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While transport is a vital part of modern life, policy-
makers in the WHO European Region face the diffi cult 
challenge of both reducing the related risks to health 
and the environment and meeting countries’ require-
ments for effective transport systems. Diseases related 
to the air pollution caused by road transport affect tens 
of thousands of people in the Region each year. Policies 
for more effective action need to be based on a better 
understanding of the determinants of exposure and the 
role of various pollutants in harming health. 

This book helps to meet this need. It provides a sys-
tematic review of the literature and a comprehensive 
evaluation of the health hazards of transport-related 
air pollution. The review addresses: factors determining 
emissions, the contribution of traffi c to pollution levels, 
human exposure and the results of epidemiological 
and toxicological studies to identify and measure the 
health effects. 

This book is designed for two main audiences: policy-
makers and experts in transport-related air pollution 
and public health. Accordingly, it offers both summary 
information for the former and full discussion, primarily 
for the latter. A separate summary for policy-makers is 
also available. For both groups, this book identifi es the 
key facts emerging from the accumulated evidence, and 
uses them to suggest both topics for further research 
and well-justifi ed short-term action to protect health. 
It can help both groups play their part in making and 
implementing transport policies in the European Region 
that maximize the benefi ts to health.
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The World Health Organization was established in 1948 as the specialized agency 
of the United Nations responsible for directing and coordinating authority for 
international health matters and public health. One of WHO’s constitutional 
functions is to provide objective and reliable information and advice in the fi eld 
of human health. It fulfi ls this responsibility in part through its publications 
programmes, seeking to help countries make policies that benefi t public health 
and address their most pressing public health concerns.
 The WHO Regional Offi ce for Europe is one of six regional offi ces throughout 
the world, each with its own programme geared to the particular health problems 
of the countries it serves. The European Region embraces some 870 million peo-
ple living in an area stretching from the Arctic Ocean in the north and the Medi-
terranean Sea in the south and from the Atlantic Ocean in the west to the Pacifi c 
Ocean in the east. The European programme of WHO supports all countries in 
the Region in developing and sustaining their own health policies, systems and 
programmes; preventing and overcoming threats to health; preparing for future 
health challenges; and advocating and implementing public health activities. 
 To ensure the widest possible availability of authoritative information and 
guidance on health matters, WHO secures broad international distribution of 
its publications and encourages their translation and adaptation. By helping 
to promote and protect health and prevent and control disease, WHO’s books 
contribute to achieving the Organization’s principal objective – the attainment 
by all people of the highest possible level of health.
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Foreword

Transport plays a fundamental role in the lives of societies and individuals: how people 
interact, work, play, organize production, develop cities, and get access to services, 
amenities and goods is inextricably linked with the development of mobility and the 
choices people make about it. In societies that rely heavily and increasingly on private 
motorized transport, vehicles are expected to become safer, more luxurious and power-
ful, and to be driven more frequently. These expectations, however, often do not take 
account of the ensuing consequences: increased fuel consumption, greater emissions of 
air pollutants and greater exposure of people to hazardous pollution that causes serious 
health problems. The increased intensity of and reliance on transport also increase the 
risk of road-traffi c injuries, exposure to noise and sedentary lifestyles. These risks are a 
disproportional threat to the most vulnerable groups in the population, such as children 
and the elderly, and they raise important questions about social inequalities. 
 An increasing body of evidence points to the magnitude of these adverse effects on 
health and to the need to identify solutions that both reduce risks to health and meet the 
requirement for mobility. This creates a major challenge to governments, public health 
organizations and environmental authorities, to urban and transport planners, and 
to all citizens. Efforts to meet the challenge are refl ected in a number of policy initia-
tives. Among them are the international implementation of the WHO/United Nations 
Economic Commission for Europe (UNECE) Transport, Health and Environment 
Pan-European Programme (THE PEP), the European Commission’s Clean Air for 
Europe (CAFE) programme, which addresses transport-related air pollution, and the 
Environmental Strategy for Eastern Europe, Caucasus and Central Asia agreed at the 
5th Ministerial Conference “Environment for Europe” in 2003.1 
 Properly understanding the risks is a prerequisite to addressing them and to elimi-
nating or reducing them. One of WHO’s key roles is to analyse the scientifi c evidence 
on health risks and to present the conclusions to governments, policy-makers, experts 
and the public, with the aim of protecting health. To help assess the health risks of 

1 Steering Group on Environmental Strategy for Countries of Eastern Europe, Caucasus 
and Central Asia (2003). Environmental partnerships in the UNECE region: Environmental 
Strategy for Eastern Europe, Caucasus and Central Asia. Geneva, UNECE (ECE/CEP/105/
Rev. 1; http://www.unece.org/env/proceedings/fi les.pdf/Item%207/7a/7aDocuments/
ece.cep.105.rev.1.e.pdf, accessed 12 December 2004).
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transport-related air pollution presented in this book, WHO invited experts from a 
wide range of disciplines to help address different aspects of this complex issue. 
 Transport-related air pollution must be reduced before its effects on health can be 
prevented, and this requires:

• combining the development of cleaner transport technologies with the implementa-
tion of effective policies to manage the demand for transport; and

• selecting modes of transport that are safer for health and the environment.

 The activities of populations, the planned use of spaces, individual behaviour and 
the choices available to transport users – all these affect people’s exposure to pollution 
and the related health risks. Research on the effects on health of transport-related air 
pollution identifi es hazards and indicates vulnerable groups. The participation of 
experts dealing with all these issues in the development of this book increased the value 
of the risk assessment it presents and should facilitate the use of its conclusions in im-
plementing effective actions and policies. We at the WHO Regional Offi ce for Europe 
are grateful for the contributions of the authors and reviewers and are confi dent that 
their efforts to ensure the best possible scientifi c standard for this publication will serve 
its readers well. 
 We hope that a better understanding of the health risk of transport-related air 
pollution will aid WHO Member States in their efforts to protect public health and 
the environment, and in their efforts to build a stronger evidence base. This could lead 
not only to the technological improvement of vehicles and fuels but also to changes in 
public behaviour and better management of transport demands and urban planning, 
allowing a wider introduction of healthy means of transport. Such changes would 
both reduce the health risks of transport-related air pollution and bring other health 
benefi ts, such as reduced risks of traffi c accidents and the positive effects of walking and 
bicycling. These would greatly amplify the benefi ts and cost–effectiveness of investments 
in reducing pollution. The benefi ts to public health of such an integrated approach 
would be the most welcome result of this WHO book. 

Marc Danzon
WHO Regional Director for Europe
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Executive summary

 
The effects on health of transport-related air pollution are among the leading concerns 
about transport. Research in recent decades consistently indicates the adverse effects 
of outdoor air pollution on human health, and the evidence points to air pollution 
stemming from transport as an important contributor to these effects.
 This book provides a systematic review of the literature on transport-related air 
pollution and a comprehensive evaluation of the health hazards of such pollution. It 
focuses on air pollution related to road transport (mostly from urban and suburban 
passenger and freight transport) and the risks it presents to human health. It also 
considers the entire chain of relevant issues: from patterns and trends in activities that 
determine the intensity of emissions from transport, to primary emissions and the 
formation of secondary pollutants by means of transportation, and fi nally through to 
patterns of human exposure to such pollutants. The discussion of the adverse effects on 
health considers the results of both epidemiological studies and toxicological assessments 
of biological mechanisms.

Factors determining emissions
In the coming decades, road transport is likely to remain a signifi cant contributor to 
air pollution in cities. Many urban trips cover distances of less than 6 km. Since the 
effectiveness of catalytic converters in the initial minutes of engine operation is small, 
the average emission per distance driven is very high in urban areas. Also, poorly 
maintained vehicles that lack exhaust aftertreatment systems are responsible for a 
major part of pollutant emissions. 

Contribution of traffi c to pollution levels
Traffi c contributes to a range of gaseous air pollutants and to suspended particulate 
matter (PM) of different sizes and composition. Tailpipe emissions of primary 
particles from road transport account for up to 30% of fi ne PM (less than 2.5 µm in 
aerodynamic diameter or PM2.5) in urban areas. Other emissions related to road 
transport (such as those from resuspended road dust, and wear of tyres and brake 
linings) are the most important source of the coarse fraction of PM (2.5–10 µm in 
aerodynamic diameter or PM10–2.5). Road transport is also the main contributor 
to emissions of nitrogen dioxide and benzene in cities and is the major reason for non-
compliance with current European Union (EU) limit values for these pollutants.



 In so-called street canyons (where pollutants are trapped) with heavy traffi c, 
concentration levels of all transport-related pollutants are much higher than in areas 
not affected directly by pollution sources – that is, with urban background pollution 
levels. In a 0.5-km-wide belt along major urban highways, concentrations of nitrogen 
dioxide, black smoke (or soot) and ultrafi ne particles (PM0.1) are markedly higher 
than in areas with less traffi c. Several other transport-related pollutants, however, 
spread more uniformly over large areas of a city. 
 Current policies should result in reduced concentrations of transport-related 
pollution and in improved air quality. The concentration in 2010 is expected to be 
roughly 50% of that in 1995. Also, in 2010, 90% of the urban population in the 15 
countries belonging to the EU before 1 May 2004 are expected to live in areas meeting 
the EU air-quality limit values for nitrogen dioxide (hourly value), carbon monoxide, 
benzene and lead.
 Technological improvements and stricter emission standards will decrease vehicle-
specifi c emissions. Nevertheless, several factors – the growth of transport, an increased 
number of diesel cars on the market, the large number of short trips and traffi c 
congestion – may offset the benefi ts derived from these improvements. The present trends 
in transport patterns in the central and eastern parts of the WHO European Region 
follow the patterns in the western part, posing the risk of traffi c making an increased 
contribution to air pollution. In the next decade, alternative vehicle technologies are 
unlikely to make important inroads in the market or to have a signifi cant impact on 
air quality. Also, a large proportion of the population is expected to continue living 
in areas where current EU standards for PM and long-term average nitrogen dioxide 
are exceeded, owing mainly to road-traffi c emissions.
 Other factors are likely to contribute to inhibiting or preventing the reduction in 
people’s exposure to transport-related air pollution; these include expansion of urban 
areas, increases in commuting time and greater traffi c congestion. The trend in these 
contributing factors may also counteract the average improvement of air quality, 
particularly with respect to the levels of some gaseous pollutants.

Human exposure 
The volume and spatial distribution of the emissions, as well as dispersion conditions, 
affect pollution levels. Several other factors also play a part in determining the exposure 
of a population.
 Pollution intake is also determined by the number of people in polluted areas, how 
long they stay there and what they do. Time–activity patterns, particularly residence 
or work near busy roads (or both), and time spent in traffi c are critical for population 
exposure. Travellers are often exposed to levels that are three times the background levels. 
In-vehicle exposures are especially high for primary exhaust gases and PM. Groups with 
high levels of exposure include people who live near busy roads or who ventilate their 
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residences with air from road canyons with heavy traffi c, road users (such as drivers, 
commuters and pedestrians) and people whose jobs require them to spend a long time 
on the roads.
 Urban planning and development also strongly shape exposure; they determine not 
only patterns of residence and mobility but also the availability of public transport and 
non-motorized transport options. Although the available data and models restrict the 
possibility of making precise estimates and predictions of exposure patterns, traffi c can 
still be said to be responsible for an increasing proportion of the population’s exposure 
to air pollution. 

Studies on health effects
The epidemiological and toxicological evidence on the effects of transport-related air 
pollution on health has increased substantially in recent decades. Although this includes 
epidemiological and toxicological evidence, it is only a fraction of the total evidence 
on the effects on health of urban air pollution.
 A review of this evidence indicates that transport-related air pollution contributes 
to an increased risk of death, particularly from cardiopulmonary causes. It increases the 
risk of respiratory symptoms and diseases that are not related to allergies. Experimental 
research indicates that the effects are linked to changes in the formation of reactive 
oxygen species, changes in antioxidant defence, and increased infl ammation, thus 
providing some indication of mechanisms of susceptibility. Laboratory studies indicate 
that transport-related air pollution may increase the risk of developing an allergy and 
can exacerbate symptoms, particularly in susceptible subgroups. The evidence from 
population studies, however, does not consistently support this notion. While only a 
few studies have been conducted on the effects of transport-related air pollution on 
cardiovascular morbidity, they report a signifi cant increase in the risk of myocardial 
infarction following exposure. Other studies and the experimental evidence indicate 
that exposure results in changes in autonomic nervous system regulation and increased 
infl ammatory responses. A few studies suggest an increased incidence of lung cancer in 
people with long-term exposure to transport-related air pollution. Some studies suggest 
that it also causes adverse outcomes in pregnancy, such as premature birth and low 
birth weight, but the available evidence is inconsistent. 
 Few reported studies analyse the effects of specifi c interventions, and even fewer focus 
on transport-related air pollution. They indicate that reducing this pollution may directly 
reduce acute asthma attacks in children and the related medical care. Long-term decreases 
in air-pollution levels are associated with declines in bronchial hyperreactivity, in the 
average annual trend in deaths from all causes, and in respiratory and cardiovascular 
diseases. Such decreases are also associated with gains in life expectancy. 
 Often, the effects observed in epidemiological studies cannot be attributed to the 
specifi c pollution indicator used in the study, but can be attributed to a mixture of 
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pollutants. Fine PM (including black smoke) and ozone are associated with increased 
risks of mortality and respiratory morbidity, while exposure to nitrogen dioxide, ozone 
and PM has been linked to allergic responses. Other indicators of exposure to transport-
related air pollution – such as distance to or residence near major roads and, partly, 
self-reported traffi c intensity at a residence – are associated with several adverse health 
outcomes. 
 This accumulated evidence allows the hazards of transport-related air pollution 
to be identifi ed, but makes only a limited contribution to the qualitative assessment 
of its adverse effects on health and to the prediction of the benefi ts of reducing this part 
of the total air-pollution mix. 
 Initial estimates show that tens of thousands of deaths per year are attributable 
to transport-related air pollution in the Region, similar to the death toll from traffi c 
accidents. The research database still needs improvement, however, to allow a more 
precise evaluation of the effects of and changes in exposure. More research is needed on 
the patterns and adverse health effects of population exposure and on the role of the 
different components of the pollution mix. The relevance of emissions from various 
transport-related sources (such as heavy- and light-duty diesel cars) to health issues 
also needs further investigation. More studies that assess the public health benefi ts of 
various measures to improve air quality – particularly through interventions that 
address transport-related air pollution – are needed to support policies.
 Despite the need for further research, the expected health benefi ts thoroughly justify 
measures to reduce exposure to transport-related air pollution. Traffi c management 
is one of the instruments that can signifi cantly reduce the exposure of residents of 
urban areas. In addition, the integration of environmental and health considerations 
into urban planning can be improved. In particular, urban planning may aim at 
integrative measures that lower emission rates, such as the promotion of highly effi cient, 
service-oriented and clean public transport and improvements in the fl ow of traffi c. 
Several technologies show promise in lowering emission levels from conventional 
vehicles, and their development should be promoted, along with effective control 
mechanisms (such as mandatory car inspections) for eliminating gross polluters and 
badly maintained vehicles. Finally, alternative vehicle technologies and fuel substitutes 
could lead to substantial future reductions in emissions of hazardous air pollutants.

xvi



Introduction

Transport is a vital part of modern life. The freedom to travel short and long 
distances opens the horizons for personal development and professional activi-
ties, increases the options for leisure and holidays, and allows better contact and 
understanding between people. The economic development of entire regions de-
pends on the easy access to people and goods ensured by contemporary transport 
technology. Owing to its fl exibility, road transport is a major transport mode, and 
cars are objects of desire and pride in many societies.
 Unfortunately, these positive aspects are closely associated with the hazards 
to the environment and human health caused by transport, particularly road 
transport (Dora & Phillips, 2000). One of the leading concerns is the adverse 
effect on health of air pollution emitted by transport. Research in recent decades 
consistently indicates that outdoor air pollution harms health, and the evidence 
points to air pollution that stems from transport as an important contributor. The 
present trend towards increasing transport volume, and the associated risk of harm 
to air quality and health, threaten the policy objective of many countries, also 
stated by the European Union (EU) in its 6th Environment Action Programme: to 
achieve pollution levels that do not give rise to harmful effects on human health 
and the environment (European Commission, 2001).  
 A multitude of air contaminants of varying toxicity comes from road transport. 
These contaminants originate from the tailpipes of vehicles with internal combus-
tion engines, from other vehicle components (such as brake and clutch linings and 
pads, tyres and fuel tanks), and from road-surface wear and treatment materials. 
Road traffi c can be labelled  the most important source for some pollutants of great 
concern, such as nitrogen oxides, benzene and carbon monoxide. Until recently, 
leaded petrol was an important contributor to exposing the population to lead. 
Recently, emissions of particulate matter (PM) have attracted much attention, 
owing mainly to epidemiological fi ndings that suggest that it is a major risk to hu-
man health. Besides the pollution sources already mentioned, PM is also formed 
in the atmosphere, as a secondary pollutant from gases such as nitrogen oxides, 
sulfur dioxide and volatile organic compounds (VOCs). Atmospheric reactions 
that involve nitrogen oxides and VOCs lead to the formation of tropospheric 
ozone, a well-known air pollutant.
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 The mixture of air pollution varies in time and space, depending on several 
characteristics, such as proximity to roads, the composition of the vehicle fl eet, 
traffi c patterns and the presence of other pollution sources. The pattern of popula-
tion exposure depends on both pollution levels and population activities. Both 
the short-term pattern and long-term average of exposure, along with individual 
susceptibility, lead to adverse effects on health, which may occur either immedi-
ately or years later.
 Understanding the complex chain of events – from transport demand and 
traffi c activities to emissions, ambient air quality, exposure and effects – requires 
information from a variety of scientifi c disciplines, often involving research on 
complex relationships. Decision-makers and risk managers often ask: what is the 
signifi cance of the various components of the pollution emitted by transport that 
produce adverse health effects? Identifying such components would help risk man-
agers to focus their efforts and enable a more forceful reduction of adverse effects 
on health. The elimination of lead from petrol is an example of this approach; it 
has resulted in a substantial reduction in exposure to lead and its harmful effects 
on the neurobehavioural development of children.
 Reducing risk also requires knowledge of the signifi cance of short-term exposure 
to high levels of pollution (which is often experienced in dense traffi c), in contrast 
to the risks from long-term exposure to low levels (which may be experienced by 
large populations). Various risk-reduction measures may have both positive and 
negative effects; for example, reducing carbon dioxide emissions by increasing the 
proportion of diesel-powered cars may lead to increased PM emissions. Scientifi c 
evidence should therefore play an increasingly important role in making decisions 
on transport development and in evaluating its benefi ts and costs to society. As pos-
tulated by the Transport, Health and the Environment Pan-European Programme 
(THE PEP) (UNECE & WHO Regional Offi ce for Europe, 2002), the integration 
of environmental and health aspects into policies and decisions on transport should 
be one of the principles of relevant decision-making.
 Preliminary assessments indicate that diseases related to the air pollution 
caused by road transport affect tens of thousands of people in the WHO Euro-
pean Region each year (Künzli et al., 2000). The effects range from short-term 
aggravation of respiratory symptoms to a reduction in life expectancy by a year or 
more. While these assessments clearly indicate the need to substantiate intensive 
action to reduce transport-related air pollution, a better understanding of the role 
of exposure to various pollutants in producing adverse effects on health and of the 
determinants of this exposure may improve the effectiveness of further action. 
An example of policy demand for such action is the recently published resolution 
of the European Parliament that explicitly calls for a better link to be established 
in the European environment and health strategy “between the traffi c, transport 
and air pollution, on the one hand, and asthma and respiratory diseases on the 
other …” (European Parliament, 2004).
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 This book provides a systematic review of the literature and a comprehensive 
evaluation of the health hazards of transport-related air pollution. This review 
focuses on pollution related to road transport (mostly urban and suburban, and 
passenger and freight transport) and the risks it poses to human health. It omits 
or briefl y mentions other transport modes – such as rail, water and air trans-
port – that may also contribute signifi cant emissions of air pollutants. Further, 
the review does not cover other aspects of traffi c relevant to health – such as noise 
pollution, traffi c accidents, socioeconomic issues and the effects of congestion 
and climate change – even though they may be linked signifi cantly with air pol-
lution.
 This review considers and addresses two topics:

• the entire chain of relevant issues, from patterns and trends of activities that 
determine emissions (such as the demand for freight and passenger transport) 
to the determinants of the intensity of pollution emissions from transport 
(such as fuel quality and additives, engine and aftertreatment technologies 
and transport patterns); and 

• primary emissions from transport, the formation of secondary pollutants, and 
patterns of human exposure.

In discussing the adverse effects on health of exposure, the review considers the 
results of both epidemiological studies and toxicological assessments of biological 
mechanisms. It profi ted from a parallel WHO project for the systematic review 
of health aspects of air pollution (WHO Regional Offi ce for Europe, 2004) in 
support of the European Commission (EC) programme Clean Air for Europe 
(CAFE). The WHO project covered the main air pollutants – PM, nitrogen 
dioxide and ground-level ozone – from all sources and helped to ensure that 
comprehensive literature was available to the present review.
 Based on accumulated evidence, this review identifi es key facts emerging 
from the available evidence, suggesting the action necessary to reduce the health 
risks created by road traffi c. The elaboration of specifi c action plans, however, is 
beyond its scope. 
 This book identifi es the strengths and weaknesses of the evidence; these char-
acteristics are highly relevant to both quantifying the effects of traffi c-generated 
pollution on the population and evaluating the possible benefi ts of particular 
interventions. The former, however, is also beyond the scope of this book. Such 
quantifi cation must be made for a specifi c purpose, must be relevant to a specifi c 
population and requires the selection of appropriate concentration–response 
functions and data on exposure (WHO Regional Offi ce for Europe, 2000, 
2001).
 This review points out the complexity of the causal chain and the limitations 
in the available knowledge of the links between transport emissions, population 
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exposures and adverse effects on health. The authors and other contributors gave 
a good deal of attention to seeking an indicator of the mixed composition of air 
pollution related to transport, which could be valuable at various stages of the 
causal chain and in health impact assessments. They agreed, however, that an 
indicator that adequately covers all relevant aspects has yet to be identifi ed.

How to read this report and
how it was written
This book is aimed at two main audiences: policy-makers and experts in the fi eld 
of transport-related air pollution and public health. Accordingly, it provides an 
executive summary, plus summary information (called key points) at the start of 
each chapter, for policy-makers, and a full discussion, primarily for experts. In 
addition, a separate summary for policy-makers is also available (Krzyzanowski, 
2005). 
 The WHO Regional Offi ce for Europe initiated the preparation of this report 
early in 2002, through discussions of its scope and outline with potential con-
tributors and external advisers. The outline was presented for comment to the 
members of AIRNET (Thematic Network on Air Pollution and Health) (IRAS, 
2004), which is funded by the EC. After these discussions, WHO recruited the 
main contributors to the fi rst draft of the review and identifi ed a wider group 
of reviewers. The text was drafted and reviewed three times in 2003/2004. The 
editors carefully considered reviewers’ comments in fi nalizing the report. The 
discussions and reviews aimed to make complete use of the existing evidence, 
based on peer-reviewed published material, and to reach a consensus on the 
interpretation and synthesis of the evidence. 
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Key points
Facts
Collectively, internal combustion engines and conventional fuels are the dominant contributor 
to transport-related air pollution. To counter this, current regulations (such as the EU emission 
standards called Euro 0 through Euro IV) and future legislation (such as Euro V and Euro VI) 
will further reduce tailpipe emissions of regulated pollutants. 
 Compared with the very high volumes of transport in western Europe, the volumes in 
central Europe are much lower – currently, a third of passenger transport and a tenth of 
freight transport. Central European levels, however, were expected to increase soon after 
the enlargement of the EU. In the 12 countries of eastern Europe, the Caucasus and central 
Asia (EECCA), long-distance public and freight transport broke down between 1990 and 
1998. 
 In the 15 countries belonging to the EU before May 2004, passenger cars cover 80% of 
their mileage on urban and suburban roads, while lorries cover about 80% of their mileage on 
suburban roads and motorways. To meet growing demands, the motorway network in the EU 
expanded by 2.7% annually in the 1990s. Though urban and suburban road extension has 
been marginal, traffi c is generally increasing, leading to higher traffi c density and congestion 
in cities. Volumes of urban public transport, however, have stagnated as a result of urban 
development. Although motorcycles and mopeds have the potential to increase traffi c volume 
fl ow in cities, they also have high emissions of hydrocarbons, carbon monoxide and PM.
 In urban areas, the large number of short trips in congested traffi c and vehicles operating 
under cold-start conditions have offset the decrease in vehicular emissions. Many urban trips 
by private cars cover distances of less than 6 km. This leads to very high average emissions per 
distance driven, owing to the ineffectiveness of catalytic converters in the initial minutes of 
engine work. About 90% of gaseous pollutants are emitted within the fi rst 200 seconds after 
initial ignition, when the catalytic converter has yet to reach its full operating temperature. 
The absolute emission values are higher at lower ambient temperatures. Also, due to poor 
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maintenance, lack of exhaust aftertreatment systems or both, a relatively small number of 
vehicles is responsible for a major share of the emissions.

Trends
Over the past 15 years, a number of trends have become apparent. In the next few decades, 
road transport will continue to grow in the 15 countries belonging to the EU before May 2004. 
The eastern half of the WHO European Region seems to be following the transport pattern of 
western Europe: more private cars and more goods transported by lorries. 
 For at least the next decade or two, conventional diesel and petrol engines will be the 
dominant technology. The market share for diesel-powered vehicles will increase further, and 
gram emissions per vehicle kilometre driven will decrease. Alternative vehicle technologies – fuel 
cells, electric vehicles, and hybrid vehicles – are unlikely to have a signifi cant presence in the 
market before 2015.
 A number of promising technologies are candidates for lowering vehicle emissions, including 
particle traps, a system to reduce nitrogen oxide emissions, preheated catalytic converters and 
electronic vehicle controls. For further emission reductions, new engine and aftertreatment 
technologies may require fuels that are free of metals and have zero sulfur content and a low 
content of polycyclic aromatic hydrocarbons (PAHs).
 By 2020, in the EU, 20% of conventional fuels should be replaced by such substitutes as 
biofuels, natural gas and hydrogen. The main driving force for this initiative is the policy on 
climate change.

Conclusions
In urban areas, congestion and the large number of short trips under cold-start conditions have 
offset the decrease in emissions per vehicle. In coming decades, road transport is likely to remain 
a signifi cant contributor to air pollution in cities.

Introduction
In western Europe, the transport of people and freight has dominated road traffi c 
for many decades. The tremendous increase in the volume of people and goods 
transported during the last 100 years would not have been possible without the 
development of transportation technologies. For this analysis, the vehicles participat-
ing in road traffi c are classifi ed as passenger cars, lorries (including vans) and others 
(buses, motorcycles and mopeds). Although rail and public transport dominated 
the transport system in central Europe in the early 1990s, road traffi c is now increas-
ing rapidly (EEA, 2002, 2003a). For example, between 1990 and 1999, the total 
motorway length almost doubled in the 10 new EU Member States while increasing 
by almost a third in the 15 countries belonging to the EU before May 2004. 
 Emissions from road traffi c, from both combustion and friction processes, 
result in a complex mixture of air pollution, which is known to have adverse ef-
fects on health (Hoek et al., 2002). The pollutants of greatest concern at present, 
because of their impact on human health, are PM, ground-level ozone and 
nitrogen dioxide. The transport sector is an important contributor of all three. 
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Air pollution by particles is characterized by the particle size, mass concentra-
tion, number concentration and chemical composition. Among other things, 
the chemical composition pertains to the soot content (expressed either as black 
smoke or as elemental carbon and organic carbon), the concentration of PAHs 
(such as benzo[a]pyrene), and the concentration of heavy metals (such as cad-
mium, chromium, copper and zinc). Lead is still a problem in some EECCA 
countries because of its continued use in transport fuels.
 This chapter gives a brief overview of the transport patterns, fuels and propul-
sion technologies that dominate the market today; assesses their further develop-
ment; addresses some emerging technologies that may become important in the 
future; and discusses the anticipated impact of future fuels, engines and exhaust 
aftertreatment technologies on toxic emissions from new vehicles.

Transport patterns
Transport, which is the physical movement of people and goods from one place 
to another, is determined by many interacting factors: economic activity, prices 
and disposable income, regulations, organizational structures, and spatial pat-
terns – all based on the particular sociocultural background. These different 
factors vary greatly in the WHO European Region and continue to undergo 
dynamic changes. A broad classifi cation of the Region into three geographical 
areas is necessary to accommodate the major differences in total and per person 
transport volumes, modal shares, patterns of use, vehicle technology, and specifi c 
and total emissions:

1. western Europe, including Austria, Belgium, Denmark, Finland, France, 
Germany, Greece, Iceland, Ireland, Italy, Luxembourg, the Netherlands, 
Norway, Portugal, Spain, Sweden, Switzerland and the United Kingdom;

2. central Europe, including Bosnia and Herzegovina, Bulgaria, the Czech 
Republic, Croatia, Hungary, Poland, Romania, Serbia and Montenegro, 
Slovakia, Slovenia and The former Yugoslav Republic of Macedonia; and 

3. EECCA: Armenia, Azerbaijan, Belarus, Georgia, Kazakhstan, Kyrgyzstan, the 
Republic of Moldova, the Russian Federation, Tajikistan, Turkmenistan, Ukraine 
and Uzbekistan) and the Baltic states (Estonia, Latvia and Lithuania). 

Data were not available on the eight remaining countries in the Region (Albania, 
Andorra, Cyprus, Israel, Luxembourg, Malta, Monaco and San Marino), but they 
have minimal impact on the trends discussed below.
 The sections that follow provide fi gures on the total transport volume in these 
regions. This puts them in perspective with respect to both transport’s share of the 
total emissions of air pollutants and the relative strength and modes of emissions 
in the regions. Figures on transport intensity and modal shares, per person and 
per gross national product (GNP), are also provided; they indicate the different 
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levels for the different regions. They also indicate potential future developments 
in central Europe, EECCA and the Baltic states as they approach western Europe’s 
levels, which appears to be the path they are taking. 

Western Europe 
Passenger travel in western Europe has increased continuously in annual mileage 
and has shifted travel volumes to individual motorized vehicles. While both real 
income and disposable income have increased, both fuel prices and the purchase 
price of cars have decreased. Car ownership has risen continuously, with car trips 
increasingly replacing trips on public transport, by bicycle and on foot. Increas-
ing distances per trip refl ect greater distances between, for example, home, work, 
school, shopping and leisure locations – that is, lower settlement densities – and a 
deliberate choice of more distant options, which in turn have become accessible 
by faster vehicles. This is particularly true for leisure and holiday travel, with a 
move towards more frequent, though shorter, trips and more distant destinations, 
which are accessible by airplane (EEA 2003c; Eurostat, 2001). 
 Between 1970 and 2000, the total volume of passenger transport in western 
Europe more than doubled, to about 5000 billion passenger-kilometres (pkm) 
(Fig. 1.1). This growth was driven mainly by a 140% increase in passenger car 
travel, with an additional 630% increase in air travel. Cars now have about an 
80% share of the total transport volume (EC, 2002). The share of air travel is 
now 6%, slightly less than rail, whose share dropped from 10% to 7% (Eurostat, 
2001). On average, each citizen travels about 13 800 km annually, with levels in 
Greece, Portugal and Spain at around 10 500 km and in Denmark, France and 
the Netherlands at above 15 000 km (Eurostat, 2001). By 2010, total passenger 
travel volume is expected to grow by an additional 24%, and gross domestic 
product (GDP), 43% (EC, 2001). 
 In general, freight transport strongly depends on economic activity and pro-
duction infrastructure. Western Europe has seen a signifi cant extension of trade 
relations; among other contributions, this is due to the increasing economic 
integration of the EU and the movement to market economies farther east (EC, 
2002; EEA, 2003d), a diversifi cation of production processes and sites, and a 
continued trend away from heavy industry and towards refi nement industries 
and services. Trends indicate more frequent and more distant consignments of 
freight. The signifi cant growth of container transport, of just-in-time logistics and 
express delivery is enigmatic (EEA 2003e), however. These developments in both 
production and goods have been propagated to a large extent by lorry transport; 
as lorry transport has proven to be fl exible and ubiquitously available at moderate 
costs, many of these production structures have come to depend increasingly on 
it (Borken et al., 2004).
 As a consequence, the strong growth in land-based freight transport volume 
is due entirely to the increase in road freight volume; this is matched by a similar 
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Fig. 1.1. Volume of passenger transport in the 15 countries belonging to 
the EU before May 2004, in 1990, 1998 and 2010 (projection)

Note. The share of motorcycle transport is over 4%; that of light rail is about 17%. No data 
are projected for motorcycle and inland shipping in 2010.
Sources: Eurostat (2001) and EC (2001, 2002).
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increase in short sea shipping. Rail and inland ships transport predominantly 
bulk materials (minerals, building material, coal, ore, scrap metal and petroleum 
products), and their transport volumes have stagnated in western Europe (EEA, 
2003e Eurostat, 2001). 
 Overall, freight transport volumes have more than doubled since 1970, to 
about 3000 billion tonne-kilometres (tkm), with road and short sea shipping hav-
ing shares of 44% and 41%, respectively, in 2000 (Fig. 1.2). Transport volume per 
person has similarly increased, to 7400 tkm per person. Short sea shipping is the 
backbone of external trade in the 15 countries belonging to the EU before May 
2004: ore and other raw materials, as well as crude oil and petroleum products, 
are imported by ship, while high-value products are exported. Thus maritime 
shipping accounts for 70% (or 1.3 billion tonnes) of all tonnage traded with other 
countries and for 40% (or almost €2000 billion) of the value of external trade. 
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Fig. 1.2. Freight transport in the 15 countries belonging to the EU
before May 2004, in 1990, 1998 and 2010 (projection)

Note. 1998 data on short sea shipping came from estimated 1997 data. 
Sources: Eurostat (2001) and EC (2001, 2002).
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Trade within the 15 countries belonging to the EU before May 2004 moves mostly 
by road (44% of tonnage traded), followed by short-sea and inland shipping (28% 
and 12%, respectively) (EC, 2002). 
 The intensity of freight transport increased slightly, to 466 tkm per 
€1000 GDP in 1998. Within the EU, it was greatest in the Netherlands (700 tkm 
per €1000 GDP), signifying the high share of low-value bulk goods, and least in 
Ireland (320 tkm per €1000 GDP) (Eurostat, 2001). In the past few years, transport 
volume has grown more than GDP; past freight transport trends, notably increased 
long-distance road transport, are expected to continue until 2010 (EEA, 2003d). 

Central Europe
Since the 1990s, central Europe has been marked by a transition to market econo-
mies, by an increased freedom of movement, an increased number of trips and 
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means of transport (with formerly state-owned transport companies undergoing 
major changes) and, in some cases, rapid technical change (Pucher, 1999; Berger, 
2002). Differences between the countries in this group, however, are large and 
more pronounced than in western Europe. 
 Before December 1991, passenger transport for the general population in 
central Europe meant public transport by rail and bus (Pucher, 1999; TACIS Tech-
nical Dissemination Project, 1996). This declined drastically in the 1990s – for 
example, rail declined by more than 40% (EEA, 2003b) and urban transport 
volumes declined even more (Pucher, 1999). In contrast, private car travel grew. 
Best documented is the rise in car ownership, roughly correlated with GDP 
growth. Levels range from 430 cars per 1000 population in Slovenia to 300 in 
the Czech Republic, respectively, compared with 550 cars per 1000 in western 
Europe (EEA, 2003a). Car ownership rates appear to have peaked – contrary to 
those in western Europe, but from a much lower level – in the capital cities: such 
economic centres as Budapest, Prague and Warsaw (Pucher, 1999). Actual car 
use, however, also depends on fuel costs and disposable income, and therefore 
is not necessarily proportional to ownership (TACIS Technical Dissemination 
Project, 1996; Cherp et al., 2003). 
 The statistics available are not reliable, but they suggest that the decline in 
public transport volume has levelled off and that passenger car travel is now 
strongly driving the growth in volume. For the year 2000, the estimated total 
travel volume (Prognos, 2002) for the Czech Republic, Hungary and Poland – the 
largest economies in central Europe – was about 375 billion pkm (Fig. 1.3), with 
about a 70% share for car travel. A further one-third increase by 2010 has been 
estimated (Prognos, 2002). Per person, this translates to about 5000 km annually 
(EC, 2002; EEA, 2003e), which is about a third of the level in western Europe. 
There are, however, large discrepancies in passenger transport between central 
European countries, for reasons including armed confl ict. 
 In the past, freight transport in central Europe was planned centrally, with 
greater emphasis on heavy industry and agriculture than on consumer products. 
A particularly high share for rail characterized freight transport. With declining 
economic activity in the 1990s, the total freight transport volume decreased by 
about 20–25%, in comparison with 1990 levels in the Czech Republic, Hungary 
and Poland (Fig. 1.4) (European Conference of Ministers of Transport, 2002a). 
It has now stabilized in these countries at around 300 billion tkm, which is about 
a tenth of the current transport volume in the 15 countries belonging to the EU 
before May 2004 (EEA, 2003c). The growth was entirely driven by road transport, 
which doubled its volume to its current 50% share of freight transport. Also, 
Turkey’s estimate freight transport volume in 1998 was about 150 million tkm, 
of which road transport comprised 90% (European Conference of Ministers of 
Transport, 2002a). The reader should note, however, that the data used for Fig. 1.4 
are inconsistent with some other data. (The Prognos (2002) data are inconsistent 
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Fig. 1.3. Total passenger transport volume (excluding aviation) in the 
Czech Republic, Hungary and Poland, 1991, 2000 and 2010 (projected) 

Note. Data for the Czech Republic in 1991 are estimated to be two thirds of the value for 
Czechoslovakia.
Source: Prognos (2002).
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with those of European Conference of Ministers of Transport (2002a), which in 
turn are inconsistent with other data from the European Conference of Ministers 
of Transport (2002b) and those of the EC (2002). Prognos appears to have un-
derestimated public/mass transport volumes in 1991, and to have overestimated 
the volume in 2000.) 
 Rail transport and rail companies’ severe fi nancial, technical and institutional 
problems in trying to maintain their service contribute to the growth in road 
transport of freight (Berger, 2002); rail’s share of freight transport dropped from 
70–80% in the early 1990s to about 40% recently (European Conference of 
Ministers of Transport, 2002a). Also, pipelines are twice as important in central 
Europe as in western Europe, with about a 10% share of freight transport. The 
average intensity of freight transport in central Europe reveals signifi cant differ-
ences among countries’ economies, spanning a factor of fi ve from Slovenia to 
Slovakia with, respectively, about 250 tkm per US$ 1000 GDP and about 1250 
tkm per US$ 1000 GDP (EEA, 2003d). 
 Central Europe’s trade relations have now shifted towards western Europe, and 
its industries seem to have restructured, stabilized and recovered (Berger, 2002), 
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Fig. 1.4. Total freight transport volume (excluding short sea shipping)
in the Czech Republic, Hungary and Poland, 1991, 2000 and 2010 (projected) 

Note. Data for the Czech Republic in 1991 are estimated to be two thirds of the value for 
Czechoslovakia. Data for pipelines are from European Conference of Ministers of Transport 
(2002a); the value for 2010 equals the value for 2000 (as an indication). 
Source: Prognos (2002).
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from a relatively low level. GDP is estimated to show 4.4% real annual growth 
by 2010, and a strong growth in passenger and freight transport is expected – 
driven mostly by road transport (Prognos 2002; Zachariadis & Kouvaritakis, 
2003). In joining the EU, the 10 new Member States are adopting its extensive 
environmental legislation, which limits specifi c vehicular emissions and defi nes 
fuel characteristics. Hence, improved vehicles and an upgraded transport infra-
structure will drive the expected strong growth in transport volume. The overall 
pollutant emissions from transport might rise, as Zachariadis & Kouvaritakis 
(2003) indicate. 

EECCA and the Baltic states
Before 1991, passenger transport in EECCA was geared even more towards highly 
subsidized public transport than it was in central Europe, and travel by private 
car was a limited and expensive privilege. Consequently, the deep and lasting 
economic recession since the 1990s and the general decline in public transport 
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services have led to a dramatic drop in movement using rail, the previous backbone 
of long-distance travel. Passenger travel fell, indicatively, by 40–50% in the Russian 
Federation and Ukraine, 50–70% in Azerbaijan, Kazakhstan and Uzbekistan, and 
up to 80% in the Baltic states (TACIS Technical Dissemination Project, 1996; 
EEA, 2003a; World Bank Infrastructures and Energy Services Department Europe 
and Central Asia Region, 2002). Public urban transport, which had been an es-
sential service while having a bad reputation, surged; its recovery is now hindered 
by the greater number and wealthier share of previous passengers’ travelling by car. 
Increased road traffi c has led to both congestion and urban sprawl; public transport 
is having diffi culty in coping with this situation, and its service quality and hence 
attractiveness have deteriorated further (World Bank Infrastructures and Energy 
Services Department Europe and Central Asia Region, 2002). 
 Levels of car ownership have increased, but are still moderate, even when com-
pared with those in central Europe. In 1999, car ownership ranged from about 
300–330 cars per 1000 population in Estonia and Latvia to 150 cars and fewer per 
1000 in central Asia (EEA, 2003a). Car ownership rates appear to peak in major 
cities: economic centres such as Riga in Latvia and Moscow and St Petersburg in 
the Russian Federation (TACIS Technical Dissemination Project, 1996). Actual 
car use, however, does not seem to show a similar extension, because disposable 
incomes are small; this is the case even though transport fuels (of which diesel is 
most important) cost about US$ 0.25–0.35 per litre (for diesel), only a few cents 
above the estimated production costs in December 2002 (TACIS Technical Dis-
semination Project, 1996; Cherp et al., 2003; Metschies, 2003). 
 Transport statistics are sketchy and inconsistent. No time series was available 
for passenger transport EECCA and the Baltic states. For the Russian Federation, 
20 billion pkm was estimated for cars (Fig. 1.5), assuming on average 1000 pkm 
per car and 135 cars per 1000 inhabitants. No data on aviation  were available for 
many countries. For 1998, a total passenger travel volume of around 500 billion 
pkm is estimated for the Russian Federation, which translates into 3500 pkm 
per person, of which urban transport comprises 50% (EC, 2002). In Estonia, 
however, cars are already estimated to account for 75% of the passenger travel 
volume, which is a typical western European level. 
 The drop in economic activity has been more pronounced and longer in 
EECCA than in central Europe. Compared with 1990 levels, freight transport 
volume fell drastically in EECCA, to only 40% between 1996 and 1998; it has 
recently recovered (European Conference of Ministers of Transport, 2002a, 
2002b). According to the statistical data (Fig. 1.6), rail transport has decreased 
to less than half its previous volume, but still has about an 85% share of ground 
transport (European Conference of Ministers of Transport, 2002a). In the Baltic 
states, whose ports are busy with transit between western Europe and the Rus-
sian Federation, road freight transport is expanding – though rail still has 50%, 
64% and 75% shares in Lithuania, Estonia and Latvia, respectively. The Russian 
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Note. The transport volume of Estonia is multiplied by a factor of 10 so that it can be shown 
alongside that of the Russian Federation.
Sources: EC (2002), Prognos (2002) and European Conference of Ministers of Transport 
(2002b).

Fig. 1.5. Total estimated passenger transport volume by mode
in the Russian Federation and Estonia, 1998
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Federation accounts for 90% of the freight transport volume in both the Federa-
tion and Ukraine. In 1998, total freight transport volume in EECCA was about 
1400 billion tkm; this was about fi ve times the total volume in central Europe and 
almost as much as the freight transport volume in the 15 countries belonging to 
the EU before May 2004, in each case excluding pipelines and short sea shipping 
(EC, 2002; European Conference of Ministers of Transport, 2002a). 
 Pipelines are not discussed here in detail because of their low share in trans-
port volume (5% in western Europe and 10% in central Europe) and negligible 
emissions of pollutants. In 1998, however, their transport volume of about 2000 
billion tkm in the Russian Federation and Ukraine exceeded that of all surface 
transport modes together by a third and had dropped only to 75% of 1990 levels 
(European Conference of Ministers of Transport, 2002a). 

Road transport
Transport is the second largest energy consumer in the Region, accounting for 
30% in western Europe and 22% in central Europe in 1999 (EEA, 2003a). An 
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annual growth of about 2% and 3% in western and central Europe, respectively, 
was recorded for transport energy consumption in the decade 1990–1999.
 The baseline scenario of CAFE (2002) has recently provided data on the evo-
lution of fuel use in road transport. Fig. 1.7 provides fuel-use data for the EU. In 
the period 1990–2020, an annual growth of 1.33% and 2.23% in road transport 
energy demand is predicted for the 15 countries belonging to the EU before May 
2004 and the 10 new EU Member States, respectively. In the former, diesel’s share 
is expected to increase from 40% to 59% at the expense of petrol’s share. No 
particular trend is expected in the 10 new EU Member States. Alternative fuels 
(compressed natural gas and hydrogen, collectively) show modest penetration 
rates and are not expected to exceed 0.3% of the total road energy consumption 
in 2020 (Fig. 1.8). The share of alternative fuels appears negligible in the 10 new 
EU Member States.
 This scenario clearly demonstrates that internal combustion engines using 
conventional fuels will continue to be the main propulsion system in road 

Fig. 1.6. Total freight transport volume by mode (excluding short sea 
shipping) in the Russian Federation and Ukraine, 1990 and 1998 

Note. Transport by pipelines and inland waterways in Ukraine for 1998 is scaled according 
to development in the Russian Federation. 
Sources: EC (2002), Prognos (2002) and European Conference of Ministers of Transport 
(2002b).
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Fig. 1.7. Fuel use in the road transport sector in the EU, 1990 to 2020 (projected)

Note. LPG = liquifi ed petroleum gas; CNG = compressed natural gas. 
Source: CAFE (2002). 
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transportation. The 15 countries belonging to the EU before May 2004, how-
ever, are likely to shift signifi cantly towards more effi cient diesel engines, but not 
towards alternative fuels, whose small fraction mainly refl ects their use only in 
dedicated applications, such as urban fl eets and company cars. As to individual 
fl eets, the shift from petrol-burning to diesel-burning engines in passenger cars 
is consistent with the fuel-use mix predicted by the CAFE programme (see 
Fig. 1.7). 
 Fleet ageing (Fig. 1.9) may have a signifi cant effect on mean emission levels. 
Fig. 1.10 shows historical data (Eurostat, 2002) on the share of diesel cars in the 
total passenger car fl eet for most of the 15 countries belonging to the EU before 

Fig. 1.8. Total energy consumption in the EU, 1990 to 2020 (projected) 
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Fig. 1.9. Mean age of on-road vehicles in the EU according to
vehicle category, 1990 to 2020 (projected)

Note. No data are available for Luxembourg and Poland.
Source: Eurostat (2002).
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Fig. 1.10. Shift of passenger cars to diesel engines, 1995–2000 

Source: Transport and Environment Database System Project (2003).
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May 2004. In several, almost half of passenger cars use diesel, and diesel cars are 
increasingly penetrating the market in all but a few countries. Despite the in-
troduction of new vehicles in the fl eet, the mean age seems to be increasing over 
time. Models predict a moderate but constant increase in the age of passenger 
cars (from 6.7 years in 1990 to 7.4 years in 2020) and a more signifi cant increase 
for commercial vehicles in 1995–2005. The mean age of such vehicles, however, 
seems to stabilize at about 10 years. 
 The European Environment Agency (EEA, 2003a) reported that, in the decade 
1990–1999, the motorway network expanded by an annual rate of about 2.7% in 
the 15 countries belonging to the EU before May 2004 (Fig. 1.11), and by 7.2% 
in the 10 new EU Member States. Expansion in the latter is expected to continue 
as a function of improving economies and the need to expand the road network 
westward. The extension of the urban and suburban network is only marginal in 
both cases.
 Fig. 1.12 shows the proportions on passenger and freight volumes on highways 
and rural and urban roads. Urban and rural driving make up more than 80% of 
total passenger transport, while highways are more signifi cant for freight transport. 
No signifi cant shift in modal shares is predicted in the coming years.
 Road transport varies not only in spatial distribution but in temporal pat-
terns. Fig. 1.13 presents traffi c density as a function of time of day for a number 
of European cities. Traffi c is much heavier in the daytime and peaks in most of 
the cities around the opening and closing times for offi ces. This affects travelling 
conditions and, consequently, as will be shown, the values for emissions. André & 
Hammarström (2000) found that, in most European cities, cars travel at a mean 
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Fig. 1.12. Shares of passenger and freight activity share
on different types of road, 1990 and 2020 (projected)

Fig. 1.11. Length of motorways and other roads in the 15 countries
belonging to the EU before May 2004, 1990–2000 

Source: Eurostat (2002).
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Source: Transport and Environment Database System Project (2003).

speed of 18–29 km/h with a range of ±7 km/h, depending on the hour and the 
city. In congested traffi c, speeds are as low as 5 km/h. Fig. 1.14 shows weighted 
mean speeds for all the countries belonging to the EU before May 2004, predicted 
by the Transport and Environment Database System Project (2003). No particular 
change in travelling speeds is predicted for the coming years.
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Fig. 1.13. Typical hourly profi les of traffi c density
for some European cities, 1990 

Source: EC (1996).

Source: Transport and Environment Database System (2002).
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Fig. 1.14. Mean travelling speeds for passenger and freight activity
in the 15 countries belonging to the EU

before May 2004, 1990 and 2020 (projected) 
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 The use of motorcycles, scooters and mopeds is a special topic. For climatic 
reasons, these two-wheelers are very popular in southern European cities, where 
they also contribute to an improvement of the overall traffi c fl ow. As to emis-
sions, however, a small two-stroke scooter can have very much higher (up to three 
orders of magnitude) specifi c emissions of hydrocarbons and high levels of PM, 
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consisting mainly of VOCs, with only a small fraction of solid particles. The 
introduction of several measures – for example, the use of aftertreatment systems 
and new direct injection technologies – has reduced the emissions from two-
stroke mopeds. Also, the right choice of lubrication oil can signifi cantly reduce 
PM emissions.

Road transport emissions in the EU
To assess future trends in emissions and air quality and the cost–effectiveness of 
different policy measures, Auto-Oil II (1999) established a baseline scenario for 
the evolution of emissions from road transport in the 15 countries belonging to 
the EU before May 2004 (Fig. 1.15). This forecast showed that, despite the in-
creasing demand for transport, conventional pollutant emissions should decrease 
in the coming years as a result of stringent EU regulations for vehicle emissions 
and fuel quality. Carbon dioxide emissions, however, will increase modestly, 
despite the voluntary commitment of the European automotive industry to 
achieve an average 140 g/km carbon dioxide for the fl eet of new passenger cars 
sold in the EU in 2008 (ACEA, 1998). This picture is well established today 
among policy-makers, the industry and researchers in the fi eld. The following 
sections provide an insight into how road transport sources contribute to total 
emissions. 

Emission patterns 
Emissions from road transport are distinguished by four main components: 

Fig. 1.15. Baseline scenario for evolution of emissions from road
transport in the 15 countries belonging to the EU before May 2004 

Note. The reference year is 1995 (1995 = 100%).
Source: Auto-Oil II (1999). 
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• exhaust emissions under thermally stabilized engine operation (hot emis-
sions);

• exhaust emissions during transient operation after engine start-up (cold-start 
emissions);

• emissions originating directly from fuel evaporation; and
• non-exhaust PM emissions produced by wear on vehicle components (such 

as tyres, brakes and clutch) and road abrasion.

Hot emissions depend mainly on vehicle technology (emission control and 
aftertreatment) and driving conditions. Fig. 1.16 shows the effect of driving 
conditions on emission levels for a fl eet of Euro-I petrol passenger cars. Mean 
vehicle speed is an important parameter, because it can be used to characterize 
driving patterns. The slow speeds encountered in cities usually include stop-and-
go conditions, which may signifi cantly increase emissions. On the other hand, 
the high speeds encountered on motorways demand high power output, which 
again increases emission levels. With respect to emissions, moderate speeds are 
the most favourable.
 Mean speed, however, is not the only relevant parameter. Fig. 1.17 compares 
driving with the same mean speed but with different driving dynamics – that is, 
frequency and intensity of accelerations. Calm driving is obviously better than 
more aggressive vehicle use.
 Emissions associated with cold starts are mostly signifi cant for catalyst spark-
ignition vehicles, because of the low catalyst effi ciency before light-off temperature 

Note. So that they can be shown on the same graph, the fi gures for nitrogen oxides and 
hydrocarbons have been multiplied by 10 and those for carbon dioxide, divided by 100.
Source: Ntziachristos & Samaras (2000).

Fig. 1.16. Effect of mean travelling speed on emission levels
from passenger cars with catalysts 
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(the temperature at which 50% conversions of carbon monoxide or nitric oxide is 
achieved) is reached and because of the engine over-enrichment needed to sustain 
drivability despite incomplete fuel volatilization. Obviously, exhaust emissions 
increase with decreasing ambient temperature (Joumard & Sérié, 1999). The 
performance observed depends on the type of pollutant. Most cold-start over-
emission of pollutants, which depends on fuel enrichment, occurs mainly in the 
earliest fractions of the trip. Estimation of the over-emission of engine cold start 
at a fl eet level is a function of the pollutant considered, ambient temperature, 
vehicle technology, mean speed and average trip distance (Ntziachristos & Sa-
maras, 2001). The effect of cold starts is concentrated mainly in urban areas, where 
most passenger cars are started and where many trips are shorter than 6 km. As 
a consequence, the aftertreatment system does not work under optimum condi-
tions most of the time; this leads to relatively high emissions per distance driven, 
compared with long-distance driving (even at high speed) on roads outside of 
urban areas and on highways.
 Evaporative losses are another source of non-methane VOC emissions from 
petrol-fuelled vehicles. Fuel evaporation occurs as diurnal losses (due to the tem-
perature variation of the fuel-tank content during the day), as hot and warm soak 
losses in the mixture-preparation system (due to the elevated engine temperature) 
and as running losses during vehicle operation. For a fl eet of passenger cars, evapo-
ration losses depend on the ambient temperature variation, fuel volatility and 
mean trip distance. Evaporation losses, however, have been signifi cantly reduced 
in modern passenger cars, which are equipped with sealed fuel injection systems 
and active carbon canisters in their tank vents.

Note. On the emission index, 1 = moderate speed and dynamics.
Source: Ntziachristos & Samaras (2000).

Fig. 1.17. Effects of driving dynamics on emission performance
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PM emissions
As a direct source of airborne particles from exhaust and component wear, road 
transport is a signifi cant source of primary emissions of PM in urban areas. It is 
also a source of secondary particles formed by condensation of gaseous species 
(sulfates and nitrates) emitted in the exhaust and by resuspension of debris ac-
cumulated on the road surface. 
 Emissions of exhaust particles have received much attention lately, because of 
suspected adverse effects on human health. Fig. 1.18 shows typical size distribu-
tions of exhaust particles emitted by different vehicles, compared with a typical 
urban background distribution. Airborne particle emissions from vehicles form 
either a monomodal lognormal distribution with a peak in the range of 50–100 
nm (accumulation mode) or a bimodal distribution with an additional mode in 
the range 10–50 nm (nucleation mode). The accumulation mode consists mainly 
of soot particles formed in diesel engines, due to incomplete combustion. In some 
cases, such as uncontrolled two-stroke engines, the accumulation mode may also 
form by condensation of volatile material. When the nucleation mode appears, it 
consists almost exclusively of volatile material (hydrocarbons, hydrated sulfuric 
acid and salts), and its appearance is also a function of dilution conditions.
 By mass, the most signifi cant non-exhaust sources are brake and tyre wear 
(UNECE/EMEP Task Force on Emissions Inventories and Projections, 2004). 
Airborne brake debris consists of particles with an aerodynamic diameter of 
3–10 µm and is composed of metals (such as iron, copper and lead) and organic 

Source: Ntziachristos et al. (2003).

Fig. 1.18. Typical size distributions of exhaust particles
of different vehicle types
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material and silicon components, which are used in the brake pads as binders. 
Tyre debris appears as particles up to several hundreds of micrometers in diameter, 
with a signifi cant airborne fraction above 10 µm. Tyre particles consist of various 
rubbers (such as styrene butadiene rubber, natural rubber and polybutadiene). 
Organic zinc has been widely used as an indicator of tyre particles, because zinc 
is used in tyre production as a vulcanizing agent. Non-exhaust particle sources 
become increasingly important as exhaust emissions decrease. Fig. 1.19 shows 
the contribution of non-exhaust particle sources to total PM emissions from a 
diesel car. Also, a look at the emission levels of a well-maintained modern petrol 
car (see Fig. 1.18) shows that its major contribution to PM pollution is from 
non-exhaust sources.

Gross polluters and other factors
Emissions from vehicles and all other combustion processes have been reduced 
signifi cantly over the past years. A number of other factors, however, devour part 
of this technological improvement. In cities, for example, traffi c jams at peak 
hours drastically increase emissions per driven distance, and the search for park-
ing places increases the distance driven. Still more important are the vehicles with 
poor or no maintenance or with malfunctioning aftertreatment systems – all of 
which result in increased emissions. The European Auto-Oil Programme Working 

Fig. 1.19. Contribution of exhaust and non-exhaust particle sources to 
total PM emissions from diesel passenger cars of improving technology

Source: Ntziachristos & Samaras (2000).
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Group 4 on Inspection and Maintenance (Auto-Oil II, 2003) estimated that the 
most polluting cars in the whole fl eet (3%) are responsible for 27% of its emis-
sions. Although this example is directed towards a worst-case scenario, it shows 
that only a few gross polluters might be responsible for large parts of vehicular 
emissions. This was confi rmed by some experimental studies that used remote-
sensing technologies to detect on-road single-vehicle tailpipe emissions.

Transportation technologies 
The combustion engine or, more precisely, the internal combustion engine is by 
far the dominant source of power for on-road and off-road vehicles. In principle, 
fuel and air are fed to a chamber where combustion releases the chemical energy 
stored in the fuel and converts it to heat and mechanical power. This section is 
gives a brief overview of the engine and exhaust aftertreatment technologies that 
dominate the market today, and discusses how they may be developed further.

Emission regulations in the EU
Recent decades have been characterized by two major trends: lower emissions 
from new vehicles put on the market and the introduction of more environmen-
tally friendly fuels, including the phasing out of leaded fuels and the reduction 
of sulfur concentrations in fuels. Emission regulations for new vehicles in the EU 
(called Euro I, Euro II, etc.) have been a major driving force for the reduction in 
emissions observed in recent years. A further tightening of controls on emissions 
from vehicles will be implemented through the Euro IV standard for light-duty 
vehicles (passenger cars) and Euro IV and V standards for heavy-duty engines (EU, 
1998; EU, 1999). Also, discussions have begun on stricter limits for light-duty 
vehicles (Euro V) and heavy-duty lorry and bus engines (Euro VI).
 Table 1.1 shows the EU emission standards for passenger cars and Table 1.2 
shows the corresponding standards for heavy-duty engines. They regulate ex-
haust emissions of carbon monoxide, hydrocarbon, nitrogen oxides and PM. The 
Euro II to Euro IV standards for passenger cars differ for diesel fuel and petrol 
(lower carbon monoxide, but higher nitrogen oxides for vehicles that use diesel 
fuel). Vehicles that use petrol are exempted from PM standards, since port-injected 
petrol vehicles emitted very low levels of PM. The 2000 and 2005 standards are 
accompanied by fuel quality rules – for example, a maximum diesel-fuel sulfur 
content of 50 parts per million (ppm) in 2005. Fig. 1.20 shows comparisons of 
emission limits for nitrogen oxides and PM from passenger cars and heavy-duty 
vehicles, respectively, in the EU, Japan and the United States of America.
 The reader should note that emission tests that use a chassis dynamometer 
on engine test benches are not performed primarily to deliver emission factors 
for subsequent use in modelling. These emission tests are executed under well-
controlled laboratory conditions and simulate only a small fraction of all possible 
driving patterns and meteorological conditions.
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Euro I      1992 4.5 1.1 – 8.0 0.36
Euro II 1996 4.0 1.1 – 7.0 0.25
Euro II 1998 4.0 1.1 – 7.0 0.15
Euro III 2000 2.1 0.66 0.80 5.0 0.10
Euro IV 2005 1.5 0.46 0.50 3.5 0.02
Euro V 2008 1.5 0.46 0.50 2.0 0.02

Table 1.2. EU emission standards for heavy-duty-vehicle diesel engines 

Note. Euro III introduced changes in test cycles for heavy-duty engines.
Source: DieselNet (2004).

Standard Year Carbon monoxide 
(g/kWh)

Hydrocarbons 
(g/kWh)

Smoke 
(m-1)

Nitrogen
oxides (g/kWh)

PM
(g/kWh)

Euro I 1992 2.72 0.97 – 0.14 2.72 –  0.97 –
Euro II 1996 1.00 0.90 – 0.10 2.20 –  0.50 –
Euro III 2000 0.64 0.56 0.50 0.05 2.30 0.20 –  0.15
Euro IV 2005 0.50 0.30 0.25 0.025 1.00 0.10 –  0.08

Table 1.1. EU emission standards for passenger cars

  Petrol cars (g/km) 

Source: DieselNet (2004).
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Note. Test cycles have changed over time and differ between countries; a direct comparison of numbers is therefore diffi cult.
Source: DieselNet (2004).

Fig. 1.20. Comparison of emission limits of PM and nitrogen oxides
for passenger cars and heavy-duty lorries

in the EU, Japan and the United States 
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Engine technology
Two major types of internal combustion engines have emerged: the diesel engine 
(invented by Rudolf Diesel in the late nineteenth century) and the spark ignition 
petrol engine (often called the Otto engine, after the inventor Nicolaus August 
Otto (1832–1891), or just petrol engine, after the fuel that is most suitable for this 
combustion principle). The following are some important differences between 
these two engine types. 

• The petrol engine uses a spark plug to ignite the fuel, while combustion in a diesel 
engine is started by auto-ignition, due to the heat created during compression.

• The ratio between fuel and air in a petrol engine is almost stoichiometric 
(neither an excess nor a defi cit of air), whereas a large excess of air characterizes 
the diesel engine.

• In a petrol engine, fuel is evaporated and mixed with air to form a more or less 
homogenous gas mixture. In contrast, air is compressed to high pressures in 
the cylinder of a diesel engine, and small droplets of fuel are then injected.

 Low fuel consumption and high reliability are high priorities in heavy-duty 
vehicles, while weight, price and power output are more important in private 
cars. For these reasons, the diesel engine is dominant in heavy-duty vehicles. Both 
petrol and diesel engines are used, however, in passenger cars.
 Two other combustion concepts may be seen as combinations of the diesel 
engine and petrol engine. These concepts are called gasoline direct injection and 
homogenous charge compression ignition. These new combustion principles are 
expected to lead to improved engines that will meet future demands for low emis-
sions and low fuel consumption. Cars using gasoline direct injection are already 
on the market, and this engine type has the potential to combine the low energy 
consumption of diesel engines with the low exhaust emissions of spark ignition 
engines. Energy consumption, however, is still higher than that for a correspond-
ing diesel engine and emissions of PM tend to be higher than those from a spark 
ignition petrol engine (ACEA, 2002). Homogenous charge compression ignition 
is still under development, but it may have a role to play in the future for both 
heavy-duty engines and light-duty passenger cars.
 The fulfi lment of emission requirements is not the only driver of engine develop-
ment. Fuel consumption and the corresponding carbon dioxide emissions are also 
of utmost importance, and will probably attract even greater attention in the future. 
This is an issue because less than half of the energy of the fuel in a combustion engine 
is converted to useful mechanical energy (the energy used to make a vehicle move). 
Diesel engines are, in general, considerably more effi cient than petrol engines.
 Engines that use more than one fuel (such as petrol and methane, or petrol and 
ethanol) are on the market, and an increasing demand is expected for alternative 
fuels and particularly carbon-dioxide-neutral fuels. Examples of alternative fuels 
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include methanol, ethanol, dimethyl ether, liquefi ed petroleum gas (butane and 
propane) and biodiesel (such as methyl ester of rapeseed oil). The quality of the fuel 
may signifi cantly infl uence the composition of the exhaust. It has been shown that 
the aromatic and sulfur contents of diesel fuel have a strong infl uence on the emis-
sions of PAHs and PM. The widespread introduction of new alternative fuels might 
result in regulations that limit currently unregulated pollutants, such as aldehydes; in 
general, this would give engine manufacturers the ability to optimize their engines to 
a certain fuel, so that the legal emission requirements are met. Moreover, it is usually 
easier to achieve low emissions of toxic pollutants with a less complex fuel.

Exhaust aftertreatment

Petrol
The fact that petrol engines use a nearly stoichiometric ratio between fuel and air is 
important for exhaust aftertreatment. Because the air–fuel mixture (measured by 
a lambda sensor) is tightly controlled, a so-called three-way catalyst can be used. 
This device operates properly above 250 °C. Once this temperature is reached, the 
conversion rate of the pollutants – into carbon dioxide, water and nitrogen – ap-
proaches 100%. During the fi rst 10–30 seconds of operation, however, the catalyst 
cleans the exhaust very poorly or not at all. About 90% of the emissions that reach 
the atmosphere during real-life driving are therefore produced during the cold-start 
phase and the following minute.

Diesel
For cars using diesel fuel, there is no practical way to use the three-way principle for 
exhaust aftertreatment. In a typical diesel exhaust, the oxygen content is about 10% 
(compared with 21% in the air and 1% in the petrol exhaust just after the engine), 
and the reduction of, for instance, nitric oxide is hard to achieve in this oxygen-rich 
environment.
 The most critical toxic emissions from diesel engines are PM and nitrogen oxides. 
Diesel PM can be separated from the exhaust by fi ltration and the collected soot 
fraction removed by combustion. The combustion of soot generally starts at tempera-
tures above 500 °C, but the exhaust gases do not often reach such high temperatures. 
Several techniques are therefore applied to regenerate particle fi lters: 

• oxidation of nitric oxide to nitrogen dioxide (the continuous regeneration trap) 
and ensuing oxidation of soot by nitrogen dioxide (oxidation starts at about 
300 °C);

• the use of fuel additives, such as cerium oxide and copper oxide, to lower the 
combustion temperature needed; and

• active regeneration by manipulation of the engine parameters, to increase the 
exhaust temperature.
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 If the soot is not properly regenerated, the uncontrolled combustion that 
occurs when the backpressure rises will damage the fi lter by overloading it. The 
demand for intensive servicing to remove ash that has been collected in the par-
ticulate fi lter (and the costs involved) may, in certain cases, complicate the use 
of such fi lters. Nonetheless, one automaker has sold diesel cars equipped with 
particle fi lters since May 2000. This system requires the use of a cerium-based 
fuel additive.
 The German automobile association (Allgemeiner Deutscher Automobil 
Club – ADAC) has tested four vehicles equipped originally with particle traps 
and two vehicles with different retrofi t solutions (ADAC, 2004). All the particle 
traps reduced PM emissions during the modifi ed cold-start procedure (called the 
new European driving cycle) by more than 90%, to around 0.001 g/km. A fuel 
consumption increase of 5–9% was observed in comparison with similar vehicle 
models without a trap. This increase in fuel consumption was explained by the 
modifi ed engine tuning that was chosen also to obtain the 40–50% reduction in 
nitrogen oxide emissions observed for the vehicles tested in the study. One of the 
retrofi t systems reached a similar PM reduction without a signifi cant fuel con-
sumption increase. In all cases, no losses in vehicle performance were measured.
 Interest in PM emissions from diesel engines has increased in the last few 
years. In general, engines using older technology produce signifi cantly more PM 
(especially soot), but the characteristic shapes of the size distribution curves do 
not differ greatly between older and more advanced technology (ACEA, 2002).
 To meet future demands for lower emissions of nitrogen oxides, several 
techniques are being considered, including selective catalytic reduction with the 
addition of urea, storage of nitrogen oxides and reduction of nitrogen oxides by 
the use of diesel fuel. For the removal of nitrogen oxides, the intrinsic problem 
is the reaction of the reducing agent needed with oxygen, instead of nitric oxide 
and nitrogen dioxide, which leads to an unwanted increase in fuel consumption. 
Because of these diffi culties, improved engine technology has often been applied 
to lowering nitrogen oxide emissions, rather than adding exhaust aftertreatment 
devices. 

Expected future development 
There are many views on the future development of vehicles and fuels. Different 
assumptions about political, economic and technological developments lead to 
different outlooks. Nevertheless, conventional diesel and petrol engines still seem 
likely to dominate the market for new cars, lorries and buses in the next decade 
or two. The market share for these engines, however, is expected to decrease from 
today’s fi gure of close to 100%.
 Work will continue on a number of alternatives. Alternative drivelines will 
continue to be improved (see Box. 1.1). Hybrid concepts are likely to be devel-
oped further – driven by the need for lower fuel consumption. The improvement 
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Box. 1.1. Alternative drivelines
Electric vehicles
Electric vehicles offer a number of advantages, such as low noise levels and virtually no toxic 
emissions during operation. Emissions occur elsewhere, however: for instance, during the 
production of the batteries and the electricity needed to recharge them. Still, extensive use 
of such vehicles has been inhibited by the current limitations of battery technology, such as 
limited driving range, and by high costs, restricting their use to special niche applications. 
A breakthrough for battery-powered vehicles seems unlikely in the near future, even 
though batteries are constantly becoming cheaper and more effi cient. It would be better 
if the electricity were produced aboard the vehicle, which is one of the reasons why many 
automakers appear to be focusing instead on hybrid electric vehicles or on fuel cells.

Hybrid electric vehicles
Hybrid electric vehicles combine the internal combustion engine of a conventional vehicle 
with the battery and electric motor of an electric vehicle. A hybrid is more expensive and 
heavier than the corresponding conventional vehicle, but might cut fuel consumption and 
toxic emissions by about half in urban driving. Some hybrid vehicles can recover energy 
when they slow down during braking. Vehicles that use a smaller engine in combination 
with an electric motor are sometimes called light hybrids, while full hybrids also have a 
battery pack that enables the car to be driven at low speeds with the engine off.
 City applications benefi t somewhat more from hybrid solutions than, for example, long-
haul transport applications, since losses during low load conditions and idling are large 
contributors to fuel consumption during urban driving. Hybrids are commercially available, 
and a major Japanese automaker has already put more than 100 000 on the road.

Fuel cells
A fuel cell converts the chemical energy of the fuel directly to electricity. A fuel-cell vehicle 
can therefore be seen as an electric vehicle in which a fuel cell has replaced the battery. 
Many see fuel cells as a future option for motor vehicles, especially passenger cars and 
buses, and the level of research and development in this fi eld has increased in recent 
years.
 Fuel cells consist of a solid polymer membrane covered by thin layers of electrode 
material on each side. Electricity is produced when hydrogen is fed to one side of the cell 
(anode) and oxygen or air to the other side (cathode). Several types of fuel cells, including 
proton exchange membrane fuel cells, produce electricity with high effi ciency from gaseous 
hydrogen.
 The barriers to building a hydrogen infrastructure vary according to the application. 
City buses, because of relatively lower barriers, might be among the fi rst fuel-cell-equipped 
vehicles used on a larger scale. Building a general hydrogen infrastructure would take a 
long time and involve substantial costs. The introduction of fuel cells for vehicles would be 
facilitated by the use of a liquid fuel instead of hydrogen gas, since the infrastructure for 
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Box. 1.1.  (contd)
liquids is mostly in place, and some fuel cells already utilize liquid fuels directly. Examples 
include the direct methanol fuel cell and the solid oxide fuel cell. The latter was tested for 
stationary generation of electrical power and might fi nd, in the far future, use in motor-
vehicle auxiliary power units (for instance, for heating or cooling) or in propulsion systems. 
Many fi nd that a more likely solution for road vehicles is to use fuel cells that utilize 
hydrogen produced from methanol or petrol aboard the vehicle, by means of a reformer. 
Ultimately, cost reductions must occur before fuel-cell vehicles become a competitive option 
for the mass market.

Automotive gas turbines
Gas turbines for lorries and buses have a long history. One company in the United States, 
for instance, presented a prototype lorry as early as 1964. Since then, various projects have 
tried to optimize the performance of the system by changing such factors as the turbine-
inlet temperature, the compressor-inlet temperature and pressures. Advanced materials 
(such as ceramics) have also been developed to cope with higher turbine-inlet temperatures, 
thus increasing the thermal effi ciency of gas turbine engines. Gas turbines have also been 
used in hybrid drive trains.
 Automotive gas turbines are highly reliable (the turbine is simple, with the rotor as 
the only moving part), can potentially produce low levels of emissions of nitrogen oxides 
and PM and can run on a variety of fuels. Because of these qualities, they have been under 
development, particularly in Japan. On the other hand, they are expensive to manufacture, 
do not perform well during acceleration and deceleration, and are ineffi cient when idling 
and under low load conditions. For the time being, the technical challenges involved appear 
to limit the automotive industry’s interest in gas turbines.

of fuel cells and batteries is expected to continue. High-volume production of 
light-duty vehicles powered by fuel cells, however, seems unlikely to begin before 
2015 (DeCicco, 2001). Also, battery-powered electric vehicles appear to have a 
less positive future than was envisaged a few years ago.

Summary of transportation technology
Since the 1980s, exhaust emissions of carbon monoxide, nitrogen oxides, hydro-
carbon and PM from new vehicles have been reduced by about a factor of 10 to 
100. In the coming decade, another order-of-magnitude reduction seems to be 
technically possible. The pace of reduction will probably be determined by the 
gradually stricter emission standards set by the EU and the United States. One 
of the most important actions taken to reduce pollution from road traffi c and 
consequently to improve air quality, is reducing emissions of PM and nitrogen 
oxides from conventional diesel engines and, to some extent, petrol engines. Also, 
diesel engines and the corresponding aftertreatment devices need to be developed 
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further to fulfi l coming emission requirements in the EU and the United States. 
Several options exist for reducing nitrogen oxides, and a rapidly growing demand 
for particle fi lters in diesel passenger vehicles is expected. Heavy-duty vehicles may 
need particle fi lters to meet the Euro V standards in 2005. One challenge is to 
achieve reliable particle trap regeneration under all possible driving conditions.
 The extensive use of electronics and software to control engines is a prerequisite 
for the development of engines with low emissions. To gain fully from improved 
engine technology, however, vehicles should not emit signifi cantly more pollu-
tants under normal operations for the particular type of engine than what was 
measured during the approval procedure. Owners must, of course, guarantee that 
their vehicles are properly maintained. In addition, future legislation should not 
leave room for interpretation – for instance, about how emissions are controlled 
outside the speed and load combinations used during approval testing for the 
particular type of engine. Action may also be needed to prevent illegal manipula-
tion of the engine control unit; for example, by changing the software, an engine 
can be made to deliver higher power and lower fuel consumption simultaneously. 
This, however, is possible only if the emission requirements are completely put 
aside. Furthermore, such manipulation is likely to reduce the durability of emis-
sion control devices.

Fuels and additives
Fuel quality in Europe2

In 1988, the EU mandated the European Committee for Standardization (CEN) 
to develop specifi cations for premium and regular grades of unleaded petrol, diesel 
fuel and automotive liquifi ed petroleum gas. Member States were required to 
adopt the specifi cations proposed as national standards by September 1993 and 
withdraw confl icting national standards by the same date. All standards have been 
revised to incorporate new regulations on fuels introduced after 1993. 
 In the early 1990s, on the initiative of the EC, the Auto-Oil I Programme 
began. Both the oil and automotive industries were involved, and the Programme’s 
main objectives were to assess the cost–benefi t ratio of the measures to reduce 
pollution from traffi c and to improve air quality. It also included an experimental 
phase: the European Programme on Emissions, Fuels and Engines Technologies 
(EPEFE), which provided reliable data on the effects of engine technology and 
fuel quality on emissions. The EPEFE results represented the basis for the de-
velopment of a new fuel regulation: as a consequence, Directive 98/70/EC (EU, 
1998b) set out stringent new specifi cations for automotive fuels, particularly for 
parameters relevant to the environment. The fi rst phase was introduced in 2000, 
and the next step was planned for 2005. Directive 98/70/EC can be summarized 
as follows.

2 Source: CONCAWE (2001a, 2001b).
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• All petrol must be unleaded from 1 January 2000; exceptions to this ruling 
might be possible up to 2005 if a Member State could show that eliminating 
lead from petrol would result in technical diffi culties.

• From the year 2000, all petrol must comply with the new limits on petrol 
volatility, PAHs (including benzene), olefi ns and sulfur. Further reductions 
in PAHs and sulfur content would be mandated in 2005. 

• From the year 2000, diesel fuels must comply with new specifi cations that 
introduce a higher ignition quality requirement and a limitation on PAHs 
and sulfur content. In 2005, the sulfur content would be cut further.

 Directive 2003/17/EC (EU, 2003a) amended Directive 98/70/EC and 
introduced modifi cations to the maximum sulfur content in fuels. The limit of 
50 mg/kg after 1 January 2005 was confi rmed, but, from that date on, suffi cient 
quantities of petrol and diesel fuels with a maximum sulfur content of 10 mg/kg 
had to be available on an appropriately balanced geographical basis, to permit the 
free circulation of new vehicles requiring these fuels. Finally, in 2009 no petrol 
and diesel fuel may contain more than 10 mg/kg sulfur. The Directive also states 
that the EC must evaluate the need for further modifi cation of fuel specifi cations 
(other than those for sulfur) and to confi rm the fi nal date of entry into force of 
the 10 mg/kg limit for diesel by the end of 2005.
 In general, fuel quality is lower outside the EU. For example, the maximum 
content of benzene in petrol is higher and leaded petrol is still on the market 
in some countries; in some cases, there is no limit on PAH content. With 
regard to diesel fuel, the ignition quality (minimum cetane number, which 
is a measure of diesel fuel combustion properties, similar to the use of octane 
ratings for petrol) is lower and the maximum sulfur content and density are 
higher.

Main environmentally relevant parameter:
evolution of legislation

Petrol
Several EU directives have been issued to regulate the lead content of petrol; in 
particular, as a consequence of the introduction to the market of passenger cars 
equipped with three-way catalysts, Directive 85/210/EEC allowed unleaded 
petrol (0.013 g/l max.) to be marketed and encouraged Member States to provide 
incentives (for example, through taxation) to promote the use of unleaded petrol 
(Table 1.3).
 Directive 85/210/EEC, which allowed the introduction of unleaded petrol, 
also specifi ed a benzene level of 5% by volume (v/v) maximum; this value was cut 
to 1% v/v by Directive 98/70/EC. The latter also set a maximum PAH content 
in all petrol of 42% v/v from the year 2000, and 35% v/v from 2005. Before 
Directive 98/70/EC was issued, however, several European countries had already 
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Directive Content Maximum lead
  content (g/l)

78/611/EEC Limits on maximum lead content 0.15–04
85/210/EEC Unleaded petrol allowed to be
 marketed Introduction of a
 premium unleaded grade of
 95 research octane rating/
 85 motor octane rating 0.013 (unleaded only)
87/416/EEC Ban of leaded regular petrol
 allowed –
98/70/EC Ban of leaded petrol from 2000 0.005

Table 1.3. EU legislation to regulate lead content in petrol 

Country Maximum benzene content (% v/v) Date

Austria 3 1 September1990

Italy 3 1 January 1993
 1 1 July 1999

Germany 1 October 1995

Finland 3 January1993  
 1 April 1994

Table 1.4. European legislation to regulate benzene content in petrol

Note. Adherence in Germany was voluntary. Italy also set a maximum content of 40% v/v 
for PAHs in petrol from 1998.

introduced more stringent specifi cations; Finland used tax incentives to encourage 
the diffusion of reformulated petrol (Table 1.4).
 Oxygenated compounds can have benefi cial effects on emissions, especially in 
cars without catalysts. Directive 85/536/EEC specifi ed that, by 1988, Member 
States had to ensure that there were no legal and administrative obstacles to the sale 
of petrol blends containing oxygenates suitable for use in spark ignition engines. 
 Sulfur in petrol does not affect regulated pollutant emissions directly, but 
it somewhat reduces the effi ciency of a three-way catalyst. Moreover, such new 
engine technologies as gasoline direct injection, which require aftertreatment 
devices other than the three-way catalyst (nitrogen oxide adsorbers), require very 
low sulfur levels. For this reason, the maximum sulfur content will be reduced 
further in the next few years (Table 1.5).

Diesel
Directive 93/12/EEC fi xed a maximum limit of 0.2% sulfur by mass (m/m) to be 
applied to all gas oils, including diesel fuel, from 1 October 1994, and a maximum 
limit of 0.05% m/m for diesel fuel from 1 October 1996. In the interim, Member 
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States were required to ensure the progressive availability of a diesel fuel with a 
sulfur content of 0.05% m/m by 1 October 1995. All EU countries adopted the 
0.05% m/m limit from 1 October 1996.
 Directives 98/70/EC and 2003/17/EC further reduced the sulfur content to 
350 mg/kg from 1 January 2000, to 50 mg/kg from 1 January 2005. From 2009 
(a date to be confi rmed by the review process expected to fi nish in 2005), the 
maximum sulfur content allowed will be 10 mg/kg (Table 1.5). Before the entry 
into force of Directive 93/12/EEC, some European countries introduced national 
limits on the sulfur content of diesel. Others (Denmark, Finland, Sweden, and 
the United Kingdom) used tax incentives to promote special grades of diesel with 
lower sulfur contents.

  Petrol  Diesel 

CEN EN 228:1993 September 1993 500 –

93/12/EEC 1 October 1994 – 2000
 1 October 1996 – 500

98/70/EC 1 January 2000 150 350
 1 January 2005 50 50
 
2003/17/EC 1 January 2005 10 10
 1 January 2009 10 10

Table 1.5. Development of sulfur in petrol and diesel fuels

Maximum sulfur content (mg/kg)Directive/Norm Implementation
date

3 Source: CONCAWE (1999).
4 Source: EC (2001).

Basic fuel quality and fuel properties3 
Fuel properties are often divided into two classes: enabling properties and enhanc-
ing properties. The enhancing properties are those fuel properties that change 
emissions by a small degree compared with the changes brought about by engine 
technology. Fuel properties are called enabling when the changes they bring 
about enable the use of new engine technologies that can greatly reduce pollutant 
emissions (see Box 1.2). 

Alternative fuels4

In a green paper on the security of the EU energy supply (EC, 2000), the EC 
proposed the replacement of 20% of conventional fuels for road transport with 
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Box 1.2. Enhancing and enabling properties
Enhancing properties 
The effect of fuel quality on each regulated and unregulated pollutant depends on the 
engine technology considered. The following subsections consider the following pollutants: 
nitrogen oxides, hydrocarbon and carbon monoxide, PM, benzene, aldehydes and 1,3-
butadiene, and PAHs. 

Nitrogen oxides 
In modern conventional petrol vehicles equipped with a three-way catalyst, petrol 
quality can infl uence emissions, but the effects are generally very small. The main fuel 
properties that can infl uence nitrogen oxide emissions are concentrations of sulfur, 
PAHs and, to a lesser extent, olefi ns. High levels of sulfur can reduce catalyst effi ciency, 
while higher levels of PAHs can either increase or reduce nitrogen oxide emissions, 
owing to competing effects on the combustion process and catalyst effi ciency. Density, 
T95 distillation temperature and PAH content are the diesel fuel properties that have 
an effect on nitrogen oxide emissions; in this case, however, the effects are quite small. 
Moreover, the effects are different in magnitude and sign for light-duty and heavy-duty 
vehicles.

Hydrocarbons and carbon monoxide 
Petrol composition has an almost negligible effect on hydrocarbon and carbon monoxide 
emissions, which are reduced very effectively by the catalyst. Diesel fuel quality, however, 
has a much larger impact on these emissions from both light- and heavy-duty diesel 
vehicles. Density, T95 distillation temperature and, mainly, cetane number can infl uence the 
emissions to a large extent but, in general, diesel vehicles already emit very low levels of 
these pollutants. The effects can therefore be important in relative terms, but not signifi cant 
in absolute terms. 

PM
Some properties of diesel fuel – mainly density, T95 distillation temperature, PAH content 
and sulfur content – can signifi cantly infl uence the mass of PM emissions from diesel 
vehicles. In the case of PM emissions, the effects of fuel quality changes differ for light- and 
heavy-duty engines.
 A recent study on PM emissions states that the effects of fuel on the heavy-duty vehicle 
nucleation modea are greater than the effects of the technology. They report 80% lower PM 
emissions for the Euro-III compressed natural gas heavy-duty vehicle than for the Euro-II 
diesel heavy-duty vehicle, with a reduced accumulation mode and a lower nucleation mode. 
Heavy-duty compressed natural gas vehicles and passenger cars with diesel particulate 
fi lters had emission values for the number of particles (number emission values: total 
number of particles emitted per driven kilometre) that were an order of magnitude lower. 
No nucleation mode was found for light-duty vehicles; the multi-point-injection light-duty 
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Box 1.2. (contd) 
vehicle had number emission values similar to those for vehicles with diesel particulate 
fi lters – an order of magnitude lower than for conventional diesel vehicles. Particle mass 
and size were similar for liquifi ed petroleum gas and petrol. Total particle number emissions 
at 120 km/h were higher for vehicles with diesel particulate fi lters than for vehicles 
using petrol and liquifi ed petroleum gas, but in the same range for all three technologies 
(Anderson & Wedekind, 2001).

Benzene
Mainly petrol-fuelled engines emit benzene, and it comes from fuel benzene that has 
escaped the combustion process and from partially burned heavier PAHs. Limiting the 
content of benzene and PAHs in the petrol can reduce benzene emissions, but using a very 
effi cient three-way catalyst remains the most effective means.
 The benzene emissions of Euro-II passenger cars and light-duty vehicles were studied 
under various conditions (Heeb et al., 2002). When the benzene in fuel was reduced from 
2% to 1%, a pre-catalytic reduction for urban driving of 23–29% was observed. At speeds 
above 100 km/h, the reduction percentage was 6–18%. At speeds above 130 km/h the 
post-catalytic benzene emissions were independent of the benzene content of the fuel. 
Under a number of distinct conditions, the authors observed benzene formation in the 
catalytic converter. 

Aldehydes and 1,3-butadiene
These unregulated pollutants are infl uenced by the fuel quality similarly to hydrocarbon 
emissions. For petrol vehicles, the infl uence of a catalyst is much more important than that 
of fuel parameters; for diesel-powered vehicles, aldehydes and 1,3 butadiene emissions 
decrease when density and levels of PAHs are reduced and when the cetane number is 
increased.

PAHs 
Vehicles emit PAHs by several pathways (CONCAWE, 1998); a fraction of the exhaust PAHs 
comes from the fuel PAHs that survive combustion, while other exhaust PAHs can be created 
during the combustion process from non-PAH fuel components. The lubricating oil may also 
contribute to the exhaust PAHs.

Enabling properties
The effects of fuel properties on pollutant emissions are signifi cant, but they are usually 
very small when compared with the effects of changes in engine technology. Some fuel  
properties, however, can have a very important effect when they enable the use of new 
engine technologies that make an important contribution to reducing pollutant emissions; 
good examples of this are the introduction of unleaded petrol, which enables the use of 
three-way catalyst technology, and low-sulfur fuels, which are required by some new 
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aftertreatment devices (such as nitrogen oxide storage catalysts and some particulate 
traps).
 A diesel fuel with a low content of sulfur and PAHs was tested in medium-duty lorries 
equipped with diesel particulate fi lters. Compared with emissions produced with a baseline 
fuel and no fi lter, reductions were found in PM (89–98%), total hydrocarbons (72–80%) 
and carbon monoxide (81–90%). The effect of the fuel was much greater when it was 
combined with the fi lter. Also, when the fi lter was used, there were large reductions for 
alkenes, alkynes and PAHs (Durbin et al., 2003).

a The terms nucleation mode and accumulation mode refer to the mechanical and chemical processes by which 
most aerosol particles are produced. In the nucleation mode, the smallest aerosols (radius of 0.001–0.1 µm) are 
produced principally by gas-to-particle conversion, which occurs in the atmosphere. In the accumulation mode, 
larger aerosols (radius of 0.1–1 µm) are generally produced by the coagulation of smaller particles and by the 
condensation of gas vapour onto existing aerosol particles.

substitute fuels by 2020 (see Box. 1.3). Substitutes exist for use in the medium, 
long and very long terms. The most promising forms are biofuels in the short 
and medium terms, natural gas in the medium and long terms and hydrogen 
in the very long term. The spread of biofuels could help reduce the EU’s energy 
dependence, improve the environment and diversify agricultural production 
and jobs. 
 The EC has put forward two specifi c measures to promote biofuels.

1. The fi rst, Directive 2003/30/EC (EU, 2003b), adopted on 8 May 2003, es-
tablished the gradual introduction of a minimum percentage of compulsory 
biofuel consumption in each Member State: a 2% rate would be proposed as a 
fi rst stage (2005), with total fl exibility as to whether this objective is achieved 
by mixing biofuels with fossil fuels or by using pure biofuels. In this way, 
unforeseen effects on engines and the environment would be avoided. At the 
same time, it would create a stable market and should increase the production 
capacity of existing biofuels fi vefold. The second stage would need to aim at 
achieving a biofuel penetration rate of about 5.75% by 2010. 

2. The second measure is a proposal that aims to set new EU rules on tax re-
ductions for biofuels. While meeting the need to coordinate the national 
arrangements on biofuel taxation, the proposal would also help Member 
States create the necessary economic and legal conditions for achieving or 
even exceeding the objectives in Directive 2003/30/EC. The proposal would 
give Member States the option of introducing tax reductions consistent with 
their budgetary constraints, local circumstances (for example, for agricultural 
crops) and technological choices.
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Box 1.3. Alternative fuels, fuel blends and additives
The Auto-Oil II programme provided an overview of the advantages and disadvantages of 
several fuels and fuel blends (Auto-Oil II, 2000). 

Compressed natural gas
Compressed natural gas has a number of advantages. It has a low carbon-to-hydrogen ratio, 
is nearly free of sulfur and contains no toxic components. Also, it results in low emissions 
of PM, lower emissions of carbon dioxide per gigajoule of fuel, low cold-start emissions, 
and lower emissions of nitrogen oxides, and has a very low summer smog potential. On the 
other hand, it results in relatively high emissions of methane.

Liquefi ed petroleum gas
Liquefi ed petroleum gas can optimize the emission performance of passenger cars by 
reducing the emissions of nitrogen oxides, hydrocarbon and carbon monoxide by 80–95% 
relative to a petrol-fuelled vehicle. It has low sulfur content and a negligible amount 
of toxic components. Emissions of benzene, toluene and xylene and summer-smog 
potential are lower than for petrol-powered cars, and emissions of PM, PAHs, aldehydes 
and formaldehyde, and winter smog formation potential are lower than those of diesel-
powered vehicles.

Dimethyl ether 
Dimethyl ether can be produced from a variety of feedstocks, including natural gas, heavy 
crude oil, coal, waste and biomass. Emissions of nitrogen oxides and PM engines powered 
by dimethyl ether are comparable to those of lean-burn heavy-duty engines using liquifi ed 
petroleum gas and natural gas or to light-duty Otto engines equipped with three-way 
catalysts. Dimethyl ether is non-toxic and, because of the absence of carbon–carbon 
bonds, emissions of hydrocarbons (such as PAHs and benzene) are very unlikely (Verbeek 
& Van Der Weide, 1997). Dimethyl ether can be used as fuel in dedicated engines or as an 
additive to biofuels. 

Biodiesel 
Biodiesel (fatty acid methyl ester), mainly produced from rapeseed oil, and used in up to 
30% blends with normal diesel, is biodegradable and non-toxic. It contains almost no 
sulfur and no PAHs. As a result, it gives lower emissions of PM and reduced PAH content 
of exhaust particles. Its cold-start behaviour, however, is inferior, and the relatively higher 
level of nitrogen oxide emissions would require some engine adjustments. Its biggest 
disadvantage is a high level of aldehyde emissions.

Bioethanol 
Ethanol can be fermented and distilled from biomass (such as sugar cane, cereals, sugar beet 
and wood). Bioethanol contains no sulfur, is biodegradable and is less toxic than methanol 
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or biomethanol. Petrol fuels blended with ethanol can reduce emissions of carbon monoxide 
and nitrogen oxides slightly and can reduce emissions of hydrocarbons more signifi cantly. 
High ethanol content, however, results in higher emissions of unburned ethanol and 
aldehydes. The conversion rate of the three-way catalyst for unburned ethanol is low and, 
as a consequence, tailpipe emissions are high, while aldehydes are converted effectively. 
Also, bioethanol and blends with petrol and diesel fuel give rise to lower emissions of 
PM, benzene and 1,3 butadiene. It was observed that benzene emissions decrease with 
increasing bioethanol content in petrol. Moreover, the ozone formation potential is lower 
than for emissions from petrol- or diesel-powered vehicles. Major disadvantages, however, 
are very high hydrocarbon evaporative emissions and increased formation of acetaldehyde. 
Compared with pure petrol-powered vehicles, formaldehyde emissions are reduced in petrol 
blended with bioethanol (He et al., 2003; Hsieh et al., 2002; Bucksch & Egebäck, 1999).

Biomethanol 
Biomethanol and blends with petrol, diesel and dimethyl ether are highly corrosive and 
toxic. A signifi cantly high level of aldehydes was formed in such blends.

Diesel/Water emulsions 
These emulsions have a water content of about 10–13%, plus some 2–3% additives 
to stabilize the mixture. A reduction in nitrogen oxides and PM was observed in such 
emulsions, especially for heavy-duty engines.

Methylcyclopentadienyl manganese tricarbonyl 
Methylcyclopentadienyl manganese tricarbonyl, a manganese-containing additive in diesel, 
has been used in the United Kingdom since 1995. It has also been used as an anti-knock 
additive in Canada since 1976. The environmental and health consequences, however, are 
not well understood, and its use as a fuel additive has raised several concerns over the last 
25 years about its effect on human health. 

Methyl tertiary butyl ether, ethyl tertiary butyl ether and methyl tertiary amyl 
ether
These are oxygenated compounds used as octane enhancers that mix with petrol 
perfectly. Among them, methyl tertiary butyl ether is the most cost-effective, because of 
its low production costs. An offshoot of using such oxygenates as a petrol component is 
the lowering of emissions of carbon monoxide from mature technology vehicles, due to 
the so-called natural leaning effect provided by their inclusion. A small decrease in total 
hydrocarbons is also commonly seen in emissions from mature technology vehicles, while 
the effect on emissions of nitrogen oxides is more variable and seldom benefi cial. Methyl 
tertiary butyl ether, like all other oxygenates, increases aldehyde emissions (Graupner et 
al., 1996; Poulopoulos & Philippopoulos, 2000). Ethyl tertiary butyl ether as a petrol blend 
(15–17%) might replace methyl tertiary butyl ether as an oxygenated compound; it can 
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Box 1.3. (contd)
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