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Fuel Sulphur Limits

Deputies are asked:

· To note the report;
· To agree to publication/dissemination on the web;
· To examine, nationally and in international fora, measures for ensuring widespread availability of sulphur free fuels in step with the entry into the market of vehicles that are dependent on sulphur free fuels for compliance with emissions standards;
· To examine, nationally and in international fora, the value of measures to promote the production and distribution of low sulphur and sulphur free fuels in order to cut emissions of hydrocarbons, nitrogen oxides and other emissions from all vehicles;
· To instruct the Group on Transport and the Environment to draft a Resolution on the availability of sulphur free fuels, taking account of forthcoming proposals from the European Commission and in co‑ordination with legislative developments in the European Union.
Executive Summary
Fuel sulphur content

Sulphur is present to a greater or lesser degree in all crude oils. Much of it has to be removed during refining to produce commercial fuels. The term low sulphur is applied to fuels with different sulphur contents in different countries and can be misleading. This paper uses low sulphur to indicate fuels with less than 50 ppm sulphur. Fuels containing 10 ppm sulphur or less are generally referred to as sulphur free. EU Directive 98/70/EC relating to the quality of petrol and diesel fuels sets the following two stage maximum allowable sulphur content limits for auto fuels. 
EU sulphur limits
Euro 3    1 Jan 2000
Euro 4    1 Jan 2005

Diesel 
350 ppm
50 ppm 

Gasoline 
150 ppm
50 ppm

The European Commission launched a consultation in 2000 to collect evidence on the impact of sulphur free fuels on CO2 and air emission reduction strategies. Proposals for levels of sulphur in fuels beyond 2005 will be made on the basis of its findings.

Impacts of fuel sulphur

Fuel sulphur affects the performance and durability of many exhaust treatment and on-board diagnostic systems on petrol and diesel vehicles, both cars and trucks. Reducing fuel sulphur cuts emissions of particulate matter, nitrogen oxides, hydrocarbons and carbon monoxide from all vehicles. Emissions of ultra fine particles and especially benzene, which are the focus of health concerns, are particularly sensitive to fuel sulphur content. For new models sulphur free fuel will help ensure future emissions standards can be met. For future petrol cars, sulphur free fuel will help ensure significant reductions in CO2 emissions can be made without exceeding 2005 Euro 4 NOx emissions limits. For diesels sulphur free fuel will improve the prospects of meeting 2005 Euro 4 standards for emissions of particulate matter and expected 2008 Euro 5 NOx emissions limits.

CO2 and NOx emissions from petrol cars

ACEA's commitment to the EC on reducing the CO2 emissions of passenger cars
 is subject to appropriate (i.e. sulphur free) fuels being widely available. ACEA members plan to commercialise lean burn direct injection petrol engines with a fuel efficiency performance similar to the best diesel engines as part of their strategy to reduce CO2 emissions. The exhaust from this kind of engine is different from conventional exhaust. Oxygen levels are much higher and this prevents standard three way catalytic converters from controlling NOx emissions. Advanced NOx exhaust catalysers have to be used and these are highly sensitive to the presence of sulphur. 
CO2 emissions from refining

Producing sulphur free fuels whilst at the same time modifying other fuel parameters to meet Euro 3 and 4 specifications produces additional CO2 emissions from refineries, potentially undermining the CO2 emissions reductions targeted by ACEA. However, advanced refining processes cut the CO2 penalty to 5‑10%. Moreover, matching the supply of sulphur free petrol reasonably closely to the demand for its use in lean-burn engines would limit the impact on the overall CO2 emissions balance
. The EC consultation concluded that once new fuel efficient engines equip around 50% of vehicle sales a net reduction in CO2 emissions is likely.

Particulate and NOx emissions from diesel vehicles

2005 Euro 4 particulate emissions limits require the use of particle filters on heavy diesel engines and possibly on light commercial vehicles and the largest passenger cars. These filters perform better with sulphur free fuel. Some filter systems require fuel with less than 10 ppm to meet Euro 4 limits. Others will tolerate 50 ppm except at low temperatures. 10 ppm fuel would be required to ensure all vehicles could meet Euro 4 standards in all operating conditions
. Filter systems incorporating a catalyst in the fuel do tolerate 50 ppm diesel but at the cost of increased fuel consumption. For optimal performance it appears that particle filters may require diesel limited to 10 ppm.

2005 Euro 4 standards for NOx emissions from heavy diesel engines can be met with 2005 Euro 4 diesel but standards under consideration for 2008 could require advanced exhaust treatment systems which are sensitive to fuel sulphur. The smallest diesel passenger cars will probably not require advanced exhaust after-treatment to meet Euro 4 NOx emissions standards but the biggest cars and light commercial diesel vehicles probably will require advanced NOx catalysers. 10 ppm sulphur fuel would therefore facilitate meeting future NOx emissions limits.
Incentives for 50 ppm sulphur fuels

A number of governments have introduced or plan to introduce tax incentives to promote low sulphur fuels. National incentives to accelerate the introduction of fuels that meet Euro 4 fuel standards ahead of the 2005 deadline have been introduced in the United Kingdom and the Netherlands for petrol and diesel and in Belgium for petrol with an incentive for diesel to follow in October 2001. Germany plans to introduce incentives in November 2001 for both petrol and diesel. 50 ppm sulphur petrol was introduced in Sweden in January 2000 under a voluntary agreement with the refining industry.

In the countries where they have been introduced, incentives of the order of Euro 0.015 to 0.045 per litre have been sufficient to cover the costs of refiners in improving fuel quality to the 50 ppm standard and distributing it to filling stations, without increasing the pump price above the price for standard fuels. The incremental cost of producing low sulphur fuels varies significantly from refinery to refinery. Older, less sophisticated plants will face higher costs, and the sulphur content of the crude oil a refinery is designed to process also affects costs. The highest cost refineries are mainly located in the Mediterranean basin. The size of the tax incentive required to promote low sulphur fuels therefore varies between countries. Tax incentives will be most effective in accelerating the spread of low sulphur fuels when they result in lower prices at the pump for lower sulphur fuels compared to conventional fuels. 
Incentives for 10 ppm sulphur fuels

Sweden introduced a large incentive for the distribution of 10 ppm "city diesel" in 1991. Initially intended as a fuel only for city areas, by 1999 it accounted for 95% of the entire market. BP-Amoco, Shell, Aral and Total-Fina-Elf already market sulphur free petrol in selected stations in France, Germany, Scandinavia and the United Kingdom. 

Germany plans to introduce tax incentives for 10 ppm sulphur petrol and diesel in January 2003 by increasing duty on other fuels, and has received approval for this from European Community authorities
. The incentives are expected to be larger than those already available for 50 ppm sulphur fuels in Germany. 

The rationale for promoting sulphur free fuels

The case for providing incentives for 50 ppm fuels is relatively clear as the cost effectiveness of mandating these fuels was established under the Auto-oil programme. The incentives already introduced have been highly successful in accelerating the market penetration of low sulphur fuels. 
The case for reducing fuel sulphur content to levels approaching zero is not clear from the perspective of cost effectiveness. There is some uncertainty in the financial costs to refiners, not all of the environmental benefits have been quantified in monetary terms and more cost effective opportunities for reducing CO2 emissions to meet Kyoto targets exist outside the transport sector. Given sufficient time, vehicle emissions control systems might develop sufficiently to overcome the need for sulphur free fuels. 
It is the European Union's regulatory schedule for new vehicle emissions limits that makes widespread availability of sulphur free petrol and diesel from 2005 important throughout Europe.

The benefits of sulphur free fuels
Although the cost effectiveness of producing sulphur free fuels as opposed to waiting for advances in vehicle emissions control technologies able to meet future emissions standards with conventional fuels is uncertain, 10 ppm sulphur diesel and petrol are valuable fuels for the following reasons.

Reducing sulphur in both diesel and petrol would provide the simplest method for making further reductions in emissions of all major pollutants from the entire vehicle fleet.

Sulphur free petrol enables the uptake of technologies being developed to cut emissions of CO2 from new passenger cars. Despite advances in NOx storage catalyst systems it appears unlikely that vehicles equipped with fuel efficient lean-burn engines — an important part of the strategy to meet ACEA's commitment to reduce CO2 emissions — will be able to meet 2005 Euro 4 emissions standards and achieve sufficient fuel efficiency to meet CO2 targets on time without sulphur free (10 ppm) fuels;
Sulphur free diesel is desirable to ensure that all diesel vehicles can meet 2005 Euro 4 particulate emissions limits all of the time. Moreover, an expert review for the EC concluded that "the successful achievement of 2008 Euro 5 standards for heavy duty diesel vehicles is much more likely with the introduction of near zero sulphur fuels than it is with the use of 50 ppm sulphur diesel".
Conclusions 

Tax incentives or regulations could play an important role in providing signals to the refining industry to make the investments needed to produce sufficient quantities of sulphur free fuels in good time for markets throughout Europe. 
The summary of submissions to the EC consultation concludes that "taking account of the rate of deployment of new petrol and diesel technologies there is no need for a full transition to sulphur free fuels before 2008-2010". This time frame would also reduce the impact of incremental CO2 emissions from producing sulphur free fuels in undermining net reductions in CO2 emissions from vehicles equipped with lean burn engines.

However, early decisions on providing incentives, or on mandatory fuel sulphur limits, would help refiners contain costs by enabling them to plan investments and plant outages for refurbishment on an optimal path and in conjunction with preparations for meeting the 50 ppm standards already mandated for 2005. 

Recommendations

Ensuring the owners of vehicles that require sulphur free fuels have adequate information on the importance of using only the right grade of fuel, and ensuring that fuel pumps and service stations are adequately labelled, are important industry responsibilities. Additional steps, beyond the provision of information, may be necessary to stimulate the development of the market for sulphur free fuels, particularly in countries where they are not already available. 

It is recommended that all ECMT Member governments should examine the value of taking measures for ensuring widespread availability of sulphur free fuels in step with the entry into the market of vehicles that are dependent on sulphur free fuels for compliance with mandatory emissions standards. 
Because the emissions control systems of vehicles designed to operate with sulphur free fuels may be compromised by burning higher sulphur fuels, it will be important for the new fuels to be available throughout Europe, and not just in the European Union, so that the cleanest trucks can be used in international trade and car drivers can find fuel that does not damage their vehicles when they cross borders. 

Measures for consideration include voluntary agreements with the oil industry and tax incentives to promote sulphur free fuels. 

It is also recommended that all ECMT Member governments examine the value of taking measures to promote the production and distribution of low sulphur and sulphur free fuels as a means to achieve immediate cuts in emissions of particulate matter, nitrogen oxides, hydrocarbons (including benzene) and carbon monoxide from all vehicles, both old and new.
It is recommended that a proliferation of different national mandatory standards for sulphur in fuel should be avoided, through international co-ordination, in order to avoid creating barriers to trade in oil markets and  increased costs for vehicle manufacturers.
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Fuel Sulphur Limits

1.
Fuel Quality 

The term low sulphur is applied to fuels with different sulphur contents in different countries and can be misleading. This paper uses low sulphur to indicate fuels with less than 50 ppm sulphur. Fuels containing under 10 ppm are generally referred to as sulphur free.

EU Directive 98/70/EC relating to the quality of petrol and diesel fuels sets the following two stage maximum allowable sulphur content limits for auto fuels
: 
EU sulphur limits
Euro 3    1 Jan 2000
Euro 4    1 Jan 2005

Diesel 
350 ppm
50 ppm 

Gasoline 
150 ppm
50 ppm

Low sulphur and sulphur free petrol and diesel are already available in a number of European countries.

The World Wide Fuel Charter
 recommends 30 ppm sulphur as the limit for petrol and diesel for markets with advanced requirements for emissions control such as Euro 3 and Euro 4 standards. It recommends a limit of less than 5 to 10 ppm sulphur for markets where Euro 4 or equivalent emissions standards are combined with stringent fuel efficiency constraints, to enable sophisticated NOx and particulate matter after-treatment technologies to be used.
The European Commission launched a consultation in 2000 to collect evidence on the impact of sulphur free fuels on CO2 and air emissions reductions strategies. Proposals for levels of sulphur in fuels beyond 2005 will be made on the basis of its findings.


2.
Advantages of Low Sulphur Fuels

Lowering fuel sulphur content contributes directly to reducing vehicle emissions of both sulphur oxides and particulate matter and indirectly to reducing emissions of NOx, carbon monoxide and hydrocarbons. It also enables enhanced and maintained conversion efficiency for catalytic conversion systems. Current interest in sulphur free fuels is mainly driven by pressure to improve the fuel efficiency of internal combustion engines in the interests of reducing CO2 emissions whilst respecting agreed emission limits for other exhaust gases. 


Petrol Engines


Conventional engine/catalyser configurations

In general, reducing the sulphur content of petrol provides immediate reductions in exhaust emissions from all catalyst equipped vehicles on the road. Results from recent testing reported in the World Wide Fuel Charter are reproduced in the following table. As well as reducing all major emission types across a range of vehicle technologies and fuel qualities, lowering fuel sulphur content improves the durability of emissions control systems. Sulphur also has an impact on on-board diagnostic systems. Research in the USA reported in the Charter suggests reduced catalyst efficiency in the presence of sulphur can result in OBD systems giving false indications of malfunctioning catalysers and can also result in the OBD system failing to identify real catalyst failures.

Study
Vehicle Technology (emissions limits)
Sulphur Range (ppm)
Emissions Reduction %

(high to low sulphur)



high
low
HC
CO
NOx

AQIRP 1997
Tier 0
450
50
18
19
8

EPEFE 1996
Euro 2+
382
18
9 (43*)
9 (52*)
10 (20*)

AAMA/AIAM
LEV & ULEV
600
30
32
55
48

CRC
LEV
630
30
32
46
61

JARI
1978 regs.
197
21
55
51
77

* Reduction achieved during hot extra-urban portion of test.

Source: World-Wide Fuel Charter, 2000.

More recently a study commissioned from the German testing laboratory ADAC by the FIA confirmed these results with tests on three contemporary petrol cars equipped with 3-way catalytic converters
. Each was subjected to the New European Driving Cycle test as used for Type Approval of new cars under EU Directive 98/69/EC using fuels with three different levels of sulphur: 102/106 ppm; 42 ppm and 10 ppm. Current Type Approval emissions testing measures hydrocarbon and NOx emissions together, and these were reduced 13% with low sulphur fuel and 20% with sulphur free fuel, as shown in the following table.
Petrol sulphur content 
Emissions
(g/km)
Emissions reduction

(ppm)
CO
HC
NOx
HC+NOx
HC+NOx


Opel Corsa 1.0

102/106
0.412
0.090
0.024
0.114


42
0.424
0.083
0.023
0.106
7%

10
0.431
0.078
0.021
0.099
13%


Mercedes C180

102/106
0.133
0.040
0.050
0.090


42
0.122
0.025
0.044
0.069
23%

10
0.107
0.024
0.039
0.063
30%


Ford Puma 1.6

102/106
0.331
0.057
0.023
0.080


42
0.279
0.043
0.022
0.065
19%

10
0.261
0.040
0.020
0.060
25%


Three way catalytic converters are fitted to all new petrol vehicles in Europe to conform with Euro 1 standards under EU emissions legislation. For efficient operation of a three way catalytic converter the amount of air available to burn fuel in the engine must match the requirements of the chemical reactions in the catalytic converter. The correct input mix to achieve a complete reaction is known as the stoichiometric ratio. The stoichiometric value for the proportion of air required by the reactions in the catalytic converter
 unfortunately does not match the air/fuel ratio for complete combustion of fuel in an internal combustion engine. In order to meet emissions regulations the air/fuel mix burnt in vehicle engines has currently to be optimised for the catalysers used rather than the engine, leading to losses in fuel efficiency. Additionally, because of the force needed to drive exhaust gases through the converter, catalysers exert a back pressure on the engine further adversely affecting fuel consumption.
 Overall the fuel efficiency penalty of conventional three way catalytic converter and engine configurations may be in the range of 3 to 5%. 
In practice stoichiometric conditions can not be maintained for catalytic converters at all points in the driving cycle — acceleration changes the air fuel ratio. Smoothing fluctuations in air/fuel ratios through electronic control of throttles is one route being pursued to meet Euro 3 and 4 regulations. This will increase the adverse impact of emissions controls on fuel efficiency. Some other approaches to reducing emissions also have fuel efficiency penalties, such as exhaust gas recirculation if used at high driving speeds. Some, however, could improve fuel efficiency, such as improved fuel atomisation and improved air flow round fuel injectors, along with changes in the design of inlet ports and piston heads.


Lean burn engines

Commercialisation of lean burn engines is seen by European vehicle manufacturers as an essential part of the strategy to meet ACEA’s commitments to reducing CO2 emissions. Lean burn engine operation
 uses a higher air to fuel ratio to improve fuel efficiency, cutting CO2 emissions. The highest air to fuel ratios are achieved by direct injection engines, but the further from stoichiometric conditions they operate the more difficult it is for conventional catalysers to reduce NOx emissions.
Under lean burn conditions an oxidation catalyst can be used to reduce HC and CO emissions but a conventional three way catalytic converter to reduce NOx will not function. At the same time 90% reductions in NOx emissions are possible with the present generation of de-NOx catalysts under partial
 lean burn operation. This implies Euro 2 standards could be met with this technology and it may be possible to meet Euro 3 standards with improved versions. 

Lean burn multipoint injection engines are currently marketed in Japan by Toyota, Nissan and Mitsubishi. Mitsubishi has launched a version of its direct injection lean burn engined Carisma G-DI in Europe capable of meeting Euro 3 standards. It is equipped with an iridium based de-NOx catalyst upstream of a conventional three way catalytic converter. It can tolerate a sulphur content up to 150 ppm. At high power loads the engine switches to a stochiometric fuel/air ratio with a significant fuel efficiency penalty. It is not possible, however, to meet Euro 4 standards without additional NOx controls. 


Advanced NOx Emissions Control

Regenerative NOx storage catalysers (also known as NOx traps or NOx adsorber catalysts) are already in commercial use on a range of Toyota's petrol engine vehicles
. These  tolerate fuel sulphur content of up to 50 ppm in Japanese driving conditions. The catalysers work in conjunction with an advanced engine management system which periodically produces fuel rich combustion conditions to allow regeneration of the catalyst. They incorporate barium oxide into a conventional three way catalyser. When the engine runs lean, NO (nitric oxide) reacts over the catalyst to form barium nitrate. When the engine management system evaluates that the catalyst is close to saturation it triggers a very short fuel rich pulse (0.3 seconds) which generates carbon monoxide and unburnt hydrocarbons in the exhaust gas. This decomposes the nitrates to NO2 which reacts over the reductant in the catalyser to form nitrogen.

The activity of currently available catalysers deteriorates if the sulphur content in the petrol burnt exceeds 50 ppm even for a short period. Sulphur blocks the NOx storage sites. Sulphur oxides are more strongly adsorbed than nitrates and as a competitor to NOx reduce the capacity of the catalyser to remove NOx. More frequent NOx purges are required and sulphur removal requires more prolonged fuel rich combustion periods, penalising the fuel efficiency of the system. This can lose 1 to 5% on the vehicles fuel efficiency (i.e. possibly negating the efficiency gain from using a lean burn engine). Moreover the original NOx conversion capacity of the catalyser is never fully recovered. Sulphur at 150 ppm has been found to have irreversible effects on the catalysers used by Toyota. Even at low levels, the long term effect of sulphur on newer NOx trap technology is not fully understood and may not be fully reversible.
The thermal conditions to which the catalysers are subjected also affects their performance. Road ageing tests have revealed that catalyst activity is severely degraded after 5 000 km using 30 ppm sulphur fuel suggesting current NOx storage catalyser systems are not thermally durable under European driving conditions (European conditions have higher speed limits and less congestion than in Japan and this is reflected in the test cycles for emissions controls). Vehicle manufacturers are currently investigating improved thermal management of these systems to reduce sensitivity to sulphur and the possible use of sulphur traps upstream of the NOx trap. Catalyst manufacturers are also researching more sulphur tolerant catalysers.

Thus all currently available advance catalyst systems require Euro 4 petrol (50 ppm) to meet Euro 4 NOx emissions standards, and there is some doubt that these systems will operate satisfactorily in European driving conditions. Either sulphur free petrol or improvements in emissions controls systems will be required for lean burn engines to meet Euro 4 emissions standards and optimise performance in terms of fuel efficiency. Sulphur free petrol is required for taking full advantage of the fuel efficiency of lean burn engines (necessary for ACEA to achieve its CO2 commitment) equipped with the adsorber catalysers currently under development.


Diesel Engines

Sulphur in diesel contributes significantly to emissions of fine particulate matter through the formation of sulphates, both in the exhaust stream and later in the atmosphere. At the same time, diesel engines effectively operate on a lean burn regime and consequently require lean burn after-treatment technology to comply with future emissions requirements for NOx. The efficiency of some diesel exhaust after-treatment systems for both particulates and NOx is impaired by sulphur and in some cases they are rendered completely ineffective.

The study commissioned from the German testing laboratory ADAC by the FIA demonstrated the, albeit modest, emissions reductions obtainable from vehicles already in the car fleet by reducing fuel sulphur content. It tested two contemporary diesel cars equipped with oxidation catalysts. Each was subjected to the New European Driving Cycle test as used for Type Approval of new cars under EU Directive 98/69/EC using fuels with three different levels of sulphur: 330 ppm; 50 ppm and 4 ppm. Hydrocarbon and NOx emissions together were reduced 3% with low sulphur fuel and 6% with sulphur free fuel. Particulate emissions increased 4% with low sulphur fuel but fell 7% with sulphur free diesel, as shown in the following table.

Diesel sulphur content 
Emissions (g/km)

(ppm)
CO
HC
NOx
HC+NOx
PM


Citroen Xsara HDI

330
0.228
0.034
0.341
0.375
0.025

50
0.275
0.035
0.340
0.375
0.024

4
0.207
0.031
0.333
0.364
0.024


Toyota Avensis D-4D

330
0.423
0.025
0.508
0.533
0.023

50
0.374
0.022
0.508
0.530
0.025

4
0.392
0.022
0.488
0.510
0.021



Particulate emission controls

Work under the Auto Oil Programme suggests that reducing diesel sulphur from 500 ppm to 30 ppm cuts the mass of particulate emissions 7% in light duty vehicles and 4% or more in heavy duty vehicles. Sulphur in fuel is oxidised in combustion to form SO2, the main sulphur compounded emitted in the exhaust. Some is further oxidised to SO4 which together with water vapour coalesces around carbon cores in particulate matter, increasing the mass of the particles
. The conversion rate of SO2 to SO4 is only around 1% in the exhaust leaving the engine but after-treatment with an oxidation catalyst increases the rate to 100% (since 1996 all European diesel cars have been equipped with diesel oxidation catalysts to control carbon monoxide and gaseous and liquid
 hydrocarbon emissions). This not only increases the mass of particulate emissions but has a significant impact on the efficiency of advanced after-treatment systems that employ an oxidation catalyst. 

Euro 4 regulations require trucks to be equipped with traps or filters to meet emissions limits for particulate matter. Peugeot has chosen to install particle filters on its passenger cars, beginning with the top of the range model, in anticipation of Euro 4 standards and Volkswagen will also shortly announce a vehicle equipped with a particle trap. Filters trap solid and liquid particulate matter emissions whilst allowing exhaust gasses to pass through. The filters become plugged with particulates and have to be regenerated regularly by burning off the trapped particulates. Unaided combustion (oxidation) requires temperatures to increase to 600 to 650 C. Engine-out exhaust usually does not reach these temperatures and combustion has to be assisted in one of four ways: 

· The filter can be heated electrically; 

· An oxidation catalyst can be incorporated upstream that doubles as a conventional catalyser and, from NO in the exhaust, produces additional NO2 that acts as an oxidising catalyst in the particle filter;

· The filter can be coated with a catalyst to lower the temperature at which particulate matter burns;

· A catalyst can be added to the fuel to combine with particles on the filter and allow them to burn at lower temperatures.

A combination of techniques can be used together with injecting fuel into cylinders after the main combustion phase in order to raise the temperature of the exhaust. 

Continuously regenerating diesel particulate filters have been retrofitted on some vehicles to meet existing regulations with 50 ppm fuel though most experience with this system has been in Scandinavia operating on 10 ppm "city diesel". These filters oxidise and destroy particulate matter using NO2 produced from NO in the exhaust by an oxidation catalyst placed upstream (NO2 is a more effective low-temperature oxidising agent for diesel particulate matter than oxygen). Coincidentally any sulphur in the exhaust gets oxidised to SO2 and then SO4 by the system. Not only does this contribute to particulate matter but the SO2 competes with particulates for oxidisation by the NO2, making the filter less effective. Tests reported by the AECC in its response to the EC consultation on sulphur in fuel found that 30 ppm diesel was required to ensure particulate removal efficiency meets Euro 4 requirements.

Catalysed diesel particulate filters achieve regeneration with a catalyst coating on the particle filter that promotes oxidation of particulates using oxygen in the exhaust. Sulphur in the exhaust also gets oxidised by the filter to form sulphates. The impact of sulphur on performance is similar to that with continuously regenerating filters. Results of laboratory tests presented in the World-Wide Fuel Charter show that removal efficiency drops from 95% with 3 ppm sulphur diesel to around 73% at 30 ppm and zero at 150 ppm for both types of filter. Catalysed diesel particulate filters probably require 10 ppm fuel to perform adequately at low temperatures, such as encountered on low speed inner city buses at low ambient temperatures. In other conditions they function sufficiently with 50 ppm diesel. 

Fuel-borne catalysts can be combined with diesel particulate filters to improve performance. Usually very small quantities of cerium oxide are added to fuel. When trapped in the filter as an intimate mixture with particulate matter, the cerium catalyses oxidation, allowing the particulates to burn at temperatures of 350-450 C, regenerating the filters. In urban driving conditions exhaust temperatures may only reach 150 C so some assistance is required to heat the exhaust. Solid residues of the catalyst are retained in the filter. The process is not seriously affected by sulphur but benefits from 10 ppm fuel. 

Clogging of filters can be a problem, normally caused by calcium from lubricating oil ashes combining with sulphur to form calcium sulphate. The problem can be solved by eliminating sulphur from fuel or using special ashless engine oils.


NOx emissions control

Small diesel passenger cars will probably not require advanced exhaust after treatment to meet Euro 4 standards. Advanced fuel injection, exhaust gas recirculation and conventional oxidation catalysts will be sufficient to meet emissions requirements. The biggest cars and light trucks will on the contrary require advanced NOx catalyst systems and/or particle filters to comply with Euro 4 standards. 

Heavy duty diesel vehicles are expected to be able to meet Euro 4 NOx standards without advanced exhaust after-treatment. Should future regulations on NOx emissions from diesel vehicles require more advanced exhaust treatment systems fuel, sulphur could be critical to their operation. Euro 5 limits under consideration for heavy diesels in 2008 with a NOX standard of 2.0 g/kWh would require advanced control systems. 

Several systems have been developed. Catalytic decomposition, where NO is reduced over a copper substituted zeolite catalyst, initially seemed promising but has proved difficult to engineer and extremely sensitive to sulphur poisoning. De-NOx (lean-NOx) catalysts have been developed as passive systems using reducing agents available in the exhaust, usually hydrocarbons, and as active systems where hydrocarbons are injected into the exhaust, usually using diesel fuel. They work by creating a hydrocarbon rich "microclimate" in the catalytic coating where the exhaust or injected hydrocarbons can reduce nitrogen oxides to nitrogen, while the main exhaust flow remains lean. These systems are sensitive to sulphur and laboratory tests show NOx removal falls from 26% to 14% on the new European test cycle when switching from 6 to 49 ppm fuel
. Their relatively low efficiency in removing NOx restricts the potential applications of these systems to smaller passenger cars.

Selective catalytic reduction with ammonia or urea injection has been used for 20 years in fixed installations and will be available on trucks produced by several European manufacturers from 2001. The system enables reduction of NOx to nitrogen to take place in the oxidising environment of diesel exhaust as the catalytic reduction of NOx with ammonia occurs preferentially to the oxidation of ammonia with oxygen. Selective catalytic reduction systems perform sufficiently on 50 ppm diesel to meet Euro 4 NOx standards, albeit at lower efficiency than with sulphur free fuel. They should also meet the probable Euro 5 standard with 50 ppm fuel.

An alternative route to controlling NOx emissions from diesel is to adapt the adsorber catalyst systems developed for lean burn petrol engines. The NOx adsorber catalyst systems developed for diesel engines are highly sensitive to fuel sulphur as SO2 formed in combustion out-competes NOx for sites on the catalyst. Above 10 ppm sulphur significantly impairs the efficiency of these catalyst systems.



· 
· 
· 
· 






Summary of sulphur free fuel benefits

In summary, fuels with a sulphur content under 10 ppm provide for the following benefits:

· Immediate reductions of emissions of NOx, HC, CO from the entire fleet;

· Lower particulate emissions from all diesel vehicles;

· Facilitate the use of particle filters for diesel engines;

· Enable the realisation of reduced CO2 emissions from gasoline direct injection technology;

· Cut sulphur dioxide emissions to near zero;

· Reduce toxic air emissions.

It should be noted that test procedures for Type Approval of new model cars in the EU were modified in conjunction with the adoption of Euro 4 emissions limits. Previously the specifications of fuels used in emissions tests were not prescribed in detail. Tests must now be made using fuels typical of those on the market. This has sharpened interest in fuel quality for both vehicle manufacturers and emissions regulators.

3.
Current Availability of Low Sulphur Fuels


Petrol

Sulphur free petrol (<10ppm) is currently (March 2001) available in selected Shell, BP-Amoco, Total-Fina-Elf and Aral service stations in Germany, Scandinavia and France and selected Shell stations in the United Kingdom. Low suphur petrol (<50ppm) has been available in Sweden since January 2000 under a voluntary agreement with the refining industry and is available in the United Kingdom in selected BP-Amoco stations (notably around the M25 London ring road). 


Diesel

Sulphur free diesel (10ppm) was first introduced in Sweden in 1991, originally intended for city areas by 1999 it accounted for 95% of the national market. Neste/Fortum, the Finnish refiner produces 0,6 million tonnes a year of sulphur free diesel, 80 % of which is exported to Sweden. Low Sulphur diesel now accounts for a large part of sales in Denmark, Finland and Norway. It is available nation-wide in the United Kingdom and in selected service stations in France and a number of other European countries.
4.
Costs and CO2 Balance


Costs of meeting 2005 fuel standard

Concawe has used a sophisticated model to estimate the costs of converting the western European refining industry to producing EU 2005 standard 50 ppm sulphur gasoline and diesel from the 2000 standards of 150 ppm for gasoline and 350 ppm for diesel. Included in the cost estimates are expenditures necessary to adjust gasoline aromatics content to 2005 EU standards. Concawe estimates the net present value of the costs of reformulating gasoline will be Euro 6.5 billion (3.5 attributable to sulphur alone). For Diesel the figure is Euro 3 billion attributable to sulphur alone
. The costs vary greatly between refineries.


In the United Kingdom in September 2000, Ultra Low Sulphur Petrol (<50ppm) was on sale at the same price as standard gasoline or up to 2p per litre more expensive. As it benefited from a 1p per litre tax advantage this suggests the additional costs of producing and distributing the new fuel lay between 1 and 3 p (Euro 0.015-0.050) per litre if, as the oil companies report, investment in removing sulphur from fuels shows no return on investment. 
The US oil industry associations (National Petrochemical Refiners Association and Petroleum Marketers Association of America) estimate that lowering sulphur content of diesel to 50 ppm will cost $5-6 billion and raise diesel prices by 5 cents per gallon (Euro 0.015 per litre).  Australian estimates
 for reducing diesel sulphur content from a national average 500 ppm to 50 ppm suggest costs would rise by 1.5 cents per litre (Euro 0.009 per litre).




Costs for producing sulphur free fuels

Refiners associations in Europe and America have argued that the incremental costs of producing sulphur free fuels make their commercialisation uneconomic. They also argue that the reductions in CO2 emissions from vehicles that these investments would make possible could be more cost effectively achieved by investments elsewhere in the economy. 

However, in September 2000 Shell was selling unsubsidised sulphur free (<10 ppm) gasoline at 640 stations in Germany at a price 4 pfennings (Euro 0.002) per litre higher than standard gasoline. 
Concawe and Europia, in their response to the EC consultation, estimated the incremental costs of producing 10 ppm fuels at Euro 11.5 billion for the EU, 4.8 billion for petrol and 6.7 billion for diesel.

The National Petrochemical Refiners Association and Petroleum Marketers Association of America estimate that lowering sulphur content of diesel to 15 ppm as proposed by EPA would raise diesel prices by 10 cents per gallon (Euro 0.030 per litre).  According to the American Petroleum Institute reducing the limit to 15 ppm would result in incremental costs of 15 cents per gallon (Euro 0.045 per litre). This value has been judged very pessimistic by an independent consultant (n/e/r/a)
 who estimate the extra costs at 8 cents per gallon (Euro 0.024 per litre). 
The evidence submitted to the European Commission's inquiry into the value of sulphur free fuels to CO2 and air emissions reductions strategies was summarised by a consultant, AEA Technology, in December 2000. The consultants report concluded that the incremental costs of producing 5-10 ppm fuels over 50 ppm fuels are between Euro 0.001 to 0.043 per litre for petrol and Euro 0.002 to 0.043 for diesel, varying with refinery. The data collected for the EC DG Environment consultation are reported in the following table.

Incremental Costs of Producing 30 ppm and 5-10 ppm Petrol and Diesel (Euro per litre)

Source
Petrol
Diesel


30 ppm
5-10 ppm
30 ppm
5-10 ppm

Irish Government for the Irish Republic
Nil
Nil
0.010—0.012
0.028—0.038

EUROPIA/CONCAWE for EU 15 (a+b)
0.0011
0.0035
0.0020
0.0056

Ford for EU 15

0.0026

0.0040

Federal Republic of Germany (c)

0.0008—0.0015

0.0018—0.0026

Netherlands Government for NL

0.0018

0.0067

UKPIA (d)

0.043

0.043

a) Calculations based on 15 year plant life and 7% discount rate.

b) Calculations used 1995 figures for EU 15 petrol and diesel consumption in order to calculate costs per litre.

c) As a result of national refining costs only.  The FRG indicated that logistical/distribution costs could possibly increase these values substantially in some scenarios.

d) Calculation used UKPIA data for UK petrol and diesel production.

The European Commission also consulted Purvin & Gertz to perform a refinery study on the impact of the sulphur free fuels on European refineries. The resulting extra cost for sulphur free gasoline was estimated to be in the range of Euro 0.001 – 0.004 per litre. For sulphur free diesel fuel the estimation of Purvin & Gertz was Euro 0.002 – 0.010 per litre.

One of the reasons for different cost estimates are assumptions on the rate of technological development in the refining industry. Progress in the development of catalysts for removing sulphur from oil is critical. Submissions from catalyst manufacturers and consultants to the EC consultation reported that progress in this area has been rapid and research is now focusing on catalysts for removing the last few percent sulphur. Akzo Nobel has equipped refineries with advanced catalyst systems to successfully produce sulphur free fuels in Scotland and Germany and suggested costs would be at the bottom of the range reported to the Commission for most refineries. 
The costs of producing low sulphur fuels varies significantly between refineries depending of the configuration of existing plant. This may raise issues of competition and state aid for compensation in EU member countries where the refineries that face the highest costs are located — mainly in the southern countries of the Union. Many Southern European refineries are also designed to process sour (high sulphur) crude. This could also be an issue in central some eastern Europe refineries supplied by pipeline with Russian sour crudes with no sea access to import other crudes. More generally in central and eastern Europe refineries do not face substantially higher costs than in the EU as major programmes of refurbishment were undertaken during the 1990s.
The timing of the introduction of possible fuel sulphur limits could have a major effect on costs. This reflects the ability of refiners to co-ordinate plant upgrades with regular outages for maintenance and co‑ordinate investments to produce sulphur free fuels with those necessary to meet the 2005 standard of 50 ppm. According to Concawe's estimates a short transition could cut production capacity 10 to 20%. A longer time frame would avoid the problem. The UK Government's preliminary submission to the EC consultation suggested the final years of the decade would be an appropriate time frame to impose 10 ppm limits.


CO2 Balance

Producing sulphur free fuels increases CO2 emissions from refineries. Akzo Nobel estimates that the extra emissions due to more severe processing and extra hydrogen requirements as a result of changing specifications from 50 ppm to 10 ppm sulphur would be of the order of 5 to 10%. 
Changes to other fuel specifications are more important in determining CO2 emissions than sulphur specifications. Changes to the specifications for olefins in gasoline, density/aromatics specifications for diesel and T95% distillation point specifications for diesel mandated by Euro 3 and 4 fuel standards are particularly significant. It is important to make any further changes in these fuel specification in conjunction with any new sulphur standards in a co-ordinated manner. Various approaches to processing fuels to meet each specification exist (choice of catalyst, pressure, length of reaction, etc.) with several interactions that can have major impacts on overall CO2  emissions.
To give an example, in many refineries hydrogen is produced as a by-product in catalytic reformers used to produce high octane aromatics for gasoline. Lowering the aromatics content of petrol (as required by Euro 4 standards) reduces the availability of hydrogen — needed for desulphurisation. The resulting shortage of hydrogen requires dedicated hydrogen manufacturing capacity using natural gas and refinery gas or by gassification of refinery liquids and coke. These processes require energy with associated increases in CO2 emissions. 
Concawe estimates that for gasoline, reducing sulphur content from 150 to 50 ppm results in a modest increase of 3.3 million tons CO2 emitted per annum by the refining industry. Lowering aromatic content to the 2005 standard using MTBE manufactured from LPG and natural gas reduces this penalty to 2.5 million tons per annum (as making MTBE produces less carbon dioxide than the gasoline it replaces). For diesel, reducing sulphur content from 350 to 50 ppm also results in a modest increase of 3 million tons CO2 per annum. These figures compare to around 115 Mt/a from refining in the EU in 1997 and 700 Mt/a of CO2 emissions from road transport, and to ACEA's commitment on reducing CO2 emissions which the EC estimates adds up to as much as 85 Mt/a in 2010.

CSIRO reports preliminary estimates for life cycle costs of using low sulphur diesel in buses in Perth, Western Australia, showing a small (2%) CO2 penalty (they do not report any results for gasoline). The results are summarised in the following table.

Life Cycle Emissions in g/km


 Conventional diesel (500 ppm sulphur) 
 Ultra low sulphur diesel (50 ppm)


Fuel production
Combustion
Total
Fuel production
Combustion
Total

CO2
246
1 404
1 650
274
1 406
1 680

CH4
0.70
0.01
0.71
0.73
0.01
0.74

N2O
0.01
0.04
0.05
0.01
0.04
0.05

CO
3.74
1.32
5.06
3.89
1.41
5.30

NOx
1.18
14.72
15.90
1.28
14.32
15.60

NMVOC
2.01
0.50
2.51
2.09
0.52
2.61

Particles
0.169
0.224
0.393
0.261
0.155
0.416

Source: CSIRO/Best 1999.

For most refineries the CO2 penalty increases as more sulphur is removed. At 350 ppm removing sulphur from diesel generates less than 0.1 tons of CO2 per ton of sulphur removed. At 100 ppm the figure is 0.36, at 50ppm the figure is 0.88 and for gasoline 0.90. 
Consultants modelled costs and emissions associated with reformulated gasoline and diesel down to sulphur contents of 30 ppm from 2008 for the Australian Department of the Environment
. They assumed that 30 ppm sulphur petrol was sufficient for the use of advanced NOx catalysts with lean burn engines, but also assumed that the Australian Government's target of a 15% improvement in fuel efficiency for new cars could be met without lean burn gasoline technology. The study, however, recorded no CO2 penalty in refining for moving from 50 ppm to 30 ppm sulphur content in fuels and concluded that "fuel quality has little impact on greenhouse emissions from the transport fleet".


The consultant summary of evidence submitted to the European Commission's consultation into the value of sulphur free fuels reports that estimates of the additional CO2 produced in refineries when reducing fuel sulphur to 10 ppm from 50 ppm ranges from 0.5 to 78 kt per million tons of fuel produced. The consultant reported on a scoping study that took a mean level of 45 kt of CO2 per million tons of sulphur free fuel produced and estimated that lean burn engines with NOx storage traps would have to penetrate over 50% of the market for petrol vehicles to gain a net CO2 benefit from sulphur free petrol production. However the lower estimates for refinery emissions would produce lower penetration requirements for break even. For diesel engines the calculations are more difficult due to uncertainty over which categories of vehicle will require advanced NOx exhaust treatment and or particle filters to meet existing and possible future regulations.

Concawe concluded in its response to the EC consultation that "in terms of greenhouse gas emissions the benefit of lower sulphur for the after treatment devise is of the same order of magnitude as the debit incurred in the production process. The balance would depend on the rate of introduction and final market share of sulphur sensitive technologies but might well remain negative for many years".

The conclusion of a panel of three independent experts, who reviewed the data collected by the European Commission in its consultation, indicated that the balance of the CO2 emissions once sulphur free fuels and new vehicle technologies are generalised is positive. “In the longer term (probably less than ten years after introduction), when a near steady state condition is reached where most vehicles in service are optimised for use with near zero sulphur fuel, the body of evidence indicates that there will be an annual net reduction in greenhouse gas emissions (including carbon dioxide, nitrous oxide and methane) from vehicles, well to wheel (i.e. including additional refinery emissions), with the use of near zero sulphur fuels compared to the use of fuels containing 50 ppm sulphur.”

5.
Promoting Distribution of Low Sulphur Fuels


Petrol

EU regulation 98/70/EC will limit the sulphur content of both petrol and diesel to 50 ppm from January 2005. A number of governments have introduced or plan to introduce tax incentives to promote low sulphur fuels. National incentives to accelerate the introduction of petrol that meets Euro 4 standards ahead of the 2005 deadline have been introduced in the United Kingdom, at Euro 0.017 per litre from October 2000 rising to 0.045 in April 2001. Belgium introduced an incentive of Euro 0.02 per litre for petrol from 1 January 2001. The Netherlands introduced a tax incentive of Euro 0.039 per litre in January 2001 and Germany plans to introduce an incentive of Euro 0.015 in November 2001. 

BP-Amoco, Shell, Total-Fina-Elf and Aral already market sulphur free petrol (<10ppm) in selected stations in France, Germany, Scandinavia and the United Kingdom. Neste/Fortum plan to market sulphur free petrol in Finland in 2002. 

Germany plans to introduce a tax incentive for sulphur free petrol in January 2003 of more than Euro 0.015 per litre by increasing duty on other fuels. This has been approval by European Community Authorities. (Commission Communication to the Council COM(2000)397 final of 27 June 2000 subsequently endorsed by the ECOFIN Council). 


Diesel

Sulphur free "City diesel" (10 ppm) was introduced in Sweden in 1989 with a large tax incentive (Euro 0.094 per litre) as part of a strategy to reduce urban air pollution and acid rain. The other Nordic countries employ smaller subsidies to promote the use of 50 ppm diesel. The United Kingdom introduced incentives for 50 ppm sulphur diesel of Euro 0.05 per litre in March 1999 and a further Euro 0.045 per litre incentive in April 2001. Belgium will introduce an incentive of Euro 0.02 per litre for diesel on 1 October 2001. The Netherlands introduced a tax incentive for 50ppm sulphur diesel of Euro 0.039 per litre in January 2001. Germany plans to introduce a tax incentive for sulphur free diesel in January 2003 equivalent to that for petrol (> Euro 0.015 per litre), again the European Union authorities have given their consent.

Outside Europe, Hong Kong introduced a large tax incentive (Euro 0.126 per litre) to promote 50 ppm sulphur diesel over 500 ppm diesel in July 2000 and Australia will shortly introduce a tax incentives to reduce sulphur in diesel from the national average of 1300 ppm. In the USA, the Environmental Protection Agency ruled in December 2000 to introduce a diesel sulphur limit of 15 ppm from 1 July 2006 replacing the current limit of 500 ppm. 20% of production will initially be exempt from the limit but 100% compliance will be phased in by 2010. The EPA expects that from mid 2006 over 90% of all diesel will meet the new limit. The main target of the regulation is reducing particulate emissions. 


Future developments

The consultation into the merits of sulphur free fuels launched by the European Union's Environment DG in 2000 is expected to result in regulatory or other proposals on the issue in spring 2001. Plans put by the Commission to a hearing in February 2010 set out two stage targets for the marketing of sulphur free fuels as follows:


Target market penetration for <10 ppm fuels


2007
2011

Petrol
10%
100%

Diesel
10%
25%

In several countries in the Union the 2007 targets are already exceeded and most markets are likely to evolve more rapidly than foreseen by the schedule. The targets may be most appropriate to countries where the costs of refining sulphur free grades of fuel will be highest — some of the southern countries in the Union, Turkey, Russia and some of the other newer members of the ECMT — for ensuring availability of sulphur free fuels throughout Europe. Because the emissions control systems of vehicles designed to operate with sulphur free fuels may be compromised by burning higher sulphur fuels, it will be important for the new fuels to be available throughout the continent so that the cleanest trucks can be used in international trade and car drivers can find fuel that does not damage their vehicles when they cross borders. 






6.
Summary and Conclusions

Impacts of fuel sulphur

Fuel sulphur affects the performance and durability of many exhaust treatment and on-board diagnostic systems on both petrol and diesel vehicles, both cars and trucks. Reducing fuel sulphur cuts emissions of particulate matter, nitrogen oxides, hydrocarbons and carbon monoxide from all vehicles. Emissions of ultra fine particles and especially benzene, which are the focus of health concerns, are particularly sensitive to fuel sulphur content. For new models sulphur free fuel will help ensure future emissions standards can be met. For future petrol cars, sulphur free fuel will help ensure significant reductions in CO2 emissions can be made without exceeding 2005 Euro 4 NOx emissions limits. For diesels sulphur free fuel will improve the prospects of meeting 2005 Euro 4 standards for emissions of particulate matter and expected 2008 Euro 5 NOx emissions limits.

CO2 and NOx emissions from petrol cars

ACEA's commitment to the EC on reducing the CO2 emissions of passenger cars, that was followed by similar commitments from JAMA and KAMA, is subject to appropriate fuels being widely available. ACEA members plan to commercialise lean burn direct injection petrol engines with a fuel efficiency performance similar to the best diesel engines as part of their strategy to reduce CO2 emissions. Conventional three way catalytic converters can not reduce NOx emissions when coupled to this type of engine. Advanced NOx exhaust catalysers are required and these are highly sensitive to the presence of sulphur. Improved versions of advanced NOx catalyst systems in use in Japan since 1996 might meet Euro 4 standards with Euro 4 petrol (50 ppm sulphur) but road tests suggest that in European driving conditions with higher average speeds, petrol with sulphur content of less than 10 ppm would be required. 

There exists a complex variety of vehicle emissions control systems for the main pollutants, many combining advanced electronic engine management systems with more than one filter and/or catalyst element. Various configurations can achieve similar results and technological advances create new possibilities. Vehicle manufacturers' main concerns are to select durable, relatively low cost configurations that do not require excessive space on the vehicle. Given the range of approaches available for emissions control it would appear that problems of sensitivity to sulphur might eventually be overcome but there can be no guarantee that solutions can be brought to commercial application in the time frame required by existing EU emissions regulations and the ACEA Commitment on CO2. It is possible that advances in NOx storage catalyst systems — both in the catalysts used and the associated engine management systems — and the possible use of sulphur traps in combination with NOx traps, might enable vehicles equipped with lean burn engines to meet exhaust emissions regulations without the need for sulphur free petrol. However, ACEA members believe that NOx storage technology is unlikely to be sulphur tolerant and the European catalyst manufacturers' association  AECC responded to this effect to the EC consultation.

CO2 emissions from refining

Refineries employ a variety of techniques for removing sulphur from fuels, some involving the production of hydrogen which requires energy and thus results in CO2 emissions. More energy efficient, catalysed processes for removing sulphur from fuels are under development and are already deployed in some refineries
. The incremental CO2 emissions associated with moving from 50 to 10 ppm sulphur are expected to be of the order of 5 to 10%. Changes in other fuel specifications mandated by the EC have a much greater influence on hydrogen demand and CO2 emissions from refining. In the shorter term, the carbon dioxide emissions penalty at refineries for producing 10 ppm fuels might approach the level of the savings achieved from vehicles using technologies that require sulphur free fuels. In the longer term there should be a net reduction in CO2 emissions as the penetration of lean burn vehicles increases. The financial costs of reducing petrol sulphur content to 10 ppm would probably be of the same order of magnitude as those incurred in cutting sulphur levels from 2000 to 2005 EU standards.
Particulate and NOx emissions from diesel vehicles

2005 Euro 4 particulate emissions limits require the use of particle filters on heavy diesel engines and possibly on light commercial vehicles and the largest passenger cars. These filters perform better with sulphur free fuel. Some systems require fuel with less than 10 ppm to meet Euro 4 limits. Others will tolerate 50 ppm except at low temperatures. 10 ppm fuel would be required to ensure all vehicles could meet Euro 4 standards in all operating conditions
. Filter systems incorporating a catalyst in the fuel do tolerate 50 ppm diesel but at the cost of increased fuel consumption. For optimal performance it appears that particle filters may require diesel limited to 10 ppm.

2005 Euro 4 standards for NOx emissions from heavy diesel engines can be met with 2005 Euro 4 diesel (50 ppm) but standards under consideration for 2008 could require advanced exhaust treatment systems which are sensitive to fuel sulphur. The smallest diesel passenger cars will probably not require advanced exhaust after-treatment to meet Euro 4 NOx emissions standards but the biggest cars and light commercial diesel vehicles probably will require advanced NOx catalysers. 10 ppm sulphur fuel would therefore facilitate meeting future NOx emissions limits.

Incentives for 50 ppm sulphur fuels

A number of governments have introduced or plan to introduce tax incentives to promote low sulphur fuels. National incentives to accelerate the introduction of fuels that meet Euro 4 standards of 50 ppm sulphur ahead of the 2005 deadline have been introduced in the United Kingdom and the Netherlands for petrol and diesel and in Belgium for petrol with an incentive for diesel to follow in October 2001. Germany plans to introduce incentives in November 2001 for both petrol and diesel. 50 ppm petrol was introduced in Sweden in January 2000 under a voluntary agreement with the refining industry.

Incentives of the order of Euro 0.015 to 0.045 per litre appear sufficient to cover the costs of refiners in improving fuel quality to the 50 ppm standard and distribute it to filling stations without increasing the pump price above the price for standard fuels — at least in the northern European countries where incentives have been elaborated. They may not be sufficient to see low sulphur fuels offered at prices below standard fuels where both are on sale. The incremental cost of producing low sulphur fuels varies significantly from refinery to refinery. Older, less sophisticated plants will face higher costs, and the sulphur content of the crude oil a refinery is designed to process also affects costs. The highest cost refineries are mainly located in the Mediterranean basin. The size of the tax incentive required to promote low sulphur fuels therefore varies between countries.

Tax incentives will be most effective in accelerating the spread of low sulphur fuels when they result in lower prices at the pump for lower sulphur fuels compared to conventional fuels. Determining how big the incentive needs to be, and ensuring that it is passed on to the consumer to the extent that it exceeds incremental refining costs, requires detailed examination nationally. The timing and detailed design of the incentive can have a significant impact. The tax incentive to be introduced in Germany is only a third that in the United Kingdom although it appears unlikely that British refineries' costs are three times those of German refineries. The German scheme will increase the tax on conventional fuel rather than reducing the tax on new fuels, as in the United Kingdom, and will introduce the differential comparatively late when a large part of the market is already supplied with low sulphur fuels. This may account for some of the difference in the size of the incentives offered.

Incentives for 10 ppm sulphur fuels

Sweden introduced incentives for the distribution of 10 ppm "city diesel" in 1991. Initially intended as a fuel only for city areas, by 1999 it accounted for 95% of the entire market. BP-Amoco, Shell, Neste, Aral and Total-Fina-Elf already market sulphur free petrol (<10ppm) in selected stations in France, Germany, Scandinavia and the UK. 

Germany plans to introduce tax incentives for 10 ppm sulphur petrol and diesel in January 2003 by increasing duty on other fuels, and has received approval for this from European Community Authorities
. The incentives are expected to be larger than those already available for 50 ppm sulphur fuels in Germany. 

The European Commission launched a consultation in 2000 to collect evidence on the impact of sulphur free fuels on CO2 and air emissions reductions strategies. Proposals for levels of sulphur in fuels beyond 2005 will be made on the basis of its findings.

The case for new incentives or regulations

The case for providing incentives for 50 ppm fuels is relatively clear as the cost effectiveness of mandating these fuels was established under the Auto-oil programme. The incentives already introduced have been highly successful in accelerating the market penetration of low sulphur fuels. 

The case for providing tax incentives, or regulations, to reduce fuel sulphur content to levels approaching zero is not clear from the perspective of cost effectiveness. There is some uncertainty in the financial costs to refiners and not all of the environmental benefits have been quantified in monetary terms. Given sufficient time, vehicle emissions control systems might develop sufficiently to overcome the need for sulphur free fuels. Some analysis suggests that the agreements between the European Commission and car manufacturers are not a cost effective approach to meeting Kyoto targets for greenhouse gas emissions reductions as sufficient cuts could be achieved elsewhere in the economy at lower cost. Without the political imperative of the agreements between the EC and vehicle manufacturers associations, sulphur free fuel would probably not be part of a cost effective strategy for meeting Kyoto targets. It is the EC-industry CO2 agreements and the European Union's regulatory schedule for new vehicle emissions limits that makes widespread availability of sulphur free petrol and diesel important throughout Europe from 2005.

Tax incentives or regulations could play an important role in providing signals to the refining industry to make the investments needed to produce sufficient quantities of sulphur free fuels in good time. Early decisions on providing incentives, or on mandatory fuel sulphur limits, would help refiners contain costs by enabling them to plan investments and plant outages for refurbishment on an optimal path and in conjunction with preparations for meeting the 50 ppm standards already mandated for 2005. 

Because the emissions control systems of vehicles designed to operate with sulphur free fuels may be compromised by burning higher sulphur fuels, it will be important for the new fuels to be available throughout Europe, not just in the European Union, so that the cleanest trucks can be used in international trade and car drivers can find fuel that doesn't damage their vehicles when they cross borders. 

Conclusions

Although the cost effectiveness of producing sulphur free fuels
 is uncertain, 10 ppm sulphur diesel and petrol are valuable fuels for the following reasons.

Reducing sulphur in both diesel and petrol would provide the simplest method for making further reductions in emissions of all major pollutants from the entire vehicle fleet.

Sulphur free petrol enables the uptake of technologies being developed to cut emissions of CO2 from new passenger cars. Despite advances in NOx storage catalyst systems it appears unlikely that vehicles equipped with fuel efficient lean-burn engines — an important part of the strategy to meet ACEA's commitment to reduce CO2 emissions — will be able to meet 2005 Euro 4 emissions standards and achieve sufficient fuel efficiency to meet CO2 targets on time without sulphur free (10 ppm) fuels
;

Sulphur free diesel is desirable to ensure that heavy duty vehicles, light trucks and large diesel passenger cars can meet 2005 Euro 4 particulate emissions limits, especially at the low exhaust temperatures encountered in slow urban driving conditions when the ambient temperature is low. And the Peer Review
 of the EC consultation concluded that "the successful achievement of 2008 Euro 5 standards for heavy duty diesel vehicles is much more likely with the introduction of near zero sulphur fuels than it is with the use of 50 ppm sulphur diesel".

On timing, the summary of submissions to the EC consultation concludes that "taking account of the rate of deployment of new petrol and diesel technologies there is no need for a full transition to sulphur free fuels before 2008-2010". This time frame would also reduce the impact of incremental CO2 emissions from producing sulphur free fuels in undermining net reductions in CO2 emissions from vehicles equipped with lean burn engines.

Recommendations

Ensuring the owners of vehicles that require sulphur free fuels have adequate information on the importance of using only the right grade of fuel, and ensuring that fuel pumps and service stations are adequately labelled, are important industry responsibilities. Additional steps, beyond the provision of information, may be necessary to stimulate the development of the market for sulphur free fuels. 

It is recommended that all ECMT Member governments should examine the value of taking measures for ensuring widespread availability of sulphur free fuels in step with the entry into the market of vehicles that are dependent on sulphur free fuels for compliance with mandatory emissions standards. 

Because the emissions control systems of vehicles designed to operate with sulphur free fuels may be compromised by burning higher sulphur fuels, it will be important for the new fuels to be available throughout Europe, and not just in the European Union, so that the cleanest trucks can be used in international trade and car drivers can find fuel that does not damage their vehicles when they cross borders. 

Measures for consideration include voluntary agreements with the oil industry and tax incentives to promote sulphur free fuels. 

It is recommended that a proliferation of different national mandatory standards for sulphur in fuel should be avoided, through international co-ordination, in order to avoid creating barriers to trade in oil markets and  increased costs for vehicle manufacturers.

Summary of Regulations, Incentive programs and Oil Company Marketing Initiatives


(Status in March 2001)
Country
Label
Fuel
Low S fuel max S limit
Conventional fuel limit (and typical content)
Introduced
Tax Incentive

US $ per litre
Notes



European regulations

EU
Euro 2 regulation
Petrol

Diesel

500 ppm (300)

500 ppm (450)




EU
98/70/EC regulation Stage 1
Petrol 

Diesel

150 ppm

350 ppm
Jan 2000



EU
98/70/EC regulation Stage 2
Petrol 

Diesel

50 ppm

50 ppm
Jan 2005





European incentive programs and oil company initiatives
Limit at time of introduction of incentive




Belgium
National incentive
Petrol

Diesel
50 ppm

50 ppm
150 ppm

350 ppm
1 Jan 2001

1 Oct 2001
0.02

0.02


Denmark
National incentive
Diesel
50 ppm
500 ppm
June 1999
0.022   (0.18 DKK/l )
100% penetration by July 1999

Finland
National incentive
Diesel
50 ppm
350 ppm
1993
0.021   (0.15 FIM/l)
100% penetration


Neste/Fortum initiative
Petrol
10 ppm
10 ppm
150 ppm
350 ppm
2002
2002



Germany
Shell & BP Amoco initiative
Petrol
10 ppm
150 ppm
2000
None
Introduced at selected stations


National incentive
Petrol  
50 ppm

10 ppm
150 ppm


Nov 2001 

Jan 2003
 0.014 (3 pfg/l)

Higher incentive
2nd phase subject to permission from EC


National incentive
Diesel
50 ppm

10 ppm
350 ppm
Nov 2001 

Jan 2003
 0.014 (3 pfg/l)

Higher incentive
2nd phase subject to permission from EC

Netherlands
National incentive
Petrol Diesel
50 ppm

50 ppm
150 ppm

350 ppm
Jan 2001
0.039 (0.085 NLG/l)



Shell initiative
Petrol
n.a.
150 ppm
Aug 2000
0.040 (0.09 NLG/l)
"Pura" petrol all stations

Sweden
National incentive
Diesel
10 ppm 
500 ppm
1989
0.085
City diesel

UK
National incentive
Diesel
50 ppm
500 ppm
March 1999
0.045 (3 p/l)



Shell initiative
Petrol
10 ppm
150 ppm
Fall 2000
None
Some stations


BP-Amoco initiative
Petrol
50 ppm
150 ppm
Fall 2000

Selected stations


National incentive
Petrol
50 ppm
150 ppm
Oct 2000

7 Mar 2001
0.015 (1 p/l)

0.030 (2 p/l)

[0.045 (3 p/l) in total]
-

Subject to nation-wide availability


National incentive
Diesel
50 ppm
350 ppm
7 Mar 2001
0.045 (3 p/l)




Rest of world regulations, incentive programs and oil company initiatives

Australia
National Regulation
Diesel
50 ppm
1 300 ppm
Jan 2006



Australia
BP initiative, Bulwer Island refinery, Qld.
Diesel
50 ppm
500 ppm
End 2000

Capacity to supply 12% of national market

Hong Kong
“Ultra low sulphur” national incentive
Diesel
50 ppm
500 ppm
July 2000
0.114 through 2001

(O.89 HK$)
Replaced regular diesel at all filling stations but high sulphur fuel still used by bus fleets as tax free.

Japan
National regulatory proposal
Diesel 


50 ppm 


500 ppm
Before 2005

Japan Air Quality Committee has recommended further reduction in the future.

USA
Regulatory proposal
Diesel
15 ppm
500 ppm
1 July 2006

EPA proposal

Initially 20% of sales could continue to be 500 ppm with a phase out to 2009/2010.


Tier 2 Regulations
Petrol






Los Angeles
SCAQMD ruling for Los Angeles basin
Diesel
15 ppm
500 ppm
2005

Car Lines 2000-5

Fuel Specifications of EU Directive 98/70/EC on petrol and diesel quality

Parameter
Unit
Limits from Jan 2000 (Euro 3)
Limits from Jan 2005 (Euro 4)



Minimum
Maximum
Minimum
Maximum

Gasoline

Octane

95 / 85
-
95 / 85
-

Reid Vapour Pressure
Kpa
-
60.0
-


Distillation

Evaporated at 100 C

Evaporated at 150 C
%v/v
46.0

75.0
-

-

-

-

Hydrocarbons:

Olefins 

Aromatics

Benzene
% v/v
-

-

-
18

42

1
-

-

-
35

Oxygen
%m/m
-
2.7
-


Oxygenates:

Methanol

Ethanol

Iso-propyl alcohol

Butyl-tertiary alcohol

Iso-butyl alcohol

Ethers (5 carbon +)
%v/v


-

-

-

-

-

-
3

5

10

7

10

15
-

-

-

-

-

-


Other oxygenates 

-
10
-


Sulphur
mg/kg
-
150
-
50

Lead
g/l
-
0.005
-


Diesel

Cetane number

51
-

-

Density at 15C
Kg/m3
-
845
-


Distillation point 95%
C
-
360
-


Polyaromatic hydrocarbons
% m/m
-
11
-


Sulphur
mg/kg
-
350
-
50

� .	Followed by similar commitments from JAMA and KAMA


� .	This might imply limiting the size of tax incentives for sulphur free petrol to levels that stimulate gradual penetration of the new fuel rather than a rapid rise to 100% of petrol sales.


� .	This applies particularly to urban buses operating in a stop-start mode in very cold winter conditions.


� .	Commission Communication to the Council COM(2000)397 final of 27 June 2000 endorsed by the ECOFIN Council in 2001.


�.	See final table for details of other fuel quality parameters.


�.	Produced by ACEA, the Alliance of Automobile Manufacturers, EMA, JAMA and OICA in April 2000.


� .	They also tested a VW Lupo equipped with a NOx storage catalyser.


�.	Air to fuel ratio of about 14.6:1.


� .	Full lean burn operation uses an air to fuel ratio of over 22:1.


�.	At high power loads the engine switches to a stochiometric fuel/air ratio with some fuel efficiency penalty.


�.	Both multipoint injection and direct injection engines - not yet marketed in Europe.


�.	Although current regulations control the mass of particles emitted, the mass of emissions is probably less significant than the number of particles emitted and their size. The smaller the particle the deeper the penetration into the lungs and body. Sulphates formed from fuel account for a large part of the ultra fine particles in typical diesel exhaust. Most particle filters under development remove over 90% of the mass of particles and 99% of the number of ultra fine particles.


�.	Liquid HCs are adsorbed on carbon particles and known as the soluble organic fraction of particulate matter. Removing them is particularly important as they include many chemicals of concern to health experts.


�.	Although current regulations control the mass of particles emitted, the mass of emissions is probably less significant than the number of particles emitted and their size. The smaller the particle the deeper the penetration into the lungs and body. Sulphates formed from fuel account for a large part of the ultra fine particles in typical diesel exhaust. Most particle filters under development remove over 90% of the mass of particles and 99% of the number of ultra fine particles.


�.	Liquid HCs are adsorbed on carbon particles and known as the soluble organic fraction of particulate matter. Removing them is particularly important as they include many chemicals of concern to health experts.


�.	Lepperhoff et al, FEV/AECC, reported in AECC response to the EC consultation.


�.	CONCAWE report no. 99/56.


�.	Reported in Life Cycle Costs of Fuels for Heavy Vehicles, CSIRO.


� .	Potential Impacts of Environmental Regulations on Diesel Fuel Prices, Report prepared for the Alliance of Automobile Manufacturers, National Research Associates, December 2000.


�.	Review of Fuel Quality Requirements for Australian Transport, Coffey Geosciences Pty, March 2000.


� .	See Akzo Nobel submissions to EC consultation.


� .	This applies particularly to urban buses operating in very cold winter conditions.


� .	Commission Communication to the Council COM(2000)397 final of 27 June 2000 endorsed by the ECOFIN Council in 2001.


� .	As opposed to waiting for advances in vehicle emissions control technologies able to meet future emissions standards with conventional fuels.


�.	The Peer Review of the consultant summary to the EC consultation on fuel sulphur content concluded "the successful simultaneous achievement of both Euro 4 standards for light duty vehicles and the agreed 140 grams of CO2 per kilometre is more likely with the use of near zero sulphur fuels than it is with  the use of 50 ppm sulphur fuels".


�.	By Professor Bernard Challen, Dr Robert MacKinven and Michael Walsh.





�.	The Peer Review of the consultant summary to the EC consultation on fuel sulphur content concluded "the successful simultaneous achievement of both Euro 4 standards for light duty vehicles and the agreed 140 grams of CO2 per kilometre is more likely with the use of near zero sulphur fuels than it is with  the use of 50 ppm sulphur fuels".


�.	By Professor Bernard Challen, Dr Robert MacKinven and Michael Walsh.
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