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Abstract 
 
Electric Vehicles without external source have been commercially available since the late 
1880s. Their short-range and weight of batteries reducing load capacity were and still are the 
principal reason for its non-acceptance by the market. The market sees it as a disadvantage 
compared to internal-combustion vehicles. Hybrid Electric Vehicles (HEV), however, have 
been researched and slowly introduced into the world market specially designed for private 
and public transport to achieve fuel consumption reduction and emission standards applying 
the technology already known and commercially available. Combining a low powered diesel 
engine and an energy storage unit, for example a battery pack, can replace a high-powered 
diesel engine keeping the same vehicle performance with less pollution and fuel consumption. 
A HEV model has been developed to compare HEV to conventional internal-combustion 
engine vehicles emissions and fuel consumption in a real working environment. Different 
characteristics of HEV in several scenarios and transport strategy were simulated over several 
route choices in Bristol, UK and in Brazil. A case study was carried out in São Paulo city, 
Brazil, to predict HE Bus (HEB) performance, emissions reduction and fuel consumption 
savings compared to conventional diesel buses in two real city centre drive cycles. The case 
study results gave evidence to São Paulo Transportes (SPTrans) authorities and public 
transport operators of the advantages of running HEB in city centre routes. 
 
 
1. Introduction 
 
A realistic scenario has been drawn by government authorities and environmental protection 
agencies to reduce emissions in urban centres. Emissions can cause risk to health of human 
beings and the need to preserve global and urban environment (Ackerman and Jefferson, 
1998). The vehicle industry is therefore mobilising effort to reach environmental limits fixed 
by Kioto protocol to meet the emission reduction target. 
Environmental programmes (DieselNet, 1997-2000) have been sponsored by government 
funds with the objective to measure and analyse the effects of new fuel properties and vehicle 
technology to reduce exhaust emissions of petrol and diesel vehicles.  
Because of this effort to speed up the emissions reductions overall, since the early 1990s 
Europe, Japan and the USA have introduced emission standards which are accepted and 
followed worldwide. 
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2. Ultra Low Emission Vehicles  
 
Electric Vehicles (EV) are energy efficient and produce zero local atmospheric pollution. 
Their limited range and lack of supporting infrastructure have and still do hinder their public 
acceptance (Georgano, 1996). On the other hand, Hybrid Electric Vehicles (HEV) for public 
and private transport have been researched and gradually introduced into the world market to 
achieve those emissions standards. These types of vehicles do not need overhead wires 
making them flexible and autonomous because they produce their own energy (Ackerman et 
al, 2000).  
 
HEV are provided with a prime motor unit (PMU), which is an internal-combustion engine 
vehicle (ICEV) coupled to a generator. PMU is combined with an energy storage unit (ESU), 
which can be a battery pack, flywheel or ultracapacitors, provide energy to the electric 
traction motors.  
 
 
3. Vehicle Simulation  
 
The HEV power train mitigates the limits of the battery powered EV on mileage range and 
performance (Powell et al, 1998). Therefore, Series and Parallels HEV have attracted 
increasing attention with demonstrations of proof of ideas that include several types of PMU, 
such as, conventional ICEV with different types of fuel and Fuel Cells.  
 
New diesel buses, however, are now substantially “cleaner” than diesel buses before Emission 
Standard Legislations were adopted around the world.  Diesel buses have also benefited in 
reduced emission levels because of the use of oxidation catalysts (lower PM), cleaner fuels 
and improved engine controls (NAVC, 2000). Several manufacturers have developed Hybrid 
Electric Buses (HEB) prototypes beyond the experimental stage using sophisticated diesel 
engine technology. Those prototypes show the significant improvements in fuel consumption 
savings. About 20% for Nova-Allison Hybrid Diesel, 30% for Orion-LMCS Diesel in the 
USA and 25% for Eletra in Brazil. Those buses presented lower emissions compared to 
conventional diesel buses on a low average speeds drive cycle (NAVC, 2000) (Eletra, 2002) 
(Butler et al, 1999).  
 
The model, here called the HEV Model, developed as part of this study can simulate vehicle 
performance and enable analysis and comparison of fuel consumption and emissions between 
HEV and ICEV. The HEV Model has been created for public transport vehicles running on a 
real city centre drive cycle. Control strategy development, energy storage unit optimisations, 
traction motor and engine selection, fuel consumption and emissions prediction can be 
undertaken using the model. The HEV transmission model is shown in Figure A1. 
 
As shown in Figure A2, the model has been simulated in Matlab using Simulink tools to 
model the vehicle and its components allowing accurate analyses of the results. The HEV 
Model simulation is based on a given drive cycle and vehicle configuration in which the 
energy and power demand, vehicle’s performance, driving range, fuel consumption and 
emissions are calculated. The HEV Model can use data of speed and acceleration and 
deceleration from a real urban centre route modelled in the computer simulation package 
VISSIM developed by PTV – Karlsruhe where transport and traffic strategies are simulated. 
The drive cycle data can be modelled in VISSIM which simulates the stochastic features of 
traffic flow in real-time including vehicle behaviour. The first requirement is to find out the 
traffic “bottleneck” or a busy transport corridor in which pollution needs concern in the city.  
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4. Case Study 
 
The São Paulo Transportes (SPTrans), company responsible for the public transport 
management of the municipality of São Paulo in Brazil, has been conducting a project of 
segregated corridors for improving public transport within the city centre. The whole project 
called VLP-Veículo Leve sobre Pneus (Light Vehicle on Tyres) has capacity for 25,000 
passengers per hour per direction and is committed to promoting environmental solutions for 
São Paulo city. São Paulo has high levels of pollutants concentration in the air due to 
transport.  Initially, the project involved electric trolleybuses to reduce emissions and promote 
fuel consumption savings.  
  
However, SPTrans advised the municipal government of the alternative of using hybrid 
electric buses on these corridors. This alternative, nevertheless, was examined by the 
Brazilian National Bank for Economic and Social Development (BNDES) which is funding 
the São Paulo integrated public transport plan, because of the environmental characteristics of 
the project. The Hybrid Electric Bus (HEB) alternative (diesel + batteries) was accepted by 
the BNDES after the HEB Model results indicated that HEB pollute less than diesel buses and 
can in fact promote fuel consumption savings.  
 
The HEV Model, therefore, has been used to study two different scenarios for public transport 
corridors using several HEB strategies. The HEV Model used a Brazilian HEB power train 
solution manufactured by Eletra Industrial Ltda because of SPTrans requirement and because 
since 1999 Eletra has been commercially transporting passengers on HEB prototypes in São 
Bernardo do Campo, SP. 
 
The power control in the Management Unit Model had to be changed slightly to respond with 
the same energy control strategy proposed by Eletra as shown in Figure A3. These changes 
are listed below  
 

• Engine idles when the batteries percentage of charge reaches 100%; 
• When the vehicle is braking the engine idles keeping minimum power and speed. 

This solution counts for emissions and fuel consumption but the current produced 
by the coupled engine-generator does not charge the batteries.  The engine current 
during braking is diverged to a resistors pack. The resistors pack wastes the 
current in the form of heat which can be used in the winter for heating the bus; 

• Although the Eletra HEB is equipped with air-conditioning, this alternative has 
not been simulated due to the fact that the conventional diesel buses do not have 
this equipment; 

• Motor current is limited to about 100 Amps because of lead-acid batteries 
charging characteristics. 

 
4.1 Case Study Results 
 
The scenarios simulated using real data of bus characteristics supplied by Eletra and SPTrans 
and fuel consumption and emissions supplied by MWM Motores showed that HEB can 
provide notable fuel savings and emission reduction.  
The HEV Model has also been demonstrated to be a useful tool to test different HEB 
characteristics to optimize its components providing balance between performance, fuel 
consumption and emissions. The Tables A1 and A2 show the simulation results for three 
different types of buses on two different routes. 
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4.2 HEV Model Validation  
 

Eletra contracted the Federal University of Rio de Janeiro (UFRJ) in 2002 to carry out tests 
with the Eletra HEB in São Paulo. Tests were done using HEB and a conventional diesel 
standard bus on the segregated transport corridor of the Sistema Metropolitano de Transporte 
Ltda (Metra) in São Bernardo do Campo city. This corridor was chosen due to its  similar 
characteristics with the HEB elevated corridor which has been built in São Paulo city.  
 

The fuel consumption tests used a 12 m Eletra HEB equipped with a 90 kW EURO II diesel 
engine manufactured by International Engine Group and compared to a similar conventional 
diesel bus equipped with a VOLVO engine around 200 kW. They run on the same track with 
a maximum speed of 35 km/h. The HEV Model predictions using data of MWM 90 kW 
EURO II engine were validated against real measurements with accuracy of about 80%. 
Concerning emissions, however, the validation has not been compared to HEB Model 
predictions due to the lack of emission data from the engines used by Eletra HEB and the 
standard diesel bus. 
 
 
5. Conclusions 
 
The aim of the HEV Model study for São Paulo city has been fully achieved with the case 
study results, as shown on the Tables A1 and A2. 
 
 

Although HEB investment costs can be higher than conventional diesel buses, the HEV 
Model predictions gave evidence to SPTrans and to the São Paulo Municipal Authorities that 
HEBs are less environmentally damaging than conventional diesel buses and reduce fuel 
consumption.  
 

For SPTrans, which manages about 14,000 diesel buses owned by public transport operators 
in São Paulo city, fuel consumption and emissions have become one of its main concerns. São 
Paulo is one of the most polluted cities in South America and transport projects which do not 
apply environmental measures have not been fully accepted and funded by the Brazilian 
government.  Hence, SPTrans used the HEV Model results to convince the Brazilian federal 
government and BNDES, which is funding the Integrated Public Transport Plan (ITP) for São 
Paulo city, about the advantages of investing in Hybrid Electric Technology for public 
transport.  
 

In October 2003, the Brazilian Federal Government agreed to finance the second part of the 
ITP through BNDES. SPTrans, on another program, ordered a 15 meters HEB fleet which are 
expected to start running at the end of 2004. 
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Appendix 
 
 
 

 

 

 

 

 

 
 

ESU – Energy Storage Unit, PMU –  Prime Motor Unit 
 

Figure A1 – HEV transmission model 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A2 – HEB and Diesel Bus Matlab Model 
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Source: Eletra Industrial Ltda 
Figure A3 – Power controller strategy for São Paulo case study 

 

Emissions 
Fuel consumption 

CO HC NOx PM HEB length HEB engine 
power (kW) 

litres savings (g) savings (g) savings (g) savings (g) savings 

60 7,0 27,4% 37,3 68% 24,7 32% 109,6 30% 3,5 68% 

50 7,2 25,2% 21,3 82% 23,7 35% 110,8 30% 2,7 76% 12 m 

40 6,4 33,0% 16,9 85% 22,2 39% 92,9 41% 2,0 82% 

90 9,7 23,8% 75,4 67% 32,0 30% 163,2 19% 7,5 60% 
15 m 

60 8,2 35,6% 32,3 86% 26,7 42% 133,2 34% 4,4 77% 

120 12,6 11,2% 172,6 29% 41,0 21% 212,3 8% 8,2 18% 
18 m 

90 11,0 23,0% 78,4 68% 34,9 33% 187,0 19% 6,1 39% 

Table A1 –  Simulation results showing savings between HEB and conventional diesel bus on 
corridor D. Pedro II – Sacomã (10 miles) 
 
 

Emissions 
Fuel consumption 

CO HC NOx PM HEB length HEB engine 
power (kW) 

litres savings (g) savings (g) savings (g) savings (g) savings 

60 13,5 29,0% 71,8 71% 48,1 35% 210,8 33% 6,8 76% 

50 14,0 26,5% 40,4 84% 46,4 37% 215,0 32% 5,2 81% 12 m 

40 12,5 33,9% 31,9 87% 43,4 41% 181,2 42% 3,4 88% 

90 19,1 26,1% 144,8 71% 63,3 32% 321,0 21% 16,0 58% 
15 m 

60 15,8 38,8% 61,0 88% 51,7 44% 255,9 37% 8,3 78% 

120 25,2 12,7% 342,2 35% 84,5 18% 420,0 10% 16,5 51% 
18 m 

90 21,4 26% 151,2 71% 62,0 40% 364,2 22% 11,8 65% 

Table A2 –  Simulation results showing savings between HEB and conventional diesel bus on 
corridor São João – Pirituba (17.2 miles)  
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