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1. Introduction

This report was commissioned by the Department of Health to provide background information for the Committee On the Medical Effects of Air Pollutants (COMEAP). It is a summary, for non-specialists, of the main technological options for reducing exhaust emissions from petrol and diesel fuelled vehicles in the UK. 

There are many ways of reducing emissions from traffic such as improving standards of maintenance, reducing the volume of traffic and smoothing traffic flow. Whilst these are all important elements in a strategy to meet air quality objectives, particularly in urban areas, this report focuses on the roles of vehicle and fuel technologies. Specifically it discusses the potential improvements from engine design, after-treatment systems (catalysts and traps) and fuel quality to reduce future emissions.

The motor industry has already done much to reduce emissions over the last 30 years.  Emissions of regulated pollutants, per vehicle kilometre, are now at only a few percent of their unregulated levels. These improvements have largely been in response to progressively more stringent emission limits for new vehicles introduced since 1970. Yet further limits are to be introduced in the years 2000 and  2005 (and 2008 for heavy duty vehicles). 

Vehicles are used for many years before they are scrapped (typically over 10 years for a passenger car, longer for other vehicles in the UK). It therefore takes some years for the benefits of cleaner new vehicles to have maximum impact on the environment. Fiscal incentives have been widely used in Europe to encourage more rapid introduction of cleaner vehicles and increasingly a similar approach is being adopted in the United Kingdom. For example, heavy duty vehicles meeting stringent particle emission standards have received a concession of up to £500 on Vehicle Excise Duty since January 1999.  This was increased to £1000 in the March budget.

At the same time controls have been introduced on fuel quality to complement the investment in new vehicle technologies. The introduction of unleaded petrol allowed the use of catalysts for petrol cars, and limits on the sulphur content of diesel allowed heavy duty engine manufacturers to meet particulate matter (PM) emission limits in the 1990s. A greater range of fuel components will be controlled from the year 2000, with tighter limits for some in 2005.  Fiscal incentives have also been used to encourage the use of cleaner fuels.  For example currently unleaded petrol attracts 5.67p per litre less fuel duty than leaded petrol, and ultra low sulphur diesel attracts 3 p per litre less fuel duty than ordinary diesel.

Higher quality fuels not only enable the use of cleaner vehicle technology, but also has an important role in reducing emissions on their own account. Cleaner petrol and Diesel products on the UK market (e.g. Tesco’s low benzene petrol and City Diesel) can reduce urban traffic emissions by 5 and 15 per cent for nitrogen oxides and fine particulate matter respectively compared to conventional products. These cleaner fuels can be used most effectively in cities where pollution levels are high, and particularly where vehicle fleets (buses, taxis, delivery vans) make a large contribution to urban pollution. Other advantages, particularly of cleaner diesel products are that they eliminate visible smoke and the characteristic Diesel odour, resulting in a reduction in public complaints.

There has been much discussion over a number of years of the potential role of alternative fuels. The most likely alternative fuels to be widely used in the near future are the gaseous fuels; compressed natural gas (CNG) and liquid petroleum gas (LPG). These offer larger potential reductions in emissions of both nitrogen oxides and fine particulate matter than these currently available for conventional fuels. There is, however, an increase in hydrocarbon emissions, but this is largely methane which contributes little to ozone formation.  On the other hand, it is an important greenhouse gas, but even with a significant number of CNG vehicles, road transport is unlikely to make a major contribution to total methane emissions. Another advantage of CNG vehicles is their reduced noise compared to diesel vehicles, which is especially useful for night-time urban deliveries. 

The use of gaseous fuels, in particular CNG, is likely to be restricted because the volume and weight of the fuel storage tanks affect the vehicle payload, and the high operating costs in comparison to diesel.  For small commercial vehicles LPG appears to offer some advantages as it can be cheaper to use than conventional fuels, at current prices. Gaseous fuelled vehicles are currently much more expensive than conventional vehicles, but this is predicted to decline as the market grows. There are no dedicated original-design gaseous-fuel vehicles available, but conversions from gasoline-fuelled vehicles are available either at new purchase, or as conversions in service. The cost of conversion is much less for a LPG vehicle than for a CNG vehicle.

However, in the longer term radically different technologies, such as the fuel cell, are likely to be introduced.  It is thought likely that the first of these will appear on the market by 2004, and that market penetration from then on will gradually increase. Fuel cells generate electricity onboard the vehicle by combining oxygen from the air with hydrogen which is stored on-board either in compressed form or in a hydrogen-rich fuel such as petrol, methane or methanol. Until clean ways of producing hydrogen are developed fuel cells are likely to use a hydrocarbon fuel which will result in small emissions of nitrogen oxides (NOx) and carbon monoxide (CO).  These systems are fuel efficient and very quiet.

Hydrogen fuelled vehicles have the advantage of producing no carbon dioxide and little toxic emission, and prototypes are already being driven on Europe’s roads (e.g. a hydrogen BMW series 7 car was driven to the Council of Ministers Meeting in Chester in June 1998). However, before mass production becomes a viable option a major technological breakthrough in hydrogen manufacture is required, preferably using a renewable energy source such as solar power. 

Electric vehicles are already in use in the UK, but problems remain with lack of customer acceptability of the poorer performance of these vehicles in comparison with petrol and diesel fuelled vehicles.  Advances in battery technology do allow higher speeds or longer distances between refuelling than was previously the case, but typically not both. Recharging of batteries remains a problem, particularly for city dwellers who generally do not have convenient access to recharging points. In addition, the long recharging times may be unacceptable to many motorists. Ambitious targets for new car sales, set by regulators in California, had to be withdrawn when it became obvious that the market was not ready for these vehicles.

This report focuses on improvements to vehicles fuelled by petrol and diesel as these fuels are widely predicted to remain dominant for the foreseeable future.

2. History of Emission Control

Much has already been done to reduce emissions from vehicles through progressively more stringent emission limits for new vehicles, and controls on the content of automotive fuels. European-wide legislation since 1970 has progressively tightened permitted maximum emission levels such that new vehicles today emit a few per cent of their emissions pre-1970. New limits were agreed last year for substantially tighter emission limits for cars and light commercial vehicles to be introduced from the years 2000 and 2005.  For heavy duty vehicles from the years 2000, 2005 and 2008 new emission limits are currently in the process of being negotiated.

Motor vehicle emissions have also been reduced by controlling fuel characteristics.  Since 1981, maximum levels of lead, benzene, and oxygenates in petrol, and sulphur in diesel have been introduced across Europe. In addition, since 1994, the maximum RVP (Reid vapour pressure) and distillation characteristics of petrol, which affect evaporative emissions, have been mandated in the UK. New controls of the content of fuels, over a wider range of parameters, were also agreed last year for introduction in the EU in 2000 and 2005.

Emissions from motor vehicles were first controlled in the United Kingdom in the late 1960s when Regulation 61 prohibited the use of a motor vehicle ‘from which any smoke, visible vapour, grit, sparks, ashes, cinders or oily substance is emitted’.  In 1971 manufacturers of diesel engines for road use in the UK were required, for the first time, to meet limits for ‘visible’ emissions as set out in a British Standard (Specification for the Performance of Diesel Engines for Road Vehicles, BS Au 141, 1971). This standard was subsequently embodied into an EC Directive (72/306/EEC), which is still in force.

Since that time the need to harmonise emission legislation was recognised, and during the 1970s and much of the 1980s European emission limits for motor vehicles were developed by the United Nations Economic Commission for Europe (UNECE) and then introduced into European Community Legislation and national law. The early emissions limits were not mandatory, and were not adopted by all EU countries. It was only when the Europe community decided in the mid 1980s to adopt more stringent standards than UNECE that the European Community began to lead the emissions debate and set its own mandatory standards.

Legislation controlling emissions from road vehicles have developed separately for light and heavy duty vehicles and motorcycles. 
UNECE Regulation 15 set for the first time, in 1970, emission limits for carbon monoxide and hydrocarbons for petrol light duty vehicles (cars and vans) below 3.5 tonnes maximum mass. This regulation was embodied in EC Directive 70/220/EEC and incorporated into UK law in 1976 as an amendment to the Construction and Use Regulations. Regulation 15 was amended four times, progressively tightening the requirements and extending control to include nitrogen oxides and diesel light duty vehicles. The EC legislation did not require all new vehicles to meet the requirement, but instead required member states to allow vehicles that met the requirements to be registered in their territory (the fourth Regulation 15 amendment was never incorporated into British law). 

In 1985 the Council of Ministers in Luxembourg agreed to press for standards equivalent to those in the USA for larger cars (i.e. engine capacity >2 litres) whilst allowing less stringent standards for smaller cars. The subsequent Directive (88/76/EEC) was adopted in 1988 and  essentially required the use of catalysts for these larger cars in the European Community for the first time. It should be noted that in certain EU countries, notably Germany and the Netherlands, fiscal incentives were used that encouraged the purchase and use of catalyst equipped cars prior to them becoming mandatory. Some countries outside the European Community at that time, notably Sweden and Austria, adopted US federal regulations in the 1980s. In the same year (1988) limits on the emission of particulate matter from light duty diesel vehicles were introduced (Directive 88/436/EEC).

All new light duty petrol cars, irrespective of size, were essentially required to be fitted with closed loop three way catalysts under the ‘Consolidated Directive’ (91/441/EEC) from the end of 1992.  This was the first mandatory EU emission standard for cars, and is generally known as the Euro I limits.  Euro II was introduced in 1996, with Euro III and IV to be introduced in 2000 and 2005 respectively. The development of emissions standards for petrol light duty vehicles is shown below. 

Figure 1. 
European Union Emission Limits for CO, HC and NOx for Light Duty Vehicles
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Note: The HC+NOx  limits appear to increase in the mid 19970s.  This is  only because they were not regulated prior to that time

Controls on emissions from engines used in heavy duty vehicles have followed a similar path. UNECE Regulation 49 was introduced in 1982 to control CO, HC and NOx emissions from diesel engines used in road vehicles with a maximum mass greater than 3.5 tonnes. These limits were not introduced into national law, instead  the tighter limit values of Directive 88/77/EEC were introduced into in 1990.  Directive 91/542/EEC introduced limit values for particulate matter for the first time and applied in a two stage reduction for mandatory introduction in 1992/3 (Euro I) and 1995/96 (Euro II). New limits will be introduced in 2000 (Euro III),  2005 (Euro IV), and in 2008 (for NOx only). 

Figure 2. 
European Union Emission Limits for Particulate Matter and NOx for Heavy  Duty Engines 
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Note: The PM  limits appear to increase around 1990.  This is only because they were not regulated prior to that time
To ensure compliance with the legislation emissions are measured over well defined test cycles. For many years emissions from light duty vehicles were tested using an urban test cycle.  In the Consolidated Directive a higher speed, extra urban, cycle was added to better represent European driving conditions, and in Euro III further modification will be made.  For heavy duty engines a 13-mode steady state cycle is currently used (note: unlike light duty vehicles, for heavy duty vehicles emissions are regulated for the engine not the vehicle).  This will be replaced by two new cycles from Euro III.

Control on emissions from motor cycles is a relatively recent development and they are currently restricted to the limit values of 1504 (i.e. the 4th amendment to the UNECE Regulation 15, pre catalyst). The long term aim is to have standards equivalent to those for petrol cars, to be reached in two or three stages, to allow the industry sufficient time to develop appropriate technology.  These are currently under negotiation in Brussels.

Fuel quality in the UK is controlled by the Motor Fuels (Composition and Content) Regulations, 1994, which implements a number of European Directives and international agreements.  These regulations allow a large variation in the composition of fuel.  For example, the annual petrol survey undertaken by Associated Octel in 1994 showed that the benzene content of petrol sold in Great Britain varied between 0.4 and 3.9 per cent (maximum permitted is 5 per cent), the aromatic content between 22 and 46 per cent (currently uncontrolled), olefins content between 0.5 to 15 per cent (currently uncontrolled) and oxygenate content between 0 and 6 per cent (maximum permitted depends on the oxygenate used) (Associated Octel, 1995). It is known that many of these components have an impact, directly or indirectly, on emissions. From 2000 a wider range of components will be controlled under the new EU fuel quality Directive (98/70/EC) with further restrictions being introduced in the year 2005.

Diesel and petrol are made up of many different components blended together to meet the required specification. The source of crude oil, the facilities at the refinery and the demand for different products determine the composition of the end product.  Reducing the content of one component requires its replacement with another. For example reducing aromatics in petrol  means adding another high octane component (e.g. MTBE)  to meet the required octane level. 

3. UK Road Transport Emissions

Total emissions from the road traffic sector are beginning to fall for the first time as a result of huge improvements in vehicle technology, in particular the introduction of catalysts to petrol cars. Earlier improvements have been countered by the large growth in traffic. The expectation, based on current policies, is that emissions will continue to decline until 2015-2020.  However, if no further measures are taken it is expected that there will then be a slow increase in emissions as the growth in road traffic offsets the reductions in emissions from individual vehicles.  Despite this decline it is thought that to meet the UK air quality objectives by 2005, further reductions will be required. 
Table 1
 shows the relative contribution from road traffic to total emissions in three major British conurbations and the UK nationally.  

Table 1:  Contribution of Road Traffic to Emissions in UK Conurbations

	
	Percent

	Area
	NOx
	VOCs
	PM10
	SO2

	Greater London
	75
	60
	78
	23

	Greater Manchester
	63
	19
	31
	3

	West Midlands
	85
	46
	56
	16

	UK 
	53
	37
	25
	2


Sources: London Research Centre, 1996, 1997a, 1997b. Department of the Environment, 1996b. 

Note: These inventories were compiled for 1995.

This table shows that in general road transport makes a larger contribution to total emissions in urban areas than nationally. In the centre of these conurbations there are likely to be pollution ‘hot-spots’ where the road traffic contribution is even higher, particularly in city centres close to major roads.

Forecasts of future emissions, published by DETR in their Report on the Review of the National Air Quality Strategy suggests that UK urban road transport emissions of NOx will be about  40% of 1995 levels by 2005, and 25 % by 2015. Urban PM10 emissions will be 50% and 30% respectively.

It should be noted that all emission estimates are uncertain. According to the National Environmental Technology Centre emission estimates for past years are accurate within +30 per cent for nitrogen oxides and +20-25 per cent for black smoke (no estimates of accuracy are given for PM10). Future forecasts are even more uncertain as they have to rely on forecasts of activity in different economic sectors such as the National Road Traffic Forecast, which are themselves subject to uncertainty. In estimating how much further emissions need to be reduced to meet air quality objectives, these uncertainties need to be taken into account.

For nitrogen dioxide and PM10 present estimates point to a gap between the reductions required to meet the national air quality objectives and those likely to be achieved by the measures already agreed. The size of these gaps, however, are subject to significant variation depending on pollutant and location as well as the accuracy of the emission forecasts.  Many areas of the UK will meet the air quality objectives with no further measures. Some areas, in particular parts of London, are likely to require further measures to meet the objectives. Despite the large reduction in urban road transport emissions this sector will continue to be an important source requiring further control.

4. Controlling Emissions

4.1 Introduction


Emissions from motor vehicles depend on a large number of factors which can be briefly summarised as:

· Vehicle technology

· Fuel type and quality

· Vehicle maintenance 

· Driver behaviour

· Mileage

This report discusses firstly vehicle technology and then fuel technology.  It should be noted that there is an interaction between vehicle design and fuel quality.  Some technologies are particularly sensitive to certain fuel components (e.g. sulphur) and can only operate effectively if these components are absent or at extremely low levels in the fuel. Thus to some extent the development of vehicle and fuel technologies have to be viewed in parallel.

4.2 Vehicle Technology

4.2.1 Introduction

Vehicle emission control can be divided into two types:

· Engine improvements

· After-treatment

In the early phases of emission control the emphasis was on improving the precision and timing of fuelling, ignition timing and design of the combustion chamber to improve combustion and minimise the deposit of fuel on the walls of the chamber which leads to exhaust hydrocarbon (HC) emissions.  Increasingly, as emission limits have declined, after-treatment for both petrol and diesel vehicles has become increasingly important. Now more than 275 million of the world’s 500 million cars and over 85% of all new cars produced world-wide are equipped with after-treatment systems. However improvements to the engine-out emissions (i.e. before the catalyst) continue to be made.  This is an evolutionary process of gradually improving the combustion process and fuel management system.

For each vehicle there is a compromise between optimising for fuel consumption, emissions, power and drivability.  For a luxury vehicle fuel consumption will not be as high a priority for the manufacturer as power and driveability, whilst for a small compact car the emphasis is likely to be the converse. 

Much of the crucial technology is developed and supplied by component companies such as the catalyst manufacturers (e.g. Johnson Matthey, Emitec, Engelhard Technologies, Rhodia Terres Rares) and fuel injection specialists (e.g. Bosch, Lucas). Thus there is some convergence in the technologies likely to be developed. However, different manufacturers are developing alternative technologies in parallel and therefore it is not possible to say with certainty what technology will be used in future years.

The European vehicle market is different from that of North America. With very low petrol prices fuel consumption is not an important issue to most American consumers and there is little interest in diesel vehicles. There continue to be a substantial number of petrol heavy duty vehicles and almost no diesel light duty vehicles in USA. The latter is a European phenomenon. Manufacturers selling in the European market are now under increasing pressure to improve fuel consumption of new cars.  In 1998 vehicle manufacturers and the European Commission agreed that average new car carbon dioxide emissions would be 140 g/km by 2008, a 25% reduction from 1996 levels. This commitment is having a major impact on the design of future cars.

Diesel engines can use much leaner air/fuel mixtures than petrol engines.  The former can operate in the range of about 20 to1 to greater than 100 to 1; whilst the later is limited nominally to the range 10 to 1 to about 20 to 1.  If a three way catalyst is fitted the engine has to operate close to the stoichiometric air to fuel ratio for much of the time (14.7 to 1 for petrol), thus limiting the opportunities to improve the fuel economy of the vehicle through engine improvements. The need to operate stoichiometrically means that three way catalysts cannot be used with diesel engines, as the  mixture is too high in oxygen to reduce the nitrogen oxides. Thus after-treatment to reduce NOx emissions from diesel (or other lean burning) engines relies on the development of lean de-NOx catalysts.

In comparing emissions from diesel and petrol vehicles it is important to compare vehicles with a similar performance. Emissions from a petrol car cannot realistically be compared to those of a 32 tonne lorry as their function, performance and how and where they are driven are very different. Similarly comparisons must be made with similar generations of vehicle. Essentially all petrol cars sold in Europe are now fitted with a three way catalyst (which reduces emissions of CO, HC and NOx), and most  diesel cars are fitted with an oxidation catalyst (which reduces emissions of CO, HC and PM). 

Diesel cars are more fuel efficient, have lower CO2 emissions despite the higher carbon content of the fuel, and have lower CO and HC emissions compared to similar petrol cars. On the other hand emissions of NOx and PM are greater. The types of HC emitted from petrol and diesel engines vary considerably, reflecting the differences in the fuel.  Typically petrol cars have greater emissions of low molecular weight HC (e.g. benzene) whilst diesel have greater emissions of high molecular weight compounds (e.g. poly cycle aromatic compounds). For a more detailed comparison of the relative emissions performance of  petrol and diesel see the second QUARG report Diesel Vehicle Emissions and Urban Air Quality (Chapter 2: Comparison of Emissions from Diesel and Petrol Cars).

The following discussion of engine improvements has been divided into petrol (spark ignition) and diesel (compression ignition) and the latter further divided into light and heavy duty vehicles.  This is followed by a discussion of after treatment technologies. It should be noted that in the development of advanced petrol and diesel engines there is a convergence between the technologies, with throttles being introduced to diesel engines and direct injection to petrol engines (GDI).  Thus there is also likely to be convergence in the emissions characteristics in the longer term.

4.2.2 Petrol

Spark ignition (petrol) engines are widely used in cars, vans and two wheeled vehicles.  Generally these are four stroke, although two stroke spark ignition engines have limited application in some small two wheeled vehicles, older East European cars such as the Trabant, and lawn mowers. These tend to have particularly high emissions of VOCs. 

Four stroke spark ignition engines have been widely used in light duty vehicles because they have been cheaper to manufacture and offer better performance in terms of acceleration than equivalent diesel engines. 

Over many years vehicle emissions have been reduced through progressive improvements in engine design, fuel systems and ignition control.  Significant advances have been made in the use of electronic fuel injection, the use of exhaust gas recirculation (EGR) and control of the air to fuel ratio in transient operations.  However, despite these improvements the use of exhaust after-treatment has remained necessary.  

Evaporative emissions have been controlled since 1992 in Europe typically through the use of a carbon-filled canister.

Emission control for petrol cars is further advanced than that for diesel cars.  This is illustrated by the fact that about 65% of 1997 models meet year 2000 (Euro III) limits and about 15% meet year 2005 (Euro IV) limits.

From Euro III petrol vehicles will have to be fitted with on-board diagnostic systems (OBD) which monitor the performance of a number of components of the exhaust and evaporative emission control systems.  When the system detects a fault a light, warning the driver, is lit. As engine management systems are developed an increasing number of components can be monitored, and in the distant future on-board systems capable of directly measuring emissions may be developed.

It is thought that to meet Euro IV limits the base engine will have to be equivalent to what was state of the art for Euro II.  A number of technologies may be used to improve the engine out emissions.  However, most of the effort will be on improving catalyst efficiency, particularly by reducing the time taken to warm up the catalyst (see section on after treatment below). 

One of the most important  recent developments in petrol engine design has been the direct injection petrol engine (GDI – gasoline direct injection), produced by several Japanese manufacturers, but also being developed by most European OEMs (original engine manufacturers). Its main advantage is improved fuel economy, and GDI is considered by motor manufacturers to have an important role to play in meeting the European Commission/ACEA
 commitment to reduce CO2 emissions from new cars. It may, however have higher emissions of PM and NOx compared with conventional petrol engines, although possibly not so high as diesel engines. 

In GDI vapourisation of the fuel cools the intake air and allows the use of a higher compression ratio without the limitation of knocking.  EGR can be increased to give less intake throttling, so reducing pumping loss.  Further improvements depend on the ability to use a very lean air to fuel ratio (e.g. stratified charge lean burn).  The potential of GDI depends on the ability to control NOx emissions, through EGR and exhaust after-treatment.  The lean operating range is currently limited by the power and torque requirements of customers and so real world fuel economy benefits are restricted.   EGR needs to be carefully optimised to reduce NOx formation without significantly increasing combustion chamber deposits. To maximise the fuel economy benefits of GDI will require the use of De-NOx catalysts which are beginning to show promise after many years of development (see section of after-treatment). These engines offer no benefit to regulated emissions, and their fuel economy benefits will depend on the availability of very low sulphur petrol.  With the correct fuel these engines may offer up to 20% better fuel economy, however with current sulphur levels in petrol there will be low conversion efficiency of the de-NOx catalyst and the engine will have to operate for more of the time at a stoichiometric air to fuel ratio, to enable the use of a conventional three way catalyst to remove the NOx emissions. These engines cannot operate in lean mode when they are under high load, and therefore may be more suited to large cars than smaller ones.

For a number of years advanced light weight two stroke engines were seen as a possible way to make petrol cars more fuel efficient.  However, difficulties in meeting emission limits has resulted in this technology being abandoned in favour of GDI.

There are a range of other options for improving fuel economy of petrol cars including improved transmission design, variable valve timing, improved ignition, and cylinder deactivation. These technologies have a smaller fuel saving potential compared to GDI but may also offer some emissions benefits. Some of these technologies are already used on some advanced vehicles. 

In the longer term it is possible that all cars will be ‘drive-by-wire’. That is depressing the accelerator will tell the vehicle’s computer that more power is required.  The on-board engine management system will decide the optimum way of delivering that power, which might be to put more fuel in the combustion chamber or change gear ratio, EGR rate etc. Some vehicles already use ‘adaptive learning’ in which the engine management system is able to compensate for external factors such as poor fuel quality and ambient temperature and automatically optimise the engines operations. 

4.2.3 Diesel Light Duty

Compression ignition (diesel) engines offer better fuel economy and greater durability than petrol engines. With the use of turbochargers the gap in specific power output between the two engine types has been reduced, and the number of diesel cars and vans have increased in recent years.  It is thought the light commercial vehicle market will become almost exclusively diesel in the coming years.

Compression ignition engines can be either direct (DI) or indirect (IDI) injection. DI engines are used in heavy duty vehicles due to their superior fuel efficiency.  However, the relatively high NOx, PM and noise emissions from these engines meant that their use was limited in light duty vehicles until very recently.  For many years there were less stringent NOx and PM limits for DI diesel cars, to allow for their development. From the year 2000 this derogation will be restricted to some specific vehicles and completely removed by 2003. 

The first DI diesel car on the UK market was the Rover Montego. This was closely followed by DI cars from Fiat and VW/Audi. However for many years these were the only DI cars available (there were, however, several DI diesel vans on the market). However, recent improvements to the technology has resulted in the range of DI cars on the market widening e.g. the new Ford Focus diesel has a DI engine, and it is anticipated that DI will replace IDI in the light duty market over the coming years.  This technology offers real fuel economy benefits. Cars with a DI diesel engine may be up to 20% more fuel efficient than those with IDI engines and up to 40% more than those with petrol engines.

The Euro III and IV limits are much more difficult for light duty diesel vehicles to meet than those for petrol vehicles.  Only a small proportion (<10%) of 1997 models are capable of achieving the Euro III standards with current  (pre 2000) diesel quality.  None of the 1997 vehicles can achieve Euro IV limits. 

There have been huge refinements of diesel engines over recent years. With the introduction of electronic systems the diesel engine is fast becoming as well controlled as the petrol engine. Most pre-1996 diesel engines relied on mechanical fuel injection systems, while most Euro II (1996) vehicles have electronic systems.  For Euro III it is expected that all will be electronically controlled to a greater or lesser extent.  These systems allow more precise control of the fuel metering and timing. 

One of the key  technologies for reducing emissions from diesel engines has been to increase the pressure at which the fuel is injected into the engine. The higher the pressure the better the atomisation of the fuel and the better the combustion and thus the lower the emissions. Systems capable of over 1,200 bar (17,500 psi) pressure are available with rotary pumps.  In advanced engines high pressure fuel injection is achieved through either a unit injector or a common rail. These technologies allow greatly-improved control over injection timing and delivery pressure. In the future piezo-electric control of the fuel injector for faster response times and variable nozzle size for varying the fuel volume injected into the engine, depending on vehicle operating conditions, may be introduced.

Exhaust gas recirculation (EGR) systems have been used on diesel light duty vehicles since the early 1990s for NOx reduction and improved driveability.  There is, however, some debate as to whether this technology increases PM emissions or not. Advanced EGR system, such as cooled EGR will further reduce NOx.  In the future throttling may be used to improve EGR performance, although this would be counter productive in terms of CO2 emissions because of the increased pumping loss.

Nearly all Euro II diesel light duty vehicles have oxidation catalysts fitted to reduce the PM emissions. These devices reduce the organic compounds absorbed onto the surface of the particles, but do not affect the carbon core of the particle. For Euro III it is thought likely that all diesel light duty vehicles will have oxidation catalysts. Currently these catalysts are not as durable as the gasoline three-way catalyst and particles can temporarily de-activate the active sites under some operating conditions.

To meet Euro IV limits  it is likely that some, particularly the larger light duty vehicles, will need particulate traps and de-NOx systems (see section on after treatment).  The first light duty vehicle with a particulate trap, a Peugeot 406, will come onto the UK market early in 2000. This technology is likely to be standard by 2005. 

4.2.4 Heavy Duty Diesel

It is thought that no heavy duty vehicle on the market meets the Euro III (2000) standards yet.  However, currently available technology will allow the production of Euro III heavy duty engines without using after treatment.  Similar techniques to those being developed for light duty diesel vehicles are also applied to heavy duty engines. Oxidation catalysts are currently used on some heavy duty vehicles.

The use of very high pressure fuel injection is important in reducing emissions. Advanced engines are using improved rotary pumps, common rail or unit-injector systems.  Electronic controls are becoming increasingly common, with many manufacturers fitting these systems in the Euro II (1996) engines. For Euro III they will be essential. Some manufacturers introduced multi-valve engines for Euro II standards, and this will become standard to meet Euro III.

Improvements to existing technologies such as turbochargers and inter-cooling may be introduced.  For example, it is possible to reduce emissions by controlling the level of turbocharging at different loads and speeds, using a variable geometry turbocharger and by cooling the air charge using electronic control of the inter-cooler. Recent years have seen improvements in engine design to reduce oil burning. Developments in this area will continue by improving material and tolerances for cylinder liners and pistons.

EGR is likely to be introduced to heavy duty vehicles, but due to the high mileage of these vehicles (1,000,000 km), there are additional problems of wear to valves, valve seats and other components that will need to be resolved. Many manufacturers anticipate having to cool the recirculating gas as well as carefully controlling the flow. In addition, many may require the exhaust gas to be throttled or pumped to increase EGR rate.  

For diesel engines there is a trade-off between techniques to reduce PM and those to reduce NOx emissions.  The use of after-treatment devices allows the engine design to be optimised to minimise one or other  emission, and the other to be reduced through after-treatment. 

The Euro IV (2005) standards and beyond are severe.  As well as significant advances in basic engine design and control, exhaust after-treatment (including de-NOx catalysts and/or particulate traps) will be required.  They will also require a combined NOx/PM reduction strategy including after-treatment. 

The Euro V NOx limits will require further reduction of NOx using de-NOx catalyst technology.  Depending on how the PM/NOx trade off is applied two options are available.  Selective catalytic reduction with a very high NOx conversion efficiency (e.g. >80%) if PM emission is controlled through engine measures (i.e. without a trap). Alternatively a combination of limited de-NOx control and a trap could be used with lower engine efficiency.

4.2.5 Effect of Technology on PM Emissions

The mass of particulate matter emitted from diesel motor vehicles is currently controlled under EU legislation.  There are no specifications for specific sizes of particles nor any limits on the number of particles emitted.  In addition, there is no specific legislation to control the emissions of PM from petrol vehicles. 

Different vehicle technologies give rise to different mass of PM emission. That from a diesel light duty vehicle is perhaps one to two orders of magnitude greater than from an equivalent  petrol vehicle. In general, diesel engines produce much greater number of particles than petrol engines.  However, there may be little difference under high speed/load driving conditions. This is due to an increase in the petrol emissions rather than a decrease in the diesel emissions. Recent three way catalyst cars have the lowest PM emissions. 

In terms of mass more than 85% of light duty diesel PM emissions are <1µm. This corresponds to 99% by number. There is some evidence that petrol vehicles emit a higher proportion of smaller particles than diesel vehicles.  That is, more than 99% of petrol PM number emissions are <1µm.

There has been some concern recently that as the mass of PM emitted from diesel vehicles declines in response to increasingly more stringent legislation that the number of very small particles may increase. Since particle mass is approximately proportional to diameter cubed, bigger particles are more significant to total mass than smaller ones. Engine evolutions may affect amounts of particles at different sizes unequally in comparison to older engines.

There is some evidence that as exhaust particle mass (and volume)  emissions have fallen, so the numbers of exhaust particles have also fallen.  However, the latter has not fallen as rapidly as the former, thus suggesting that the size of the particles has got smaller.  The average diameter of PM emissions emitted from heavy duty diesel engines in the US has fallen from about 0.12 to 0.08µm over the last 20 years. US measurements indicate that much higher concentrations of ultrafine PM (<0.01µm diameter) are emitted by 1991 and 1995 specification Cummins engines than by older designs.  However Perkins engines do not show this effect.  This is probably due to the two companies developing very different combustion systems to meet the same emissions standards.  These results suggest that modern low emitting engines designed to meet the same emission standards can  emit significantly different quantities of ultra fine PM.  These tiny particles contribute little to mass emissions, but dominate the number emissions. Similar technology specific effects have been seen in light duty diesel vehicles.

However, these results could be a function of the sampling techniques used. The majority of work on the measurement of vehicle particle size and number has been carried out using a standard dilution tunnel (i.e. as in the regulated emission test).  On the road dilution of a vehicle exhaust can reach 1000 to 1 in 1-2 seconds; that is considerably more rapidly than in a dilution tunnel.  This has raised questions as to how adequately the size distribution/number of particles measured in the dilution tunnel relates to the real world.

4.3 Exhaust after-treatment 

4.3.1 Introduction

Conventional fuels with a low sulphur content pave the way for the introduction of advanced emission control systems. Oxidation catalysts and particulate traps used with low sulphur diesel can reduce emissions of fine particulate matter by over 50 per cent and 80 per cent respectively so that emissions of PM are similar to those obtained with gaseous fuels. In the future de-NOx catalysts with low sulphur fuel may be able to reduce emissions of nitrogen oxides by 30 to 40 per cent. 

4.3.2 Current catalyst technology for emissions control

Considerable effort has been made to design systems to reduce the time it takes for catalysts to reach their operational temperature, thus curtailing the emission of untreated exhaust at the start of journeys. Fast light-off catalysts allow the catalytic converter to work sooner by decreasing the exhaust temperature required for operation. Changes to the thermal capacity of substrates and type and composition of the active precious metal of petrol catalyst have brought light off times from one to two minutes down to less than 20 seconds. Modern catalysts (containing palladium as well as platinum and rhodium) can reduce the catalyst light-off temperature from around 3300C to less than 2800C.  The more palladium used, the lower the light-off temperature. However the price of palladium has increased several fold in the last 18 months as demand increases.

A complementary approach to reducing the catalyst light-off temperature is to heat the catalyst by moving it closer to the engine, heating it (electrically or by burning a very small amount of fuel under carefully controlled conditions) or by heating the exhaust up stream of the catalyst (using exhaust gas ignition). The development of more thermally durable catalysts with increased stability at high temperature has allowed these developments. Thermally durable catalysts also have a longer life, particularly during demanding driving, when there are high exhaust temperatures. Precious metal catalysts with stabilised crystallites and washcoat materials that maintain high surface area at temperatures around 1000°C are needed. Improved oxygen storage components stabilise the surface area of the washcoat, maximise the air-fuel “window” for three-way operation and indicate the “health” of the catalytic converter for on board diagnostic (OBD) systems.

The technology of the substrates, on which the active catalyst is supported, has also seen great progress. In 1974 ceramic substrates had a density of 200 cells per square inch of cross section (31 cells/square cm) and a wall thickness of 0.012 inch or 12 mil (0.305 mm). By the end of the 1970’s the cell density had increased through 300 to 400 cpsi and wall thickness had been reduced by 50% to 6 mil. Now 400, 600 and 900 cpsi substrates are available and wall thickness can be reduced to 2 mil - almost 0.05 mm. In the late 1970's substrates derived from ultra thin foils of corrosion resistant steels came onto the market. In the beginning the foils could be made from material only 0.05 mm thick allowing high cell densities to be achieved. Complex internal structures can be developed and today wall thickness is down to 0.03 mm and cell densities of 800 cpsi are in production. 

These developments have allowed a larger catalyst surface area to be incorporated into a given converter volume.  This allows better conversion efficiency and durability. The thin walls reduce thermal capacity and avoid the penalty of increased pressure losses. Alternatively the same performance can be incorporated into a smaller converter volume, making the catalyst easier to fit close to the engine, the smaller size being important for compact cars. 

Controlling diesel emissions is an important area for European catalyst development. Oxidation catalysts lower particulate mass by up to 50%, by destruction of the organic fraction of the particulate, as well as making significant reductions in CO and HC (including the characteristic diesel odour). However the number of particles is unchanged.

Another new area of development are hydrocarbon adsorber systems.  These  incorporate special materials, such as zeolites, into or ahead of the catalyst. Hydrocarbon emissions are collected when exhaust temperatures are too low for effective catalyst operation. The hydrocarbons are then desorbed at higher temperatures when the catalyst has reached its operating temperature and is ready to receive and destroy the hydrocarbons. This technology has the potential to reduce hydrocarbons to less than half the levels emitted from a three-way catalytic converter, and is already part of some diesel systems.

4.3.3 Retrofitting catalyst systems

A major innovation in Europe has been the retrofitting of catalytic converters, diesel particulate traps and selective catalytic reduction (SCR) to existing vehicles. Tax reductions or vehicle-use restrictions have provided the incentive and catalyst and vehicle specialists have engineered the technology.

A range of catalytic converters - including the necessary fuel and engine controls to make them work reliably - are now available in markets with incentive schemes for a wide range of passenger cars. Over 1 million vehicles have already been retrofitted with catalysts. 

Over 5000 trucks and buses have been engineered to meet future EU emission standards by adding a particulate trap or SCR system (see below).  

4.3.4 Next generation technology for emissions control 

Electrically heated catalyst systems use a small catalyst ahead of the main catalyst.  The substrate, onto which the catalyst is deposited, is made from metal so that when an electric current is passed it will heat up quickly. This brings the catalyst to its full operating temperature in a few seconds, but requires modifications to vehicle electrical equipment.

With the development of lean burning direct injection gasoline engines and increased use of diesel engines, lean combustion is the big challenge for automotive catalysis. The conventional three-way technology used on gasoline engines needs a richer environment with lower air-fuel ratios to reduce NOx so a radical new approach is required.

De-NOx (or lean NOx) catalysts use advanced structural properties in the catalytic coating to create a rich "microclimate" where hydrocarbons from the exhaust can reduce the nitrogen oxides to nitrogen, while the overall exhaust remains lean. The systems under development for gasoline engines are:

· Passive - with no added reductant.

· Active - with 2-3% additional fuel added upstream of the catalyst.

Current prototype De-NOx systems are demonstrating 30-40 % reduction in NOx levels. Published information from car and catalyst companies show the marked effect that sulphur levels in fuel have on these new technologies. While useful NOx conversion efficiencies have been demonstrated on prototype vehicles at petrol sulphur levels of 30 ppm the efficiency falls off rapidly at higher sulphur concentrations, with unacceptably low conversion rate with current UK fuel, which has a limit of 500 ppm.  Mitsubishi’s GDI engine uses this technology, but even though current UK sulphur levels are well below 500ppm its conversion efficiency is very low.

Further developments focus on increasing the operating temperature range and conversion efficiency.  

NOx adsorbers (NOx Traps) are a promising development as results show that NOx adsorber systems are less constrained by operational temperatures than De-NOx catalysts. NOx traps adsorb and store NOx under lean conditions. A typical approach is to speed up the conversion of nitric oxide (NO) to nitrogen dioxide (NO2) using an oxidation catalyst so that NO2 can be rapidly stored as nitrate on alkaline earth oxides. A brief return to stoichiometric or rich operation for one or two seconds is enough to desorb the stored NOx and provide the conditions for a conventional three-way catalyst mounted downstream to destroy NOx. Prototype systems have demonstrated over 90% NOx removal under fresh conditions. To maintain good conversion either ultra low fuel sulphur levels in fuel are required or the implementation of operating conditions that cause sulphur to be removed from the trap.  This technology is being used by Toyota in Japan, although not in Europe where high fuel sulphur levels inhibits its use.

Ceramic wall-flow filters or traps remove over 90% by weight of the total particulate matter contained in diesel exhaust. Current limit values are set on the mass of particulate, in grams per kilometre. However recent work on the ultra-fine particulates (smaller than PM1 or 1 micron) produced by diesel engines concentrates on the number and size of particulates, which are thought to be more critical indicators of health impact. Trap-based after-treatment can reduce the numbers of particulates including ultra-fine ones (PM0.01 - PM1) with 99.9% or greater filtration efficiency over a wide range of engine operating conditions. 

Since the wall-flow filter readily becomes plugged with particulate material in a short time, it is necessary to "regenerate" the filtration properties of the filter by burning off the collected particulate on a regular basis. The most successful methods to achieve regeneration include:

· Electrical heating of the trap either on or off the vehicle

· Incorporating a catalytic coating on the filter to lower the temperature at which particulate burns so that it is in the diesel exhaust temperature range.

· Using very small quantities of fuel-borne catalyst, such as ceria. The catalyst allows the particulate to burn at normal exhaust temperatures to form carbon dioxide and water, while the solid residues of the catalyst are retained on the filter. Burning of the exhaust PM does not normally occur until above diesel exhaust temperature. It has been shown that more than 90% of the ceria is captured by the trap.  This causes an unacceptable increase in back pressure only after long useage, i.e. more than 100, 000 km before filter replacement or cleaning is required. 

· Incorporating an oxidation catalyst upstream of the filter that, as well as operating as a conventional oxidation catalyst, also increases the ratio of NO2 to NO in the exhaust. Trapped particulates burn off at normal exhaust temperatures using the powerful oxidative properties of NO2. 
Selective catalytic reduction (SCR) was originally introduced on stationary power plants and engines but is now being used on heavy-duty diesel engines and is in development for light-duty diesel vehicles. Ammonia or ammonia precursors, such as urea or ammonium carbonate, are used as a selective reductant, in the presence of excess oxygen, to convert over 70% of NOx to nitrogen over special catalyst systems. Fleet trials of SCR systems, operating on heavy-duty vehicles, are underway. 

4.4 Fuel Quality

4.4.1 Introduction

In general, the effect of fuel quality changes alone on emissions is relatively small, compared to improvements achievable by improvements to engine and after-treatment technologies. However for certain pollutants (lead, sulphur and benzene) their content in the fuel is directly related to their emission.  For benzene the aromatic content also affects the benzene emission as it is formed in the combustion process from other aromatic compounds.  Reducing the content of these substances in the fuel can have a large impact on emissions.

A number of fuel and lubricant components can adversely affect the performance of  conventional three way catalysts as well as the range of passive and active HC, de-NOx and PM after treatment technologies.  The five main contaminants are:

· Sulphur

· MMT

· Zinc

· Phosphorus

· Lead

Sulphur is naturally present in the fuel, MMT is a fuel additive (see below), and zinc and phosphorous come from lubricants. Lead also contaminates catalysts which is why unleaded petrol is always used with modern cars. Lead will be phased out from petrol in the UK by 2000 (with some derogations until 2005)

Other fuel properties such as the density and cetane number of diesel affect the combustion efficiency and hence emissions.

Currently petrol and diesel fuels have EU-wide quality regulations; specific measures in the UK encourage the use of fuels that offer emission benefits – such as sulphur level and distillation characteristics in diesel. From next year (2000) new fuel quality standards will be introduced in the EU.  The  limits are shown in the following tables.
Table 2: Specifications for Future Petrol

	Parameter
	Limit values
	Typical current  UK fuel  
	Today’s EU specification

(EN 228)

	
	2000
	2005
	
	

	Olefins (% v/v)
	18 (max)
	18 (max)
	10  
	

	Aromatics (% v/v)
	42 (max)
	35 (max)
	33 
	

	Benzene (% v/v)
	1 (max)
	1 (max)
	2.3 
	5

	Oxygen (% m/m)
	2.7 (max)
	2.7 (max)
	0.1 
	

	Sulphur (ppm)
	150 (max)
	50 (max)
	200
	500


Table 3:  Specifications for Future Diesel


	Parameter
	Limit values
	Typical current  UK fuel *
	Today’s EU specification

(EN 590)

	
	2000
	2005
	
	

	Cetane number
	51 (min)
	51 (min)
	52
	49 (min)

	Density @ 15oC (kg/m3)
	845 (max)
	845 (max)
	846
	820-860

	T95 (OC)
	360 (max)
	360 (max)*
	347
	370(max)

	PAH (%m/m)
	11 (max)
	11 (max)**
	8
	

	Sulphur (mg/kg)
	350 (max)
	50 (max)
	400
	500


* 1998.  Since then there has been  a rapid uptake of ‘City Diesel’ and similar products.

In recent years there has been some concern about the use of  methyl tertiary butyl ether (MTBE)  a common oxygenate, as a component of petrol in the US where reformulated petrol must contain a minimum of 2% oxygenates. This is discussed below.
4.4.2 Lead

Unleaded petrol was introduced in the UK in 1987 in response to public concern over the health effects of lead on, in particular, children.  Unleaded petrol is also necessary for use in cars fitted with catalysts, as metals affect their efficacy. 

Lead has been added to petrol since the 1920s when it was discovered that certain lead compounds are a cheap way of increasing its octane rating.  The level of lead in petrol has been progressively reduced. This, coupled with the introduction of unleaded petrol, has resulted in lead concentrations in air and soil decreasing significantly.

The new fuels Directive bans leaded petrol from the year 2000, except for small volume use by members of classic vehicle clubs. To meet the needs of older (but not classic) vehicles unleaded petrol with valve seat recession additives will be made available. There is some uncertainty as to the efficacy of this type of additive, although it has been used for a number of years in countries which have already banned leaded petrol, such as Austria. 

There have been concerns that unleaded petrol contains more benzene than leaded petrol. According to the United Kingdom Petroleum Industry Association the level of benzene in petrol in the UK has been progressively reduced from around 10 per cent in the 1950s, to 4 to 7 per cent in the early 1970s to around 2 per cent in the 1990s. For example, petrol produced in Shell UK refineries in 1994 had an average benzene content of less than 1 per cent. The maximum permitted level of benzene in petrol is currently 5 per cent, and this will fall to 1 per cent next year.

4.4.3 Sulphur

The US Air Quality Improvement Research Programme and the European Programme on Engines, Fuels and Emissions, have both shown that reducing sulphur in fuel reduces emissions of the regulated pollutants. Laboratory research undertaken by the US motor and oil industries has also demonstrated that sulphur affects the catalyst light-off time, and efficiency.  These effects appear to be greater during cold starts and heavy accelerations. High sulphur levels can also light the on-board diagnostic system malfunction indicator lamp when there is no problem with the catalyst and interfere with the lambda sensor which controls the air/fuel ratio, causing the vehicle to run rich, and increase emissions of carbon monoxide and hydrocarbons. 

The magnitude of the sulphur impact on emissions depends on a number of factors including catalyst formulation, catalyst location, emission control and OBD system design, vehicle calibration and the sulphur level of the petrol.  No systems have been identified that are completely immune to sulphur effects. 

The latest generations of emission control systems appear to be more sensitive to the impact of sulphur in fuel than earlier generations. Data collected by Ford Motor Company shows that carbon monoxide and nitrogen oxides emissions from ULEVs (Ultra Low Emitting Vehicles, the most stringent California emission limits for conventional cars) may be worse than the Federal Tier 1 vehicles being sold throughout the United States today, when operated on high sulphur fuels. 

For diesel vehicles catalyst use is increasing. In the past sulphur levels have been considerably higher in diesel than in petrol. Sulphur affects catalyst performance by competing with pollutants for space on the catalyst surface. This limits the efficiency of the catalyst to convert the pollutants.  In addition, to remove particulate matter the conversion of sulphur to sulphate can cause a net increase in particulate matter. Diesel emission control technologies, particularly particulate filters, require ultra low levels of sulphur.  For example, the Continuously Regenerating Trap produced by Johnson Matthey, and currently used for example in City of Westminster buses and in Scandinavia is only guaranteed when operated with a maximum sulphur content of 50 ppm. Not all systems are, however, as sensitive to sulphur levels. The Rhône-Poulenc Eolys system is claimed to be 90% efficient while running on conventional diesel. It uses a trap and a cerium-based additive in the fuel which acts as a catalyst to reduce the temperature required to burn off the particles. Concern has been expressed, however, over the use of additives and the potential impact of their combustion products on the environment.

De-NOx catalysts have been subject to intense research and development over recent years. Among technologies currently being developed are a lean catalyst (selective reduction catalyst) and a storage device (NOx trap catalyst). The advantage of the NOx trap catalyst is its high reduction efficiency.  However it is subject to sulphur poisoning, and soon loses its efficiency when used with petrol containing typical UK sulphur levels. It is generally considered that sulphur levels below 50 ppm are required for the long term use of these devices. Experimental studies based on laboratory or engine tests have suggested that NOx traps can be made more sulphur tolerant but this is likely to compromise their performance and could involve undesirable fuel penalties. The durability of these devices has yet to be proved.  The selective reduction catalyst has a much lower efficiency but maintains its efficiency even after high mileage with the sulphur levels typical of UK petrol. 
The Mitsubishi GDI engine reduces NOx emissions by using a combination of exhaust gas recirculation (EGR) and a lean NOx catalyst to meet the current (Euro II) emission standards. With 100 ppm sulphur in petrol the catalyst efficiency peaks at about 70 per cent, but can only achieve this across a relatively narrow temperature range. To meet the year 2005 standards this is unlikely to be sufficient. 

Many catalyst and motor manufacturers believe that the efficient removal of NOx and particulate matter requires maximum sulphur levels of 30 ppm, preferably lower (i.e. <5 ppm). The existence of better fuel quality promotes the development of cleaner vehicle technology. Johnson Matthey believe that their CRT filter system would not have been developed if the company had not been based in Sweden and had access to cleaner fuel in the normal operating environment of the vehicle parc.

Representatives of American, European and Japanese motor manufacturers have developed the  World Fuel Charter which is their recommendations on the quality of fuel required for different markets, depending on the level of emission control mandated.  For those countries with advanced emission requirements, such as in Europe, a maximum of 30 ppm sulphur is currently recommended for both petrol and diesel.

4.4.4 Methyl tertiary butyl ether (MTBE)

Methyl tertiary butyl ether has been a controversial component of petrol since it was first used in oxygenated/reformulated fuels in the US as a result of the Clean Air Act Amendments of 1990.  Evidence from both the US and Europe shows that it reduces CO and, to a lesser extent, HC emissions from catalyst equipped cars. For NOx there is a greater variability with an increase in emissions in some studies and a decrease in others. The improvement in emissions is greater with non catalyst cars. MTBE is also used as a high octane component of petrol, allowing the use of cheap low octane components in the blending of the final product.

MTBE has traditionally been thought to have a low toxicity, especially when compared to other components of petrol.  However, when first introduced into the city of Fairbanks, Alaska, the local population reported a number of symptoms such as headaches and nausea.  Subsequent tests by the USEPA and the Centre for Disease Control found elevated levels of MTBE in the blood stream of Alaskans tested.  Health effects have not been reported in other cities where MTBE has been used. The main concerns regarding MTBE is that it is very soluble in water and has low taste and odour thresholds. 

In 1995 the Health Effects Institute undertook a review of the literature. It found that most people do not experience unusual symptoms in response to short-term exposure, although some individuals may experience acute symptoms. There is some evidence of neurotoxicity at high levels of exposure in rats, and the review group considered that there is cause for concern that MTBE may cause cancer. However the group concluded that adding oxygenates to petrol is unlikely to substantially increase the health risks associated with fuel used in motor vehicles, hence the potential health risks are not sufficient to warrant an immediate reduction in oxygenate use.  However, the HEI review group believed that a number of important questions need to be answered if these substances are to continue to be used over a long time

MTBE has been banned in California and consideration is being given to banning it throughout the US. In Denmark an action plan was released last summer, and MTBE use has dropped to 10% of its 1990 level.  However there are concerns that, to meet the new fuel specifications in 2000 and 2005, MTBE use will increase again to enable the aromatic content to decline in line with the standards (there are, however, alternatives for the replacement of aromatics). The Danish Environment Agency, recognising that petrol contains other toxic substances, believes that the best way forward is to avoid leakages rather than to ban MTBE.

In November 1998 the USEPA set up a ‘Blue Ribbon Panel’ of experts to investigate the concerns raised by the discovery of MTBE in drinking water in Maine, California and elsewhere. It consisted of  experts in air and water quality as well as representatives of the oil, ethanol, and MTBE industry. In July 1999 the Panel reported.  It broadly agreed that the use of MTBE should be reduced substantially (with some members supporting its complete phase out) and that Congress should act to provide clear federal and state authority to regulate and/or eliminate the use of MTBE and other petrol additives that threaten drinking water supplies.

In areas using reformulated gasoline 5 to 10% of the drinking water supplies have detectable amounts of MTBE.  The great majority are below levels of public health concern.  Detection at lower levels have raised consumer taste and odour concerns, that have caused water suppliers to stop using some water suppliers and to incur costs of treatment and remediation. The major source of the groundwater contamination appears to be releases from underground storage tanks.

The Panel recommended:

· a comprehensive set of improvements to the water protection programs, including over 20 specific actions to enhance underground storage tanks, and private well protection programmes. 

· Congress to act to remove the current Clean Air Act requirement that 2% of reformulated gasoline, by weight, consist of oxygen, to ensure that adequate fuel supplied can be blended in a cost-effective manner while reducing usage of MTBE; and

· The EPA seek mechanisms to ensure that there is no loss of current air quality benefits.

In the UK responsibility for MTBE falls between the Drinking Water Inspectorate, of DETR and the Environment Agency.  In 1993 the National Rivers Authority (now the Environment Agency) reported two incidents of the MTBE taste threshold of 10 (g/l being exceeded in aquifers. The Drinking Water Inspectorate is only aware of one MTBE incident affecting water supplied.  This concerned a private supply to an American Airbase in East Anglia over 10 years ago.  The pollution was localised and as caused by a leaking fuel tank. 

As a result of the concerns in the US MTBE is now being investigated by the Agency’s National Centre for Ground Water, based in Solihull.  There is no national database of MTBE concentrations in drinking water, and only recently have the Agency began routinely measuring it as part of its water quality surveys. The best monitored area is thought to be that covered by the Environment Agency’s Thames region.  In this region approximately 250 samples are taken each year, and in about 30 MTBE has been detected.  All have been below the taste and odour thresholds. The Drinking Water Inspectorate do not consider MTBE to be a significant issue in the UK because MTBE use is lower in the UK and there are few shallow groundwater sources with impermeable cover.

4.4.5 Methylcyclopentadienyl manganese tricarbonyl (MMT)

Methylcyclopentadienyl manganese tricarbonyl (MMT) has been marketed as an octane-enhancing fuel additive for petrol and a combustion improver for diesel. European motor manufacturers believe manganese additives have adverse impacts on emission control systems due to the build-up of deposits.  It can also cause the engine to misfire. Once the catalyst is coated with manganese oxide its efficiency declines, and the on-board diagnostic system may fail to detect catalyst failure.  Close-coupled catalysts may be more susceptible to MMT because of their higher operating temperatures.  Manganese oxides can also contaminate the lambda sensor affecting its response, leading to richer air fuel mixtures being used. Little testing of the effect of MMT additives on diesel engines has been carried out, however it is reasonable to expect a similar response to that seen in petrol engines such as manganese oxide coating the emission control system. The additive manufacturer, however, has refuted these claims, as some studies have showed that catalyst efficiency is not affected by MMT, and when challenged the US Environmental Protection Agency was unable to block the use of MMT in petrol in the US (the legislation forbids the use of metal additives unless a waiver is obtained). The use of MMT has been effectively banned in Canada.

4.4.6 Iron

Ferrocene has been used to replace lead as an octane enhancer for unleaded fuels in some markets  It contains iron, which deposits on catalysts and other exhaust system components as iron oxide, affecting their performance.

4.4.7 Fuel Additives

A wide range of additives are used in automotive fuels and lubricants.  For example, diesel may contain an ignition improver, cold flow improver, anti-corrosion additive, detergent and anti-foam compounds. Most low sulphur diesel (i.e. less than 500 ppm sulphur) requires a lubricity additive to stop excessive fuel injection pump wear and, in some cases, pump failure. Whilst most additives have been shown to be beneficial, others have proved to have an adverse effect on the environment.  The classic example was the use of tetra alkyl lead compounds.  These were first added to petrol in the early 1920s to increase octane, and despite the first evidence of health problems being recognised in the late 1920s, continued to be used, albeit at much reduced concentrations. 

Combustion generated deposits build up over time in engines impairing driveability and emission control systems. Detergents and other additives have been developed to reduce deposits in carburettors, fuel injectors, inlet valves, and combustion chambers.  These were first used in the US in the 1950s and in California their use in petrol has been mandated. Additives are not however, required in Europe, but are nevertheless widely used. 

4.5 ‘Gizmos’

Over many years a large number of devices claiming to improve fuel economy and reduce emissions have been marketed around the world. These include fuel additives (e.g. the addition of metallic tin) and devices that claim to work by ‘lining up the fuel molecules’.  When independently tested the vast majority of these products have failed to show any improvement. Some benefits have been reported, particularly for older vehicles, but are probably because the engines has been re-tuned to the manufacturer’s specification as part of the fitting of the device.   Alternatively they have been re-tuned to offer fuel economy benefits at the expense of performance and/or drivability.  With modern sophisticated electronically controlled engines it not possible to re-tune the engine without access to electronic equipment to interrogate the on board engine management system.
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