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ABSTRACT: This paper reviews the current state of development of hybrid buses in Europe and assesses the role that hybrid vehicles can play in the European cities of tomorrow. The whole area of hybrid bus technology is at the cutting edge of vehicle development and has the potential to make a very significant contribution to emission reduction in European cities. European manufacturers are in the forefront of this development with the opportunity to become the market leaders. A considerable amount of their activity has been supported by the THERMIE programme of the Directorate-General for Energy of the European Communities (DG XVII) as has the study upon which this paper is based. The paper concludes with some selected case studies.

1. INTRODUCTION

Most European cities are experiencing ever growing traffic conditions leading to increasing problems of congestion and emission levels with a consequent loss of quality of life. One of the most effective ways of tackling this problem is to take an integrated approach of introducing more environmentally friendly vehicles and simultaneously encouraging a modal shift from private transport to public transport. Hybrid-electric public transport can contribute on both fronts providing an efficient and attractive alternative to the private car.

In simple terms, a hybrid-electric vehicle is an electric vehicle that also has an internal combustion engine and an electric generator on board to charge the batteries. Thus, hybrid-electric vehicles do not share an electric vehicle's main drawback of limited range and the need for a fixed infrastructure. A hybrid-electric vehicle can have the best of both worlds, it can function as a pure electric vehicle (for relatively short distances) while retaining the capability of a conventional vehicle to make long trips. The electric option allows zero-emission operation in sensitive areas. The hybrid configuration allows for optimisation of the internal combustion engine and the recovery of braking energy and idling energy, thereby reducing energy requirements and emissions. The hybrid-electric configuration should not be confused with the new generation of diesel-electric vehicles which are also being developed. A pure diesel-electric system does not have on-board storage capacity but it provides a flexible basis which may be the platform for future developments such as fuel cell systems.

The attractions of the technology have lead a significant number of European manufacturers to develop and demonstrate an exciting variety of hybrid-electric and diesel-electric vehicles in recent years. A considerable amount of this activity has been supported by the THERMIE programme of the Directorate-General for Energy of the European Communities (DG XVII). Prompted by this upsurge in activity UITP (The International Union of Public Transport) in conjunction with ENTRAC (Energy Transport Actions Ltd.) and VAG (Verkehrs-Aktiengesellschaft Nürnberg) undertook a project under THERMIE to establish the current state of development of hybrid-electric and diesel-electric vehicle technology in the field of public transport. That study has provided the basis for this paper.

2. THERMIE PROJECT

Project Partners
UITP is the international association of public transport operators, authorities and suppliers. It conducts research and enhances collaboration between its members in the framework of its technical commissions and specific projects. In addition, UITP facilitates the flow of information in the industry at large through its publications and documentation centre. 

ENTRAC is an engineering consultancy specialising in energy efficient and sustainable actions with particular emphasis on transport. ENTRAC is experienced in carrying out investigations and evaluations for national and local governments, large corporations and the European Commission to which it also gives technical support.

VAG is the bus operator for the city of Nürnberg and celebrated its 75th anniversary in 1998. The company is very environmentally committed and has one of the largest CNG bus fleets in Germany. It is currently running in-service trials with MAN diesel-electric buses.

Project Tasks
The main tasks or objectives of the project were to:

1. establish the state-of-the-art of the technology

2. identify the technical and financial constraints and opportunities

3. document a number of key representative case studies

4. publicise results and findings

These objectives were achieved largely by liaising with the key players through a combination of meetings, workshops and conference. UITP’s Bus Study and Bus Management Commissions were consulted over several meetings and a representative cross section of industry, operators and researchers participated in a workshop in UITP’s offices in Brussels in September 1998. Finally, VAG hosted a highly successful conference, exhibition and workshops in Nürnberg in December 1998, the first to deal exclusively with this topic. The contributions by all concerned were vital in identifying and elaborating the key issues which are presented in the following section.

The project is committed to publicising results and findings through media such as a THERMIE maxi-brochure. UITP will make information and papers available on its Web site (http://www.uitp.com) and the case studies are available on the ELTIS interactive web-site (http://www.eltis.org). 

3. HYBRID VEHICLE ISSUES

The issues outlined in this section are of a largely theoretical nature and express many of the expectations identified in the aforementioned meetings and workshops, whereas the case studies presented in section 4 represent the practical experience of running hybrid-electric and diesel-electric buses in service.

3.1 Technical Issues

3.1.1 Series or parallel

The wide variety of possible engine-battery configurations fall into two basic categories, series and parallel. In a series hybrid, the internal-combustion engine drives a generator that charges the batteries and/or powers the electric motor. Only this electric motor can directly turn the vehicle's driveshaft. In a parallel hybrid, on the other hand, either the engine or the motor can directly torque the driveshaft. 

Disadvantages of the parallel configuration include the fact that the designer no longer has the luxury of putting the internal-combustion engine anywhere in the vehicle, because it must connect to the drivetrain. In addition, if a parallel hybrid is running electrically, the batteries cannot be charged at the same time, because there is no generator. The distinct features of the two types of hybrid suit them to different driving needs. A series hybrid is generally more efficient but less powerful than a parallel hybrid. In a series hybrid the internal-combustion engine can be controlled to avoid rapid changes in speed and load which cause surges in pollutant emissions. By running constantly and in a limited range the engine can operate in its most fuel efficient range. Another attractive feature of the series hybrid is that it can have a long range with a surprisingly small engine-generator set.

3.1.2 Power management

Both the parallel and the series hybrid can be operated in three basic modes:

· with propulsion power coming only from the on-board storage (i.e. all-electric)

· with power supplied only by the internal-combustion engine (in a series hybrid this power must still be applied through the generator and the electric motor)

· with power from both sources

The size of the drive motor should be standard and fixed. What is in question is the size and ratio of the thermal (diesel) engine and batteries. It is important not to undersize the thermal engine. The operating terrain will be a factor here e.g. if it is hilly or flat. The larger the batteries the lower will be the emissions but it should also be noted that zero emission operation requires a higher energy consumption. The potential for braking energy recovery is limited by available storage and the need not to affect braking behaviour. The determining factor is the requirement for zero emission driving. Excess recovered energy can be dissipated by braking resistors.

The innovative Magnet-Motor drive systems (see Stuttgart case study) need an electronic management and control system for the co-ordination of all vehicle components. This unit adapts the characteristics of all vehicle components to each other and to external interfaces such as the driver’s control panel or the internal combustion engine control elements. The Magnet-Motor management and control system also includes interface hardware and power management software to realise the operating strategy and the various operation modes of the vehicle as well as the diagnosis of all system elements. 

3.1.3 Energy storage

Once again, the requirements for zero emission driving are critical. The majority of the hybrid vehicles developed to-date are using standard lead-acid batteries for energy storage which are not satisfactory from the point of view of energy density or lifespan. The weight of batteries is a disadvantage and hybrid developers are following closely the intense R&D into high energy-intensity batteries. To achieve a significant breakthrough, batteries should be reliable, have a long lifetime and be cheaper. Leading alternatives currently available are: Nickel-Cadmium, Nickel-Metal hydride and Sodium-Nickel-Chloride. Developments in Lithium ion and Lithium polymer batteries look promising.

Flywheel type storage is another option but only Neoplan/Magnet Motor have demonstrated this option. They have a high Power/Energy ratio which is good for acceleration but have less total energy storage than batteries so load is an issue. They have an unlimited number of cycles and are best used for a specific purpose city bus. 

Supercapacitors are also being developed at pace and should be good in stop-go operating conditions. Ultimately, the ideal storage may be batteries combined in parallel with either supercapacitors or flywheels. 

3.1.4 Vehicle layout

The wide variety of hybrid types allow for an even wider variety of vehicle layouts, especially in the series type. For example: the position of the internal combustion engine; batteries may be placed in the roof or floor; and the electric drive motors can be contained within the wheels which, when combined with electric transmission, can provide greater opportunities for low-floor configurations. For the same reason, engines are commonly placed in the rear and although there have been some problems with rear-axle steering these problems would appear to have been largely solved.

3.1.5 Overall energy/fuel efficiency

A hybrid vehicle's internal-combustion engine is smaller than that of a conventional vehicle, which compensates for additional battery weight, and it can be configured to operate under its optimal design conditions. In addition, braking energy can be recovered and regenerated making hybrid operation is especially suited for the stop-go nature of city buses. There is also potential for savings, over conventional diesels, in the area of auxiliaries. Fuel reductions of 20% or more have been measured but much more evaluation work is required as there are a wide variety of types and operating conditions. 

3.1.6 Environmental impact

It is in the area of emissions that hybrid vehicles may have their main advantage particularly with their ability to operate in zero-emission mode. Diesel engines, without catalytic converters, have difficulties with particulates and Nox and this is likely to be exacerbated under EURO3 and EURO4. Nevertheless, advances in diesel technology have to-date managed to keep up with statutory requirements. Hybrid operation also produces less noise and the electric transmission is smoother than mechanical transmission. 

3.1.7 Measurement and Evaluation

TNO, the Dutch Road Vehicles Research Institute, have identified that test procedures which have been developed for diesel engines cannot be straightforwardly applied to alternatively powered vehicles. In the case of heavy duty vehicles, such as urban buses, a more specific problem is that the standard static engine test has no meaningful equivalent for electric, hybrid and other alternative propulsion systems. 

This means that tests of vehicles with alternative propulsion systems always need to be carried out on complete vehicles or, at least, on complete drive trains. Measurements of energy consumption can be done in actual use or on a test track or dynamic chassis dynamometer using a driving cycle. For measuring emissions, again mobile equipment can be used or the test needs to be done on a dynamic chassis dynamometer. A problem is that only a small number of laboratories have dynamic heavy duty rollerbenches at their disposal. For series-hybrid vehicles a combination of test-track measurements on the vehicle and separate emissions measurements on the engine-generator set may suffice. 

In all cases the choice of a representative driving cycle is of paramount importance. Already with conventional vehicles, but especially with hybrids, the measured energy consumption and emissions may depend strongly on the characteristics of the driving cycle.

3.2 Operational Issues

3.2.1 Reliability 

Reliability in service is of critical importance to the operator. In the case studies examined availability varied considerably. The lower figures can be explained in part by the fact that the vehicles in question were not commercial vehicles and there is a certain feeling among operators that they are, in effect, doing the testing for the developer/manufacturer and thereby sharing an undue risk. A vital factor in overall reliability, over and above the reliability of mechanical and electrical parts, is the reliability of the electronic control or power management system.

3.2.2 Maintenance

Experience to-date would indicate that, with proper training of mechanics, maintenance is not a major factor. Regenerative braking can reduce the maintenance cost of brakes considerably. Also, appropriate battery management systems effectively deliver maintenance free batteries. Computer diagnostics can be of particular relevance to these vehicles although repairs, when required, may be complex and not readily carried out in a local workshop.

3.2.3 Acceptance by staff and public

Driver training is of vital importance and driver approach and attitude can directly affect energy performance, reliability and passenger acceptance. Many aspects of these buses differ from conventional buses e.g. acceleration can be smoother and batteries in the roof can change handling characteristics.

3.3 Management, Financial and Other Issues
3.3.1 Availability

The experience of the SAGITTAIRE project as presented at the Nürnberg conference, is relevant to the question of availability. SAGITTAIRE is a THERMIE targeted project which is co-ordinated by the City of Luxembourg (see case study below) and includes the cities of Alicante, Athens, Besançon, Brugge, Savona, Sintra, Stavanger and Trento. The project aims to demonstrate, on a sufficiently large scale and over a sufficiently long period in each of the cities, the viability of the hybrid-electric bus technology in ordinary operating conditions. 

It also aims to establish guidelines and formulate recommendations with a view to future acquisitions, especially by European cities, which could constitute a major potential market. To this end, the consortium had issued two tenders (the second being a revision of the first) at the time of the conference. They received only five responses and, of these, only two could meet the particular requirements of the consortium and then only by the year 2000. 

3.3.2 Costs

The hybrid buses currently available are costing anything from 25% to 100% more than their conventional equivalent, although all are arguably pre-commercial in nature. Comparisons with other vehicle types and fuels might be more equitable if external costs were internalised and if full life-cycle costs were taken into account. Leasing is another option which operators could consider. Ultimately, costs are unlikely to come down significantly until the advent of series or volume production and this will most likely be from a relatively small number of producers as the market itself is, in effect, relatively small. 
3.3.3 Alternative fuels and energy sources

Further research is needed on alternative fuels and energy sources which can be used in hybrid vehicles such as CNG, biofuels and fuel cells. Theoretically, these alternatives can all be incorporated within the basic hybrid structure but the process would be made easier by a greater application of standard components. 

3.3.4 Fuel cells

Fuel cells produce electricity from the electrochemical reaction of hydrogen and oxygen. The hydrogen is pure hydrogen or, in the form of a “reformate gas”, generated from fuels such as natural gas, methanol or gasoline.  The oxygen source is air. The theoretical efficiencies of electrochemical combustion of hydrogen may exceed 90%, depending on the cell’s operating conditions. Practical efficiencies have been demonstrated to be high as well, typically ranging from 45-65%. If run on pure hydrogen fuel cells only release water, electricity and heat.  If a reformate gas is used, it is expected that less CO2 will be emitted per kWh and other emissions will be  greatly reduced, compared to most conventional engines. There are several different types of fuel cells, but the Proton Exchange Membrane (PEM) fuel cell is now being developed by many companies, for transport, portable and stationary power.

The Department of Trade and Industry, in the UK has a programme to accelerate the development of fuel cell systems.  Within this programme, Johnson Matthey undertook a project to develop an outline design for a fuel cell hybrid bus. A method was developed to simulate the dynamic performance of a FCS in a hybrid bus. The FCS and battery simulations were compared with the measurements on the Scania Thoreb hybrid bus in Stockholm (see case study below). Results so far indicate that this is technically feasible and it was estimated that, over the whole lifecycle, the methanol fuel cell hybrid bus would cost about 13% more per km than a diesel bus. A more definitive financial case for fuel cell buses will not be possible until these vehicles are being run and tested on a commercial basis.

4. CASE STUDIES

4.1 Aalborg 

The operation of five Scania-DAB 12m hybrid buses in Aalborg formed part of the THERMIE transport targeted project JUPITER with the main aim of reducing the amount of energy used for passenger transport and thus contribute to environmentally friendly transport in urban areas. 

When new and innovative buses are put into service initial difficulties can be expected. However, in the period after the buses had been put into operation the difficulties proved to be worse than anyone had expected. The buses had problems with the exhaust system and, with inverter failure as well, the effective operating time was unsatisfactorily low and the drivers complained of lacking traction force, noise and low reliability. On the other hand, right from the beginning, the buses fulfilled the expectations for emission free travel in the centre of the city and acceptable emissions on the entire route. The absence of particles, especially, is a significant benefit. The fuel economy was somewhat poorer than for the diesel-powered buses.

During the project period most of the problems with the hybrid buses have been remedied, although some only just. The exhaust system has been changed many times and now it looks as if a durable solution has been found. The buses run without regenerative braking which reduces the inverter problems drastically but affects the fuel economy. Both of these measures have increased the effective operating time to the same level as for the diesel-powered buses which can be considered an excellent result.

4.2 Dordrecht

Three Van Hool buses were operated in the town centre of the City of Dordrecht, the Netherlands in a THERMIE supported project (1994-1997). One bus is currently operating in Bruges, Belgium, in the SAGITTAIRE project, again supported by the THERMIE Programme.

The Van Hool hybrid bus is a 9m low-floor vehicle with lead-acid gel batteries in the roof. The bus is 2.3m wide and very manoeuvrable which makes it particularly suitable for historic cities with narrow streets where they can also operate in zero-emission mode; however, the bus can use only the diesel generator or the batteries to supply the drive motor. 

4.3 Genoa

AMT Genova have been operating ten IVECO 12m hybrid buses (ALTROBUS) on an existing route in Genoa since 1996 with THERMIE support. In addition, pilot fleets of 6m hybrid buses were introduced in the cities of Lucca, Palermo, Como, Aosta and Oxford. The electrical systems were developed by Ansaldo. The main objective of the project was to demonstrate, for the first time in Europe, the suitability of running a fleet of hybrid buses in regular service as a viable alternative to conventional buses.

After the initial debugging, which required the replacement of some components, the buses were placed in operation on a busy cross-city route. The hybrid buses had the same payload, performance requirements, timetable frequency and km/day as the conventional diesel buses on that route. They operated in all-electric mode in the city centre and in hybrid mode in the suburbs. The small 2.5 litre diesel engine was operated at constant engine speed which reduced emissions significantly and fuel consumption somewhat less. Braking energy was recovered and the drive batteries were of the lead-acid type. 

The lower emissions have contributed to a better air quality in the city centre and a better working environment in the garage, where the hybrid bus can be manoeuvred in the electric mode. Citizens appreciate the benefits of reduced air pollution and noise in the city where the buses are seen as a success and it will be now easier to introduce the new hybrid technology buses on other routes.

4.4 Luxembourg

In the spring of 1994 the bus department of the city of Luxembourg was contacted by ACG (now DELPHI), a subsidiary firm of General Motors, who suggested that the Luxembourg bus network (AVL) be used as a fine-tuning ground for the development of propulsion systems for hybrid buses that they were planning to manufacture. As this proposal fitted in perfectly with the AVL purchasing programme which consisted, and still consists, of favouring the use of vehicles with reduced or zero emissions, an agreement was quickly found. A vital element in this equation was the support funding received from the THERMIE programme for the project in which the Danish manufacturer of the vehicle DAB (now Scania-DAB), the Luxembourg Energy Agency and CITELEC were also participating.

The design of the vehicle, its acceleration and range have given full satisfaction. Acceleration of the vehicle is at least equal to that of a conventional bus. Comfort of the bus is generally felt as being much better, mainly through the integral ultra low floor and through the absence of noise and any gear changing jerking movements. At the moment the hybrid buses are running in normal service conditions, and have done so since the beginning of 1997. Some 40 drivers have been trained to operate the buses. While at first it was intended only to run the buses emission free in the city centre, a re-scheduling of driver work times combined with the quick charging operation allows an almost 100% emission free operation during the whole day. 

4.5 Nürnberg

4.6 Rotterdam

Under THERMIE’s targeted project ENTRANCE, the city of Rotterdam co-ordinated an industrial consortium of Den Oudsten Bussen, TRAXIS (formerly Holec) and Fokker Special Products which produced a highly innovative prototype hybrid bus. Its unique lightweight monocoque structure consists of a number of composite and aluminium sandwich modules and weighs 40% less than conventional models. The ergonomically designed bus was first demonstrated at the UITP conference in Stuttgart in June 1997. TNO had carried out a feasibility study prior to start-up and also participated in an Advice Group. The project was equally funded by project participants, THERMIE and the Dutch Ministry of Economic Affairs which was an innovative approach in itself. 

4.7 Stockholm

Stockholm’s public transport company SL, in its search for an energy-saving and environmentally-friendly alternative to the diesel bus, embarked on a hybrid bus project which was part funded by both the Swedish Transport and Communications Research Board (KFB) and the THERMIE programme through the transport targeted project ZEUS. The buses were built by Scania, with electronics supplied by Thoreb and the engines by Saab. 

To achieve even greater emission reductions it was decided to convert the hybrid buses’ petrol engines to run on ethanol (E 85) and all have now been converted and installed except for two reference buses which are still in operation on petrol for evaluation purposes. Measuring equipment will be installed in one of these buses in January 1999. As soon as the measurements are completed this bus will be converted into ethanol usage. The measuring equipment will not be removed and can be used to measure the ethanol operation. The remaining bus will operate on petrol as a reference bus and will be converted into ethanol at the final phase of the project. 

The efforts undertaken in Stockholm show that it is quite possible to carry out tests even with untried technologies. The problem however in testing untried buses in service is that passengers may suffer inconveniences during the test period. But as a result of these tests and demonstrations in Stockholm it is now possible to buy hybrid buses toay and they have shown that there is an environmental alternative to the diesel engine.

4.8 Stuttgart

In 1995 the Stuttgart Strassenbahn (SSB) AG acknowledged that it is not enough to put classic low-floor buses in service but that these buses have to be integrated in a whole bus system including lanes, stops and vehicles in order to achieve better operation conditions, passenger comfort and reduced environmental problems (emissions, noise etc.). SSB decided to implement such a low-floor system on line 42 and after consideration decided to develop and purchase 19 diesel-electric vehicles, 17 articulate buses from EvoBus (O 405 GNDE) and 2 standard buses from Neoplan (N 4114 DE). 

After 18 months running on line 42, the 17 EvoBuses have covered more than 1.2 million km and the 2 Neoplan buses 60 000 km over the same period. They were not without problems and considerable modifications had to be carried out. However, the availability of the EvoBus is now 90% or better. The Neoplan has not yet been able to deliver such figures but improvements on the drive-line give hope for better values. SSB see these diesel-electric buses as paving the way for the later introduction of fuel cell drive trains and thus felt it necessary to test such a large number of vehicles. 

5. CONCLUSIONS

Current developments in bus technology are very promising. There are perspectives of profound changes in the standard concept of the urban bus in regard to power technology and vehicle design. The evidence from the case studies is that, while prototypes and small demonstration fleets may operate successfully, further development toward technological maturity and operational efficiency requires production of larger series of innovative buses with improved reliability and lower cost. 

At this point in time it is probably fair to say that, from the operators’ point of view, hybrid vehicle technology is still pre-commercial. For the technology to become commercial a number of issues need to be addressed, such as availability, reliability and cost. Larger markets for innovative vehicles must be created without imposing undue costs and risks on the various actors involved.  A key factor in relation to reliability is the need for reliable energy management and electronic control systems which are at the heart of the vehicles’ operation. Moreover, satisfactory procedures for testing hybrid electric vehicles still have not been devised. This would also contribute to the development of standards and full life-cycle analyses of energy, emissions and costs would provide a more equitable comparison with conventional vehicles. 

The overall impression, from the Nürnberg conference, was that diesel-electric and hybrid systems are a useful and necessary stage in the development of electric road vehicles and it is expected that these technological developments will provide a platform for, and naturally integrate, other future innovations such as fuel cell technology. 
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