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ABSTRACT 

Road transport emission levels are at an all-time low and post Euro VI regulations are now up for 
discussion. A literature study of unregulated diesel emissions in Europe; CO2, N2O, NO2, CH4 
and aldehydes has been made to determine the effects and importance of the emissions in today´s 
heavy-duty vehicles. This work aims to give better knowledge of the emissions with fundamental 
information about each emission’s formation, environmental effects, health effects, measuring 
methods, and reduction methods. Also examined is the possibility of limiting these emissions 
and what policies can be enforced in any future legislative directives.  

The greenhouse gas emissions, CO2, N2O and CH4, from road transport are getting a lot of 
attention since they are hugely responsible for an increase of the global temperature. CO2 will 
clearly be the focus of future regulations. It is the most abundant emission and is the main cause 
of global warming. Reduction is best achieved through more fuel efficient vehicles but 
regulations and political means will also be needed to lower CO2 levels in the atmosphere. The 
European Commission have therefore agreed in 2014 to come up with a plan to cut their CO2 
emissions from road transport. The most important ozone depleting substance today and the most 
potent of the greenhouse gases is N2O which has a GWP of 298. It is mainly produced by 
aftertreatment systems and its formation is highly dependent on temperature. CH4 is a regulated 
emission for CNG but not for diesel where the levels are much lower. It has a GWP of 34 and is 
plays a big role in global warming. Although it is an important emission to examine, the levels of 
CH4 from diesel vehicles today are negligible. In modern diesel vehicles NO2 emissions come 
from platinum catalysed DOCs and DPFs. NO2 is used for DPF regeneration and causes 
respiratory problems as well as contributing heavily to ozone formation and smog pollution. By 
adopting a better urea dosing strategy and choosing DPF coating material with less platinum NO2 
can be reduced. Aldehydes are found in low concentrations in diesel but more in alternative fuels 
such as ethanol, and are important to study because of their carcinogenic properties and large 
contribution smog pollution. Studies have shown that the most abundant forms of aldehydes are 
formaldehyde and acetaldehyde for almost all fuel types, and that they can be reduced with 
efficient catalysts and high quality fuel. Different measurement techniques are used to analyse 
each of these mentioned emissions but their low levels require more accurate instruments with 
greater level of detail for measuring the substances. 
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NOMENCLATURE 

These are the abbreviations used in this master thesis. Although the abbreviations are always 
explained in the report, this list functions as a summary to look up any abbreviation necessary. 

Abbreviations 

ACEA Association des Constructeurs Européens d’Automobiles (European 
Automobile Manufacturers Association) 

ANR   Ammonia to NO2 Ratio 

ASC   Ammonia Slip Catalyst 

CEN Comité Européen de Normalisation (European Committee for 
Standardization) 

CFC   Chlorofluorocarbons 

CI   Compression Ignition 

CLA (or CLD) Chemiluminescence Analyser (or Chemiluminescence Detector) 

CNG   Compressed Natural Gas 

COP   Conformity Of Product 

DI   Direct-Injection 

DNPH   2,4-Dinitrophenylhydrazine 

DNTP   Direct Non-Thermal Plasma 

DOC   Diesel Oxidation Catalyst 

DPF   Diesel Particle Filter 

EC   European Commission 
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ECD   Electron-Capture Detector 

EGR   Exhaust Gas Recirculation 

EPA   (United States) Environmental Protection Agency 

ESC   European Static Cycle 

ETC   European Transient Cycle 

ETS   European Trading System 

FBC   Fuel-Borne Catalyst 

FID   Flame Ionization Detector 

FTIR   Fourier-Transform Infrared 

FTP   Federal Test Procedure 

GC   Gas Chromatography 

GHG   Greenhouse Gas 

GRPE Groupe de Rapporteurs de Pollution et Énergie (The Working Party  on 
Pollution and Energy) 

GVW   Gross Vehicle Weight 

GWP   Global Warming Potential 

HC   Hydrocarbons 

HCLA   Heated Chemiluminescence Analyser 

HD   Heavy-Duty 

HFC   Hydrofluorocarbons 

HPLC   High Pressure Liquid Chromatography 
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IARC   International Agency for Research on Cancer 

IPCC   Intergovernmental Panel on Climate Change 

IR   Infrared 

LD   Light-Duty 

LIF   Laser Induced Fluorenscence 

LPG   Liquid Petroleum Gas 

NDIR   Non-Dispersive Infrared 

NHTSA  National Highway Traffic Safety Administration 

NIH   National Institutes of Health 

NMHC  Non-Methane Hydrocarbons 

NTP   Non-Thermal Plasma 

OBD   On-Board Diagnostics 

OCE   Off-Cycle Emission 

ODS   Ozone Depleting Substance 

OEM   Original Equipment Manufacturer 

PAH   Polycyclic Aromatic Hydrocarbons 

PAS   Photoacoustic Spectroscopy 

PEMS   Portable Emission Measurement System 

PFC   Perfluorocarbons 

PGM   Platinum Group Metal 
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PM   Particle Matter 

PMP   Particle Measurement Program 

QCL   Quantum-Cascade Laser 

RME   Rapeseed Methyl Ester 

RPM   Revolutions Per Minute 

SCR   Selective Catalytic Reduction 

SI   Spark Ignition 

THC   Total Hydrocarbons 

TWC   Three-Way Catalyst 

ULSD   Ultra-Low Sulphur Diesel 

UNECE  United Nations Economic Commission for Europe 

UV   Ultraviolet 

VOC   Volatile Organic Compound 

WHSC   World Harmonized Stationary Cycle 

WHTC   World Harmonized Transient Cycle 

WMO-GAW  World Meteorological Organization Global Atmosphere Watch 

WNTE   World-harmonized Not-To-Exceed 

WTW   Well-To-Wheel 

WWH-OBD  Worldwide Harmonized On-Board Diagnostics 

YAG   Yttrium Aluminium Garnet 



 

 

vii 

 

TABLE OF CONTENTS 

1 INTRODUCTION ....................................................................................................................... 1 

1.1 Background ........................................................................................................................... 1 

1.2 Purpose .................................................................................................................................. 1 

1.3 Delimitations ......................................................................................................................... 2 

1.4 Method .................................................................................................................................. 2 

2 FRAME OF REFERENCE .......................................................................................................... 3 

2.1 Regulated emissions .............................................................................................................. 3 

2.1.1 Carbon Monoxide ........................................................................................................... 3 

2.1.2 NOX ................................................................................................................................ 4 

2.1.3 Hydrocarbons.................................................................................................................. 5 

2.1.4 Particulate Matter ........................................................................................................... 5 

2.2 Aftertreatment systems .......................................................................................................... 7 

2.2.1 Exhaust Gas Recirculation.............................................................................................. 7 

2.2.2 Diesel Oxidation Catalyst ............................................................................................... 8 

2.2.3 Diesel Particle Filter ....................................................................................................... 8 

2.2.4 Selective Catalytic Reduction ......................................................................................... 8 

2.2.5 Ammonia Slip Catalyst ................................................................................................... 9 

2.3 European Union standards .................................................................................................. 10 

2.3.1 Current Regulations ...................................................................................................... 11 

2.3.2 Test cycles .................................................................................................................... 12 

2.3.3 On-Board Diagnostics .................................................................................................. 16 



 

 

viii 

 

3 UNREGULATED EMISSIONS ................................................................................................ 17 

3.1 Introduction ......................................................................................................................... 17 

3.2 Carbon Dioxide ................................................................................................................... 18 

3.2.1 Formation...................................................................................................................... 18 

3.2.2 Environmental effects ................................................................................................... 19 

3.2.3 Human effects ............................................................................................................... 19 

3.2.4 Measurement techniques .............................................................................................. 19 

3.2.5 Ways of reduction ......................................................................................................... 20 

3.3 Methane ............................................................................................................................... 24 

3.3.1 Formation...................................................................................................................... 25 

3.3.2 Environmental effects and human effects .................................................................... 25 

3.3.3 Measurement techniques .............................................................................................. 26 

3.3.4 Ways of reduction ......................................................................................................... 27 

3.4 Nitrous Oxide ...................................................................................................................... 28 

3.4.1 Formation...................................................................................................................... 28 

3.4.2 Environmental effects and human effects .................................................................... 29 

3.4.3 Measurement techniques .............................................................................................. 30 

3.4.4 Ways of reduction ......................................................................................................... 32 

3.5 Nitrogen Dioxide ................................................................................................................. 35 

3.5.1 Formation...................................................................................................................... 35 

3.5.2 Environmental and human effects ................................................................................ 38 

3.5.3 Measurement techniques .............................................................................................. 38 



 

 

ix 

 

3.5.4 Ways of reduction ......................................................................................................... 41 

3.6 Aldehydes ............................................................................................................................ 43 

3.6.1 In diesel......................................................................................................................... 43 

3.6.2 In ethanol ...................................................................................................................... 44 

3.6.3 In biodiesel ................................................................................................................... 44 

3.6.4 In natural gas ................................................................................................................ 45 

3.6.5 Formation...................................................................................................................... 45 

3.6.6 Environmental and human effects ................................................................................ 46 

3.6.7 Measurement techniques .............................................................................................. 48 

3.6.8 Ways of reduction ......................................................................................................... 49 

3.7 Future Policy Prospects ....................................................................................................... 50 

4 DISCUSSION AND CONCLUSIONS ..................................................................................... 52 

4.1 Technological reduction ...................................................................................................... 53 

4.2 Measurement system evaluation ......................................................................................... 54 

4.3 Fuel evaluation .................................................................................................................... 55 

4.4 Policy actions ...................................................................................................................... 55 

5 RECOMMENDATIONS AND FUTURE WORK ................................................................... 59 

5.1 Future work ......................................................................................................................... 59 

5.1.1 Polycyclic Aromatic Hydrocarbons .............................................................................. 59 

5.1.2 Metal oxides ................................................................................................................. 59 

6 REFERENCES .......................................................................................................................... 60 

 



 

 

1 

 

1 INTRODUCTION 

This chapter describes the background of the subject, the purpose of the report, the 
delimitations, and the method used in the research on unregulated emissions.  

1.1 Background 

Concerns over vehicle emission impact on the environment and human health have long been an 
issue for the public which have led to strict legislations set by the governments. The European 
Parliament has since 1992 set out to improve the situation by regulating the emissions of most 
significance for all member states of the EU. These regulated emissions are carbon monoxide, 
hydrocarbons, nitrogen oxides, and particle matters, which to this day have remained the target 
of improvement. However, with increasingly stringent standards in the EU, emission levels for 
the current Euro VI regulations have reached such low values that setting lower limits in the 
future may no longer be top priority. Instead there could be a shift in focus to unregulated 
emissions such as greenhouse gases and other harmful pollutants that affect the environment and 
human health. So far research on these subjects, for example measurement technology, have 
been limited and with the United States already having regulations on greenhouse gases it is time 
for Europe and the rest of the world to look into these unregulated emissions.  

1.2 Purpose 

This report is a literature review on a number of unregulated emissions which could be of 
importance in the near future. The focus of the content is on the formation, the 
human/environmental effects, the measurement methods, and the ways of reducing these 
emissions. This report can hopefully provide an adequate overview for future work on these 
unregulated emissions if they are to be part of future emission standards, and give sufficient 
information for an evaluation regarding the possibility of future limits.  
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1.3 Delimitations 

Basically all exhaust emissions which is not part of the emission regulations are unregulated. 
Therefore part of the task has been to identify the most important pollutants to focus on. The five 
pollutants that were chosen were: carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), 
nitrogen dioxide (NO2), and aldehydes, due to their environmental and human effects but also the 
attention they have received. The focus has mainly been on European heavy-duty diesel vehicles 
but where possible the addition of ethanol, biodiesel, and biogas information in and outside of 
Europe has been included.  

1.4 Method 

This work has been carried out by searching, reading and discussing articles and information on 
the five chosen emissions. The sources have been internet databases (mainly SAE International), 
internet articles, and also interviews with employees at Scania. Since this report is a work of two 
students, the workload has been divided. Edvin has been responsible for formation, 
environmental/human effects, and ways of reduction. Toni has been responsible for measurement 
techniques and regulations and policies.  
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2 FRAME OF REFERENCE 

The frame of reference presents the theoretical reference frame that is necessary for the 
understanding of the research. The purpose is to present the background to the subject of 
emission regulation.  

2.1 Regulated emissions 

In order to understand the relationship between the relevance of the unregulated emissions that 
are being focused on and the already regulated emissions, it is useful to know why the regulated 
exhaust emissions are regulated in the first place. Apart from being the most common in vehicle 
exhausts and thus contributing to the greatest risk of overexposure to human beings and the 
environment, they are very toxic and damaging ones. 

2.1.1 Carbon Monoxide 

Carbon monoxide (CO) is a toxic gas which is odourless, colourless and tasteless. It is dangerous 
to humans because it prevents the red blood cells from carrying oxygen (O2) to organs and 
tissues. Haemoglobin in the red blood cells is the transporter of O2. It has a high affinity for O2 
but an even higher affinity for CO, which is why the haemoglobin will bind with CO rather than 
with O2 and leave the body’s cells with less oxygen than needed. Acute poisoning1 of CO may 
initially lead to headache, nausea or fatigue followed by short-term memory loss and overall 
impaired brain function. Should the CO-poisoning persist, the main areas of concern would be 
the heart and the central nervous system. In such cases, the heart rate increases, the blood 
pressure drops and the heart beats irregularly (so-called arrhythmia), and symptoms such as 
confusion, dizziness, hallucination and seizures might appear. In worst case, overexposure of CO 
leads to death. Chronic poisoning 2 of CO leads to symptoms such as persistent headaches, 
depression, memory loss and vomiting. Pregnant women and people with coronary heart disease 
are the biggest risk-group for long-time exposure of CO [9]. If CO reacts with ozone (O3) in the 
stratosphere, formation of carbon dioxide (CO2) occurs which will deplete the ozone layer.  

CO is formed during incomplete combustion of carbon based fuels. If oxygen levels are too low, 
oxidation to form CO2 (as in an ideal combustion) is prevented. In diesel engines, also known as 

                                                 
1 Acute poisoning: symptoms are apparent within a few hours 

2 Chronic poisoning: symptoms show after a longer period of time 
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compression-ignition (CI) engines, it is common to run with an excess of air, known as lean 
mixture, and therefore the emission levels of CO is not a big concern compared to spark-ignition 
(SI) engines which generally run at stoichiometric conditions. In general CO emissions will also 
increase during cold-starts, high-altitude driving, and if the carbon content of the fuel is high, 
which means there would be a surplus of carbons compared to oxygen molecules [45]. 

2.1.2 NOX 

NOX is a collective term for nitric oxide (NO) and nitrogen dioxide (NO2) used in emission 
standards and regulatory measurement protocols. NO and NO2 are not regulated individually but 
are as a unit regulated under the name NOX. In combination with volatile organic compounds 
(VOCs)3 and sunlight, NOX forms photochemical smog which is an air pollution that brings 
ground-level O3 and particles into the air. Smog is predominantly formed in densely populated 
cities with high rates of vehicle traffic in combination with sunny and warm climate and dry air. 
To children, elderly and people with heart- and lung-problems, smog can be particularly harmful 
due to the ozone (O3), sulphur dioxide (SO2), nitrogen dioxide (NO2) and carbon monoxide (CO) 
found in the smog. It also impairs the lungs’ functions and damages lung tissue. Irritation of the 
eyes and nose is also a common symptom of exposure to smog.  

After dissolution in the atmospheric moisture NOX eventually forms nitric acid and becomes a 
major contributor to acid rain, alongside SO2. Acid rain has negative effects on forests, 
vegetation, freshwaters and soils as well as insects and aquatic life-forms. If the nitric acid 
reaches soil it produces nitrate (NO3) which contributes to eutrophication. Nitric acid vapour and 
small particles are also products of the reaction if ammonia is present. The particles are small 
enough to penetrate deep into the lung tissue and cause damages which in the worst case lead to 
premature death.  

NOX is formed during combustion at high temperature, from the endothermic 4
 reaction of 

nitrogen (N2) and oxygen (O2). No significant amounts of NOX is produced until combustion 
reaches the threshold temperatures of 1500°C [33] after which increases in temperatures results 
in increase of NOX formation in an exponential manner. NOX is a bigger emission problem for 
diesel engines than for SI-engines due to the diesel engine’s higher thermal efficiency leading to 
higher combustion temperatures and lean combustion conditions (air-to-fuel-ratio). For 
SI-engines the use of a three-way catalytic converter effectively and inexpensively reduces NOX 

                                                 
3 VOC: Carbon-based chemical that evaporate easily into the air at room temperature   

4 Endothermic: a process or reaction in which the system absorbs energy from its surroundings in the form of heat   

http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Heat
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but only in stoichiometric conditions, which is often when the catalysts run optimally [45]. 
Diesel engines require more complex and expensive aftertreatment systems for NOX. 

2.1.3 Hydrocarbons 

Organic compounds with only hydrogen (H) and carbon (C) are known as hydrocarbons (HC). 
Fossil fuels used for vehicles are made up of mixtures of hydrocarbons. In the case of incomplete 
combustion, small amounts of the hydrocarbons will not oxidize and pass through the 
combustion chamber with the exhaust gases along with hydrocarbons from lubrication oil. 
Hydrocarbons are therefore known as rest products of incomplete combustion. As diesel engines 
tend to run on a lean mixture, resulting in a more complete combustion overall, HC emissions are 
low and are not a big concern for diesel engines [45].  

Hydrocarbons combined with nitrogen oxides react with sunlight to form ground-level ozone. 
While the O3 in the so-called ozone layer, located mainly in the Earth’s lower stratosphere, 
absorbs 97-99% [34] of the potentially hazardous ultraviolet light5 that passes through to the 
stratosphere, ground-level O3 is very much undesired. The O3 at ground-level not only largely 
contributes to the formation of smog, a big environmental problem for urban cities, but also 
causes choking, coughing and stinging eyes which are effects related to exposure of smog. 
Ozone also damages the lung tissue and weakens the respiratory system as well as impeding 
plant growth [8].  

2.1.4 Particulate Matter 

Diesel Particles Matter (DPM or PM) together with NOX is the primary focus for diesel exhaust 
emissions since it is a big problem for diesel engines. Scientific evidence shows that PM is one 
of the most harmful emissions produced by diesel engines [76]. PM is what gives the diesel 
exhaust smoke its black colour and is produced from incomplete combustion. It basically 
consists of diesel particles composed of elemental carbon with adsorbed compounds of organic 
carbon, sulphate, nitrate, metal oxides, sulphuric acid, hydrocarbon/sulphate particles, and other 
organic compounds and air toxics [12]. PM emissions are higher in diesel due to the 
characteristics of the flame in diesel engines which, compared to the homogeneous mixture of 
the SI-engines, vary with different air-to-fuel ratios. PM is formed in the flame in locally lean 
mixture areas of the flame. 

                                                 
5 Medium-frequency UV-light at around 200-315 nm  
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The United States Environmental Protection Agency (EPA) defines PM as “any substance other 
than H2O that is collected by filtration of the diluted exhaust gases at or below 325 K”, which 
essentially means that PM is defined by its sampling method. The measurement method for 
particle emissions is to weigh a paper filter before and after it has been fed the exhaust gases. 
The exhaust gases are first diluted with filtered air in order for the temperature to come down 
which allows HC and water-soluble components to condense on the particles. A partial flow is 
fed through a white paper filter in order to collect the particles. This paper is weighed in clinic 
circumstances in a climate chamber to control temperature and humidity. The difference in 
weight before and the test shows the weight of the particles [45].  

One of the most dangerous aspects of PM is its small size. Diesel particles consists mostly of 
particles in the fine size range6 (PM2.5) [93] with 50-90% of the total number of particles falling 
to the ultra-fine size range7. The fine and ultra-fine particles are respirable which means they can 
escape the defence of the human respiratory system. When inhaled they can enter the deep lung 
and lower respiratory tract and damage lung cells [12]. Because of the composition and small 
size of PM it has a large surface area which means it adsorbs large amounts of organic carbon, 
organic compounds, ash, and sulphates. In the lower respiratory tract these chemicals are then 
eluted (the adsorbed material is removed from the adsorbent by means of a solvent), metabolised 
(broken down and reorganized) and translocated (the transfer of one part of a chromosome to 
another chromosome during cell division) in the body. The most harmful organic compounds 
that are carried to the lungs by the PM are the mutagenic8 and carcinogenic9 polycyclic aromatic 
hydrocarbons (PAHs) and nitro-PAHs. Exposure to PM causes decreased respiratory and lung 
functions, aggravated asthma, eye/nose/throat irritation, inflammation of the airways, 
deteriorating immune system and premature death. The World Health Organisation (WHO) has 
estimated that these non-carcinogenic effects are unlikely to occur below DPM exposure levels 
of between 2.3 μg/m3 and 5.6 μg/m3 [93]. 

  

                                                 
6 Fine size: aerodynamic diameter of less than 2.5 μg  

7 Ultra-fine size: aerodynamic diameter of less than 0.1 μg  

8 Mutagen: An agent that can induce or increase the frequency of mutation in an organism  

9 Carcinogenic: An agent directly involved in causing cancer 



 

 

7 

 

2.2 Aftertreatment systems 

A problem for diesel engines is the so-called NOX/PM trade-off (also known as NOX/fuel 
consumption trade-off). High temperatures will increase the speed of the oxidation of PM while 
also increasing the NOX levels. This implicates that the means to reduce NOX emissions often 
result in an increase of PM and fuel consumption, and reduction of PM or consumption often 
leads to increased NOX emission levels. This issue has led to diesel vehicle designs having to 
include a Diesel Particulate Filter (DPF) to reduce the PM emissions at the exhaust with an 
engine that produces less NOX, by for example using retarded injection timing. Or the other way 
round, i.e. a NOX aftertreatment device to control the exhausts whilst having the engine run on a 
low PM/high NOX-regime [77]. In any case, aftertreatment systems are needed to keep up with 
the stringent emission standards, and there are several common devices to reduce the emissions 
today. A modern Scania Euro VI engine is shown in Figure 1, along with the order of the 
different aftertreatment devices. 

 

Figure 1. The layout of a modern Euro VI exhaust aftertreatment system [50].  
 

The figure shows an integrated silencer containing a Diesel Oxidation Catalyst, a Diesel Particle 
Filter and two parallel Selective Catalytic Reduction catalysts and Ammonia Slip Catalysts. 

2.2.1 Exhaust Gas Recirculation 

Most modern engines commonly utilize Exhaust Gas Recirculation (EGR) to meet the latest 
emission requirements. The working principle of the EGR is that a certain amount of the exhaust 
gases is led back, cooled down, and re-introduced to the cylinders, taking the place of some fresh 
intake-air. Since the level of oxygen is lowered in the pre-combustion mixture (due to the used 
exhaust gases) and the thermal capacity is increased, the combustion temperatures are reduced 
thus reducing NOX emissions.  
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2.2.2 Diesel Oxidation Catalyst 

For diesel engines the most used catalytic converter is the Diesel Oxidation Catalyst (DOC). The 
DOC is an exhaust aftertreatment device for diesel vehicles, utilizing the fact that there are 
excess levels of oxygen in diesel exhaust. The DOC uses palladium and platinum as catalysts to 
oxidize HC and CO to H2O and CO2 respectively. Organic fractions of diesel particles are also 
oxidized and converted into harmless products. Furthermore, the DOC is able to reduce the 
number of other non-regulated emissions such as aldehydes and polycyclic aromatic 
hydrocarbons by oxidation as well as reduce or eliminate the odour of diesel exhaust gas. Visible 
particulates, known as soot, can also be reduced thanks to the DOC [75].  

2.2.3 Diesel Particle Filter 

The Diesel Particle Filter (DPF) removes PM and traps it in a filter. When the filter is full a 
cleaning process known as regeneration is initiated, where the particles are oxidized into gaseous 
products (CO and CO2). There are two ways of regeneration: passive and active. The passive 
regeneration sets off automatically when the exhaust temperatures are high enough (600°C for 
the oxidation of diesel PM to occur [13]), which means the DPF is continuously regenerating 
itself. Occasionally the active regeneration is required to clean the filter when the exhaust 
temperatures are insufficient. The temperature of the trapped soot is raised by using an outside 
energy source. To oxidize the carbon into CO and CO2, NO2 is used but since the typical levels 
of present NO2 (6 to 9% [39]) is not adequate for the operation intentional NO2 production is 
necessary. Excess O2 from the engine is used to catalytically convert NO to NO2. Generally, a 
DPF can reduce PM emissions by 99% [81]. 

2.2.4 Selective Catalytic Reduction  

The Selective Catalytic Reduction (SCR) is one of the most economical and fuel-efficient diesel 
emission control technologies. The SCR is designed to reduce NOX by having a liquid reductant 
injected, often in the form of urea/AdBlue, into the exhaust stream [2]. The NOX and urea is 
converted to nitrogen (N2), water (H2O) and carbon dioxide (CO2). The SCR can reduce NOX 
emissions by up to 95% [81] and according to [2] reduce HC and CO emissions at the same time 
by 50-90% and PM emissions by 30-50%. It is also reported that fuel economy can be improved 
by 3-5% [2].  
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2.2.5 Ammonia Slip Catalyst 

An Ammonia Slip Catalyst (ASC) is designed to remove excess ammonia (NH3), which has 
passed through the SCR unconverted, without causing any side-reactions. The main source of 
NH3 in diesel exhausts comes from the urea of the SCR. The only desired rest-products from an 
ASC are N2 and H2O. Contemporary ASCs consist of two layers, with an SCR catalyst in the 
upper layer and an oxidation catalyst in the lower layer. When the NH3 reacts in the oxidation 
catalyst it will form NOX, so the NOX has to be removed with the SCR. 
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2.3 European Union standards 

To achieve a cleaner air-climate and better health standard the European Union (EU) introduced 
a set of actions in the transport sector in the late 80’s (air, marine and land based transports) as a 
means of reducing transport emissions and improve air quality. The problem was recognized 
early and confirmed the health and environmental effects which vehicle emissions had. The first 
action was taken by USA in 1963 when they passed a national federal law called Clean Air Act. 
Under the United States EPA this law shall be regulated and controlled in order to achieve better 
health and environment standards [4].  

The EU set in the early 90’s targets for limiting values of the most abundant and relevant 
emissions from HD engines. CO, HC and NOX were the first to be regulated under the first 
published European Commission (EC) directives. These framework directives state the targets 
[25] as Euro classes followed by a roman number to define both the stage and that they apply for 
HD engines. Today the acting Euro VI regulations have given a reduction of NOX by 95% 
compared with Euro I and PM has been reduced 97%, see Table 1. Through the work of the 
European Committee for Standardization (CEN) the standards are set by the EC for inter alia fuel 
quality in Europe. European road diesel has the standard EN 590 with minimum cetane number10 
of 51.  

Table 1. The European Union steady-state standards for HD engines [25].  

In 1992 the Euro I was enforced as a first action in a long-term investment, with special focus on 
the reduction of NOX, and a necessary step towards improving the air quality. Both Euro I and II 
applied for trucks and busses but with the standard for buses voluntarily. With Euro IV came 
further lowered limits on the allowed particle quantity measured as particle mass. Emission 
durability was also introduced with Euro IV where the manufacturer would have to specify the 

                                                 
10 Cetane number: Indicator of the combustion quality of diesel fuel during ignition 

Stage Year CO HC NOx PM PN Smoke 
  g/kWh #/kWh 1/m 

EURO I 1992 4.5 1.1 8.0 0.36   
EURO II 1996 4.0 1.1 7.0 0.25   
EURO III 2000 2.1 0.66 5.0 0.1  0.8 
EURO IV 2005 1.5 0.46 3.5 0.02  0.5 
EURO V 2008 1.5 0.46 2.0 0.02  0.5 
EURO VI 2013 1.5 0.13 0.4 0.01 8.0e11  
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engines that follow the standards after their useful life period. This means that manufacturer 
should demonstrate that for a specific vehicle category the engine still complies with the 
emission limits after a certain time period.  

2.3.1 Current Regulations  

In mid-2009 the European parliament voted for regulation No 595/2009 [43] about the type 
approval of engine tailpipe emissions for HD trucks. Regulation No 585/2011, which is the 
application of previous directives, states the emission limits for what is classified as Euro VI 
engines, seen in Table 2. The certification cycles World Wide Harmonized Static Cycle (WHSC) 
and World Wide Harmonized Transient Cycle (WHTC) were introduced with Euro VI. A new 
feature is that cold-start is taken into account when running the transient WHTC test for engine 
type approval. The latest emission durability requirements stating for how long new vehicles 
shall cope with the emission limits during their life expectancy is more stringent compared to 
what was standard for Euro IV and V. Freight vehicles categorized as N3 with a maximum 
permissible mass over 16 tonne and HD vehicle of class M3, Class III and Class B with a 
maximum permissible mass over 7.5 tonne must still pass the emission levels within 7 years or 
700 000 km, whichever is reached first. To fulfil the conformity of production (COP) criteria 
shall three randomly engines be selected out of the same newly produced production series and 
sent for testing and verification. If one of the engines fail to comply with only one of the 
standards the entire production series will not be approved. 

Table 2. Euro VI diesel emission limits [25]. 

Cycle CO THC NOx PM NH3 PN 

 mg/kWh PPM #/kWh 

WHSC 1500 130 400 10 10 8e11 
WHTC 4000 160 460 10 10 6e11 

The use of Portable Emission Measurement Systems (PEMS) is a part of the in-service 
conformity as well for verifying that the emissions are under acceptable levels during on-road 
testing. PEMS measurements are a necessary way to measure the actual tailpipe emissions during 
real driving conditions. The fuel consumption and CO2 will from the Euro VI directives also be 
measured in HD vehicles. Off-Cycle Emissions (OCE) testing contains importantly two 
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provisions, one is to ban defeat-strategies11 of engines and vehicles that are type approved, be by 
e.g. altering or removing the sensor for urea quality sensing. The second is to run World-
harmonized Not-To-Exceed (WNTE) certification to limit and measure OCE. The standards for 
Euro VI no longer include smoke since the levels reached are so low that it has become very 
difficult to measure. Beside the existing mass based particle measurements a number based 
measurement of particles is also adopted to further ensure that ultra-fine particles less than 0.1 
µm are controlled. The results are rendered from measurements made by the Particle 
Measurement Program (PMP) under the direction of UNECE/GRPE whose purpose is to develop 
new measurement techniques of ultra-fine particles emitted from light-duty and heavy-duty 
vehicles [30]. 

2.3.2 Test cycles 

To assess and certify engines they need to be run in a controlled environment, i.e. on a test bed, 
and be run through a simulated driving cycle. This is necessary in order to obtain a type approval 
in accordance to the regulations set by the European Commission. It is also important to use 
standardized test cycles to be able to reproduce the results obtained from previous tests if needed. 
With Euro III two new test cycles adopted, one static and one transient called European Static 
Cycle (ESC) and European Transient Cycle (ETC) respectively, and replaced the previous 13-mode 
steady-state cycle ECE R-49 [20]. The ETC lets the engine run through a transient cycle that 
simulates real driving conditions where different sets of load and speeds are run and data is 
sampled continuously. The cycle is a total of 1800 seconds long divided into three 600-second 
periods to represent different types of driving conditions; urban (0-600 s), rural (600-1200 s), and 
highway driving (1200-1800 s) as can be seen in both graphs in Figure 2. 

                                                 
11 A type of control strategy that reduces the effectiveness of the emission systems under ambient or engine 
operating conditions encountered either during normal vehicle operation or outside the type approval range 
2009/595/EC 
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Figure 2. The European Transient Cycle [20].  
 

The steady-state cycle ESC is run at 13 different modes, each for a specific time, load and speed. 
The change of engine speed and torque between different modes must occur within the first 20 
seconds after the previous mode, i.e. the new initialized values need to stabilize before the 20 
seconds are over. The engine speed must lie within ±50 rpm and the torque must have an 
accuracy of ±2% from the designated target value. The exhaust emissions are measured 
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continuously during each test to give the mean value with the help of weighing factors which are 
determined by the length of each mode [25]. 

In conjunction with the Euro VI directives two new cycles were required, the so called 
Worldwide Harmonized Cycles used for certification of commercial HD vehicles. The cycles are 
constructed to resemble driving conditions in USA, Europe, Japan and Australia with both cold 
and hot start requirements included in the cycle according to the regulation in amendment 
R 49/UN ECE [3]. WHTC is based on real driving conditions to better replicate real engine use 
in the form of load and speed changes. What mainly differ from ETC, beside different speeds 
and loads, is that the WTHC include an additional test with cold-start and it has a hot soak period 
before the hot-start test. The cycle is run in 1800 seconds in which the normalized speed and 
torque is continuously changed. Before the cold-start test is initiated the engines aftertreatment 
components, cooling fluid and lubricants need to have a temperature between 20-30oC. The 
WHTC starts with a cold-start. A hot-soak period begins directly after the cold-start test where 
the engine is turned on for 10±1 minute before starting again to run the hot-start WHTC test [3]. 
The test sequence shall always begin at engine start of respective cold- and hot-start. WHTC 
operates at almost half the engine speeds and loads of the ETC.  

The other of the two certification cycles is the WHSC which is a steady-state cycle that runs 
through 13 different predefined modes, Table 3. Compared to WHTC the steady-state cycle uses 
only hot-start conditions and with a ramp of 20 seconds that begins in the start of each mode 
(except mode 1). This gives the engine time to settle for the next normalized speed and loading 
value. Sampling is made continuously during the test cycles. 
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Table 3. Driving modes of the WHSC test [25]. 

WNTE is a test procedure for OCE testing. WNTE does not involve any specific driving cycle 
dependent on time or distance but the engine is run within a predefined area under a torque curve 
which is a mix of stationary and transient driving under different conditions [56]. WNTE 
emission limits are determined by:  

𝑊𝑁𝑇𝐸 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐿𝑖𝑚𝑖𝑡 =  𝑊𝐻𝑇𝐶 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐿𝑖𝑚𝑖𝑡 +  𝑊𝑁𝑇𝐸 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 

Where the WNTE Component is calculated by the following Equations (1) to (4) for respective 
regulated emission and expressed in g/kWh [56]: 

   NOx: WNTE Component = 0.25 ∙ 𝐸𝐿 + 0.1 (1) 

   HC: WNTE Component = 0.15 ∙ 𝐸𝐿 + 0.07 (2) 

   CO: WNTE Component = 0.2 ∙ 𝐸𝐿 + 0.2 (3) 

   PM: WNTE Component = 0.25 ∙ 𝐸𝐿 + 0.003 (4) 

EL is the WHTC emission limit in g/kWh.  

Mode Speed Load Weighting 
Factor 

Mode 
Length 

- % % - s 
0 Motoring - 0.24 - 
1 0 0 0.17/2 210 
2 55 100 0.02 50 
3 55 25 0.10 250 
4 55 70 0.03 75 
5 35 100 0.02 50 
6 25 25 0.08 200 
7 45 70 0.03 75 
8 45 25 0.06 150 
9 55 50 0.05 125 
10 75 100 0.02 50 
11 35 50 0.08 200 
12 35 25 0.10 250 
13 0 0 0.17/2 210 

Total   1 1895 
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2.3.3 On-Board Diagnostics 

Since the diesel engine is fully functional without any of its aftertreatment systems (that are not 
built-in to the engine construction) there is always a chance that the operator of the vehicle can 
tamper with the systems or sensors by removing or modifying them. The biggest reason is to 
save money, e.g. by diluting the urea used in the SCR or tampering with the NOX sensor. This 
leads to increased tailpipe emissions of NOX and PM. A monitoring system that controls and 
warns for malfunctions and tampering is therefore desirable.  

EU was the first to introduce regulatory requirements for the implementation of an On-Board 
Diagnostics (OBD) system together with the 2005 regulations for Euro IV, referred as OBDI. 
This was later followed by the further developed OBD Stage 2 and OBDII with the Euro V 
regulations in 2008. The purpose of the OBD system is to monitor components of the 
aftertreatment system, fuel injection, combustion and intake air manifold that directly affect the 
engine emissions. At the same time the system shall detect, identify and alarm faults when the 
values deviate from the desired limits. The diagnostics can therefore aid in workshop 
maintenance in order to easier detect and solve problems. As stated by the EU commission 
directive 595/2009 EC if these problems are overlooked or ignored by the driver the system shall 
initiate a sequence of strategies to limit and reduce the engine performance, through the NOX-
controller, in order to induce an action to solve the problem. 

The OBD system has, through a series of legislated standards, progressed into different types of 
standardizations regarding communication, connectors, warning indicators and action strategies. 
Therefore a more harmonized system has been developed for the emission standards applied by 
Euro VI under the name Worldwide Harmonized OBD (WWH-OBD). The WWH-OBD is 
adopted in Europe for better adapted standardization in accordance to in-service conformity.  
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3 UNREGULATED EMISSIONS 

This chapter contains the main subject of the report. Here all five studied unregulated emissions 
are described in detail about the formation, measurement methods, reduction method, and health 
and environmental issues. 

 

3.1 Introduction 

Carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) are greenhouse gases. Briefly 
described, the concept of greenhouse gases is as follows: The Sun’s energy passes through the 
Earth’s atmosphere, is absorbed and radiated back at a longer waveform. A greenhouse gas 
absorbs some of this infrared radiation from the surface of the Earth and the troposphere that 
would otherwise continue to space, which leads to an increase of the average overall temperature 
on Earth.  

Greenhouse gases (GHG) are of great importance due to their contribution to climate change. A 
rise in temperature can drastically change conditions on Earth such as rising sea levels, 
heat-waves, and risks of drought. CO2 is the second most abundant GHG in the atmosphere after 
water vapour which is the most common. CH4 and N2O are also important GHGs but their 
concentrations are far less than CO2 which is the main contributor to the climate change and 
makes up for around 77% of the world’s GHG emissions [23]. Other important gases are 
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulphur hexafluoride (SF6). These do 
not occur naturally but are instead synthetically produced and released into the atmosphere as 
industrial process by-products. Within the transport sector of emission standards, CO2 is the most 
prominent GHG while CH4 and N2O emission levels are relatively low. Hydrofluorocarbons are 
included in the transport sector as well but only stem from the use of mobile air conditioners and 
refrigerated transport. 

The non-GHG pollutants that have been studied here are aldehydes and nitrogen dioxide (NO2). 
Aldehydes as a vehicle emission have gained a lot of attention for many years mainly due to 
many forms of aldehyde being carcinogens as well as contributing heavily to smog formation. 
Smog and ground-level ozone formation are also reasons for NO2 to be of interest. NO2 exposure 
also causes major respiratory problems in humans. There is a possibility that NO2 can be a rising 
problem due to the intentional production of NO2 in modern day aftertreatment systems. 
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3.2 Carbon Dioxide 

The regulation standards up to Euro VI have drastically reduced levels of NOX and PM 
emissions for HD diesel engines, leaving CO2 as the biggest issue to solve for diesel vehicle 
manufacturers and politicians. For future and coming European standards (post-Euro VI) the 
point of focus will lie in the reduction of CO2 emissions. CO2 is an odourless, colourless, 
non-toxic gas and up to 90% of the total CO2 emissions are produced by fossil-fuel combustion 
[86].  

In the EU, around 16-20% of total CO2 emissions come from transportation with HD vehicles 
accounting for 25% of those CO2 emission levels and 6% of total EU emissions [32]. HD vehicle 
CO2 levels are rising and are the second biggest source of CO2 in the transport sector in the EU, 
next to passenger cars and light-duty (LD) vehicles, despite developments in fuel consumption 
efficiency over the recent years. The increase is mainly due to an increase in road freight traffic. 
The European Commission in 2010 released the Strategy on Clean and Energy Efficient Vehicles 
in order to address CO2 emission levels in the transport sector with a strategy to reduce overall 
GHG levels. The goal of the EU is to reduce greenhouse gas emissions by 2050 by as much as 
80-95% (with a 60% reduction in the transport sector) compared to the GHG levels of 1990 [19], 
through improved vehicle efficiency, cleaner energy use, and better use of networks and more 
efficient fleet operation [32]. This is preceded by a goal of reducing the emissions by 20-30% 
compared to 1990 GHG levels by 2020 [19]. 

3.2.1 Formation 

CO2 is formed during combustion of any carbon-containing compounds. In a complete 
combustion the reactions of HC and O2 will yield CO2 and H2O only, while the N2 that is 
naturally in the air will be present but not transformed. The ideal simplified combustion is shown 
in Equation (5): 

𝐻𝐶 + 𝑂2 + 𝑁2 → 𝐻2𝑂 + 𝐶𝑂2 + 𝑁2 (5) 

Though chances of a complete or perfect combustion are basically non-existent in a modern 
engine, CO2 and H2O will still be produced during incomplete combustion but not solely. The 
amount of CO2 in the engine-out exhaust is directly proportional to the amount of carbon that is 
provided by the fuel. 
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3.2.2 Environmental effects 

CO2 is not considered a pollutant due to the fact that it occurs naturally in the atmosphere and is 
an integral part for photosynthesis of plants. It is necessary in small concentrations.  However, 
transport and other anthropogenic sources have caused CO2 to reach excessive levels. CO2 
excess is a big issue and is at such levels considered a pollutant with adverse effects on the 
environment. CO2 is the most important anthropogenic GHG and is the main compound causing 
global warming.  

Elevated CO2 levels have been shown to affect most plant species with higher rates of 
photosynthesis, increased growth, decreased water use and lowered tissue concentrations of 
nitrogen and protein [97]. It will also affect agricultural production and thus the quality of the 
food produced [97].  

The greatest fears and the reasons why the CO2 issue is an important one in the public eye are the 
consequences of an ever increasing global average temperature. CO2 has no direct effect on the 
ozone layer. However high amounts of CO2 have indirect effects depending on where it is. In the 
lower stratosphere and near the equator CO2 slows down production of new ozone but in the 
upper stratosphere and near the poles CO2 actually increases the amount of ozone by preventing 
nitrogen oxides from destroying the ozone layer. The destruction of the ozone layer has led to 
concerns over the sea level rising due to melting ice caps, increases in extreme weather 
conditions such as droughts and floods, diseases more easily spread due to more suitable 
environments for viruses, agricultural difficulties, and a change in the ecosystem for both plants 
and animals [15].  

3.2.3 Human effects  

CO2 in normal concentration, i.e. as found in the air, is not harmful to humans. In confined 
spaces and very high concentration situations however it can be a toxic and an asphyxiant gas. 
Asphyxia is an extreme condition where the increase of CO2 concentration decreases the oxygen 
concentrations in the body which usually leads to loss of consciousness or death. At levels of 
2-5% respiratory problems may occur and at 7.5% it can cause headaches, dizziness and 
increased heart rate and blood pressure [24]. At levels of 10% nausea, vomiting and loss of 
consciousness may occur while at 30% convulsions, coma and death is expected  [24].  

3.2.4 Measurement techniques 

CO2 emissions are not always measured but can instead be calculated from the fuel consumption. 
By knowing how much carbon the fuel contains (around 86% carbon content in diesel [40]) and 
the amount of oxygen needed to complete the combustion of carbon the mass of CO2 produced 
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can be calculated. This is then multiplied with the vehicle’s known fuel consumption to give the 
CO2 emission levels. What the calculation represents is the complete conversion from carbon to 
CO2 but does not take into account that the combustion actually result in other carbon 
compounds, HC and CO, too. The advantage of the calculation is that the emission can be 
directly monitored by the OBD device in proportion to the fuel consumption and give the driver 
real time CO2 values.  

In order to measure both CO2 and CO the most common way is to use Non-Dispersive Infrared 
(NDIR) detectors. In this spectroscopic device, the CO2 will absorb a certain amount of the 
emitted infrared rays (near 4.7 µm) which determines the volumetric concentration of CO2 in the 
exhaust. As can be seen in Figure 3, two IR-beams are emitted from the light source; one of the 
beams is sent through the exhaust gas and the other one passes through a reference gas cell 
(usually containing nitrogen). Before reaching the detector the infrared beams pass through an 
optical filter, whose function is to only let the wavelength which the CO2-molecules can absorb 
through. The concentration of CO2 is then measured electro-optically [5]. 

 

Figure 3. The principle of a Non-Dispersive Infrared Detector [1] 
 

The NDIR is an accepted technique for analyzing CO and CO2 according to the standards set by 
EPA and the National Highway Traffic Safety Administration (NHTSA). This should be done 
during a transient test with both cold and hot start conditions.  

3.2.5 Ways of reduction  

Since the amount of CO2 in the engine-out exhaust is directly proportional to the amount of 
carbon that is provided by the fuel, this means that CO2 emissions are more or less inevitable and 
that contemporary aftertreatment systems cannot solve these emission issues. Apart from overall 
engine and transmission efficiency improvements, the ways of reducing CO2 emissions are many 
and all lie in the improvement of fuel consumption.  
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The introduction of direct injection12 (DI) technology has helped reduce fuel consumption and 
has led to modern diesel engines adapting DI as a standard. In diesel engines the reduction with 
direct injection technology mainly comes from the elimination of the flow losses and mitigation 
of the heat losses in the section between the pre-chamber and the main combustion chamber [83]. 
In terms of fuel, for diesel engines the cetane number should be high combined with a low 
number of unsaturated hydrocarbons (i.e. aromatics and olefins) and high number of saturated 
hydrocarbons (i.e. paraffins) which increases the content of hydrogen (H2) in the fuel and thus 
reduces CO2 emissions according to Gruden [60]. Improving the fuel economy can also be done 
by reducing vehicle drag either aerodynamically or through the rolling resistance of the tires, by 
reducing the total weight of the vehicle and by reducing friction in bearings.  

Several inventions or devices can be implemented to lower CO2 emissions. The use of a 
cerium-based Fuel-Borne Catalyst (FBC) for example can help reduce the fuel consumption. 
Cerium oxides of the FBC modify the combustion profile so that for each combustion cycle, 
more useful work is provided for a given quantity of fuel. The cerium oxides also lower the 
temperature at which carbon combusts, which allows the engine to operate at maximum 
efficiency due to a progressive clean-up of the engine [18]. The Stop/Start system is also a really 
important tool in the CO2 emission issue. According to Gruden, analysis of European City 
Traffic tests (ECE-tests) has concluded that up to 66% of the fuel consumption stem from idle 
driving [60]. At flowing traffic in city-driving fuel consumption and CO2 emissions produced at 
idle driving are still up to 14% according to the ECE tests [60]. The ECE is an urban driving 
cycle meant to represent European city traffic driving conditions, i.e. with low vehicle speed, low 
engine load and low exhaust gas temperature. An EGR with high recirculation rate can help 
improve fuel efficiency. Higher charge motion will create swirl and produce good mixture 
preparation and flammability. The fuel efficiency can also be improved (for the same amount of 
NOX) as the lower temperatures it creates allows for a slower combustion which in turn enables 
an earlier start of ignition. Continuous valve timing or variable valve timing also reduces CO2, 
by achieving an optimal closing and opening of the valves over a greater rpm-range. 

Hybrid technology with mechanical and electrical waste heat recovery is being evaluated for HD 
application at the moment. The benefits of hybrid systems will depend on the vehicle duty cycle, 
i.e. in what circumstances the vehicle will be driven. Vehicles operating significant amount of 
time at standstill, i.e. buses, can save fuel by avoiding idling. Vehicle operation which demands 
large amount of heavy braking and stopping will benefit from capturing the braking energy. Its 
potential also depends on the motor and battery size of the hybrid system. Wagner et al. [100] 
states that a full hybrid system could improve fuel economy by up to 25%. 

                                                 
12 Direct injection: Fuel is injected directly into the combustion chamber of each cylinder as opposed to a pre-combustion 
chamber 
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Plans for upcoming regulations in Europe for CO2 emissions are currently being discussed in the 
European commission and in what way they should be restricted. The reliance on alternative fuel 
in Europe is increasing as the European Commission is set to increase the amount of alternative 
fuels from 2% to 20% by 2020 [60]. The current levels of ethanol and biodiesel fuel use 
correspond to around 3% of the global road transport fuels which, if produced sustainably, would 
have reduced the CO2 emissions by the same percentage [86]. Realistically though this 
percentage is at 1-2% since the net reduction in CO2 emissions of the bio-fuel production and 
consumption chain is around 35-80% [86]. For better estimation it is recommended to assess the 
“well-to-wheel” (WTW) impact of the biofuels emissions since they are not quite “carbon 
neutral” [44]. Ethanol is one of those fuels with low carbon content and upon combustion it 
produces more than half as much CO2 as diesel does. Blends like E85 based on cellulosic 
biomass ethanol can give up to 64% reduction of CO2 emissions and 40% reduction of CO 
compared to gasoline [42]. This is achieved through optimization of the conversion process with 
less use of chemicals and energy. Ethanol has a more complete combustion and overall fewer 
emissions due to more oxygen molecules. However the fuel is less energy dense than diesel 
which is one of the reasons it is not widely used as transportation fuel for HD engines. 
Furthermore, lower blends like E10 gives the ethanol a tendency to evaporate more easily but 
higher blends like E85 have even less evaporation than gasoline. Compressed Natural Gas 
(CNG) per unit of energy contains around 25% less carbon than oil products (around 15 kg C/GJ 
compared to around 20 kg C/GJ) [86], which means 25% less CO2 emissions.  

The driver of the vehicle also has an important role in reducing CO2 emissions. A skilled driver 
can reduce energy consumption, noise emissions, and exhaust gas emissions and can use the 
technical advantages to their maximum. The driving behaviour can lead to lower fuel 
consumption by for example using high gears and low engine speed. Gruden states that up to 
50% of the CO2 emissions can be reduced in certain operational periods just by changing gears 
early [60]. 

Governments also get involved in these emission-issues, as with the Kyoto Protocol for example 
which was aimed to mitigate global warming by having the participating countries agreeing to 
legally binding reductions and limits toward their GHG emissions. One way to regulate the CO2 
and GHG emissions is called emissions trading. Emissions trading or “cap-and-trade” is a 
method by which companies among themselves can buy or trade emission permits if the set 
limits (or caps) of GHG emissions are exceeded. In this way the caps are met but without any 
direct taxing of companies. Carbon tax is another way to regulate CO2 and GHG emissions. This 
means paying taxes for the carbon content of the fuel or the carbon that is let out in the 
atmosphere.  
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An alternative to setting CO2 caps which specifies the maximum levels that manufacturers have 
to work towards, is having manufacturers declare each vehicle’s CO2 emissions. In this way the 
goal would not simply be to reach the limits and stay there, but instead compete with other 
OEMs (Original Equipment Manufacturers) in order to lower the CO2 emissions whilst at the 
same time keeping the emissions for NOX, PM, HC and CO down. 

Another CO2 adapted regulation is the program introduced by Japan as a fuel economy standard, 
covering LD and HD vehicles. Though the regulation is not stated directly to the CO2 emissions 
but rather indirect through the fuel efficiency it can be considered as an action against emissions. 
Japan was the first country in the world to establish a fuel economy program in 2005 and expects 
to have fully applied the standards by 2015. The standards for HD vehicles are divided into 
several categories classified by a gross vehicle weight range starting from 3.5 tonne, Table 4 
shows categories ranging from 7.5 tonne and up [27]. Observe that Japanese economy standards 
for gasoline, liquid petroleum gas (LPG) or other alternative fuels applicable for HD vehicles are 
not regulated.  

 

Table 4. 2015 Japanese fuel economy standards for heavy duty diesel vehicles [27]. 

Gross Vehicle Weight (GVW), [tonne] Fuel Economy, [km/l] 

7.5 < GVW ≤ 8 7.24 
8 < GVW ≤ 10 6.52 

10 < GVW ≤ 12 6.00 

12 < GVW ≤ 14 5.69 

14 < GVW ≤ 16 4.97 

16 < GVW ≤ 20 4.15 

20 < GVW 4.04 
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3.3 Methane 

CH4 is a non-toxic, colourless, tasteless, and at low concentrations odourless gas. Methane is the 
main component of natural gas and can be used as a fuel either in the form of compressed natural 
gas (CNG) or liquefied natural gas (LPG). It is regulated for natural gas fuelled vehicles but not 
for diesel vehicles. CNG is natural gas, consisting of 75% methane, stored at high pressure and 
compressed to less than 1% of the volume it would occupy at standard atmospheric pressure. 
CH4 is formed by the decomposition of organic materials and can be found underground, in the 
atmosphere and in the oceans of the world as it is produced naturally as well as 
anthropogenically. It is the most abundant of the reactive trace gases13. At concentrations of 
5-15% in air, CH4 can be explosive. The lifespan of CH4 is 12.4 years, according to IPCC – the 
Intergovernmental Panel on Climate Change, during which other chemicals in the air gradually 
destroy the CH4. In 2004 CH4 contributed to around 14.3% of the world’s total anthropogenic 
GHG emissions making  it relevant to examine [106]. In 2012 CH4 emissions made up 
approximately 9% of all anthropogenic GHG emissions in the United States [11].  However 
vehicles and the transport sector are only responsible for 0.2-0.5% of the total anthropogenic 
CH4 emissions according to Metz [80]. Natural emissions such as decomposition of vegetation in 
oxygen-free environments (as in a landfill or a fire) or animals’ food digestion, contribute far 
more CH4 to the atmosphere. 

In engine emission standards, HC are measured and regulated as either total hydrocarbons (THC) 
or as non-methane hydrocarbons (NMHC). CH4 does not react to create smog in the lower 
atmosphere, whereas other HCs react with NOX and contributes to photochemical smog 
formation, and therefore is not included in NMHC. The difference between THC and NMHC 
equals the CH4 levels in the exhaust. In the United States there are emission standards to some 
extent for NMHC, where only so-called precursors14 to smog are concerned. 

Generally not much testing on CH4 emissions of HD diesel engines has been carried out and 
although it is a fact that CH4 is found in the exhaust gas of vehicles using fuel containing carbon, 
there are few reports on the scale of CH4 emissions of modern vehicles [84]. This is probably due 
to the fact that the concentrations of CH4 in diesel engine-out exhausts are very low.  

                                                 
13 Trace gas: a gas that makes up less than 1% of the Earth’s atmosphere 

14 Precursor: a compound that is part of a chemical reaction that produces another compound  
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3.3.1 Formation 

CH4 emissions can be found in diesel, gasoline, methanol, ethanol, LPG, and CNG exhaust 
gases. CNG vehicles release the most CH4 with emissions several times greater than 
conventional vehicles [84]. According to Kumar et al. [72] values of CNG CH4 emissions are 
around 11 times greater than vehicles running on gasoline, corn-based ethanol and LPG from oil 
and gas, and according to Zervas et al. [106] comparisons between a diesel passenger car and a 
CNG passenger car show 4 to 5 times higher CH4 values from the CNG car. For CNG vehicles 
the CH4 emissions predominantly come from unburned fuel slip, i.e. emitted through incomplete 
oxidation of engine-out CH4 in catalytic aftertreatment systems. For diesel and gasoline vehicles 
it is produced during incomplete combustion [106]. Apart from the fuel used, the CH4 emissions 
also depend on the aftertreatment system’s ability to oxidize CH4, the total amount of HC 
emissions, deactivation of the catalytic converter, the design and tuning of the engine, the age of 
the vehicle, and whether it is a cold start or a hot start [106]. 

3.3.2 Environmental effects and human effects 

CH4 has a low photochemical reactivity and thus does not significantly contribute to the 
formation of photochemical smog. Its contribution to the production of ground-level O3 is 
negligible. However, CH4 is a very important GHG, and rated the second most important GHG 
after CO2, due to its high global warming potential (GWP) of around 34 times according to 
IPCC’s 2013 IPCC AR5 p714 [95]. Concerns for the effects of CH4 are based on its GWP rather 
than its concentration levels in the environment which are relatively low. Environmental impacts 
of CH4 emissions from vehicles are negligible and there are no signs of an increase in levels in 
the future for now [84]. Instead the increase in CH4 in the atmosphere over the past 100 years 
come from other sources such as agriculture, natural gas systems, landfills, coal mining, 
petroleum systems, and wastewater treatment. Many measures are taken to reduce the human-
related CH4 emissions, including a climate action plan from the White House called Strategy to 
Reduce Methane Emissions in March 2014 [11], and the United Nations Framework Convention 
on Climate Change which came into force in 1994. 

CH4 has no impacts on human health at normal concentrations and is only considered dangerous 
at extremely high concentrations of artificial nature in enclosed spaces. In these scenarios 
reduction in oxygen levels would occur and could at worst lead to suffocation. Also breathing 
difficulties, heart complications, and coma could occur. Inhalation of high-level CH4 can also 
lead to agitation, slurred speech, nausea vomiting and headache.  
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3.3.3 Measurement techniques  

Hydrocarbons in different conformations containing carbon are commonly measured by a Flame 
Ionization Detector (FID). The FID measures the concentration of organic species. The 
compounds that contain carbon in the sample stream are combusted in a hydrogen (H2) 
fuelled-flame in oxygen (O2) where ions are formed and directed in one way by a so called bias 
electrode and collected in the collector plate, which is formed like a tubular electrode and 
positioned above the flame. As the ions hit the collector plate they induce a current which is 
measured with a high-impedence picoammeter and sent to an integrator to create a digital output 
signal. The amount of ions is more or less proportional to the concentration of organic species 
present in the gas stream [26]. For analysis of raw or diluted exhaust to determine the CH4 in a 
sample one can use a non-methane cutter to oxidize other non-methane hydrocarbon to CO2 and 
H2O. FID analysers are generally sensitive to oxygen but unaffected by water vapour in the 
sampled gas. The setup of the FID is shown in Figure 4. 

 

Figure 4. The setup of the Flame Ionization Detector [7].  
 

Another more common way is to use Gas Chromatography (GC) coupled with FID (GC-FID) to 
take measurements of CH4 emissions from exhaust gas with an inert carrier gas. Both the 
GC-FID and the non-methane cutter are approved by EPA for measurement of CH4 according to 
regulation Title 40 CFR 1065.260 Paragraph F. The FID technique is a fairly low cost and easy 
to operate equipment that has low maintenance requirements and high tolerance for misuse.  
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There are fast FID techniques that use the same principal but rely on pressure isolation to 
eliminate pressure interference. Filters and sample pumps are not needed as the sample gas is 
drawn into the sample chamber by maintaining a low pressure. This is made possible through a 
chamber kept at constant pressure under vacuum. The pressure difference between the sample 
source and this chamber is what transports the sample gas into the FID. Only small amount of the 
gas reaches the flame for detection. The fast FID instrument is able to give millisecond response 
time for sampling while the typical FID has a response time of 1-2 seconds. Fast response time 
means that transient behaviour can also be observed for real time data acquisition.  

3.3.4 Ways of reduction 

CH4 is difficult to oxidize catalytically, which puts a higher demand on the aftertreatment 
systems to reduce CH4 than to reduce NMHCs.  A cap limit for both CH4 and N2O for HD 
vehicles was implemented in 2014 by the EPA in the United States for the greenhouse gas 
legislation under the Clean Air Act, which mainly focuses on reducing CO2 emissions. The limit 
for both CH4 and N2O emissions is 0.10 g/bhp-hr and was set with the intention of preventing 
increases of CH4 and N2O in the future from new technologies and alternative fuels. It was also 
assumed that with the contemporary technology the cap limit would be met with no extra effort 
or costs for the manufacturers [61]. The concern lies not in the controlling of CH4 emissions for 
diesel engines but rather in natural gas powered engines where CH4 slip is a main source of the 
emissions. For SI-engines, three-way catalysts (TWC) reduce CH4 emissions given that the 
temperature is sufficiently high. For lean-burn natural gas (CNG) engines, the most effective 
catalysts for oxidizing CH4 are the palladium catalysts which convert CH4 with a typical value of 
80% efficiency [73]. However, these catalysts are very sensitive to sulphur, which is present in 
CNG as an odorant compound and in engine lubricants (around 1-5 ppm SO2) [73], and upon 
contact deactivates quickly and irreversibly [61]. The deactivation depends heavily on the 
temperature in the catalyst. At temperatures below 400°C rapid deactivation occurs and 
regeneration at high temperature is needed more frequently [73]. This makes the use of 
palladium based catalyst difficult to apply in lean burn vehicles at lower temperatures. At 
temperatures above 500°C though deactivation occurs much less and only a 10% loss of CH4 
conversion has been registered on a catalyst with over 2000 hours of operation [73].  

A recent catalyst has been developed to address these issues. A zeolite catalyst impregnated with 
a platinum group metal (PGM) is both more thermally stable and resistant to sulphur poisoning. 
Apart from increasing the CH4 oxidation activity, tests also confirm that PGM containing zeolite 
catalysts have good capability to trap HC at low temperatures which is valuable for emission 
control at cold-starts [61]. 
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3.4 Nitrous Oxide 

Also known as anaesthetic laughing gas, N2O is a GHG with a natural existence in our 
atmosphere. However, around 40% of the total substance in existence is derived from human 
activity. The levels of N2O have increased by 18.5% from 270 ppb to 320 ppb since the 
industrial revolution in 1750. The transport section produces a small amount of the total emitted 
N2O while the biggest contribution comes from agriculture through fertilization. Globally, the 
transport sector is responsible for 3±1% of total anthropogenic emissions of N2O [103] with HD 
vehicles and buses accounting for 1.6% [80]. Since N2O is not a direct threat to human health 
and does not contribute to smog formation, it is not until recently that N2O has been regulated in 
some parts of the world and more interest has grown in the light of N2O being a GHG. N2O has a 
much larger impact on the decomposition of the ozone layer per mass unit compared to CO2 and 
a reported lifetime of around 120 years. It is therefore of interest to keep the N2O levels down. 
EPA, in collaboration with the NHTSA, implemented a N2O standard for CI- and SI-engines 
applicable for model year 2014 and later respectively 2016 and later. The N2O limit for CI HD 
engines was set to 0.1 g/hp-hr (≈ 0.0746 g/kWh) and is applicable for new CI HD engine models 
measured over a transient test cycle [54]. This could be translated to the GWP of CO2 which 
equals 298 for N2O; the compared EPA limit value would then be equal to 22.2 g/kWh of CO2. 
GWP means that the absorption capability of one kilogramme of N2O is equal to 298 kilograms 
of CO2 over the span of 100 years [95]. SI HD engines have different limit values for regulating 
the same GHG. Such regulation of N2O emissions or other GHG emissions does not yet exist in 
Europe for highway vehicles. N2O is not a part of NOX emissions despite of it being an oxide of 
nitrogen. 

3.4.1 Formation 

The N2O emission levels produced from the combustion engine are in general very low and 
essentially non-existent. The formation is complex and depends to a great extent on the 
aftertreatment systems and the temperature. According to Prigent and De Soete [74] N2O is 
formed at relatively low catalyst temperatures and is decomposed at high temperatures which 
means that the formation of N2O can be up to twice as high during cold starts compared to hot 
starts since the catalyst has not reached optimal operating temperatures [74]. In studies [38] 
comparing rhodium, platinum and palladium catalysts, rhodium and platinum based catalyst 
form N2O at lower temperatures (250°C to 400°C) while palladium based catalysts forms N2O at 
around 500°C. Rhodium based catalyst produced the most N2O emissions. A unique aspect of 
N2O is that it is produced during combustion in the catalyst, during the warm-up phase before it 
has reached optimal working temperature (known as ‘light-off’). 
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N2O emissions from modern vehicles today are principally formed in the aftertreatment systems. 
Modern aftertreatment systems typically consist of a DOC, a DPF, a SCR, and an ASC. In 
DOCs, N2O is mainly formed as a by-product of NOX reduction by hydrocarbons (known as lean 
NOX catalysis or hydrocarbon selective catalytic reduction) [67]. For Cu-zeolite, Fe-zeolite and 
V-based SCR catalysts, N2O is produced either through ammonia (NH3) oxidation with O2 or 
formation of ammonium-nitrate-like surface species (ANS) and decompositions of ANS [67]. The 
production of N2O peaks at 300°C which is probably due to the balance between the rate of the 
formation and the decomposition of ANS. The rate of the decomposition increases with the 
temperature [67]. In the SCR, reactions between NOX and NH3 could also form N2O. The main 
source of N2O is the ASC, where the NH3 slip from the SCR is oxidized. The NH3 oxidation in 
an ASC generally produces N2O, N2 or NO with N2 being the preferred outcome [67]. The 
amount of N2O produced in the ASC varies with the temperature and also depends on the 
catalyst formulations.  

Two important parameters that influence the formation of N2O are the ammonia to NO2 ratio 
(ANR) and the NO2/NOX ratio [62]. The inlet NO2/NOX ratio of the SCR has the greatest effect 
on N2O formation and a ratio above 0.5 increases the N2O production considerably [62, 67] but 
the exact mechanics of this is relatively unknown. An increase in ANR equals an increase in 
available NH3 that forms ANS on the SCR surface which later decomposes into N2O [62].  

3.4.2 Environmental effects and human effects 

N2O is not harmful to humans directly and does not contribute to the formation of smog. 
However, the two most important aspects of N2O as a pollutant are that it is a GHG and an ozone 
depleting substance (ODS). An ozone depleting substance degrades to nitrogen oxides in the 
stratosphere and catalytically destroys the stratospheric ozone layer leading to more harmful 
UV-radiation from the Sun entering the Earth. 

As a greenhouse gas N2O is regarded as the third most important in the world [14] due to its 
radiatory properties and long lifespan. It is not as abundant in concentration as CO2 or CH4 in the 
atmosphere (though making up around 9% of the world’s greenhouse gases [16]) but has a GWP 
298 times greater than CO2 and roughly 9 times greater than CH4 [23]. The lifetime of N2O in the 
atmosphere is approximately 120 years [14] which means that the emissions of N2O from a 
century ago are still in the atmosphere today. This implies that if emission levels would rise to 
critical levels they cannot be lowered directly and also means that a total halt in N2O release 
would not affect the ozone layer depletion or climate change immediately but in approximately a 
century’s time. Another problem with the long lifetime of N2O is that since it has been in the 
atmosphere for such a long time, it is well-mixed and therefore it is hard to trace the sources of 
emission. 
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N2O is the most important ODS today, being the most abundant source of nitrogen oxide in the 
stratosphere and the ODS with the highest ozone-depleting potential in the stratosphere [14]. 
Since it was not regulated and reduced under the Montreal Protocol, it has surpassed 
chlorofluorocarbons (CFCs) and other halogenated chemicals (i.e. containing chlorine and 
bromine) as the leading ozone-depleting emission. The Montreal Protocol on Substances that 
Deplete the Ozone Layer was signed in 1987 and is an international agreement to protect the 
stratospheric ozone layer by phasing out the production of certain ODSs, including CFCs and 
HFCs. The protocol has helped in reducing overall decrease of ozone layer depletion but the 
increasing levels of N2O does pose a threat for the future [14].  

3.4.3 Measurement techniques 

Today’s low levels of N2O require instruments with high accuracy capable of analysing and 
detecting these levels. A guideline created by the World Meteorological Organization Global 
Atmosphere Watch (WMO-GAW) recommends that the accuracy level when measuring N2O is 
not less than 0.1 ppb. This requirement will in turn help drive the development of new and more 
precise techniques for measuring N2O. The current instruments in use to analytically measure 
N2O emissions can be divided into three techniques; optical, chromatographic and amperometric 
[89].  

Measuring equipment based on optical techniques is able to take continuous measurements of the 
gas fluxes and generate a spectrum in a very short time. The optical technique requires less 
frequent calibration than compared to chromatography instruments. N2O is measured in the 
mid-infrared (MIR) region, approximately 4000–400 cm−1 (2.5–25 μm). Another advantage of 
the optical technique is its ability to differentiate between isotopologues with identical masses, 
i.e. 14N15N16O, 14N14N17O and 15N14N16O. These N2O isotopes each have characteristic 
rotational-vibrational structure which makes it possible to perform a direct spectral analysis. The 
most relevant methods of measuring N2O are the Fourier-Transform Infrared (FTIR) 
spectroscopy and laser-absorption spectroscopy. FTIR uses broadband IR light that covers the 
entire IR spectrum. Through a set of mirrors the IR light distribution and path can be altered 
before it passes through a sample of gas and then into a Michelson interferometer, see Figure 5. 
The collected IR light is recorded and analysed to determine the amount of frequency absorption 
over the spectrum. High-resolution FTIR measurements allows for quantification of all N2O 
isotopes while low-resolution can be used to measure the total concentration of N2O. The 
instrument’s accuracy can easily be more precise by increasing the spectrum averaging time. 
Increasing it will decrease the signal-to-noise ratio. A one minute time averaging gives a 
precision of 0.1 ppb and a 10-minute time averaging gives 0.03 ppb thus fulfilling the 
recommended WMO-GAW requirements for measurements. 
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Figure 5. The basic setup of the Michelson Interferometer [104]. 
 

Infrared laser-absorption spectroscopy applies the fastest measurement technique for 
atmospheric trace gases. IR laser spectroscopy employ a single wavelength laser in the 
mid-infrared-region that usually corresponds to the targeted trace-gas and its 
rotational-vibrational character, though this means that only one or two trace gases can be 
measured at a time. The single line absorption technique gives a significant 
sensitivity. A so-called Quantum-Cascade Laser (QCL) is a recent development of IR 
spectroscopy. QCL are built by stacks of semiconductors in alternating layers which also gives it 
a higher output power. This improves signal-to-noise ratio, isotopic analysis and allows the 
spectrometer to be used with high-finesse optical cavities. Additionally a big advantage of QCL 
is its ability to function at almost room temperature. Cryogenic cooling is therefore not required 
which makes the instrument more portable and suitable for in-field measuring.  

The most used method to analytically measure N2O is GC in combination with an 
Electron-Capture Detector (ECD). Its main advantage is its portable capability and low cost 
compared to other techniques. GC has also been used for atmospheric monitoring from tall 
towers or buildings. Before measuring N2O emissions it is important to choose the correct carrier 
gas since the readings of N2O can be interfered by O2 contaminants. Further the GC can be 
linked together with an FID to detect and measure other gases such as CH4. The GC itself cannot 
detect different types of nitrogen isotopes with equal mass. Another disadvantage is the time 

http://upload.wikimedia.org/wikipedia/commons/a/a1/FTIR_Interferometer.png
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taken to carry out each sample, which approximately takes 4-6 minutes. This in turn limits the 
number of samples taken and can also affect the sample gas collected in the storage chamber. 
However the advantage of GC is its robustness, the system can be run unmanned in remote 
places for number of years, and it has been widely used amongst researchers over a long time.  

A Photoacoustic Spectrometer (PAS) is based on the effect first discovered by Alexander 
Graham Bell in 1880. In principle this works by emitting infrared radiation, for instance QCL, 
onto a substance sample that will absorb and heat up causing a pressure change in the 
surrounding. This is detected by the high-sensitivity microphone registering them as acoustic 
interference waves which after Fourier transformation gives a similar spectrum to absorption 
spectrum. The technique’s strong side is that it has a simple setup and can be considered for 
portable use. It can also be used when measuring at atmospheric pressure but usually the limiting 
factor is the laser power produced at room temperature that limits the sensitivity.  

Amperometric methods can utilize an electrochemical sensor to measure current generated from 
the reduction of N2O at an electrode. The biggest advantage of this equipment is in its 
inexpensive device construction, simplicity and high sensitivity which make it overall very 
appealing. An oxygen-insensitive micro sensor is at the moment the most successful type of 
electrochemical sensor, used to measure N2O inter alia that is emitted from soils. The electrode is 
oxygen insensitive made possible from a solution covering the transducer that removes oxygen. 
A negative side of this sensor is that it should not be used for longer monitoring otherwise the 
N2O measures start to drift. 

EPA directives [55] stipulate which devices that are allowed to be used for engine certification. It 
allows for the use of NDIR, FTIR, PAS or GC when measuring the N2O levels. An interference 
validation for these methods is required to be performed, since some interference gases, such as 
CO, CO2, H2O, CH4 and SO2, can obstruct with the analyser by causing a response similar to 
N2O. The NDIR, FTIR and PAS need to undergo the validation processes except for GC where 
interference validation is not required. 

3.4.4 Ways of reduction 

Since emissions of N2O are very dependent on temperature in the aftertreatment system and are 
much higher in cold starts than hot starts, pre-heated catalytic converters would most likely 
reduce N2O emissions as well as reducing HC [74]. Electrically heated catalysts, where heated 
coils inside the catalyst are electrified right before the engine starts, are a good option for 
reducing the warm-up time to normal operating temperatures. The electrically heated catalyst is 
placed in front of the original catalyst in order to avoid heat losses. By saving fuel, needed for 
the conventional engine-based heating of the catalyst and reducing soot emissions, the gains of 
this system would go beyond N2O reduction [87]. For SCR systems the electrically heated 
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catalyst would ensure an optimum evaporation of the urea injected in the SCR catalyst and also 
sets off the NOX conversion at a much earlier stage [87]. 

Optimal positioning of the catalyst could also help in speeding up the heating process. An 
example would be to place it in front of the turbo charger, in a so-called Pre-Turbo Catalyst 
Design. This would improve the warm-up time of the SCR to reach its operating temperatures 
and increase the average catalyst bed temperature during transient and steady state engine 
operation [66]. Another method to reduce cold engine running is to wrap the catalyst in 
insulation to keep the optimal operating temperatures for a longer time.  

In Scania there is general advice to keep the N2O levels down in the exhaust aftertreatment 
systems. The NO2/NOX concentration should never exceed 50%. If levels are above 50% there 
will be N2O formation in the SCR as mentioned above. The amount varies with temperature. If a 
CuZe (copper zeolite) SCR is used the concentration levels of NO2 do not even need to be as 
high as 50% for the CuZe in order for N2O to be produced in the catalyst. Therefore a vanadium-
SCR is preferred [52]. For the engine, the thermal management should be optimized to keep a 
constantly high exhaust temperature. Also the overall engine out NOX emissions should be 
reduced as much as possible [52]. 

To ensure that the ASC works optimally to reduce or eliminate the NH3 slip, the NH3 must have 
an excellent distribution over the SCR’s surface. If the distribution is uneven, this is usually 
compensated with overdosing NH3 in the SCR which could lead to regions of excess ammonia, 
resulting in slip [52]. Thermal management should be implemented to avoid desorption of NH3 at 
higher temperature transients. As the catalysts’ ability to reduce N2O emissions decline with age, 
an action to take would be to replace aged catalysts as they cease to function in a satisfying way. 
However, as can be read above in the section “Measuring Techniques”, the different ways of 
measuring N2O emissions are not simple and would be complicated to introduce as a standard 
check for vehicles.  

The sulphur content of a fuel has a significant importance on how much N2O is emitted. Lower 
sulphur content leads to lower N2O emissions after combustion. By just reducing fuel sulphur 
content from 30 to 5 ppm a 29 % reduction of N2O over a Federal Test Procedure (FTP) cycle is 
achieved [53]. In 2009 ultra-low sulphur diesel fuel (< 10 ppm) became a standard for highway 
vehicles set by the European Union but was already available on the market since 2005. Fuels 
extracted from agriculture such as biodiesel or ethanol have likely more N2O emissions when 
considering the emissions created from WTW process.  

In the Universitat d’Alacant/Universidad de Alicante of Spain a patented catalytic system has 
been developed and designed to decompose N2O from any emission source into non-hazardous 
gases O2 and N2 in conditions of oxidant atmosphere and temperatures above 450°C [29]. This 
catalyst is fully developed and successfully tested, and is meant to operate in mixtures of gases 
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such as O2, NOX and H2O together with N2O as opposed to an isolated N2O stream diluted in an 
inert gas which most N2O decomposing catalyst have been tested with [17, 29]. The system 
could be used for reducing N2O in vehicle exhaust gases. These N2O decomposition catalysts 
could follow an ordinary catalytic converter to take care of N2O slip similar to the way an ASC 
handles NH3 slip. 
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3.5 Nitrogen Dioxide  

Although NOX is a regulated emission, NO2, which is a part of NOX, as an individual emission is 
not controlled. The largest part of NO2 emissions come from motor vehicle exhausts. The overall 
levels of NOX have been reduced over the years and continue to decrease, but NO2 is heading in 
the opposite direction. Concerns over the increasing NO2 concentrations in the ambient air of 
urban areas mean that NO2 emissions are getting greater attention. NO2 is a pollutant and 
together with sunlight (solar photolysis) creates ground-level O3 and contributes to 
photochemical smog. Overexposure of NO2 also causes respiratory problems for humans and 
reduces the immunity to lung infections.  

3.5.1 Formation 

Of the total engine-out NOX exhaust emissions around 70-90% is NO and the remaining 10-30% 
consists of NO2 [57, 69, 90]. Whereas NO is a by-product of the combustion, NO2 is formed 
from an oxidation reaction of NO. NO2 emissions in CI-engines are not negligible as they are in 
modern gasoline powered vehicles which have a 1% NO2/NOX ratio [39]. NO2 is predominantly 
formed at low exhaust temperatures in aftertreatment systems and at lower engine loads [70].  

In modern diesel vehicles NO2 emissions come from platinum catalysed DOCs and platinum 
catalysed DPFs [82]. Khair et al. reports of studies made of differences in concentration levels of 
NO2 between a diesel engine without any aftertreatment system and a diesel engine equipped 
with a platinum-based DOC. The concentration levels were 15 ppm and 140 ppm respectively, 
which is almost an increase by eight times. The biggest concern for the NO2 emissions is the use 
of platinum-based DOCs [70]. Karlsson et al. claims that one third of the NO2 in the street air is 
caused by platinum-based DOCs [82]. Tests carried out in London comparing the NO2/NOX ratio 
between buses with and without a DPF showed that NO2 levels increased with a DPF installed 
[39]. The DPF has been measured to have the effect of increasing NO2/NOX ratio by around 
40-45% [39]. The regeneration of DPFs uses NO2 to oxide soot (carbon particles) into CO and 
CO2 at typical diesel exhaust temperatures but since the typical NO2/NOX ratio is too low 
(around 6-9% only) for the regeneration to take place, excess oxygen from the engine is used to 
purposely convert NO into NO2 [39]. This takes place in the exhaust system of vehicles and 
requires a high level of NO2 [82]. The reason NO2 is used instead of O2 to regenerate the filter is 
that NO2 oxidizes carbon at a lower temperature than O2. This is needed for the DPF to 
regenerate during normal driving conditions [82].  
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At temperatures lower than 927°C and at lower engine loads with the presence of NO, unburned 
fuel molecules form hydroperoxyl radicals (HO2) which react with the NO to form NO2, shown 
in Equation (6): 

𝑁𝑂 + 𝐻𝑂2 ⇄ 𝑁𝑂2 + 𝑂𝐻 (6) 

The local HO2 concentration in the burning region greatly affects the proportion of NO2 and thus 
all parameters that increase HO2 levels cause an increased NO2 formation. Apart from the 
temperatures being low enough for HO2 to form, other properties are important, such as the 
fuel’s ability to generate HO2, if the intake mixture includes H2 and the initial NO levels [57, 69].  

At temperatures higher than 927°C the NO2 is decomposed into NO again [69], typically in the 
flame zone, leading to the following reactions (Equations (7) and (8)): 

𝑁𝑂2 + 𝑂 ⇄ 𝑁𝑂 + 𝑂2 (7) 

𝑁𝑂2 + 𝐻 ⇄ 𝑁𝑂 + 𝑂𝐻 (8) 

As the global air-to-fuel ratio is lean in diesel engines, this destruction can be quenched if the 
relatively cool unburned region gets mixed with the high temperature burned region [57]. Since 
low loads usually indicate higher air-to-fuel ratio, meaning the quenching is strong, the 
NO2/NOX ratio increases at low loads. And since high loads indicate lower air-to-fuel ratio which 
means the destruction is not quenched, the NO2/NOX is low at high loads [57]. So generally all 
parameters that raise the mixing rate of unburned/burned regions help increase NO2 emissions 
[57]. 

This is shown in Figure 6, which is taken from the report “NO2 Formation in a Diesel Engine” 
by Pipho, M.J., et al. (1991, SAE Technical Paper 910231) with data from a 2.8-litre DI-diesel 
engine [69]. As the overall reduction of NOX and NO levels increases with leaner equivalence 
ratios15, the NO2 levels rise which point to difficulties in reducing one whilst not unintentionally 
increasing the other.  

                                                 
15 Equivalence ratio: The ratio of the fuel-to-air ratio to the stoichiometric fuel-to-air ratio 
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Figure 6. NO, NO2, and NOX levels as a function of fuel-air equivalence ratio [69].  
 

NO2 in the exhaust gases could lead to the formation of nitric acid (HNO3) which would occur at 
lower temperatures in the presence of NO2 and H2O. In the case of an EGR that cools down 
temperatures significantly NO2 could react with H2O to form HNO3 [69]. At typical diesel 
exhaust temperatures HNO3 is decomposed to NO2, H2O, and O2. Nitric acid is a strong acid 
(potentially burning or staining skin) and a powerful oxidizing agent (potentially leading to 
explosion upon reactions with other compounds). With modern diesel vehicles’ increase in the 
use of cooled EGR and catalytic converters which favour the formation of HNO3, the potential of 
HNO3 formation can be seen with some engine designs in recent years [69].  

The use of Rapeseed Methyl Ester (RME) as biodiesel can increase NO2 emissions because of 
higher engine-out NOX emissions, lower exhaust temperatures near the optimal NO2 production 
temperature and/or higher reactivity of the RME’s post products. For B10016 the NOX production 
increases by 20%, the exhaust temperatures are lower than for example B2017 and B018 and 
oxidation of NO to NO2 occurs easier [46]. 

                                                 
16 B100: 100% biodiesel 

17 B20: 20% biodiesel 

18 B0: pure petroleum diesel 
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3.5.2 Environmental and human effects 

Observations of the ambient air in urban core areas show that concentrations of NOX are 
generally decreasing. However, the concentrations of NO2 are increasing [39, 57] which is 
alarming since NO2 is much more toxic to humans than NO. NO2 is being measured globally and 
data has shown that the gas is present in significant concentrations over most continents [22]. 
According to Dari-Salisburgo et al. (2008) [47] the level of NO2 has increased over China and 
East Asia by more than 50% between the years 1996-2004 [47] while in the US and Europe a 
decreasing trend has taken place over the years 1990-2000 with a 25% reduction [47]. Tests of 
the atmospheric concentrations of NO2 show increased levels in London, Paris and in several 
German cities [70]. Many voices consider the increase of NO2 exhaust emissions as a major 
health concern [70, 90]. 

NO2 is a red/brown gas which is toxic upon inhalation and has a pungent, irritating smell making 
it easy to detect NO2 at lower concentrations. NO2 is the most important subject to look into out 
of the NOX emissions from a human health viewpoint. NO2 causes respiratory problems and 
reduces the immunity of respiratory and pulmonary infections. It can increase inflammation of 
the airways and worsen cough and wheezing. In cases of overexposure the NO2 irritates the lungs 
and in cases of asthmatics the asthma is worsened.   

NO2 is a highly reactive gas and thus plays a major role in the atmospheric climate situation 
since it is produces ground-level O3 through solar photolysis19 and contributes to smog. The O3 
has adverse effects on terrestrial and aquatic eco-systems and the nitric acid that forms through 
reaction in air contributes to acid rain and eutrophication. Eutrophication is the superfluous 
increase of nutrients in a body of water, which suffocates the water by absorbing the oxygen 
needed by aquatic life-forms. NO2 absorbs visible solar radiation which impairs the visibility in 
the atmosphere and together with NO it is a major regulator of the oxidizing capacity of the 
troposphere [6]. It plays a critical role in determining ozone concentrations in the troposphere 
since the photolysis of NO2 is the only key initiator of the photochemical formation of ozone [6]. 

3.5.3 Measurement techniques 

Chemiluminescence Analyser (CLA) is a common and commercial technique for measuring and 
analysing NOX and its components. The principal function consists of a reaction between 
nitrogen oxide and ozone, produced by a high-voltage discharge in oxygen taking place in the 
instrument [51]. The CLA measures the NO-concentration in a sample gas and therefore the NO2 
is converted to NO with the use of a converter. The converter is heated to temperatures over 

                                                 
19 Photolysis: a chemical process by which molecules are broken down into smaller units through the absorption of light 

http://global.britannica.com/EBchecked/topic/340440/light
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300°C and could for example have carbon as a reductant which means the reaction of NO2 and C 
would produce NO and CO [28]. The state of nitrogen oxide (NO) is relatively unstable and will 
oxidize to NO2 when it comes in contact with O3 in the reaction chamber. When NO reacts with 
O3 a light is emitted (a chemiluminescence reaction) and the photons 20  are detected 
photo-electrically by a photo multiplier tube. The output voltage of the CLA is proportional to 
the concentration of NO in the sample gas. With this method even very low concentrations of 
NO can be detected [10]. The instrument also determines total NOX by passing the sample over a 
heated catalyst prior to the reaction chamber to reduce all NO2 to NO and therefore sometimes 
recognized as a Heated Chemiluminescence Analyser (HCLA). The CLA does not directly 
measure the concentration but instead calculates NO2 by subtracting NO from the total amount of 
NOX (measured and calculated in ppm). The CLA technique is commonly used for air quality 
observation because of its relatively low price, good sensitivity, fast response time and simple 
use. The lower detection limit is normally 0.1 ppm. A negative aspect would be the interference 
that can be caused by other substances. The setup of the CLA is shown in Figure 7. 

 

Figure 7. The setup of a Chemiluminescene Analyser [10].  
 

Another technique is the laser induced fluorescence spectroscopy (LIF) that was developed with 
intention of measuring direct NO2 with low detection limit. By using a narrow band laser, instead 
of a reaction substance like in the CLA, the LIF excites NO2 molecules through their transition 
stage and short thereafter it returns to its original state whilst emitting fluorescence light with a 
certain wavelength. The photomultiplier, fitted with optical filters to reduce irrelevant radiation, 
records and process it as a disperse spectra or an excitation spectra. The instrument can be 

                                                 
20 Photon: the smallest detectable amount of light for  a detector 
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configured with one of two setups, single-pass and multi-pass laser beam. Single-pass has the 
advantage of being more stable, easy to align and there is no need of reflective mirrors. The 
drawback is, compared to a multi-pass setup, is the lack of power from the laser that can limit the 
detection and consequently the systems sensitivity. The light source used in a LIF instrument is 
commonly a YAG laser. LIF spectroscopy can directly observe NO2 with a detection level of 
around 10 pptv/min and a high frequency measurement capability up to 10 Hz [47]. 

Like many other emissions NO2 can also be measured by FTIR with a good level of detail but a 
relatively newly developed instrument called NO2-LOPAP (Long Path Absorption Photometer) 
based on the Saltzman reaction provides even better sensitivity. In the report Villena et al. [99] 
where the instrument is described more in detail, NO2-LOPAP is used for atmospheric NO2 
measurements and measuring concentrations in a smog chamber. The instrument consists of two 
separate units; an external sampling unit and a detection unit. The sampling unit uses a scrubber, 
in the form of a stripping solution, to eliminate interfering HONO and O3 from the air stream 
located in the first of the three glass stripping coils used in series. The second stripping-coil 
collects NO2 and other potential interferences whilst the third stripping-coil measures the 
potential interferences. The sampling gas is then mixed with a solution consisting of a modified 
Griess-Saltzman reagent so a reaction takes place with the NO2 forming an intensive coloured 
azo dye21. From the sampling unit the sampling reagent is transferred to the detection instrument 
where it is mixed with 1 N HC1 in order to convert excess HONO into NO+. The addition also 
leads to an increase in the refraction index of the solution meaning that the light intensity is 
increased in the absorption tubes. Air bubbles that can deteriorate the stability of the light signal 
are removed before finally the sampling reagent enters the detection unit. In the unit warm white 
LED light is concentrated via fibre optics into a Teflon tube. There, due to the high refraction 
index of the dye solution, the light undergoes multiple total reflections on the tubes’ inner wall 
causing the light to remain inside the liquid for absorption. On the opposite side, a two channel 
grating mini-spectrometer using a diode array detector is used for measurements and is 
connected through glass fibre optics to the end of the Teflon tubing where the light is gathered. 
The azo dye is detected using long path absorption.  

The instrument was validated by comparison with a FTIR instrument in a smog chamber and a 
commercial CLA coupled with a photolytic NO2 converter in an urban atmosphere. For all 
test-conditions the NO2-LOPAP demonstrated excellent agreement with the compared 
instruments, as is also confirmed by Kleffmann et al. [71], and the deviation between it and the 
FTIR was less than 4 ppbv for a NO2 concentration between 0-135 ppbv [99]. NO2-LOPAPs 
detection limit for a time resolution of 3 minutes is 2 pptv and can be further reduced for lower 
time resolution. Light intensity and time resolution will decrease with increased absorption path 

                                                 
21 Azo dye: large class of synthetic organic dyes that contain nitrogen 
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lengths, maximum is said to be 6 m. However, only 1.4 m and 2.4 m optical path lengths have 
been tested in the study.  

In the article by Di et al. [41] investigating unregulated and regulated emissions in different 
blends of biodiesel in combination with Ultra-Low Sulphur Diesel (ULSD), it was shown that 
HC and CO decreased compared to using only ULSD due to the biodiesel’s oxygen enrichment 
to the blend. However this leads to an increase in NO2 and NOx levels which was detected by 
using a HCLA instrument. The increase becomes more obvious with higher engine loads, up to 
0.2 MPa, and with more biodiesel in the blend. 

3.5.4 Ways of reduction 

A platinum-coated DPF produces high levels of NO2 emissions. According to Czerwinski et al. 
[46] tests analysing the NO2 formation in DPF systems show that with higher platinum content in 
the DPF coatings, the higher the potential of NO2 formation. Palladium-coated DPFs on the other 
hand significantly reduces the NO2 in the exhaust gases. In tests with Euro 4 diesel passenger 
cars and similar test conditions by Karlsson et al., palladium catalysed DPFs reduced the amount 
of NO2 by 30-80% compared to platinum catalysed DPFs [82].  

The size of the aftertreatment system plays a part in the amount of NO2 produced. Bigger size of 
the active volume of the aftertreatment device, leads to lower spatial velocity 22 and longer 
residence times23 which results in more NO2. So to lower NO2 emissions, the volume of the 
devices should be kept to a minimum. Also high sulphur content in the fuel impedes the 
oxidation of NO to NO2 and instead gives focus on the SO to SO2 oxidation-process. High 
sulphur is however not always preferred. Tests in [46] show that platinum-coated DPFs produce 
significant amounts of NO2 on ULSD fuel, whereas a vanadium-coated DPF shows no such signs 
on ULSD. The vanadium-based DPFs however have to operate at strict high temperature limits 
[46]. To switch to vanadium-coated DPFs also lowers the NO2 formation. Another way to lower 
NO2 emissions is to use soot-loaded (or used) DPFs or DOCs, since the catalytic surface is 
masked and NO2 is used for the oxidation of the soot [46].  

Experiments on London taxis with an FBC installed to their DPF systems show a great potential 
for NO2 reduction [90]. An FBC is basically a catalyst in the form of fuel, which is added to the 
diesel fuel or mixed in to the combustion chamber. The FBC reduces the temperature at which 
carbon combusts. As the mixture reaches the DPF it catalyses the soot-oxidation so that it occurs 

                                                 
22 Spatial velocity: the ratio of the volumetric exhaust gas flow to the reference volume of the aftertreatment device (with the 
absence of friction) 

23 Residence time: the amount of time the gases are in the combustion chamber 
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at temperatures of 350°C instead of over 600°C. This regeneration aid creates a faster and more 
complete regeneration. The FBCs are also more tolerant towards high sulphur levels and are 
independent of engine NOX/PM ratios. Most importantly it does not produce any additional NO2 
emissions, which means a great reduction compared to standard catalysts that have precious 
metal coatings [21]. The London taxis that were fitted with a DPF/FBC system showed a 
reduction in NO2 emissions by over 50% whilst also reducing the PM emissions by 83.3-98.5% 
[90].  

An aftertreatment system that shows potential for reducing NOX (NO2 as well as NO) and PM is 
the Non-Thermal Plasma Assisted Catalyst Technology (NTP). The NTP is a technology used 
successfully in many stationary applications and basically uses plasma to chemically transform 
different compounds in the exhausts. The conversion for use in vehicles requires optimizing the 
system for size, weight, cost and durability along with high efficiency with minimal power used. 
The NTP needs electrical power for the plasma generation and thus requires more from the 
vehicle’s electrical system which in the worst case could lead to a loss in fuel efficiency [64]. 
This two-stage process system consists of two elements: a plasma generation device and a 
catalytic converter. Catalyst-assisted NTP usually incorporates two separate devices but can also 
consist of a single unit. The plasma generation device, i.e. the NTP, converts the NO in the 
exhaust gas to NO2 in order for the catalytic converter to reduce the NO2 to nitrogen (N2) with 
the HC that remains in the exhaust stream or injected externally as a reductant. The NO2 
reduction into N2 with HC as a reductant produces CO and CO2 as a by-product.   

Testing of a 1.9-litre common-rail DI diesel engine in [64] with a zeolite-based catalyst assisted 
NTP prototype system, shows a reduction efficiency of total NOX of 55% as well as a reduction 
of PM by 30% [64]. The NO2/NOX ratio is not reported. The NTP system is at the moment not a 
fully developed technique and more research as to find its full potential and more development 
work is required. The scale of currently available research are not satisfactory as proper engine 
experiments and possible by-products are not yet charted which may include a nitric acid, 
nitrous, nitrates, nitrites and nitrous oxides (N2O) [31]. 
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3.6 Aldehydes 

‘Aldehydes’ is a collective term for simple, partially oxygenated organic compounds made up of 
carbon-oxide double bonds containing a hydrocarbon part and a carbonylic group. The name 
aldehyde comes from its proper term Alcohol Dehydrogenatus. Some of the most prominent 
aldehydes include formaldehyde, acetaldehyde, benzaldehyde, acrolein, acetone, and 
propionaldehyde. Many of these aldehydes are carcinogenic. Aldehydes are regarded as 
important as a pollutant and could be of relevance in future emission legislation [101]. Although 
not as strong as NOX, aldehydes are one of the biggest contributors to smog formation.  

In Brazil there are emission legislations, introduced in 1992, for total aldehydes, a collective 
term for formaldehyde and acetaldehyde, i.e. the two most abundant forms of aldehydes present 
in exhaust gases. The Brazilian legislations are focused solely on SI-engines running on pure 
ethanol fuel or gasohol24, since ethanol exhaust is a far bigger source for aldehydes than other 
fuels and is used to a great extent in Brazil as vehicle fuel [105]. This legislation does not cover 
CI-engines. SI-vehicles produce significantly higher aldehyde emissions than diesel vehicles 
[105]. In California there are emission limits for formaldehyde for LD vehicles [72]. 

3.6.1 In diesel 

Diesel engines generally produce very low levels of aldehyde emissions, compared to for 
example ethanol. The aldehydes found in diesel exhausts are formaldehyde, acetaldehyde, 
acrolein, propionaldehyde, n-valeraldehyde, crotonaldehyde, isobutyral, benzaldehyde, 
n-capronaladehyde and the ketone acetone, with formaldehyde being the most abundant. Tests 
performed with a HD diesel Scania 9-litre engine (DC902) by Haupt et al. [63] shows that 
formaldehyde stands for approximately 70% of the total aldehydes, with 48.4 mg/kWh 
formaldehyde and 20.2 mg/kWh acetaldehyde [63]. The engine was a Euro III certified, 
aftercooled and turbocharged diesel engine with a compression ratio of 17:1. The total aldehyde 
make up for more than 75% of all aldehyde emissions in diesel exhaust gas [105], with 
formaldehyde alone contributing with 62.7% [105]. For HD diesel vehicles the emission levels 
for aldehydes are below a level of concern. 

Swedish diesel classified as “Environmental Class 1” (EC1) with a maximum sulfur limit of 10 
ppm have been compared with the European standard diesel, EN 590, in Sandström-Dahl et al. 
[91]. Aldehydes were sampled in 2,4-Dinitrophenylhydrazine (DNPH) cartridges and analyzed 
with High Pressure Liquid Chromatography (HPLC) for both fuel types for a CI-engine 
undergoing a WHTC cycle that include both cold and hot start test. There it was observed that 

                                                 
24 Gasohol: gasoline blended with 20-25% v/v of anhydrous ethanol 
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EC1 had lower levels of aldehydes than EN590 and the predominant components are 
formaldehyde and acetaldehyde. Generally the total aldehyde levels of the two fuels are quite 
low, 27 mg/km for EC1 and 35 mg/km for EN590. There was little difference in formaldehyde 
between the two fuels but higher level of acetaldehyde could be observed in the EN590 diesel 
fuel. The cold start test showed similar relation but with increased total aldehyde levels. 

3.6.2 In ethanol 

Ethanol is a known aldehyde source [105] and therefore aldehyde emissions are a big problem 
for ethanol fuelled engines, especially acetaldehyde which makes up for approximately 90% of 
its total aldehydes [48]. On the other hand, ethanol emits low levels of NOX, PM and GHGs [63]. 
Ethanol is great for use in SI-engines because of its high octane number and the fact that no 
major engine alterations have to be carried out in order to use ethanol fuel in a SI-engine. Its low 
energy content and low cetane number however means that is not a very suitable option for use 
in CI-engines. To run with a CI-engine, one option is to add an ignition improver (to raise the 
cetane number) as well as modifying the engine in order to increase the compression ratio and 
the fuel volumetric flow due to the low energy content of ethanol fuel [63]. The high aldehyde 
emissions can be solved by installing a catalyst, EGR, a DOC or a DPF. Ethanol fuel produces 
very high aldehyde emissions; especially without any aftertreatment devices. Tests performed by 
Haupt et al. with an ethanol-fuelled 9-litre Scania engine (DSI9E01) without any aftertreatment 
systems emitted approximately 1.6 times more formaldehyde and 9.8 times more acetaldehyde 
than a diesel-fuelled engine [63]. Acrolein emissions would remain roughly the same (0.47 times 
more than diesel) [63]. The engine was a Euro III certified, aftercooled and turbocharged engine 
with a compression ratio of 24:1. The results for ethanol-fuelled engines without any 
aftertreatment systems of 198.7 mg/kWh acetaldehydes and 79.4 mg/kWh formaldehyde [63]. 
This proves that ethanol is oxidized mostly into acetaldehydes. 

3.6.3 In biodiesel 

In biodiesel the emissions are in general very low. Compared to pure petroleum diesel, biodiesel 
shows no significant difference in terms of aldehyde emissions according to Graboski et al. 
[105]. For biodiesel the predominant aldehydes are also formaldehyde and acetaldehyde and 
together, as with pure diesel fuel, make up for more than 75% of all aldehyde emissions [105]. 
Formaldehyde stands for 46.2% of the emissions, followed by acetaldehyde, acrolein and 
acetone [105]. Using biodiesel blended with diesel oil for HD vehicles, according to Corrêa and 
Arbilla [105], increases almost all carbonyl compounds, i.e. formaldehyde, acetaldehyde, 
acroleine and acetone, propionaldehyde, and butyraldehyde, except for benzaldehyde which is 
reduced. Also for biodiesel-diesel oil blends, over 75% of the aldehyde emissions are total 
aldehydes.  
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3.6.4 In natural gas 

Natural gas is often considered as an alternative to further reduce NOX and PM and in 
Karavalakis et al. [68] the potential of CNG fuel have been investigated in a 2003 Cummins C 
Gas Plus, 8.3-liter engine. Five different blends of the fuel gas were tested to determine regulated 
emissions and various types of unregulated emissions. The paper concluded that the natural gas 
composition had a big influence on several emission components. Higher CH4 content gave 
lower levels of NMHC, NOX and CO but increased formaldehyde emissions. Relative to 
formaldehyde, acetaldehyde was found in lower levels. Further, no clear trends could be 
observed for acetaldehyde levels between the different CNG blends. Formaldehyde levels ranged 
between 60 mg/km to 80 mg/km for the five blends, which is significantly higher than for the 
previous mentioned EC1 and EN 590 diesel fuel [68].  

3.6.5 Formation 

Aldehydes are formed during combustion by incomplete oxidation of hydrocarbons. Neither fuel 
nor air contains significant levels of aldehydes meaning that all emissions are produced in the 
combustion chamber or are found in the exhaust gas [101]. The unburned hydrocarbons 
generally come from four different sources: fuel-air mixture left unburned in the piston topland 
clearance and crevices of the piston-rings, absorption/adsorption of fuel by lubricating oil films 
or carbon deposits that are later desorbed, propagating flame quenched at cold wall surfaces of 
the combustion chamber (which inhibits the oxidation of the fuel), and gas-phase quenching due 
to extreme equivalence ratio and spark-timing engine operations [101]. Though aldehydes are 
formed in both the exhaust pipe and in the engine cylinder, the amount of aldehydes produced in 
the cylinder is far greater and are mainly formed during the compression and power phases, 
i.e. when the valves are closed [101]. Possible traces of unburned hydrocarbons can also be 
found in the injector needle sac. Mostly in cases of low manifold pressure25 and high injector tip 
temperature, a certain amount of fuel will remain in the sac after the injection is complete. Part 
of this fuel usually finds its way to the combustion chamber through small gaps in the metering 
orifice (the injector’s outlet) which results in a rich combustion leading to emissions of 
hydrocarbons that are not fully burned or combusted as the exhaust valve opens [49]. 

Generally, aldehyde emissions are considerably lower in CI-engines than in SI-engines. The 
formation of aldehydes mainly occurs at low temperatures, i.e. cold starts and low load 
conditions [48, 101] and therefore low temperatures are linked with high aldehyde formation. 
This is shown by Ogawa and Taga [85]. It will continue to form to a small extent in higher 

                                                 
25 Manifold pressure: The difference between air pressure inside the intake manifold and the relative atmospheric pressure of the 
air outside the engine   
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temperatures but that is not significant in comparison with low temperature condition formation 
[101]. Fuels with greater oxygen content may lead to higher aldehyde emissions according to 
Wagner and Wyszyński [101]. Sluder et al. [105] proved this with results of increasing 
EGR-levels leading to an initial reduction of aldehydes. This is also reported by Petterson et al. 
[63]. The EGR initially reduces the emissions, by partially replacing fresh oxygen with recycled 
exhaust air resulting in less aldehydes, but eventually also reduces the temperature meaning more 
aldehyde production. For low NOX and low PM combustion regimes, the levels of formaldehyde, 
acetaldehyde, benzaldehyde, propionaldehyde and acrolein especially increases. Storey et al. 
report that aldehyde emissions increase as a function of engine speed [96]. Tests performed by 
Jiang et al. [65] indicates similar results with emissions initially decreasing with increasing 
engine load/speed but then increasing at higher loads, a clear tendency for both formaldehyde 
and acetaldehyde. The explanation for increased aldehyde rates at increased engine speeds is that 
there is less time for partially oxidized exhaust compounds to oxidize completely in the exhaust 
system [96]. 

Benzaldehyde levels are very small and virtually non-existent and do not pose a problem for HD 
diesel engines [63]. Acrolein levels for diesel without aftertreatment systems have been 
measured to 13.1 mg/kWh [63]. 

3.6.6 Environmental and human effects 

The most prominent aldehydes have carcinogenic effects and have strong O3 forming potential. 
Through Ames tests it has been shown that aldehydes pose mutagenic and carcinogenic effects 
which are harmful for human beings [37]. The EPA classifies formaldehyde, the most abundant 
aldehyde in diesel fuelled engines, and acetaldehyde, the most abundant aldehyde in ethanol 
fuelled engines, as probable human carcinogens. Acrolein is classified as a possible human 
carcinogen [63]. These are good reasons to look into regulations of aldehydes and in the future 
the EU could benefit from introducing legislations on total aldehydes such as in Brazil, 
especially if the popularity of the use of ethanol fuel will increase.  

Normal symptoms of general aldehyde over-exposure include sore throat, nausea, headache, 
irritation of eyes, nose, skin and throat, and difficulty in breathing even at low concentrations in 
the ambient air, and can cause chronic diseases at higher concentrations. However, the sensory 
irritation threshold limits are reported to be significantly higher than reported typical levels of 
ambient air concentrations of aldehydes. In cases of severe poisoning it can even lead to 
arrhythmia, hypotension or loss of consciousness. According to Wagner and Wyszyński [101] 
though, the direct effects of aldehyde emissions on human health in urban conditions are not 
fully known due to inconclusive results of studies.  
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An aspect that draws attention to aldehydes is its ozone formation potential. Aldehydes are a part 
of photochemical smog, along with NOX, O3, nitrates and VOCs. In reaction with HC, aldehydes 
are one of the most powerful agents of smog formation [63]. 

Formaldehydes are found in many other circumstances which present a more serious risk than 
that of vehicle exhaust emissions, such as industrial uses, paint, and hair products, but it is still 
considered important to research in this field due to its carcinogenic and O3-forming potentials. It 
is a flammable and colourless gas at room temperature. The risk of lung- and brain cancer is 
especially high following prolonged exposure to formaldehyde. The IARC, the International 
Agency for Research on Cancer, and the EPA list formaldehyde as a probable human carcinogen 
[72]. Formaldehyde poisoning can come from inhaling or ingestion of formaldehyde. The NIH, 
National Institutes of Health, in the U.S. lists formaldehyde poisoning as a rare disease (meaning 
that it affects less than 200.000 people in the USA). Besides cancer, the eyes are the most 
sensitive organs to formaldehyde which are irritated at around 300-500 µg/m3 [59]. 
Formaldehydes have a high tendency to form O3 due to it being a very reactive organic 
compound.  

Acetaldehyde creates photochemical smog upon reactions with other VOCs. Low ambient air 
concentrations of acetaldehyde can result in high blood pressure and/or rapid heart rate and high 
concentrations can lead to low blood pressure and/or slowed heart rate. According to Pierini [88] 
acetaldehyde from vehicle exhaust emissions, although lower in levels compared to alcohol 
consumption, can still at low concentrations and long-term exposure gradually damage proteins, 
enzymes and other cellular structures in the brain and other organs. Acetaldehyde is a probable 
human carcinogen according to the EPA [91], a potential human carcinogen according to the 
National Institute of Occupational Safety and Health and a possible human carcinogen according 
to IARC [59]. Besides cancer and nose- and throat irritation acetaldehyde can lead to toxification 
of neurological, respiratory, immune system, and endocrine system [88].  

Acrolein is a clear or yellow liquid easily evaporated in the air with a pungent odour. Inhaling 
too much acrolein can result in irritation of the respiratory system and reduce the lung function 
due to fluid build-up in the lungs. Extreme exposure could lead to death from damage of the 
lung- and respiratory systems. The irritation of skin, eyes, nose, mucous membrane, and throat 
can be severe from over-exposure of acrolein. Acrolein is a possible carcinogen according to the 
EPA although the IARC has determined that it is not classifiable in terms of carcinogenicity for 
humans due to lack of adequate evidence. 

Benzaldehyde has an almond-like odour which has led to use as a food/flavouring additive. It 
evaporates quickly in the air and does not stay in the environment for long, making it a 
non-dangerous pollutant. Benzaldehyde is considered safe for both environment and humans and 
no carcinogenic effects have been found. In fact it has been used as a carcinostatic drug which 
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inhibits the growth of cancerous tumours. Effects of benzaldehyde over-exposure are eye and 
skin irritation or pain.  

3.6.7 Measurement techniques 

There exist no standard for HD engine aldehyde measurement techniques and also no regulation 
of the pollutant either in the world; still they have been measured for a long time. The interest of 
aldehydes is justified by its highly mutagenic properties, photochemical smog and ozone 
formation. The most common technique of measuring aldehydes is by 
2.4-dinitrophenylhydrazine, or DNPH, derivatization 26  followed by High Pressure Liquid 
Chromatography and Ultraviolet (HPLC-UV) analysis [79] and it is the approved analyzing 
method in the USA for alcohol and aldehyde measuring. The carbonyl compound, aldehydes, is 
captured in a cartridge containing DNPH when the sample is flowing through at an average rate 
between 1 l/min and 3.0 l/min. A catalytic reaction takes place with the DNPH coated cartridge 
followed by eliminating water to form stable hydrazone27. After that the liquid solvent undergoes 
HPLC separation of components under high pressure so the substance can finally be detected by 
an UV detector. The sample consist of different types of aldehydes, such as formaldehyde, 
acetaldehyde etc. which after analyze are calculated to achieve total aldehydes [48]. The 
advantage of this method is the better handling of the sample and the aldehyde derivatives can 
remain stable over several hours. The restrictive factor of the process is the limited number of 
aldehydes that can be detected by the HPLC. 

FTIR, previously described, is also a technique that can be used for analyzing the amount of 
exhaust aldehydes over time. It is capable of analyzing several types of aldehydes and other 
pollutants. According to Cordeiro de Melo et al. [48] both FTIR and HPLC method gave good 
repeatability of the aldehyde results though the FTIR results were not similar to the HPLC 
results. The result came from a Brazilian Euro III diesel engine fueled with diesel with 500 ppm 
sulfur content and a cetane number of 42. However, the correlation between the two 
measurement methods seems to vary between different experiments. Sandström-Dahl et al. [92] 
showed better similarities between the two techniques but where the standard deviation is a bit 
higher on FTIR. 

                                                 
26 Derivatization: A chemistry technique  which transforms a chemical compound into a product 

27 Hydrazone: An organic compound that replaces the oxygen with the NNH2 group 



 

49 

 

3.6.8 Ways of reduction 

High emission levels of formaldehyde and acetaldehyde can usually be solved with an efficient 
catalyst. However, in the case of ethanol fuelled engines, an inappropriate catalyst could convert 
ethanol into acetaldehyde instead of CO2, and undesirably oxidizing NO to NO2 [63]. 

Good quality of fuel affects aldehyde emissions. An increasing cetane number decreases 
aldehydes [101] for both naturally aspirated and turbocharged engines [72], but is also dependant 
on fuel density and aromatic content. Increased density and/or aromatic content decreases the 
ignition quality and thus the cetane number [101]. For minimal aldehyde emissions, the diesel 
should therefore have a low density and low aromatic content.  

Increasing the residence time will help to reduce formaldehyde emissions by increasing the time 
available for oxidation [101]. For faster oxidation, and thus less extra residence time, the exhaust 
temperature could also be increased. 

DNOX® is a Swedish invention by STT Emtec, which consists of a low pressure EGR, oxidative 
catalyst and a continuously regenerating DPF. This system is optimized for diesel-fuelled 
engines but can also be effective for biodiesel vehicles. It is claimed to reduce NOX by 40-50% 
and CO, HC, and PM by over 90%. Tests performed by Haubt et al. [63] indicate a clear 
reduction in aldehydes for ethanol and diesel fuel. For ethanol the DNOX® system reduced 
formaldehydes with 87%, acetaldehydes with 95%, and acrolein with 56%. This compared to a 
standard, aged catalyst which reduces formaldehydes with 71%, acetaldehydes with 75%, and 
acrolein with 48%. For diesel the reductions with the DNOX® system are 94% for formaldehyde, 
94% for acetaldehyde, and 76% for acrolein [63]. 

Another way to reduce the emissions is to use Direct Non-Thermal Plasma technology (DNTP). 
Non-thermal plasma is investigated as a method for reducing PM and NOX as a diesel vehicle 
aftertreatment device but has only recently been studied for the reduction of aldehydes and 
ketones. The system uses reduction as opposed to oxidation as a matter of treating exhaust gases. 
DNTP has been tested for reduction of diesel exhaust aldehyde emissions by Jiang et al. [65] on 
a single cylinder at different loads. The reductions of formaldehyde were 77%, 46%, 94%, and 
34% at 25%, 50%, 75%, and 100% engine load respectively. For the same loads, acetaldehydes 
were reduced by 75%, 86%, 98%, and 72%. With several aldehydes and ketones emissions, such 
as acrolein and acetone, butyraldehyde, and 2-butanone, the efficiency of removal was almost 
100%. With these results the O3 formation potential decreases significantly [65]. The DNTP 
technology is however relatively new and results should be evaluated carefully. 
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3.7 Future Policy Prospects 

The increasing number of trucks used for freight transport poses a challenge for future reduction 
efforts of air pollution and GHG emissions. GHG emissions are commonly regulated by a fuel 
economy standard, but as of 2011 only Japan and the United States have established a set of 
standards for GHG and fuel economy for HD vehicles. The level of CO2 is in itself not regulated 
in Japan but is instead controlled via the fuel economy legislation. This can be compared to the 
United States where CO2 levels are directly regulated together with the rest of the GHG 
pollutants. CO2 standards for heavy duty engines (classified as class 7 and 8 combination tractors 
in the United States) with a gross vehicle weight greater than 12 tonne are set to 475 g/hp-hr and 
applies for new CI diesel engines registered from 2014 to 2016 [54]. From 2017 and on the limit 
is changed to 460 g/hp-hr for the same class. In addition, NHTSA have recommended fuel 
consumption standards which are voluntary for engine manufacturers to follow.  

In February 2014 the U.S. issued the next step called “Phase 2” concerning medium- and 
heavy-duty vehicle fuel efficiency which will see EPA and NHTSA28 work together in order to 
develop efficiency and emission standards by March 2016. An investigation will also be included 
to determine the possibility of including trailers to Phase 2 regulatory programme [94]. The 
planned US standards that will be phased in from model year 2017 will have a fuel and emission 
reduction of between 9% and 23% over the HD vehicles from the 2010 baseline [36].  

The European Commission has recently agreed to come up with a strategy to cut CO2. By 2015 
the EC is expected to present a proposal for a short-term action to reduce CO2 emissions by 
reporting, certifying and monitoring means. After the legislation is in force the Commission may 
consider taking further action to continue to reduce CO2 emissions which will most likely be 
achieved by setting average CO2 limits for HD vehicles as is currently applied for cars and vans. 
There are no discussions regarding CH4 or N2O so far.  

The European Commission’s proposal will be supported by the newly developed computer 
simulation tool VECTO for calculation of specific emission data of new HD vehicles [58]. The 
simulation tool accounts for emissions from the entire vehicle (tires, material deterioration, 
brakes, and engine) and key factors such as aerodynamic drag, rolling resistance and weight 
based on input values from OEMs and default values. GEM is the equivalent GHG simulation 
tool used in the U.S. today but the separately measured inputs of the vehicle characteristics are 
fewer than those of VECTO. The GEM vehicle simulation model is divided into six systems 
where four of them consist of one or more component models where the vehicle characteristic 
are defined and values assigned. It accounts for the emissions from the whole vehicle except the 

                                                 
28 EPA regulates emissions and NHTSA regulates fuel consumption 
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engine. GEM is more generic but capable of doing sufficient estimations of compliance with the 
proposed GHG levels and fuel consumption standards. It is however not used for certification but 
only for declaration of vehicle emission performance [94].  

Japan on the other hand bases its CO2 target limits on the most fuel efficient vehicles available 
on the market. Compliances with the targets have a deadline by 2015 and will be attracted by 
financial incentives levied on weight and engine displacement to promote sales of lighter 
vehicles. A simulation model is also used for calculation of the fuel consumption measured in 
km/l over two transient test cycles; Tokyo and interurban based. The model is based on real 
engine dynamometer testing which means it is based on actual vehicle specific values while 
rolling resistance and aerodynamic drag are predefined parameters. The standard design option 
of the simulation software is mainly engine + transmission parameters. Considering this fact, the 
model becomes rather simple since any improvements on fuel consumption from a more efficient 
transmission is regarded as small and improvements from rolling resistance, weight-savings and 
aerodynamic drag are not taken into account at all [27]. 
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4 DISCUSSION AND CONCLUSIONS 

A discussion of the research results and the conclusions that have been drawn in this thesis are 
presented in this chapter. Since the report is a literature study, the conclusions are based on 
articles and reports read and analysed, as well as interviews. 

Because there is a strive for future harmonisation of emission regulations, the EU and USA can 
benefit from agreeing on common standards. There is a good possibility that NOX emission 
standards will be lowered in the future. There is no official information from the European 
Commission at the moment, but since the NOX standards for the EPA2013 are lowered this could 
mean that EU will soon follow. Since, in the case of NOX, the EPA has already set a lower limit 
it would not make sense for them to back down and raise their limit to adjust to the EU instead of 
the EU lowering their emission regulations to adjust to US standards. The same goes for CH4. In 
Europe GHG limits have not been set and there are no discussions regarding CH4 or N2O. The 
U.S. GHG2014 however regulates CH4 and N2O and because of the attempt for a world 
harmonized emission standard, the EU might have to adapt to the present US standards. The CH4 
and N2O limits however could be expected not to decrease the current values but to ensure that 
emissions are not increased due to use of alternative fuels or new aftertreatment systems. There 
is also the option of monitoring and reporting the CH4 emissions from diesel engines. 

The transport sector is responsible for a very small percentage of the world’s anthropogenic CH4 
emissions and the emissions are steadily decreasing [80]. Therefore the conclusion can be drawn 
that the contribution from road transport and especially for HD diesel vehicles are negligible. 
The relevance of regulating CH4 in the future should depend on the alternative fuels’ rise in 
popularity, since for diesel vehicles studies have shown that it is reasonable to conclude that the 
environmental effects of CH4 emissions are negligible for now and for the near future  [18].  

If the NOX emission standards were to be lowered, it is most likely that a paragraph should 
follow concerning NO2 specifically. It should be considered that the NO2 do not to increase 
percentually as NOX values are lowered, i.e. one could imagine NO levels reduced drastically as 
the unaffected NO2 or possibly even raised NO2 levels results in an increase of the NO2/NOX 
ratio. Since NO2 is more toxic than NO this would be a concern not to ignore.  

Diesel, biodiesel and different biodiesel-diesel blends have very low overall aldehyde emission 
concentration. Despite this fact, there are voices that advocate emission limits for aldehydes in 
diesel vehicles, like Rui de et al [72]. Growing numbers of diesel vehicle traffic along with the 
human health effects and contribution to ozone formation are all heavy reasons for this concern.  
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4.1 Technological reduction 

The overall reduction of exhaust emissions would benefit mostly from a more efficient engine 
and transmission, thus the manufacturers should always strive for higher efficiency. Scania as an 
example are setting a new goal for their production engines trying to reach 50% brake thermal 
efficiency, meaning that this is an achievable reality. For the technological reduction of CO2 it 
can only come from a more fuel efficient engine, this can be obtained from higher pressure 
injectors, a Stop/Start system, hybridization and more. The rest of the emissions will however 
require, depending on the concentration levels, some sort of aftertreatment system. 

N2O production in the SCR is strongly dependent on the material composition and the warm-up 
phase of the SCR catalyst. Besides keeping the ANR and NO2/NOx ratio just right, choosing the 
right material (moving away from copper zeolite SCR) and shortening the warm-up phase to its 
optimal operating temperature can significantly reduce the formation of N2O.  

As before mentioned the NO2/NOX ratio of maximum 0.5 is desired in order to avoid N2O 
formation in the SCR. By knowing the NO2 levels after the DOC a more precise urea dosing 
strategy can be adopted for better SCR efficiency. NO2 is considered as toxic and should be 
under control regardless, as a regulated or a reported emission, and more so when recent years 
have shown an increase of NO2 concentrations due to formation in the DOC. This is strongly due 
to the use of platinum catalysed DOC and should therefore be replaced by a less NO2-producing 
DOC, the same goes for platinum coated DPFs. Palladium coating have instead shown excellent 
results of NO2 reduction in DPFs and so have FBC shown when applied to the DPF.  

The only way to reduce CH4 is to optimize the engine as close to complete combustion and 
implement a better oxidation catalyst. Such catalyst is described in Wit et al. [41] who found that 
a Rhodium based monolithic catalyst reduced CH4 by more than 50% at a catalytic temperature 
of 440ºC. The drawback of this system is that it drastically loses its efficiency with lower 
temperatures and engine out gas temperatures are difficult to keep at those temperatures. 

The low concentrations of aldehyde in diesel engines are dominated by acetaldehyde and 
formaldehyde with the latter being the most abundant organic compound. Since aldehydes are 
regarded as potent carcinogens it is recommended to keep measuring the emission levels from 
HD vehicles. DNTP resulted also in excellent aldehyde reduction but still needs to be further 
evaluated. 
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4.2 Measurement system evaluation 

With the present high concentrations of CO2 the NDIR is still a reliable and accurate way of 
measuring the levels. For N2O there are lots of techniques in existence but since the emission 
have reached such low levels it becomes more important to use highly sensitive and accurate 
measuring equipment. The guideline created by WMO-GAW is a great way to promote the 
development of more precise instruments as it sets a target for an accuracy level which most of 
the instruments pass. FTIR has a great advantage of measuring several isotopes of N2O and other 
pollutants but is not approved for engine certification. It is instead used as a comparison or 
reference to other techniques. QCL is the latest promising instrument with good sensitivity and 
no need of big cooling aggregates since it operates in near room temperature making it good for 
portable measurements. The current widely used GC technique is slowly becoming outdated with 
lower levels of N2O. Though it is a simple and inexpensive instrument it is rather slow and 
cannot detect different types of nitrogen isotopes with equal mass.  

Measurements of CH4 are usually conducted by a FID instrument with high tolerance for misuse 
and low maintenance. Detection levels in HD diesel engines are quite low and would probably in 
the future benefit from a more sensitive instrument. For natural gas and similar methane based 
fuels with higher CH4 emission levels FID might still be a good alternative due to its low cost.  

More NO2 measurement techniques are beginning to develop and the recent NO2-LOPAP is 
showing excellent results when compared to FTIR with the possibility of further increasing its 
detection limit. Another instrument developed for the reason to measure direct NO2 is LIF with 
great sensitivity and high frequency measurement but is a bit more expensive. These two systems 
together with FTIR are great substitutes for the current CLA instrument which have been around 
for quite some time for air quality observations. For aldehyde measurement the most common 
technique is by DNPH coupled with HPLC-UV resulting in good accuracy but it is not so 
practical for real time data collection. Agreement with FTIR where not always consistent which 
might had to do with the condition the test was run at, fuel quality and engine load.  

The most recurring measurement instrument for most of the emissions is the FTIR, which shows 
that one instrument is capable of analysing several pollutants and compositions at the same time 
whilst meeting the requirements of Euro VI and EPA 40 CFR part 1065 for FTIR. It has in 
general good accuracy and level of detail and keeps evolving for further fast and accurate 
measurements of N2O, NO, NO2, CO, CO2, CH4, NH3 as well as alcohols, carbonyls and etc. 
However it is not approved by European standards for emission certification but should be 
considered in the future. As a portable device used for PEMS measurements during in-service 
conformity it has a great advantage of being able to measure several compounds and replace 
several individual instruments. Measurement techniques such as NO2-LOPAP and QCL are 
promising and since the aim is to reduce emissions there are more demands on faster response 
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times, less gas component interference and better sensitivity instruments. Therefore new 
technology needs to continuously be developed and improved if we want to continue to keep 
track and better control our emissions. 

4.3 Fuel evaluation 

The GHG tailpipe emissions differ from which fuel is being used. Ethanol fuel causes, as 
previously mentioned, more aldehydes and ketones but significantly lower GHG emissions than 
diesel despite the fact that more ethanol fuel is being consumed for the same amount of work. 
Acetaldehyde is the most abundant in ethanol and should there be a larger investment on the fuel 
for the HD truck market in the near future the aftertreatment system becomes more important to 
make sure that the aldehydes are within reasonable levels. But this is not the trend since many 
indications are showing that the popularity of ethanol as fuel is declining which might be to the 
fuels low energy content and lack of a good quality source from which it is extracted from. 
Methane rich fuel such as CNG produce the most CH4 and lower CO2 emissions compared to 
diesel. Therefore introducing a similar CH4 standard on diesel vehicles as on natural gas vehicles 
might not be a good approach. CNG and LNG are pretty much the same but are kept at different 
states. LNG is more energy dense and it needs to be kept at very low temperatures on a vehicle 
which give rise to expensive storing complications and is the main reason to why CNG is more 
preferred. Biogas has similar properties as CNG and emits very low levels of GHG but very high 
concentrations of CH4. The most popular renewable fuel for HD CI engines is biodiesel which 
generally gives low CO2 emissions. Different biodiesel-ULSD blends were shown to have HC 
and CO reductions but greater NO2 and NOX levels due to the addition of oxygen from biodiesel 
to the blend. From the previous discussions and recommendations in this study diesel have been 
found to have low HC, CO, CH4 and aldehyde emissions but relatively high NOX, NO2, N2O, 
and PM emissions, compared to other fuels on the market. It was recommended that since NO2 
and N2O formation are depended on each other in a HD diesel vehicle both are at least 
supervised and controlled. CH4 and aldehydes do not need to be regulated but preferably 
monitored to insure no significant increase resulting from other actions.  

4.4 Policy actions 

To be able to meet EU’s targets of 60% GHG reduction by 2050 from the transport sector it is 
important that all reduction aspects are considered. The industry has over the past two decades 
seen a significant reduction of regulated emissions and now the time have come to make an 
equally important change to the GHG emissions. 11% of the total anthropogenic GHG emissions 
are derived from transport with CO2 being the most abundant pollutant according to the latest 
report from the IPCC [91]. The comparison of different GHG pollutants from road transport 
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between EU, Sweden, USA and Japan can be seen in the Table 5 described in CO2e 
(equivalence). CO2 emissions have risen over the past decade which is likely due to a 
combination of increased sales of new vehicles and slow phase-out of older ones. Japan is the 
only exception with a decrease of CO2 emissions by more than 13%. N2O and CH4 have been 
notably reduced for all three countries and the EU which can be explained as a consequence from 
the heavy reduction of regulated emissions and better fuel quality that is now more available. 
Japan sets the example between them all with a CO2e reduction of almost 14%. The US have 
reduced the most quantity of road transport GHG emissions but they are still higher than the EU 
and Japan combined, so still there are a lot of progress to be made.  

 Table 5.  Annual GHG emissions, by gas, in Gg CO2 equivalent, Category: 1.AA.3.B - Road Transportation 
[98] 

 

The EPA have recently taken action to reduce their emissions of N2O, CH4, HFCs and CO2 to 
curb their greenhouse gas pollutants whereas the EU have yet to implement regulations on 
GHGs. The EPA standards have been designed to prevent the current levels of N2O and CH4 
from increasing in the future, i.e. a NTE limit, and so no pressure is put on OEMs to lower their 
emissions of N2O or CH4 any further. Due to their environmental adverse effects the European 
Commission could consider to take action and propose a way of keeping the amount of N2O and 
CH4 from HD vehicles under control. This would preferably mean that a NTE standard is applied 
and included during COP check-ups. In-service conformity would perhaps not be necessary just 
to avoid any focus shift from the priority pollutants during transient condition testing. The CH4 

 
Gas:  

 
USA 2000 

 
USA 2011 

 
Difference 

 
Japan 2000 

 
Japan 2011 

 
Difference 

CO2 1 467 952.43 1 469 494.37 0.10% 232 827.35 201 975.33 -13.30% 

CH4 2 850.38 1 271.04 -55.40% 263.43 135.29 -48.60% 

N2O 48 807.33 14 469.67 -70.40% 4 266.70 2 159.44 -49.40% 

       

Total 1 519 610.14 1 485 235.08 -2.30% 237 357.49 204 270.06 -13.90% 

 
       
Gas:  European Union 

(27) 2000 
European Union 
(27) 2011 

Difference Sweden 
2000 

Sweden 
2011 

Difference 

CO2 840 928.56 858 950.15 2.10% 17 982.33 18 412.30 2.40% 
CH4 3 071.12 1 276.35 -58.40% 106.11 47.67 -55.10% 
N2O 10 684.04 8 680.45 -18.80% 134.04 108.48 -19.10% 
       
Total 854 683.73 868 906.95 1.70% 18 222.48 18 568.45 1.90% 
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and N2O limits however would not be expected to lower the current emissions but to ensure that 
they are not increased due to use of alternative fuels, new technologies or new aftertreatment 
systems. Such limit would preferably take into account the GWP of N2O and CH4 and convert it 
to a CO2 equivalent based standard to better estimate and control the effects from GHG 
pollutants.  

As before mentioned, emission trading can also be seen as an alternative and it has already been 
in use in the EU on the manufacturing industry. Through the European Trading System (ETS) 
the result of CO2 reduction has been significant and including transportation in a similar 
emission trading might have a greater effect at speeding up the process and reaching the 
emission targets in time. It would probably mean that a form of vehicle emission declaration had 
to be adopted too. A switch from the emission rating system g/kWh to a load-based g/tonne-km 
(gram per tonne kilometre) rating is recommended for better fuel efficiency estimation of the 
whole vehicle rather than at tailpipe emissions alone. This is also something the European 
Automobile Manufacturers Association (ACEA) is trying to convince the EU to adopt; the 
discussion is between the load-based and a volume-based vehicle rating. For so called public 
service vehicles it is recommended by ACEA to implement grams per passenger kilometre. The 
later one is a bit vague since cramming in more seats e.g. a bus would not necessarily mean that 
more people would ride it. In this case, the possibility that arises for an OEM to install one extra 
seat as a simple way to significantly improve the emission rating in the expense of comfort and 
safety can be seen as rather arguable. At the same time ACEA stresses that CO2 emissions from 
trucks and buses cannot be addressed via a “one-size-fits-all” policy. Continuing to adopt a 
generalized approach in the future would not aid ore reflect the real world emissions but only 
impede the progress [35].  

Since trucks, buses and coaches are economic gods, fuel efficiency is a key factor for customers 
as fuel represents around 30% of the running costs. The most effective way of making a change 
in our transport emissions is to take advantage of this key factor and keep stimulating through 
policies for a competitive fuel economy market. Countries that are members of the EU have the 
right to give tax incentives in order to promote the sales of new vehicles with early implemented 
emission standards that have not yet been enforced. When the standard starts to take effect the 
tax incentives will no longer be provided. To phase in more new vehicles it could be considered 
to prolong the incentives a bit after the standard have been enforced.  

 What might be seen in a near future in EU are vehicle specific CO2 declaration based on a 
simulation tool, taking into calculation aerodynamic drag, weight, friction losses etc. A simpler 
form declaration in combination with tax rates is in use in Switzerland. HD trucks on public 
highways are submitted to a performance-related heavy vehicle fee that bases its calculations on 
the vehicles tailpipe emission standards, its total weight and number of kilometres driven. There 
are three tax rate categories where the mid-rate is applied for Euro III certified HD vehicles and 
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the lowest rate is applied on Euro IV and higher standards [102]. In general, higher fuel prices 
through tax increase are not an action that guarantees less fuel consumption, if so the decrease 
would be marginal. 

Finally the future will probably give us further stringent standards on some regulated emissions 
like NOX and will soon also include a CO2 emission standard which will further be advocated 
through fuel efficiency policies. Unregulated emissions are generally low, with the exception of 
CO2, for the road transport sector with the biggest concern at the time being the greenhouse 
emissions. By combining the policies with all emission reduction technologies the GHG 
emission reduction can be achieved faster and with a greater impact.  
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5 RECOMMENDATIONS AND FUTURE WORK 

5.1 Future work 

Due to limited time and priorities some less common but still important emissions were not 
included in this report. These unregulated emissions should however receive attention since they 
also have adverse effects on human health and environment. They are however more unlikely to 
be considered as regulatory subjects than the main five emissions focused on in this report for 
heavy-duty diesel vehicles. For future work in the field of unregulated emissions however, these 
emissions should also be studied. The main focus were unregulated tailpipe emissions in this 
study but the vehicle as a whole emits as well from engine as brakes and tires. These should in 
the future be considered since especially brake dust is suspected to be quite harmful.  

 5.1.1 Polycyclic Aromatic Hydrocarbons 

Polycyclic Aromatic Hydrocarbons (PAH) are found in fossil fuels and formed during 
incomplete combustion of organic matter. PAH often emit a strong odour and many PAHs are 
toxic, mutagenic and carcinogenic which is why they are considered as important pollutants. The 
EPA has classed seven PAHs as probable human carcinogens. In urban areas, the main source of 
PAHs is from vehicle emissions and for diesel engines PAHs mainly come from the fuel itself 
[76]. 

5.1.2 Metal oxides 

Diesel-, gasoline-, gas- and hydrogen-fuelled engines emit metal compound particles, mainly due 
to engine abrasion. Lubrication oil transports the particles into the combustion chamber where 
they get partially vaporized forming ultrafine metal oxide particles [78]. Metallic additives in 
lubrication oils and fuel, and debris from catalyst washcoats are also sources of metal oxides. All 
metal oxides are toxic, especially nano-sized zinc and copper [78]. Since the particles are 
extremely fine they can enter directly into the human organism and thus poses a threat to human 
health. 
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