues related to diesel 

exhaust emissions.  

Keywords: Diesel oxidation catalyst, diesel particulate filter, 

particulate matter, unburnt hydrocarbons, selective catalytic 

reduction. 

Abbreviations: 

ACEA  European Automobile Manufacturers Association 

BMEP  Brake Mean Effective Pressure 

CI  Compression Ignition 

CO  Carbon Monoxide 

CO2  Carbon Dioxide 

DOC  Diesel Oxidation Catalyst 

DPF  Diesel Particulate Filter 

EEA  European Environmental Agency 

EGR  Exhaust Gas Recirculation 

EPA  Environmental Protection Agency 

FTP  Federal Test Procedure 

GDP  Gross Domestic Product 

HCCI  Homogeneous Charge Compression Ignition 

HCN  Cyanhydric Acid 

HD  Heavy Duty 

IEA  International Energy Agency 

IF  Inorganic Fraction 

IPCC  Inter-Governmental Panel On Climate Change 

JAMA  Japanese automobile Manufacturers Association 

KAMA  Korean Automobile Manufacturers Association 

LD  Light Duty 

LNT  Low NOX Trap 

NAC  NOX Catalyst Absorber 

NEDC  New European Driving Test Cycle 

NOX  Oxides of Nitrogen  

NSR  NOX Storage Reduction 

NTE  Not-to-Exceed 

OECD  Organization of Economic Cooperation and 
Development 

PCCI  Pre-Mixed Charge Compression Ignition 

PM  Particulate Matter 

RCCI  Reactivity Charge Compression Ignition  

SCR  Selective Catalytic Reduction 

SI  Spark Ignition 

SO3  Sulphur Tri-Oxide 

SOF  Soluble Organic Fraction 

UHC  Unburnt Hydrocarbons 

VOC  Volatile Organic Compound 

VOF  Volatile Organic Fraction 

WHO  World Health Organization 

WHTC  New World Harmonized Transient Cycle
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THE INTRODUCTION  

Diesel engines the world over are considered to be the major 

power source in the automobile and transport industry. 

However, because of the issue of pollution associated with 

diesel exhaust, particularly particulate matter (PM) and 

nitrogen oxide (NOX), there has been increasing stringent 

regulation to control the manufacture and use of diesel engines. 

This has led to extensive research in the improvements of 

engines and diesel fuel (Geng, Cao, Tan, & Wei, 2017; Özgür, 

Tosun, Özgür, Tüccar, & Aydın, 2017). The use of alternative 

fuel has been topping the list of measures to control diesel 

exhaust emissions as recommended by researchers such as 

(Hegab, La Rocca, & Shayler, 2017). Besides use of alternative 

fuel to control and reduce emissions, EGR has been 

recommended as an effective technique but not as a stand-alone 

technology (Asad & Zheng, 2014; S. Maroa & Inambao, 2017) 

Excluding land use for the purpose of agriculture and all 

sources of emissions emitted, the transport industry is 

responsible for one third of all environmental emissions of 

volatile organic compounds (VOCs), including two thirds of 

carbon monoxide (CO) emissions (S. Maroa, & Inambao, 

Freddie, 2018). Carbon dioxide (CO2) is a primary cause of 

global warming and is at 34 billion tonnes per year or 22 % of 

all the global emissions per year (Publishing, Staff, & Agency, 

2012), with a projected increase of 3 % per year since 2011. 

This is projected to rise to 41 billion tonnes of CO2 emissions 

or more by the year 2020 (Olivier, Peters, & Janssens-

Maenhout, 2012; Reşitoğlu, Altinişik, & Keskin, 2015).  

The condensation of oxidized and Pyrolyzed products of fuel 

molecules are the leading cause for the formation of PM 

emissions. These are composed of the nucleation and 

accumulation modes (Peckham, Finch, Campbell, Price, & 

Davies, 2011). Suffice to say that the soluble organic fraction 

(SOF) and VOF are mainly due to exhaust dilution and the 

cooling process from fuel or evaporating lubricating oil which 

is as a result of the process of oxidation. The control of VOC 

emissions is through the use of high pressure injection system 

catalytic converters and positive crank case ventilation 

systems. The PM emissions of VOCs arising from evaporating 

lubrication oil and incomplete combustion have a combined 

emission rate of 0.06 g/Kw to 2.2 g/bkWh for light diesel (LD) 

diesel engines compared to heavy diesel (HD) diesel engines at 

0.5 g/bkWh to 1.5 g/bkWh (Heywood, 2012a; Stone, 2012).  

The combustion of alternative fuel is different from the 

combustion of diesel which is a fossil fuel. Alternative fuels 

also cause emission problems as reported by (Azad, Rasul, 

Khan, Sharma, & Bhuiya, 2016). To mitigate these problems, 

researchers have come up with combustion control strategies 

such as homogeneous charge compression ignition (HCCI), 

pre-mixed charge compression ignition (PCCI) and reactivity 

charge compression ignition (RCCI) (Qiu, Cheng, Liu, Dong, 

& Bao, 2016) and variant strategies to deal with emissions (H. 

Liu, Ma, Hu, Zheng, & Yao, 2017; Nemati, Khalilarya, 

Jafarmadar, Khatamnezhad, & Fathi, 2011; Saraei, Khalilarya, 

& Jafarmadar, 2016; Shi, Xiao, Li, Lou, & Deng, 2017; Yang 

et al., 2017; Yousefi, Guo, & Birouk, 2018; Zhiqiang, Fuquan, 

Jun, Liguang, & Yuan, 2012).  

The transport industry is a major contributor in global gross 

domestic products but cause health problems due to 

degradation of the air quality leading to acid rain, smog and 

climate change. These factors increase the risk of major 

diseases of the respiratory system and of cancer (Xia et al., 

2015). In developing countries and emerging economies air 

pollution has caused thousands of premature deaths which the 

World Health Organization (WHO) estimates to be around 2.4 

million annually using 2009 estimates (WHO, 2009). 

Therefore, environmental protection has taken a leading role in 

air pollution and climate change globally involving many 

government agencies. The main environmental and human 

health protection agencies include the WHO, the Organization 

of Economic Cooperation and Development (OECD), the Inter-

Governmental Panel on Climate Change (IPCC), the 

Environmental Protection Agency (EPA), the European 

Environmental Agency (EEA) and the International Energy 

Agency (IEA). These organizations have drawn up a raft of 

recommendations including legislation and measures and 

control systems that support research and development to 

improve and reduce pollution levels in the transport industry. 

Modern day passenger vehicles are now evaluated using 

driving cycles such as the New European Driving Test Cycle 

(NEDC) and the Federal Test Procedure (FTP) mostly as bench 

operated chassis dynamometer tests (Ramadhas, Xu, Liu, & 

Tian, 2016). However, it should be remembered that at engine 

start conditions, after treatment techniques report poor 

performance as most of them operate with catalysts that are 

light-off temperature dependent. At ambient temperature most 

catalysts cannot attain the light-off temperature when engines 

are started and operated. Since the year 2000 when EURO III 

was implemented, the NEDC procedure has been modified to 

eliminate the 40 seconds warm up before emission sampling 

can take place (Weiss et al., 2012). The new development 

initiative for diesel exhaust emission has already been 

established in the USA and Japan. The last decade has seen the 

European Union implementing similar standards and 

procedures, with the rest of the world expected to also 

implement changes as globalization and interdependency 

grows as shown in Figure 1 and Figure 2 (B. T. Johnson, 2008). 

 

Figure 1: Requirement to reduce about 55% to 60% of NOX 

emissions which is needed for a Euro V (2009) diesel to match 

the U.S. Bin 8 maximum allowable emission in 45 USA states  
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Figure 2: Variation of NOx emission with the regulatory limit 

for the 45 USA states, with a requirement to nominally reduce 

85 % to 90 % of NOX, while for the Euro VI (2014), the 

requirement is to reduce an additional 65 % to 70 % of NOX to 

match the USA standards  

 

The combustion of diesel fuel depends on several factors which 

affect engine geometry, fuel properties, compression 

temperatures especially of the combustion mixture, injection 

strategy applied and the existing condition of the ambient 

temperatures as reported by (Y. Park et al., 2015; Stanton, 

Lippert, Reitz, & Rutland, 1998). Diesel engine performance 

has been boosted by high cetane number additives together with 

the development in high volatility fuels (Starck et al., 2010; 

Tian et al., 2014),. These were brought in to deal with the 

problem of cold start which is a great impediment when engine 

starting temperatures are reduced to below zero or sub-zero. 

Warm engines have a starting time delay of 1 second to 2 

seconds at ambient temperature conditions. However, during 

low ambient temperature the start-up time or warm-up time 

increases to more than 10 seconds, (Brown et al., 2007; D. Liu, 

Xu, Tian, Tan, & Li, 2013).  

 

REGULATORY DEVELOPMENT IN DIESEL ENGINE 

EMISSION AND CONTROL 

Stringent diesel exhaust emission regulatory policies have been 

established in the USA and Japan since 2005. The European 

Union has also responded with additional emission regulatory 

standards called the EURO VI since 2014. Apart from these 

regulatory controls there are market and political pressures on 

automobile manufacturers to continue to improve on efficiency 

while reducing emissions. These factors have been the driving 

force behind the significant technological progress that has 

been witnessed in the automobile research and transport 

industries in the past decade. 

 

Heavy Duty Diesel Regulatory Developments 

The European Union commission on emission in 2014 

stipulated that the nominal NOX emission limit must be 0.20 

g/kWh-1 and the PM emission level must be 0.010 g/kWh-1. 

This matches the USA 2010 emission regulation which put the 

emission limits at 0.26 g/kWh-1 for NOX and 0.013 g/kWh-1 for 

PM emissions. The Japanese emissions regulation of 2009 

stipulates 0.7 g/kWh-1 for NOX emissions and 0.010 g/kWh-1 

for PM emissions. However, it must be mentioned here that 

each of these countries propose a different transient testing 

cycle.  

 

 

Figure 3: Progress towards meeting the European Union 

voluntary CO2 limits of the European Automobile 

Manufacturers Association (ACEA), Japan Automobile 

Manufacturers Association (JAMA) and Korea Automobile 

Manufacturers Association ( KAMA) (Courtesy of Daimler 

Chrysler) (Thom, 2006) 

 

The European Union commission on pollution and emission 

has adopted a new world harmonized transient cycle (WHTC) 

that uses higher load and speed compared to the Japanese and 

American standards. Other standards the European commission 

on emissions have set are related to a number based PM 

standard with a heavier in-use compliance measure as shown in 

Figure 4. These measures are aimed at improved fuel economy, 

durability, and lowering the cost of manufacturing and 

maintenance. The development in this segment tends to be 

muted and measured with a lot of conservatism mixed with 

pragmatism. For example, the development in HD diesel since 

2004 has seen the USA regulations matched and addressed 

through advanced EGR and intake charge boosting measures.  

However, later development starting from 2005 in Japan and 

2007 in the USA have seen additional technologies added to 

cater for increased regulation, and, as a consequence, these two 

markets introduced diesel particulate filters (DPF). The 

introduction and change in policy and regulation in the 

European Union with the introduction of EURO V and EURO 

VI emission regulations has seen more conventional engine 

technology approaches being applied. These technologies have 

seen the inclusion of the selective catalytic reduction (SCR) 

system in the fight against emission as a response from the 

automobile manufacturing industry. Since 2009 in Japan and 

the USA since 2010 there have been significant incremental 

advances in emission compliant technologies, especially with 

the problem of low load emissions being tackled in HD diesel 

engines. More effort is being directed by researchers toward the 
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traditional diesel combustion hardware and strategies with the 

future looking bright. 

 

Light Duty Diesel Regulatory Development 

Modern diesel engine development is driven by regulatory, 

market and fuel efficiency demands. In addition, the 

developments in spark ignition (SI) gasoline engines, electric 

vehicles and new concepts in hybrid vehicles has had a 

tremendous competitive pressure on diesel engine development 

especially in the LD category. Diesel engine manufacturers are 

responding with the introduction of advanced fuel injection 

technology, exhaust gas recirculation (EGR) techniques, two-

stage turbocharging, variable valve actuation, closed loop 

combustion control, and advanced model-based control. 

Development in advanced diesel engines has now achieved a 

specific output of 70 kW-1 and a brake mean effective pressure 

(BMEP) of 24 bars (Steinparzen, 2006) and therefore are 

reaching the EURO VI emission level of compliance (Cooper, 

Penny, Beasley, Greaney, & Crump, 2006; S.-K. Park, Lee, & 

Kim, 2014). 

 

 

Figure 4: Variation of flame equivalence ratio, temperature 

and injection strategies and principles of advanced combustion 

(Courtesy of Sandia National Laboratory) (Adomeit, 

Pischinger, Becker, Rohs, & Greis, 2004; Pickett, 2005).  

 

3.0 FORMATION OF DIESEL ENGINE EMISSIONS 

Table 1: Atmospheric pollutants and their sources in 

percentage form  (Olivier et al., 2012; Publishing et al., 2012) 

Source  NOX 

% 

PM 

% 

CO 

% 

SO3 

% 

UHC 

% 

Industry  22 44 4 32 26 

Power 

generation 

32 21 0 48 0 

Space heating 5 14 3 12 3 

Refuse 

burning 

0 7 1 4 6 

Transport  42 14 92 4 65 

 

The transport sector is the single greatest contributor of NOX, 

PM, CO, sulphur tri-oxide (SO3) and unburned hydrocarbons 

(UHC) emissions globally as in Figure 5 (Reşitoğlu et al., 

2015). This is in addition to noise pollution predominantly 

attributed to heavy duty diesel vehicles on major highways and 

urban centres and cities. 

 

 

Figure 5: The composition of hydrocarbon pollutants of 

diesel exhaust gas as analysed at the tail pipe exit 

 

Unburnt Hydrocarbon (UHC) Emissions  

UHC emissions largely indicate the quality of the combustion 

in an internal combustion engine. These emissions are mainly 

formed from vaporized and unburnt hydrocarbons fuel and 

partially burnt fuel by-products exiting the combustion 

chamber through the diesel exhaust system. It should be 

remembered that UHC emissions are inherently independent of 

the air fuel ratio of a working engine (S. Maroa, & Inambao, 

Freddie, 2018). This type of emission can also be formed or 

created through system malfunction especially from failure in 

input data in modern fuel injection systems. 

In compression ignition (CI) engines, UHC emissions are 

formed mainly from insufficient temperature especially around 

the cylinder walls or pockets. Principally these emissions are 

prevalent during light loads when the combustion mixture is 

lean as the fuel ratio is less compared to the air ratio, making 

the lean fuel-air mixture the primary source of the light load 

emissions, thus disallowing completion of the combustion 

during normal engine operating cycles. The type of UHC 

formed depends on the following factors: engine adjustments, 

engine design, and the type of fuel used in an engine. However, 

engine operating environment can sometimes contribute to the 

type of UHC emission produced. This is observed especially 

when the temperature range is 400 ⁰  C to 600 ⁰  C in the 

combustion chamber. At this temperature range the 

hydrocarbons continue to experience reaction in the diesel 

exhaust pipe thus lowering the emissions of the UHC in the 

exiting exhaust gas, as compared to low temperature conditions 

(Shirneshan, 2013) - (Sanli, Canakci, Alptekin, Turkcan, & 

Ozsezen, 2015). 
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Hydrocarbon emissions are not limited to vehicle exhaust 

systems but can occur in the entire vehicle fuel system from 

vapours during dispensing and distribution of fuel which 

accounts for 15 % to 20 %, with the crank case providing 20 % 

to 30 %. However, diesel exhaust remains the main culprit in 

vehicular emissions accounting for 50 % to 60 % of all the UHC 

emissions (Lee, Choi, & Lee, 2013), (Karjalainen et al., 2016). 

 

Carbon Monoxide (CO) Formation  

CO emissions are a direct result of incomplete combustion 

which results from hydrocarbons due to the failure of oxidation 

in the combustion process in diesel engines. This is true 

especially where the excess air factor λ meets the conditions λ 

< 1 for SI engines. Carbon monoxide is a colourless, tasteless 

and odourless toxic gas which is primarily a product of 

incomplete combustion of carbon containing fuels (S. Maroa, 

& Inambao, Freddie, 2018). 

 

 

Figure 6: Carbon monoxide (CO) emissions by anthropogenic 

and biogenic sources in the USA (EPA, 2012) 

 

The USA is the single largest producer of carbon monoxide 

from anthropogenic sources as shown in Figure 6 (EPA, 2012). 

Carbon oxidation mechanisms are mostly determined by the 

equivalence ratio. Carbon monoxide emissions mainly form in 

areas of heavy traffic, parking garages, and under buildings, 

overheads and overhangs. CO health effects include headaches 

and dizziness but extreme exposure can lead to death. 

 

Particulate Matter (PM) Formation 

PM are defined as agglomerates of small particles resulting 

from the combustion of partially burned lubrication oil, the ash 

content from the fuel, sulphates from the engine cylinder wall, 

lubrication oil, and water from condensation and the 

combustion process. The size distribution of PM emissions has 

two peaks; the nucleation peak which includes all volatile 

hydrocarbons below 50μm, and the accumulation peak which 

includes soot particles above 50 μm (Kittelson & Kraft, 2014). 

PM particles are usually in the region of 15 nm to 40 nm 

measured by their diameter. However almost 85 % of PM 

particles are less than 1 μm in diameter. PM emissions are 

primarily controlled by factors such as fuel quality (sulphur and 

ash content in fuel), engine lubrication oil quality, fuel 

consumption per combustion cycle of the engine, exhaust 

cooling rate and the combustion process or strategy applied 

(Barrios, Domínguez-Sáez, Martín, & Álvarez, 2014). PM 

emissions are divided into three main components: SOF, soot 

and inorganic fraction (IF), 50 % of which is released as soot 

in the diesel exhaust pipe. SOF emissions are made up of 

condensed hydrocarbons embedded within the soot emissions 

in the form of very fine particles. These emissions are more 

pronounced during starting and engine idling when engine 

temperatures are reportedly very low (Tighe, Twigg, Hayhurst, 

& Dennis, 2012). 

DPF filters have now become part of virtually all diesel 

vehicles in the leading industrialized countries in the world 

(Europe, USA and Japan). DPF filters have a high market 

penetration in Japanese and American LD and HD trucks since 

2007. For smaller vehicle application, subsequent 

developments have incorporated the diesel oxidation catalyst 

(DOC) function into the filter as reported by  (Dorenkamp, 

2006; Song, Johnson, & Naber, 2015). It should be noted that 

for PM emission control in medium engines, the methods and 

approaches used are similar to the LD engines. However, in the 

USA market auxiliary fuel injectors and burners are 

incorporated into the diesel exhaust to regenerate DPFs. 

Although this method has concerns over oil dilution in the 

crankcase and requires a separation with the engine 

management system demands, it has become more complex in 

the manner of its development and use (Boretto, Imarisio, 

Rellecati, Barucchi, & Sanguedolce, 2004; Rothe, Knauer, 

Emmerling, Deyerling, & Niessner, 2015).  

Advances in the science of materials has greatly increased and 

therefore influenced the development in filter materials for LD 

and HD engines. LD diesel vehicles have seen SiC types of 

filters becoming standard installation, although the alternative 

use of aluminium titanate is gradually replacing it (Dorenkamp, 

2006). However, aided by better engine controls, the industry 

has now moved to cordierite filters (Lenz, 2017; Zink, 2005). 

Figure 7 shows new hybrid development in DPF filtering 

technology which reduces 95 % of NOX that comes from the 

DPF filter. 

 

Figure 7: A new NO2 remediation system reduces 95% of the 

NO2 emissions from catalysed filter systems (Courtesy of 

Technical University Dresden and Johnson Matthey) 

(Goersmann, 2006)  
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There are a number of researches that have conducted  which 

categorized PM emissions as 41 % carbon, 7 % unburned fuel, 

25 % as unburned oil, 14 % as sulphates and water and 13 % as 

ash and emissions (Wang, Liu, & Lee, 2016). However an 

earlier study conducted by (Agrawal, Singh, Sinha, & Shukla, 

2004) reported particulate emissions as containing ≅ 31 % 

elemental carbon, ≅14 % sulphates and moisture, ≅ 7 % 

unburnt fuel, ≅ 40 % unburnt lubricating oil. Additionally in a 

similar study by (Thiruvengadam et al., 2014) yielded a similar 

outcome in terms of PM emissions except that the study was 

based on natural gas engine technology. PM emissions are now 

known to impact negatively on the environment and public 

human health. The Global Burden of Disease Index reports that 

these types of emission are now responsible for 3.2 million 

deaths due to PM2.5 ambient pollution (Apte, Marshall, Cohen, 

& Brauer, 2015). 

 

Carbon Dioxide (CO2) Emissions  

CO2 is one of the gases responsible for maintaining the earth’s 

optimal ecosystem balance. It enriches plants through the 

photosynthesis process and provides other benefits for the 

environment. However, CO2 has become a global topical issue 

in recent decades as due to its increase level of 0.04 % in the 

atmosphere. This is what is responsible for the increase in the 

global temperatures due to CO2 blanketing. There are generally 

two types of sources of CO2 formation: human activities and 

naturally occurring sources such as the ocean-atmosphere 

exchange, plant and animal respiration, soil respiration, 

decomposition of waste and elements and volcanic eruptions. 

The majority of the human sources are due to the burning of 

hydrocarbon fuels in transport and power generation, land 

activities such as mining and agriculture, and industrial 

processes and manufacturing. The main gas produced from 

human activity is greenhouse gas associated with activities 

such as combustion of fossil fuels, namely, coal, natural gas and 

oil for commercial and transportation services (Turns, 2012) as 

shown in Table 2.  

 

 

Table 2: Atmospheric lifetimes and global warmings 

potentials of greenhouse gases (Turns, 2012) and (Solomon, 

2007) 

Chemical 

formula 

Gas Life time 

(years) 

Global Warming 

Potential For 20 Year 

Time Horizon 

CO2 Carbon 

dioxide 

95 1 

CH4 Methane 12 72 

N2O Nitrous 

oxide 

114 289 

CHCIFH2 HCFC-22 12 5160 

CH2FCF3 HFC-134 14 3830 

 

Nitrogen oxide (NOX) Emission  

NOX emissions and its oxidized product NO2 are the primary 

preserve of the diesel engine, constituting 85 % to 95 % of the 

total emission of a diesel engine. There are two fundamental 

differences between the two gases: whereas NOX is odourless 

and colourless, NO2 is reddish with a pungent smell (Hoekman 

& Robbins, 2012). It should be mentioned here that NO2 is five 

times more toxic compared to NOX gas and is a health hazard 

to the human respiratory system. It irritates the respiratory 

system and lowers resistance to diseases such as the common 

cold and influenza (Kim, Kabir, & Kabir, 2015; Reşitoğlu et 

al., 2015). 

SCR is one of the leading NOX emission control techniques for 

both LD and HD vehicles. It emerged in the market around 

2005 in Japan and Europe in the HD category and has been in 

use in the USA market since 2010. In the Japanese market the 

catalysts are zeolite based while those in Europe are vanadium 

based. The zeolite SCR catalyst performs better and has higher 

temperature tolerance levels. There is ongoing research on how 

to improve low temperature performance so that more accurate 

NO2 and NOX emissions predictions can be obtained  (Kowatari 

et al., 2006; Marchitti, Hemings, Nova, Forzatti, & Tronconi, 

2016; Myer et al., 2016). 

 

Figure 8: The concept of employing a NOX absorber with a double SCR layer configuration (Nakatsuji, Matsubara, 

Rouistenmäki, Sato, & Ohno, 2007) 
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The low NOX trap (LNT) is a cheaper option for engines that 

are 2000 cc to 2500 cc (T. V. Johnson, 2010), (T. V. Johnson, 

2015). This type of emission control technique works better 

with mixed-mode engines to reduce low-load NOX which is a 

persistent problem in SCR systems. This allows the LNT to 

focus on high temperature NOX that is entering at temperatures 

over 300 ⁰  C, thus eliminating between 60 % to 70 % of the 

platinum group metals (PGMs) (Theis et al., 2005). This makes 

the LNT technology cheaper and economically appealing to the 

LD diesel engines classification of 5000 cc to 6000 cc capacity 

(Chilumukuru et al., 2017; Leet, Simescu, Froelund, Dodge, & 

Roberts, 2004). However, for the medium and heavy duty 

vehicles high temperature solutions have been developed to 

address the challenge of high load requirements of the USA 

NTE regulatory condition as reported by  (Guan, Zhan, Lin, & 

Huang, 2014; Zink, 2005). 

The LNT technique suffers due to contamination from sulphur 

which shortens and affects its service life and durability. Earlier 

versions of LNT lost 50 % filtration capacity, while the current 

generation of LNTs lose only 25 %  (Ming-Cheng, Han, & 

Fisher, 2005; Wittka, Holderbaum, Dittmann, & Pischinger, 

2015). Desulfication can be accomplished by passing a rich hot 

steam of diesel fuel at 700 ⁰  C for 10 minutes at service 

intervals of 5000 km to 10,000 km. Figure 8 shows a new 

concept of combining the SCR emission control system with 

the LNT emission control system. 

NOX emissions are now known to be temperature dependent 

due to their equilibrium concentration presence in the 

combustion chamber. NOX when mixed in high temperature 

adiabatically in the temperature range of 2000 k to 3000 k 

forms NOx emissions which are then exited through the diesel 

exhaust system (Rao, 2016). The NOX emissions have four 

basic mechanism of formation within the combustion chamber 

of a diesel engine: the Zeldovich mechanism also called the 

thermal NOX route, the prompt mechanism, the fuel mechanism 

and the NNH mechanism (Bowman, 1992).  

 

NOX FORMATION MECHANISMS AND ROUTES 

The Zeldovich (Thermal) NOX Route 

The Zeldovich mechanism can be represented in equation form 

as in Equations 1, 2 and 3 with Equation 2 being the 

determinant equation in the formation reaction route 

(Fenimore, 1971), (Paul, Datta, & Mandal, 2014) and (Turns, 

2012) as: 

𝑂2↔2O                                                                 Equation 1 

𝑁2 + 𝑂 ↔ 𝑁𝑂 + 𝑁                                              Equation 2 

𝑁 + 𝑂2 ↔ 𝑁𝑂 + 𝑂                                                 Equation 3 

 

Prompt NOX Formation Route 

The prompt mechanism, also known as the Fenimore 

mechanism (named after the person who discovered it, 

Fenimore, in 1971) (Fenimore, 1971; Michos, Bikas, & 

Vlaskos, 2016), consists of reactions of fragmented 

hydrocarbons with molecular nitrogen and weak temperatures. 

This mechanism accounts for a small percentage of the total 

hydrocarbon emissions as shown in Figure 9 and Equations 4, 

5 and 6. 

 

Figure 9: Scheme of prompt-NO in the flame front of a rich 

CH 4 –O 2 –N 2 flame. (Lamoureux, Desgroux, El Bakali, & 

Pauwels, 2010; Lamoureux, El Merhubi, Pillier, de Persis, & 

Desgroux, 2016)  

 

O + 𝑁2 + 𝑀 →  𝑁2𝑂 + 𝑀                                   Equation 4 

H + 𝑁2𝑂 ↔ 𝑁𝑂 + 𝑁𝐻                                         Equation 5 

O + N2 ↔ NO + NO                                            Equation 6 

 

The Fuel NOX Mechanism 

This is defined as the reaction of fuel bound nitrogen from 

compounds of N-H or N-C leading to the formation of 

ammonia (NH3) and cyanhydric acid (HCN). This 

disassociation of nitrogen compounds is credited with the 

formation of NOX emissions, with two thirds of fuel bound 

nitrogen from lean fuel air mixtures being converted into 

molecular nitrogen N2  (Pulkrabek, 1997, 2014). However, for 

high fuel to air ratios, i.e. rich mixtures, less NOX is formed but 

more NH3 and HCN are produced, and when released to the 

atmosphere they decompose, eventually forming NOX 

emissions (Heywood, 2012b), as shown in Figure 10. NOX 

formed from this route cannot be controlled and optimized 

through the normal combustion process. Therefore the amount 

of nitrogen in this process eventually depends on the nature of 

the combustion process (Lamoureux et al., 2016). Figure 11 

shows the relationship between different types of NOX 

formation under the influence of temperature with the reaction 

as follows in Equations 7, 8, 9 and 10. 

 

Figure 10: Variation of the conversion factor of fuel-bound 

nitrogen into nitrogen oxide emissions (Dzurenda, Hroncová, 

& Ladomerský, 2016) 
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Figure 11: The relationship between temperature and NOX 

formation, the air excess factor also known as the oxygen 

excess factor, and the parameters of thermal NOX formation, 

fuel NOX and prompt NOX (Merryman & Levy, 1975) 

 

Figure 11 is a variation of NOX and formation temperature 

range, with different routes of formation mechanisms. This 

figure provides a correlation between fuel and prompt NOX 

formation routes with varying temperature. The NOX emissions 

continue to increase proportionally with increases in 

temperature. The areas with rich pockets of fuel show reduced 

availability of oxygen thus less reaction with molecular 

nitrogen hence reduced fuel conversion and thermal NOX  

(Lefebvre, 1998; Taamallah et al., 2015). 

 

𝑁𝐻2 +
1

2
𝑂 → 𝑁𝑂 + 𝐻2                                      Equation 7 

𝑁𝐻3 →
1

2
𝑁2 + 1

1

2
𝐻2                                          Equation 8 

𝑁𝑂 + 𝐶𝑂 →
1

2
𝑁2 + 𝐶𝑂2                                     Equation 9 

𝐻𝐶𝑁 + 2𝑁𝑂 → 1
1

2
𝑁2 + 𝐶𝑂2 +

1

2
𝐻2                 Equation 10 

 

The NNH Mechanism 

This is a more recent discovery (Bowman, 1992) and an 

addition to the reaction pathways. It has two major reaction 

routes especially in the combustion of hydrogen (Frenklach, 

2002; Konnov, Colson, & De Ruyck, 2000; Maurya & Akhil, 

2017) and hydrocarbon fuel whose carbon to hydrogen ratios 

are very large (Rutar, Lee, Dagaut, Malte, & Byrne, 2007). 

Equations 11 and 12 illustrate this route:  

𝑁2 + 𝐻 → 𝑁𝑁𝐻                                              Equation 11 

𝑁𝑁𝐻 + 𝑂 → 𝑁𝑂 + 𝑁𝐻                                       Equation 12 

 

THE CONTROL OF DIESEL ENGINE EMISSIONS 

The world is now aware of the environmental and human health 

cost of pollution from diesel engines, which form the bulk of 

commercial and personal public transport systems. Table 2 

shows that there is an increase in the regulatory measures on 

toxic emission gases. These regulations oblige vehicle 

manufacturers and transport industry service providers to be 

motivated to work harder to meet the appropriate standards and 

regulations. Among the techniques that have been employed to 

cut down on emissions is EGR, LNT, DOC, DPF and SCR  

(Nova & Tronconi, 2014; Twigg, 2015). However, it should be 

emphasized here that no one single method can attain the 

emission standards set by the regulatory bodies which keep 

changing daily as more awareness on vehicular emission 

increases. 

Table 2: EURO standards for heavy duty vehicles according 

to Delphi 2016 to 2017 as per (Walker, 2016) 

STD 

type 

CO 

g/kWh 

HC 

g/kWh 

NOX 

g/kWh 

PM 

g/kWh 

Euro I 4.5 1.1 8.0 0.61 

Euro II 4 1.1 7.0 0.15 

Euro III 2.1 0.66 5.0 0.13 

Euro IV 1.5 0.46 3.5 0.02 

Euro V 1.5 0.46 2.0 0.02 

Euro VI 1.5 0.13 0.4 0.01 

 

Exhaust Gas Recirculation (EGR) 

This is one of the most useful and successful techniques in the 

control of and fight against diesel exhaust emissions. EGR 

allows the recirculation of part of the diesel exhaust into the 

combustion chamber, to reburn together with the fresh intake 

charge (Thangaraja & Kannan, 2016) as shown in Figure 12. 

 

Figure 12: Schematic representation of an EGR system and 

some of its nomenclature and control design for the EGR valve 

(Asad & Zheng, 2014)  

 

This technology has been able to reduce NOX emissions but it 

causes an increase in UHC and CO emissions as compression 

temperatures decrease. It also affects engine thermal efficiency 

as shown in Figure 13. This technique has two methods for 

quantification of EGR flow rate although there is no one single 

method that is universally accepted. The two methods are the 

mass method and the gas concentration method (S. Maroa & 

Inambao, 2017). These two methods are demonstrated in 

Figure 12 and are expressed mathematically in Equations 13 

and 14: 
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𝑟𝐸𝐺𝑅 =
ṁ𝐸𝐺𝑅

ṁ𝑎𝑖𝑟+ṁ𝑓+ṁ𝐸𝐺𝑅
                                        Equation 13 

 
[𝐶𝑂2]𝑖𝑛𝑡−[𝐶𝑂2]𝑎𝑚𝑏 

[𝐶𝑂2]𝑒𝑥ℎ−[𝐶𝑂2]𝑎𝑚𝑏
≈

[𝐶𝑂2]𝑖𝑛𝑡

[𝐶𝑂2]𝑒𝑥ℎ
                              Equation 14 

Where the ṁ𝐸𝐺𝑅 is the mass flow rate of the gas recirculated, 

ṁ𝑎𝑖𝑟  is the mass flow rate of fresh air,ṁ𝑓 is the mass flow rate 

of the injected fuel and 𝑟𝐸𝐺𝑅 is the mass fraction of the 

recirculated exhaust gases. 

 

 

Figure 13: Variation of engine thermal efficiency and NOX 

with the influence of EGR dilution (Divekar, Chen, Tjong, & 

Zheng, 2016)  

 

The Low NOX Trap (LNT) 

This system is also known as NOX storage reduction (NSR) and 

NOX absorber catalyst (NAC). It has three main components, 

namely, the oxidation catalyst which is platinum (Pt), the NOX 

storage which is barium (Ba), and the reduction catalyst which 

is rhodium (Rh). The platinum catalyst is preferred as it reduces 

NOX emissions at very low temperatures while offering a stable 

reaction in the presence of sulphur and H2O (Schnitzler, 2006; 

Ward, 2017), Figure 14 shows the LNT three stage catalytic 

process. 

 

 

Figure14: The low NOX trap (LNT) with three of its operating 

modes (Yun & Kim, 2013) 

 

The Selective Catalyst Reduction (SCR) 

This is one of the most recent technology developments 

introduced for the control of diesel exhaust emissions. This 

system was originally introduced to cater for HD diesel engines 

(Yun & Kim, 2013) but Audi and Volkswagen have also 

adopted it for their passenger vehicle and LD segments. The 

SCR system works by utilizing ammonia as a reductant in order 

to minimize NOX emissions in the diesel exhaust by releasing 

N2 and H2O. This system therefore undergoes two processes 

during the working cycle, namely, hydrolysis and thermolysis 

as in Equations 15 and 16 for hydrolysis and thermolysis 

respectively  (Azama, Alia, & Iqbala, 2016; Turns, 1996). 

𝐻𝑁𝐶𝑂 + 𝐻2𝑂 → 𝑁𝐻3 + 𝐶𝑂2                     Equation 15 

(𝑁𝐻2)2𝐶𝑂 → 𝑁𝐻3 + 𝐻𝑁𝐶𝑂                       Equation 16 

In addition to the two processes of hydrolysis and thermolysis, 

SCR undergoes other chemical reactions to complete its normal 

cycle thus reducing the emissions of NOX further as in 

Equations 17, 18, and 19. Figure 15 is a schematic diagram of 

an SCR system showing the oxidation catalyst, wall flow 

particulate filter, and the flow through the SCR catalyst. This 

figure includes key components of a urea solution tank, a spray 

module, a static mixer, temperature and NOX sensor, courtesy 

of Robert Bosch GmbH (Nova & Tronconi, 2014). 

4𝑁𝑂 + 4𝑁𝐻3 + 𝑂2 → 4𝑁2 + 6𝐻2𝑂             Equation 17 

 2𝑁𝑂 + 2𝑁𝑂2 + 4𝑁𝐻3 → 4𝑁2 + 6𝐻2𝑂       Equation 18 

6𝑁𝑂2 + 8𝑁𝐻3 → 7𝑁2 + 12𝐻2𝑂                   Equation 19 

 

 

Figure 15: Schematic diagram of the SCR NOX control 

system as used in a standard production vehicle (Nova & 

Tronconi, 2014) 

 

Diesel Particulate Filter (DPF) 

 

Figure 15 schematic of the working mechanism of a diesel 

particulate filter (DPF) 



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 22 (2018) pp. 16127-16140 

© Research India Publications.  http://www.ripublication.com 

16136 

The DPF filter requires care to avoid excessive saturation and 

builds up of back pressure. This two are harmful for engine 

operation and durability, increase fuel consumption and engine 

stress levels leading to premature failure of the filter and 

engine. 

DPF systems have been in operation in diesel exhaust emission 

control since the year 2000, primarily for removing PM 

emissions through physical filtration. DPFs are made like a 

honey comb with silicone carbide or cordierite written 

chemically as 2𝑀𝑔𝑂 − 2𝐴𝑙2𝑂2 − 5𝑆𝑖𝑂2. Both ends of the 

structure are blocked so as to force the particulate matter 

through the porous substrate walls thus acting as a mechanical 

filtering system. These walls are made such that they offer little 

or no resistance to flow of exhaust gases while maintaining the 

power to collect particles (Zhang, Lou, Tan, Hu, & Feng, 2017) 

as shown in Figure 15 (S. Maroa, & Inambao, Freddie, 2018). 

 

Diesel Oxidation Catalyst (DOC) 

The DOC was manufactured with the sole purpose of reducing 

CO and UHC emissions through oxidation of the hydrocarbons 

that are absorbed into the carbon particles. The DOC consists 

of a metal or a ceramic structure with an oxide mixture also 

called the wash coat, that contains aluminium oxide (Al2O3), 

cerium oxide (CeO2), zirconium oxide (ZrO2) and an active 

metal catalyst of either platinum, palladium or rhodium (Azama 

et al., 2016), as shown in Figure 16. 

 

 

Figure 16: Schematic diagram of a DOC and its operation in 

reducing emissions of CO and UHC through the process of 

oxidation (S. Maroa, & Inambao, Freddie, 2018)  

 

There are six factors that affect and influence the choice of a 

DOC filter: its conversion factor, the temperature stability, the 

light-off temperature, tolerance to poisoning, the cost of 

manufacturing the filter, and the parametrical factors. 

Parametrical factors include the density of the DOC filter 

measured in channels per square inch, the cross-sectional area, 

the channel wall thickness and the length of the channels using 

the external dimensions (Chen, Lin, Hsu, & Wang, 2012; 

Guardiola, Pla, Piqueras, Mora, & Lefebvre, 2017). For HD and 

LD vehicles in Europe, USA, and Japan, the DOC is the most 

preferred choice for after-treatment emission control systems. 

The DOC with a platinum metal catalyst is the most popular 

among manufacturers and consumers. However, the DOC has 

the disadvantage of reacting with sulphur oxide and sulphur tri-

oxide producing sulphates and sulphuric acid which shortens 

the service life of the emission control system besides the 

additional effects on the natural environment and human public 

health. 

 

CONCLUSION 

 Pollution from the transport industry has serious 

health effects and a negative impact on the natural 

environment. 

 More research funds should be directed towards 

improving diesel engine pollution control efficiencies 

and working systems. At the same time, more needs 

to be done regarding the change of behaviour and 

attitudes, where instead of putting commercial and 

economic interests first, human and environmental 

interests should be given preference. 

 Due to the fact that diesel fuel is the major emission 

generating fuel in diesel engines, the use of alternative 

fuels should be encouraged and developed through 

allocation of more funds towards reducing over 

dependency on diesel fuel.  

 There is a need to develop new combustion control 

strategies and schemes. These require further study 

and research and development to realize their full 

potential. More capital investment needs to be 

allocated to researchers, especially young and 

upcoming researchers, to expand on the already 

researched areas for better optimization of results.  

 A review of the literature indicates that there is 

ammonia formation when engines are running on a 

rich mixture. This calls for further development in the 

LNT and SCR systems. 

 Zeolite based catalysts need to be improved to respond 

efficiently during engine start-up, when the 

temperature is low. 

 The use of ammonia as a catalyst can be substituted 

with a fuel-based technique to provide low-cost NOX 

reduction, something that research and literature 

presented in this work shows is possible. 

 There is a lack of enough mathematical modelling on 

the different diesel emission controls and emission 

incorporated engine management systems. Further 

modelling will help in the development of more 

effective emissions systems and improvement on 

existing ones. 

 There is a need for researchers and industry to 

harmonize their efforts in the fight against diesel 

exhaust emissions, instead of each individual group 

looking to work independently. By coming together, 

the traditional discipline barrier between different 

engineering fields can be broken. 
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