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RESUMO 

O objectivo desta tese é estimar cenários futuros para veículos ligeiros em termos de 

massa, respectivo consumo de combustível e emissões de CO2, analisando qual é a máxima 

redução possível para cada uma destas características.  

Começou-se por fazer a evolução histórica da massa, da potência do motor, consumo 

e correspondentes emissões de CO2, tempo de aceleração dos 0-100 km/h e finalmente a 

relação entre a potência e a massa numa amostra de veiculos a gasolina e a diesel e um 

híbrido eléctrico. Foram analisados desde 1985 até 2008, quando possível, e categorizados, 

segundo a classificação da Comissão Europeia. 

Estudou-se a redução de consumo de combustível através da redução do peso do 

veículo nos sistemas mais pesados como o corpo, o chassis e o sistema de propulsão, 

substituindo os materiais convencionais por materiais mais leves, como o alumínio e a fibra de 

carbono, com base no modelo de ciclo de vida (GREET).  

Os veículos de 2008 foram simulados num software denominado de ADVISOR, que 

calcula o consumo de combustível e a sua relação matemática com a massa do veículo 

fazendo dois tipos de substituição: o Caso 1 que segue as hipóteses do modelo de ciclo de 

vida; o Caso 2, que difere apenas na composição da carroçaria.  

Verificou-se que o consumo de combustível varia linearmente com a massa do veículo. 

Chegou-se a uma máxima redução de peso de 28% a 35%, de consumo de combustível entre 

7% e 15% e a emissões entre 98 gCO2/km até 160 gCO2/km, sendo a percentagem de redução 

a mesma da do consumo de combustível. 

Palavras-chave: cenários, redução de massa, consumo de combustível, emissões de 

CO2, substituição de material, materiais mais leves 
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ABSTRACT 

The objective of this project is to estimate the future scenarios for automobiles in terms 

of mass, fuel and CO2 emissions, analysing the maximum possible reduction of these 

characteristics. 

First, an historical evolution of the mass, the engine power, the fuel consumption and 

corresponding CO2 emissions, the engine size, acceleration time from 0-100 km/h and finally 

the relation between power/mass was made on a sample of gasoline, diesel vehicles and an 

hybrid one. These vehicles were tracked since 1985 until 2008, when existed, and categorized 

according to the European Commission classification.  

The maximum reduction of fuel consumption was studied, through the reduction of the 

weight of the vehicle, in its heaviest systems compounded by the body, chassis and powertrain, 

achieved by material substitution by lighter material as aluminium and carbon fibber, according 

to the fuel cycle model GREET.  

The vehicles of 2008 were simulated in a software named ADVISOR, which calculates 

the fuel consumption and its mathematical relation with the vehicles mass performing two types 

of lightweighting: Case 1 using the assumptions of the fuel cycle model and Case 2 differing in 

the composition of the body-in-white. 

 The fuel consumption varies linearly with the vehicles mass. Simulating these vehicles, 

leaded to a maximum reduction of weight between 28% and 31%, of fuel consumption, between 

7% and 15% and emissions of 98 gCO2/km until 160 gCO2/km, with the same percentage of 

reduction of fuel consumption. 

Keywords: scenarios, weight reduction, fuel consumption, CO2 emissions, material substitution, 

lightweight materials 
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1. INTRODUCTION 

1.1 BACKGROUND 

The energy and the different forms of consumption are a challenging problem that policy 

makers, the automobile and petroleum sectors have to face. Consumption of energy in the 

transport sector is approximately 32% of the total energy consumption in Europe and 39% in 

Portugal for the year 2007 (Eurostat, 2008). Therefore, it represents an important fraction of the 

total energy consumed. 

The tendency of the energy consumption is to increase in Europe and Portugal, as seen 

in Figures 1 and 2 (Eurostat, 2008).  

 

Figure 1: Energy consumption on transportation in Europe (Panorama of transport, Eurostat 
2007) 
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Figure 2: Energy consumption in Portugal and percentage used in transportation (Panorama of 
Transport, Eurostat 2007) 

In 2004, passenger cars detained the highest percentage of 73,5% on means of 

transportation (Figure 3).  

 

Figure 3: Passenger transport by means of transport (Panorama of transport, Eurostat 2007) 
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In general, in all Europe, the passenger car registrations is decreasing, comparing to 

the year 2008 as in February of 2009, 968,159 new passenger cars were registered in Europe, 

18.3% less compared to the same month of 2008 (Figure 4). 

 

 

 

Figure 4: New Passenger Car Registration in Europe (ACEA, 2009) 

 

There are two reasons for reducing automotive fuel consumption: reducing oil demand 

and greenhouse gas (GHG) emissions. The dependence on the automobile has become a 

problem in terms of energy consumption and the greenhouse effect. The automobile sector is 

responsible for 18% of the total emissions of carbon dioxide (Eurostat, 2007). The growth in the 

demand for transportation is such that by 2030, transportation will be the most emitting sector of 

economy. Carbon dioxide emissions from transportation scale is quite linearly with fuel 

consumption, since most of today’s vehicle run on liquid fossil fuels through internal combustion 

engines. The increase of GHG emissions therefore is estimated to be about 50% by 2030 

(Kasseris, 2006). Although there have been significant improvements over recent years in 

vehicle technology - particularly in fuel efficiency, which translates into lower CO2 emissions – 

these have not been enough to neutralize the effect of increases in traffic and car size. While 

the EU-25 reduced overall emissions of greenhouse gases by almost 5% between 1990 and 

2004, CO2 emissions from road transport rose by 26%. 

The automotive industry committed itself that by the year 2008/2009, the new 

passenger’s car will emit 140 g of CO2/km, compared to the 1995 average of 187 g/km. As 

illustrated in Figure 5, the fuel consumption in the new diesel and gasoline cars has been 

decreasing since 1995. This was achieved through the adoption of improved technologies that 

have reduced vehicle mass (related to power output) and enhanced thermodynamic engine 
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efficiency, as well as rolling and aerodynamic resistance. The second driver was dieselisation: 

compared to 23% of new cars sold in 1995, the share of diesel car sales climbed to 44% in 

2003 (Theodoros Zachariadis, 2005).  

 

Figure 5: Evolution of fuel consumption of new cars in the European Union (Theodoros 
Zachariadis, 2005) 

A tendency for heavier and more powerful cars is also expected as indicated in Figure 

6. 

 

Figure 6: Evolution of sales-weighted average vehicle mass, power output and engine size of 
new cars in the European Union 1975-2002. (Theodoros Zachariadis, 2005) 
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Nowadays, the European Commission proposed a comprehensive new strategy to 

reduce carbon dioxide (CO2) emissions from new cars and vans sold in the European Union. 

The new strategy, together with a revision of EU fuel quality standards proposed; further 

underline the Commission's determination to ensure the EU meets its greenhouse gas emission 

targets under the Kyoto Protocol and beyond. The strategy will enable the EU to reach its long-

established objective of limiting average CO2 emissions to 120 grams per km by 2012 - a 

reduction of around 25% from current levels. By improving fuel efficiency, the revised strategy 

will deliver substantial fuel savings for drivers. To encourage the car industry to compete on the 

basis of fuel efficiency instead of size and power, the Commission is also inviting manufacturers 

to sign an EU code of good practice on car marketing and advertising.  

 Reducing fuel consumption and the resulting carbon dioxide (CO2) emissions, is a 

problem of a different nature: it requires interventions in the total demand for transportation, 

improvements in the fuel economy of new vehicles entering the market and the implementation 

of new types of technologies for the alterations of the new produced vehicles and eventually a 

shift to alternative propulsion systems that use non-petroleum energy sources such as natural 

gas or hydrogen (Theodoros Zachariadis, 2005). The different powertrain types such as 

naturally aspirated gasoline engines, turbocharged gasoline engines, diesel engines, and 

electric hybrids using gasoline and advanced transmissions also have a great influence in the 

reducing of fuel consumption. All these technologies have potential for reducing fuel 

consumption, but results show that future turbocharged gasoline engines have become quite 

competitive when compared with diesel engines. Although hybrids electric vehicles constitute a 

great way for reducing fuel consumption, this is more enhanced for urban driving than highway 

driving (Kasseris, 2006). Even further, conventional naturally aspirated, spark-ignited internal 

combustion engine (SIE) technology offers a path for continuous improvements in vehicle 

efficiency for the next few decades. Realizing these improvements requires that technological 

advances be directed toward reducing vehicle fuel consumption rather than offsetting increases 

in performance or weight. 

Even so, one of the ways to achieve a reduction of fuel consumption is decreasing the 

weight of the vehicle itself rather than changing the powertrain. A lighter vehicle consumes less 

fuel, which leads to lower carbon dioxide emissions. Vehicle weight and size reduction could 

significantly reduce fuel consumption and greenhouse gas emissions. Direct weight reductions 

through the substitution of conventional material by lighter materials, as well as basic vehicle 

design changes (which, for example, maximize the interior volume for a given vehicle length 

and width) enable secondary weight reductions, as other vehicle components are appropriately 

downsized. A shift in vehicle size distribution away from larger vehicles also reduces average 

weight, and initially can be accomplished by changes in production volumes. It is estimated that 

sales-weighted average vehicle weight could be reduced by 20% over about 25 years. The 

maximum potential vehicle weight reduction at plausible cost is 35%. These estimates allow for 
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the additional weight of future safety requirements and convenience features. Vehicle weight 

reductions of this magnitude could alone result in some 12–20% reduction in vehicle fuel 

consumption (On the Road in 2035, July 2008). 

With historical data of the existing vehicles, such as weight, consumption, power, 

performance from 0-100 km/h and extrapolating these characteristics for the years to come, 

different scenarios can be obtained.  

The main motivation for this thesis is to establish future scenarios and estimate what is 

the tendency in terms of the weight, fuel consumption and CO2 emissions in automobiles, 

including new materials and technologies such as hybrid vehicles. These scenarios represent 

an important tool to policy makers and industry to foreseen the impact in fuel consumption and 

emissions of introducing some type of vehicles in the market.  
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1.2 OBJECTIVES 

This thesis has the goal to evaluate case scenarios for the evolution of the weight in 

automobiles. The weight of the vehicle is one of the main factors responsible for the 

consumption of fuel in situations of starting and stopping the engine. The idea is to be able to 

estimate the maximum reduction of possible weight (keeping the mechanical resistance, 

security in terms of accidents and performance in terms of acceleration from 0-100 km/h) and 

relate this with the possible reduction of the fuel consumption and CO2. Downsizing of the 

components of the propulsion system and the use of lighter materials are also intimately related 

to the reduction of the total weight of vehicle but will not be taken in account. 

The steps that will compound the elaboration of this master thesis are: 

1. Bibliographic review. 

2. Elaboration of the historical evolution of the mass, performance from 0-100 km/h, fuel 

consumption and CO2 emissions, power, engine size and the relation power/weight of the 

vehicle. 

3. Elaboration of a database with the materials of each component of the vehicle and 

possibility of the inclusion of lighter materials. 

4. Determination of the mathematical relation between consumption and the weight of the 

vehicle, using the model ADVISOR as a supporting tool. 

5. Elaboration of the scenarios of maximum reduction of mass, fuel consumption and CO2 

emissions. 

 

 

 

 

 

 

 

 

  



 

8 
 

2. METHODOLOGY 

In the following sections, a description for each part of this project is presented 

concerning the following objectives:  

 Historical evolution of the vehicle characteristics and power/mass relation. 

 Database with the materials of each component of the vehicle and inclusion of lightweight 

materials. 

 Determine the mathematical relation between fuel consumption and the weight of the 

vehicle using Advisor as a supporting tool. 

 Baseline scenarios on mass, fuel consumption and CO2 emissions. 

 

2.1 HISTORICAL EVOLUTION OF THE VEHICLE AND POWER/MASS 

RELATION 

The importance of the historical evolution of the vehicle is the understanding of the 

historical trendline. With this, a better estimative of future scenarios can be obtained and a 

better comprehension of the existing reality. The characteristics of the automobiles that will be 

analysed are: 

1. Engine size (cc); 

2. Acceleration time from 0-100 km/h (s); 

3. Fuel consumption (litres/100km); 

4. Mass evolution (kg); 

5. Engine Power (kW); 

6. Relation power/weight (W/kg); 

7. CO2 emissions (g/km); 

As early referred, this study will concentrate only in passenger cars. In its definition, 

passenger cars are all the wheeled motor vehicles with gross weight equal or inferior to 3500 kg 

for transporting people.  

To study the historical evolution of the vehicle, a certain characteristic of the vehicle 

should maintain constant in order to be, as possible, an accurate study of the trendline. The 

engine size seems to be the criteria most suitable and consistent to track the history of a certain 

automobile. Engine size or displacement describes the combined volume of all the cylinders. 

Bigger engines are more powerful and can use up more fuel. It is usually measured in litres or in 

cubic inches. In this case, the unity used will be cubic centimetres. Although is a characteristic 
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that should be constant, as it’s expected, floats a little throughout the years so it’s variation has 

to be considered in the study.  

Moreover, a starting point needed to be defined. This means to choose the best 

vehicles to follow historically (with more technical information throughout the years). The most 

reasonable choice would be some kind of group of vehicles that represent the tendency of the 

car fleet. The years considered were 1985 until 2008. In these terms, a good approach is to 

consider the most seller cars in a middle year and determine what were their predecessors and 

successors. Grouping the vehicles according to the car classification in Table 1, and using data 

of the fifty most seller versions on the year 2002 of ACAP (Associação Automóvel de Portugal) 

presented in Appendix 7.1, the most seller versions were grouped into segments and afterwards 

in the most ten seller in each segment (when existed) distinguishing them in terms of the fuel 

used (gasoline or diesel).  

Table 1: Car classification 

*According to the European Commission classification (Regulation EEC No 4064/89 

Merger Procedure, 1999) 

**European New Car Assessment Programme 

 
American 
English 

 
British English 

 
Segment* EURO 

NCAP** 

 
Examples 

 
 

 
City car 

 
A-segment 

 
 
 
Supermini 

Daewoo Matiz, 
Renault 
Twingo, Toyota 
Aygo, VW Lupo 

 
Subcompact car 

 
Supermini 

 
B-segment 

Ford Fiesta, 
Opel Corsa, 
Peugeot 206 

 
Compact car 

 
Small family car 

 
C-segment Small 

family car 

Ford Focus, 
VW Golf, 
Toyota Corolla 

 
Mid-size car 

 
Large family car 
Compact 
executive car 

 
D-segment 

 

Large 

family car 

Ford Mondeo, 
VW Passat 

 
Entry-level luxury 
car 

Audi A4, BMW 
3 Series, 
Mercedes C-
Class 

Full-size car  
Executive car 

 
E-segment 

 
Executive 
car 

Opel Omega, 
Audi A6, BMW 
5 Series, 
Mercedes E-
Class 

 
Mid-size luxury 
car 
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In each segment were chosen ten of the most sold brand (when existed) and followed 

after (Table 2 to Table 6).  

Table 2: 10 most sold gasoline vehicles in B-segment  

  Units(thousands) Segment 

1 Renault Clio II 1.2 16V Expression 5p 6024 B 

2 Opel Corsa 1.2 16V Comfort 5p 5742 B 

3 Volkswagen Polo 1.2 Confort 65CV 5p 5725 B 

4 Peugeot 206 1.1 Color Line 5p 4859 B 

5 Citröen C3 1.1 I SX 5p 3976 B 

7 Fiat Punto 1.2 60 Active 5p 2350 B 

17 Toyota Yaris 1.0 Terra 5p 1774 B 

23 Seat Ibiza 1.2 12V Passion 5p 1507 B 

28 Honda Jazz 1.2 LS AC 5p 1241 B 

39 Ford Fiesta 1.4 Duratec Ghia 5p 911 B 

Table 3: 4 most sold diesel vehicles in B-segment 

   Units(thousands) Segment 

25 Renault Clio II 1.5 DCI Expression 5p 1422 B 

31 Opel Corsa 1.7 DTI Comfort 5p 1125 B 

46 Volkswagen Polo 1.4 TDI Highline 5p 806 B 

50 Citroën C3 1.4 HDI SX 5p 744 B 
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Table 4: 6 most sold gasoline vehicles in C-segment 

  Units(thousands) Segment 

6 Volkswagen Golf 1.4 25 Anos 5p 3519 C 

10 Ford Focus 1.4 Wagon Comfort 5p 2 014 C 

12  Toyota Corolla 1.4 H/B Sol 5p 1 971 C 

16  Renault Megane 1.4 16V Scenic Conquest 1863 C 

33  Opel Astra 1.4 16V Caravanclub 5p 1045 C 

38  Citröen Xsara 1.4 I SX 5p 939 C 

 

Table 5: 3 most sold diesel vehicles in C-segment 

  Units(thousands) Segment 

22 Peugeot 307 1.4 HDI Break XS Premium 5p 1533 C 

32 Volkswagen Golf 1.9 TDI Generat 5p 100 1123 C 

 

Table 6: Most sold diesel vehicle in E-segment 

  Units(thousands) Segment Fuel 

36 Mercedes E 220 CDI 4p 975 E Diesel 

 

This last vehicle (Table 6) was the only one of the fifty versions that belonged to E-

segment. Its historical evolution was made just to have an idea if there was a contrast with the 
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other two B and C segments. D-segment was not taken in account, as the most present 

segments were B and C. 

The major difficulty was to find equivalent cars in the decade of the 80´s and 90’s as a 

result of a considerable float in the engine size. Even so, the engine size, which presented the 

less difference between the one of 2002, was the chosen one. All the data of the vehicles were 

obtained in two sites: carfolio and carplusplus (www.carfolio.com last accessed April 2009 and 

www.carplusplus.com last accessed April 2009) and Autocar&Motor magazines from 1985 until 

2008. Afterwards, all the data were confirmed since 2000 with VCA data (Vehicle Certification 

Agency www.vcacarfueldata.org.uk/downloads/ last accessed April 2009). 

The idea of studying the evolution of the acceleration time from 0-100km/h, is to 

understand if the trendline are faster or slower cars throughout the years. 

For the fuel consumption, was always chosen the combined values referring to cycle 

NEDC (New European Drive Cycle). The combined fuel consumption measurement has two 

parts: an urban and an extra urban-cycle.  

Urban cycle: The urban test cycle is carried out in a laboratory at an ambient 

temperature of 20°C to 30°C on a rolling road from a cold start, i.e. the engine has not run for 

several hours. The cycle consists of a series of accelerations, steady speeds, decelerations and 

idling. Maximum speed is 50 km/h, average speed 19 km/h and the distance covered is 4 km 

(Part One in Figure 7). 

Extra-urban cycle: This cycle is conducted immediately following the urban cycle and 

consists of roughly half steady-speed driving and the remainder accelerations, decelerations, 

and some idling. Maximum speed is 120 km/h, average speed is 63 km/h and the distance 

covered is 7 km (Part Two in Figure 7). An average of the two parts of the test is made, 

weighted by the distances covered in each part. The testing is carried out by independent test 

organisations, by either the manufacturers or importers themselves at their own test facilities. 

http://www.carfolio.com/
http://www.carplusplus.com/
http://www.vcacarfueldata.org.uk/downloads/
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Figure 7: Combined fuel consumption test (Directive 80/1268/EEC as amended by 2004/3/EC)  

Almost all types of new passenger cars have to be tested. However, several models, 

which do not differ significantly in certain technical characteristics important in determining fuel 

consumption, may be grouped together into a ―class‖. Only one representative car of the class 

needs to be tested. Certain types of vehicles are excluded from the fuel consumption testing 

scheme; these are cars manufactured in low volume, cars adapted to carry more than eight 

passengers (excluding the driver), three-wheelers, invalid carriages, van-derived passenger 

cars and cars built specially for export. New cars whose engines run on liquid petroleum gas or 

compressed natural gas have been required to undergo fuel consumption tests since 1st 

January 2001. Lorries, buses, vans and motorcycles are also excluded from these tests. 

This type of testing scheme is intended to give car buyers comparative information 

about the fuel consumption of different models in standard tests.  

Nearly all new car models, which are type approved for sale in Europe, have to undergo 

the standard tests to determine their fuel consumption. The cars tested have to be run-in and 

must have been driven for at least 3,000 kilometres before testing. Although the idea of the fuel 

consumption test is to represent a real life driving, that does not occur because of the need to 

maintain strict comparability of results achieved by the standard tests. Firstly, only one 

production car is tested as being representative of the model and may therefore produce a 

better or worse result than another similar vehicle. Secondly, there are infinite variations in 

driving styles and in road, car and weather conditions, all of which can have a bearing on the 

results achieved. For these reasons, the fuel consumption achieved on the road is unlikely to be 

the same as the official test results.  
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Official fuel consumption test procedures have been in use since the 1970's. EU 

Directive 80/1268/EEC (as last amended by 2004/3/EC) describes the tests, which all new cars 

on sale after 1 January 2001 have been required to. The new test has been agreed 

internationally and provides results that are more representative of actual average on-road fuel 

consumption than previous tests. Even so, a correct comparison on these data can only be 

guaranteed since 2001 (VCA Booklet, May 2008). 

Countries and regions use essentially three different test cycles to determine fuel 

economy (FE) and GHG emission levels: NEDC, the Japan 10-15 cycle, and the U.S.-based 

"CAFE" cycle (Corporate Average Fuel Economy) provides average speeds of these three 

cycles. In Table 7, a sample vehicle model (MY2002 Ford Focus) is used to demonstrate 

different FE ratings under these three cycles (An, Feng and Sauer, Amanda, 2004). 

 

Table 7: Comparisons of U.S, EU and Japanese test cycles (An, Feng and Sauer, Amanda, 
2004)  

Test cycle Sample Vehicle 
mpg rating 

Average adjustment 
to match CAFE 

Country/region 
applied 

U.S combined 
"CAFE" cycle 

30,9 1 United States, Canada, 
Taiwan, California 

NEDC 27 1,13 European Union, China, 
Australia 

U.S combined 
EPA City 

26,8 1,18 South Korea 

Japan 10-15 22,5 1,35 Japan 

In terms of the engine power, the criterion of the constant engine size was not enough 

sometimes, as there were some engines with the same size but contrasting powers, for 

example the double. For these cases, was chosen a version that did not differ a great deal of 

the engine power of the most seller vehicle, as it could constitute a deviation in the historical 

evolution of this characteristic. 

Afterwards, a relation between the power and mass will be made, in order to have an 

estimation of which cars are getting more powerful or less powerful for the same vehicle mass. 
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The calculation of the dioxide carbon’s emissions had to follow some pattern, in order to 

be compared, since in the decade of the 80´s it was not taken in account. The best way to do 

this is to consider always the complete combustion of the fuel.  

In these terms, admitting the combustion of a hydrocarbon fuel (such as petrol or diesel) 

in air, in ideal conditions results in: 

                                 CxHy  +  x+ 
y

4
  O2→ xCO2+ 

y

2
 H2O                                                                (1) 

CxHy is the fuel (a compound of carbon and hydrogen); 

O2 is oxygen from the air; 

CO2 is carbon dioxide; 

H2O is water; 

This results that all the carbon from the fuel is transformed in carbon dioxide. With the 

chemical formula of gasoline and diesel CxH2.8x and the mass balance on carbon, leads to: 

                         
(x. 44g mol CO2 )

13,8.x g mol fuel 
=

3,2 gCO2

gfuel
                                                                               (2) 

The exact atomic weight of CO2, 44g/mol, varies by very small amounts and it serves no 

useful purpose to be more precise than this. 

Calculating directly from FC (l/100km) and using the volumetric density of the fuel ρ
fuel

 

(g/l of gasoline or diesel) it leads to: 

                     
 
3,2 gCO2

gfuel
 × ρ

fuel
×FC 

100
                                                                                         (3) 

In practice, the fuel combustion does not proceed according to the ideal equation; some 

of the carbon is incompletely oxidised and is emitted as CO or carbon particles (PM), some fuel 

escapes combustion and is emitted as VOC, and NOX are produced because of the oxidation of 

nitrogen in the air and traces in the fuel itself.  

To determine the density of the gasoline and diesel, since there are a range of values 

for this characteristic, it was used an arithmetic average of the maximum and minimum value 

(Tables 8 and 9). 
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Table 8: Characteristics of gasoline (Diário da República, 1.ª série — N.º 104 — 30 de Maio de 

2008) 

  Limits  Test 
Method 

   

Characteristic Units Min. Max. EN 228 ASTM UNE  

Density 15ºC kg/m
3
 720 775 EN ISO 

3675 
D 1298 UNE EN ISO 

3675 

 

Table 9: Characteristics of diesel (Diário da República, 1.ª série — N.º 104 — 30 de Maio de 
2008) 

  Limits  Test 
Method 

   

Characteristic Units Min. Max. EN 228 ASTM UNE  

Density 15ºC kg/m
3
 820 845 EN ISO 

3675 
D 
4052 

UNE EN ISO 
3675 

Therefore, it results that: 

ρgasoline= 747,5 kg/m
3
 

ρdiesel= 832,5 kg/m
3
 

According to the type of fuel used, vehicles have different types of emission control 

system and their size range is large enough for the distinction of emissions by engine capacity 

(Meet 22, 1999). A control level of the emissions has had different legislations throughout the 

years. This means that the data for CO2 of each vehicle, along the years, followed different 

regulations. In addition, the European emission standards define the acceptable limits for 

exhaust emissions of new vehicles sold in EU member states. The emission standards are 

defined in a series of European Union directives staging the progressive introduction of 

increasingly stringent standards. 

Besides all the vehicles studied in the three B, C and E-segments, an historical 

evolution will be made on a hybrid electric vehicle (HEV). The question is which HEV to study.  

http://en.wikipedia.org/wiki/EU
http://en.wikipedia.org/wiki/Emission_standards
http://en.wikipedia.org/wiki/European_Union_directive
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The Toyota Prius is the world's first standard-production hybrid-electric vehicle so is the 

best choice to do an historical evolution (Figure 8). The Prius is meant to be a fully usable 

replacement for a family or fleet vehicle. It gains fuel economy (FE) through clever use of 

technology, rather than through downsizing, so it is a comfortable family car - no pitiful 

acceleration, shaking and rattling, or impossible-to-fit-in dimensions.  

 

 

Figure 8: Toyota Prius Hybrid 2008 

It is a vehicle with a gasoline ICE 1,5 litres and 4 line cylinders and an electric engine 

(Figure 9). 

 

Figure 9: Representation of an HEV (Wikpe et al., 1999) 

The Prius is not only efficient, but also extremely low-emission. The electronic controls 

that make up the Toyota Hybrid System allow Prius to run on electricity, gasoline, or a 

combination of both. The ratio of power provided by each system is constantly monitored, 

depending on speed and load, to keep the vehicle in its most efficient operating mode. This 

vehicle is not included in none of the segments previously described. 

With all the characteristics of the vehicles early referred, an average was made to have 

a representative car for each year.  

 

http://www.toyoland.com/prius.html
http://www.toyoland.com/prius.html
http://www.toyoland.com/prius.html
http://www.toyoland.com/prius.html
http://www.toyoland.com/prius.html
http://www.toyoland.com/prius.html
http://www.toyoland.com/prius.html
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2.2 DATABASE WITH THE MATERIALS OF EACH COMPONENT OF THE 

VEHICLE AND INCLUSION OF LIGHTWEIGHT MATERIALS  

To know all the material composition of the vehicle, in order to study the possible 

material changes, a transportation vehicle-cycle model named GREET was used.  

The Argonne National Laboratory developed a vehicle-cycle module for the Greenhouse 

gases, Regulated Emissions, and Energy use in Transportation (GREET). This fuel-cycle model 

has been cited extensively and contains data on fuel cycles and vehicle operations. The 

GREET model evaluates the energy and emission effects associated with vehicle material 

recovery and production, vehicle component fabrication, vehicle assembly, and vehicle 

disposal/recycling. With the addition of the vehicle-cycle module, the GREET mode provides a 

comprehensive, lifecycle-based approach to compare the energy use and emissions of 

conventional and advanced vehicle (A. Burnham et al., 2006) technologies (e.g. hybrid electric 

vehicles and fuel cell vehicles).  

In this transportation vehicle cycle model, the reference vehicles are an internal 

combustion engine vehicle (ICEV) and an hybrid electric vehicle (HEV) with the corresponding 

weights in Table 10. These vehicles are divided in subsystems (Table 11) and in these 

subsystems, all of its components are known, as well as the material composition. The fraction 

in the total weight of the vehicle of each system is presented in Table 12. Analysing this, the 

body system detains the highest percentage in the total weight of the vehicle, as well as the 

powertrain system, followed by the chassis system constituting the main target systems to 

decrease the total mass by material substitution. 

Table 10: Total Vehicle Weight Excluding Fuel (A. Burnham et al., 2006) 

Parameter ICEV HEV 

Total weight(kg) 1511 1275 

 

Table 11: Vehicle systems in an ICEV and HEV (A. Burnham et al., 2006) 

System ICEV HEV 

Body system X X 

Powertrain system X X 
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Transmission system X X 

Chassis system X X 

Traction motor  X 

Generator  X 

Electronic controller  X 

Batteries X X 

Fluids(excluding fuel) X X 

 

Table 12: Component Weight Breakdown (%) (A. Burnham et al., 2006) 

Component ICEV HEV 

Body 44,1 45,3 

Powertrain 25,7 17 

Transmission 6,3 7,2 

Chassis 23,9 24,5 

Generator 0 2,1 

Motor 0 2,1 

Controller/inverter 0 1,8 

 

When choosing the vehicles to follow historically, often many different versions 

appeared so the necessity to prove that different versions would not influence a great deal the 
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vehicles mass emerged. The versions, mainly, differ in the fuel system, fuel control, number of 

valves by cylinder and the lubrification system. Of course, that the vehicles of different 

versions can have other distinct features, but the ones more common are the ones referred. In 

these terms, since these characteristics are a part of the engine in the powertrain subsystem, 

and this subsystem is responsible for 25,7% of the total weight, it results that the engine will 

take part of 13,5% of total weight (Table 13). This way is justified that different versions will not 

make a big difference in the total weight of the automobile, resulting in a small influence in the 

historical evolution for each car. 

 

Table 13: Vehicle Component Weight of the Powertrain system (kg) (A. Burnham et al., 2006) 

Component ICEV %on total 
Weight 

HEV Source(s) 

Engine 204 13,5 110 ASCM 

Engine fuel storage system 54 3,6 54 ASCM 

Powertrain thermal 24 1,6 15 ASCM 

Exhaust 45 3,0 29 ASCM 

Powertrain electrical 10 0,7 10 ASCM 

Emission control electronics 10 0,7 2 ASCM 

Powertrain to body 10 0,7 10 ASCM 

Total Weight(kg) 1511 25,7 1275  

 

Since one of the ways to reduce fuel consumption (FC), through the weight of the 

vehicle, is by the substitution of conventional materials by lightweight (LW) materials, a need to 

know all the materials of each component of a vehicle appeared. Picking on the same reference 

vehicles, a definition of each subsystem is presented in Appendix 7.2. 
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From Table 14 to 16, the material composition of each component of the body, 

powertrain and chassis systems is presented as well as the proposal for the corresponding 

lightweight materials. 

Table 14: Material composition of the components of Body system (A. Burnham et al., 2006) 

Component Conventional Lightweight Source(s) 

Body    

Body-in-white 100% steel 100% CF ASCM 

Body panels 100% steel 100% CF ASCM 

Front/rear bumpers 100% steel 100% CF ASCM 

Body hardware 89.8% plastic 89.8% plastic 

 5.3% steel 5.3% steel Dismantling reports 

 2.3% rubber 2.3% rubber 

 2% copper 2% copper 

 0.6% glass 0.6% glass 

Weld blanks and  50% steel 50% wrought Al Dismantling reports and 
assumptions fasteners  

(electronics to body) 

 50% plastic 50% plastic 

Weld blanks and  50% steel 50% wrought A Dismantling reports and 
assumptions fasteners (other  

systems to body) 

 50% plastic 50% plastic 

Glass 100% glass 100% glass ASCM 

Exterior    

Paint 100% paint 100% paint ASCM 

Exterior trim 93.6% plastic 93.6% plastic Dismantling reports 

 4.3% steel 4.3% steel 

 1.5%rubber 1.5%rubber 

 0.6%organic 0.6%organic 

Sealers/deadeners 100% rubber 100% rubber ASCM 

Exterior electrical 59% plastic 59% plastic 

 41% copper 41% copper Dismantling reports 

Interior    

Instrument panel 46% steel 47% plastic 

 47% plastic 29% steel Dismantling reports 

 4% organic 19% magnesium 

 1% wrought Al 4% organic 

 1% rubber 1% wrought Al 

 1% magnesium 

Trim&insulation 67.2% plastic 67.2% plastic 

 29.6% steel 29.5% Al Dismantling reports 

 3.2% organic 3.2% organic 

 0.1% wrought Al 
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Door modules 65.3% plastic 65.3% plastic Dismantling reports 

 32.6% organic 32.6% organic 

 1.8% steel 1.8% steel 

 0.3% glass 0.3% glass 

Seating&restraint 58%steel 42% steel  

 39% plastic 39% plastic Dismantling reports 

 3% organic 16% wrought Al 

  3% organic 

HVAC 56.2% steel 56.2% steel 

(Heating, ventilation  21.5% wrought Al 21.5% wrought Al 

and air conditioning) 
 

 16.7% copper 16.7% copper Dismantling reports 

 2.4% plastic 2.4% plastic 

 2% rubber 2% rubber 

 0.5% zinc 0.5% zinc  

 0.7% other 0.7% other 

Interior electrical 59% plastic 59% plastic Dismantling reports 

 41% copper 41% copper 

Weld blanks and  50% steel 50% wrought Al Dismantling reports and 
assumptions fasteners 

 (interior to body) 

 50% plastic 50% plastic 

 

Table 15: Material composition of the components of Powertrain system (A. Burnham et al., 
2006) 

Powertrain Conventional Lightweight Source(s) 

Engine 50% cast iron 42% wrought Al Conventional:Muir 2005 

 and assumptions 

 30% wrought Al 27,3% steel Lightweight:Cuenca 
2005  
and assumptions 

 10% steel 12,6% cast iron  

 4,5% plastic 8,4% stainless 
steel 

 

 4,5% rubber 4,2% rubber  

 1% copper 4,2% plastic  

  1,3% copper  

Engine Fuel  100% steel 100% steel Cuenca 2005 

storage system 

Powertrain  50% steel 50% steel Dismantling reports  

thermal and assumptions 

 50% plastic 50% plastic  

Exhaust 99,985% steel 99,985% steel  

 0,0015% 0,0015% platinum Cuenca 2005 and  
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platinum assumptions 

Powertrain electrical 59% plastic 59% plastic Dismantling reports  

 41% copper 41% copper  

Emission control electronics 59% plastic 59% plastic Dismantling reports 

 41% copper 41% copper  

Weld blanks and fasteners 100% steel 100% wrought Al Dismantling reports  

and assumptions 

(powertrain to body)    

Transmission(ICEV) 30% steel 30% steel Muir 2005 and  

assumptions 

 30% wrought Al 30% wrought Al  

 30% cast iron 30% cast iron  

 5% plastic 5% plastic  

 5%rubber 5%rubber  

Transmission(HEV) 60,5% steel 60,5% steel Dismantling reports 

 20% wrought Al 20% wrought Al  

 19% copper 19% copper  

 0,3% organic 0,3% organic  

 0,2% plastic 0,2% plastic  

Table 16: Material composition of the components of Chassis system (A. Burnham et al., 2006) 

Chassis Conventional Lightweight Source(s) 

Cradle 100% steel 100% glass fiber composite ASCM 

Driveshaft/axle 100% steel 100% cast Al ASCM 

Differential 100% steel 100% steel ASCM 

Corner 
suspension 

100% steel 100% cast Al ASCM 

Braking system 60% iron 60% iron  

 35% steel 35% steel Cuenca 2005 

 5% friction 
material 

5% friction material 

Wheels 100% steel 100% cast Al ASCM 

Tires 67% steel 67% steel Muir 2005 and 
assumptions 

 33% rubber 33% rubber 

Steering system 80% steel 80% steel  

 15% wrought Al 15% wrought Al Cuenca 2005 

 5% rubber 5% rubber  

Chassis electrical 59% plastic 59% plastic Dismantling reports 

 41% copper 41% copper 

Weld blanks and  100% steel 100% wrought Al Dismantling reports 

fasteners 
(chassis  
to body) 

Generator 36,1% steel 36,1% steel Dismantling reports 

 36,1% cast Al 36,1% cast Al 

 27,3% copper 27,3% copper 
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Motor 36,1% steel 36,1% steel Dismantling reports 

 36,1% cast Al 36,1% cast Al 

 27,3% copper 27,3% copper 

Controller/inverter 5% steel 5% steel Dismantling reports 

 47% cast Al 47% cast Al 

 8,2% copper 8,2% copper 

 3,7% rubber 3,7% rubber 

 23,8% plastic 23,8% plastic 

 12,3% organic 12,3% organic 

 

With this type of information and the weight component breakdown of each system, the 

next step is to study what will happen to the fuel consumption if the lightweight materials were 

incorporated in the vehicle. A prevision of the weight reduction of the automobile by material 

substitution is presented in Table 17. Therefore, approximately a 13% of weight reduction is 

expected to happen for a LW automobile, in this case for an American gasoline vehicle. 

Table 17: Material composition of the average new gasoline vehicle after material substitution 
(Cheah Lynette et al, 2007) 

Material In 2006, kg In 2035, kg 

Steel 929 670 

Iron 168 82 

Aluminum 142 323 

Plastics/composites 131 137 

Rubber 76 61 

Glass 50 40 

Other metals 55 44 

Other materials 65 52 

Total 1616 1408 
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For an average vehicle, about three-quarters of its weight are incorporated in its 

powertrain, chassis, and body and the bulk of this is made of ferrous metals. Other major 

materials found in an average automobile include aluminium and plastics or composites, as 

already shown in Table 17. The use of aluminium and high-strength steel (HSS) as a 

percentage of total vehicle mass has been increasing over the past two decades, while the use 

of iron and mild steel has been declining (On the Road in 2035, July 2008). 

The best materials to substitute some part of the fraction that steel and iron occupy in 

the vehicle weight distribution are therefore aluminium, high strength steel (HSS), advanced 

high strength steel (AHSS), carbon fibber composites (CF), magnesium and titanium. In Table 

18, are presented some properties and relative cost per part of all the referred materials except 

for titanium and AHSS. Also in Appendix 7.3, examples of studies on lightweighting body 

structures of aluminium and reinforced steels are presented. 

Table 18: Properties and prices of alternative lightweight automotive materials (On the Road in 
2035, July 2008) 

Material Density g/cm
3 

(relative) 
Yield 
Strength, 
MPa 

Tensile 
Strength, 
MPa 

Elastic 
modulus, 
GPa 

Relative 
cost per 
part 
(Powers 
2000) 

Mild steel 7,86 (1,00) 200 300 200 1 

High strength 
steel (A606) 

7,87 (1,00) 345 483 205 1,0-1,5 

Iron (D4018) 7,10 (0,9) 276 414 166 - 

Aluminium 
(AA6111) 

2,71 (0,34) 275 295 70 1,3-2,0 

Magnesium 
(AM50) 

1,77 (0,23) 124 228 45 1,5-2,5 

Carbon Fibber 
and Glass 
Fibber 

1,57 (0,2) 200 810 190 2,0-10,0 
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2.2.1 ALUMINIUM 

This is the primary non-ferrous metal known as lightweight material. It can substitute 

cast iron and mild steel, depending on the type of application in the vehicle itself. Wheels, 

engine cylinder heads, suspension arms, transmission cases, steering knuckles and engine 

blocks are the leading consumers of aluminium, listed by order of part of volume according to 

Ducker Worldwide. Another application for Aluminium can be for closures and for various 

structural and chassis applications. According to The Aluminium Association, the number of 

closure programs globally has risen 14% since 2006. In addition, hoods and decklids offer a 40 

to 50% of weight saving over the comparable steel part. These parts are logical targets for 

cutting weight, as are large panels. Steel doors with extruded-aluminium side-impact beams can 

also be used, as exterior panels constituted by stamped aluminium sheet. Another application 

can be in the suspension and driveline components, along with a final assault on the remaining 

25% of engine cylinder blocks still in cast iron. Even as a percentage of average vehicle curb 

weight, this material reaches an all time high at 8,7% in 2009. Aluminium’s value as a mass-

fighter will continue to grow through more closure-panel application and a continued conquest of 

chassis and powertrain components with an expected percentage of 10,4 in 2020 (Brooke, 

Lindsay et al, March 2009). 

A concrete example of the use of Aluminium is Audi, with its pioneered weight-saving 

technology 10 years ago, with aluminium bodies, which are two-thirds lighter than conventional 

steel. It is alloyed with magnesium and silicon for additional strength. (Reino Gevers, 2008). 

The Audi engineers calculated that by reducing a car's weight by 100 kilogram’s, fuel 

consumption was improved by about 0.3 litres per 100 kilometres, emitting between 7.5 and 

12.5 grams less carbon dioxide into the atmosphere per kilometre. The latest Audi Space 

Frame architecture introduced on the 2008 TT models is an aluminium/steel hybrid, that cuts 

weight by around 100 kg compared with the previous all steel structure. The frame sections vary 

in type, size, and thickness depending on the load. 

Various methods are used to bond aluminium and steel components, which sometimes 

represent a problem, such as punch riveting, clinching, adhesive bonding and laser welding, 

which for example eliminates galvanic corrosion. In addition, the cost is still an obstacle to 

producing more aluminium cars. Probably if the aluminium industry was willing to sign long-term 

supply contracts that would prevent the volability of the price of Aluminium, carmakers would 

look harder at using aluminium. 
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2.2.2 HIGH STRENGTH STEEL  

High Strength Steel (HSS) is a low-alloy steel compounded by carbon-manganese, 

bake hardenable and high-strength interstitial-free. HSS provides strength and stiffness with 

favourable mass to cost ratios and they allow high-speed fabrication. In addition, exhibits 

excellent corrosion resistance when coated, high-energy absorption capacity, good fatigue 

properties, high work hardening rates, aging capability, and excellent paintability, all of which 

are required by automotive applications. These characteristics, plus the availability of high 

strength steels in a wide variety of sizes, strength levels, chemical compositions, surface 

finishes, and various organic and inorganic coatings have made sheet steel the material of 

choice for the automotive industry. These materials are desirable for dent resistance, increased 

load carrying capability, improved crash energy management, or for mass reduction through a 

reduction in sheet metal thickness, or gauge. Also can be combined with aluminium in car’s 

body shells and used in the rear to balance weight distribution. 

2.2.3 ADVANCED HIGH STRENGTH STEEL 

Nowadays, an arising material is the advanced high strength steel (AHSS), including 

martensitic, boron and dual-phase materials. 

According to the Ford’s Manager of Materials Research, Matthew Zaluzec, AHSS allows 

to take up to 15% of the weight out of a steel body structure mean, while optimizes the overall 

body architecture and improves the strength to weight ratio of crash-critical areas such as 

rockers, sills, crossmembers and bulkheads. 

Combined with aluminium, there’s a forecast that 113 kg and 9 kg of aluminium will 

replace 157 kg of mild steel for upcoming body bumper and closure applications as also in the 

last two years AHSS has grown 16,5% per year according to Dick Schultz, Project Consultant 

with Ducker Worldwide which analyses automotive materials trends and technologies. 

One of the big disadvantages of this material is the higher cost when compared with the 

conventional HSS, and their value relative to Aluminium is determined by formability as on part 

geometry. Moreover, this material in some parts can be difficult to form and to produce.  

AHSS are not a big candidate for closures or large body parts as aluminium, but they 

can cost less that the equivalent aluminium part,  but only in rare expectations can they save 

much weight. 

In addition, Honda’s 2009 Insight hybrid uses this material combined with HSS for the 

body structure rather than a high proportion of light metals, in an effort to achieve a good 

proportion between cost, safety and weight. Chrysler vehicles also employ approximately 20-

30% HSS which will arise to 60% by 2012, as well as AHSS in body shells expected to 
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accomplish 30% by 2010 (Brooke, Lindsay et al, March 2009). There is a general tendency to 

increase the percentage of this material for the body-in-white. The steel industry documents 

that vehicle mass can be reduced by 25% through the application of modern high strength and 

AHSS. 

2.2.4 CARBON FIBBER COMPOSITE 

Carbon Fibber (CF) structures allow a lightweight design to be realised with structural 

mass savings of up to 40 % compared to corresponding aluminium designs, and up to 60 % 

compared to steel. Crashworthiness is the second improvement associated with CF body 

structures. This point can be viewed from two different perspectives. Advanced composite 

materials exhibit excellent mechanical properties for crash energy management in terms of their 

capabilities for specific energy absorption, maintenance of low peak crash loads, and design 

flexibility (ability to tune the structural performance through ply lay-ups and material orientation). 

Low-cost RTM (resin transfer moulding) integral crash structure designs are in the final 

development phase by ATR R&D, with a 40 % weight saving compared to aluminium 

alternatives. CF is also the material of choice in terms of survival cell strength. Unlike metallic 

structures, survival cells made of carbon fibber usually experience very small deformations 

during crash events. Usually, only the area of direct impact shows evident damage: in many 

cases, drivers have been able to survive car crashes taking place at more than 200 km/h 

without major injuries due to the CF construction of the passenger compartment. CF is the 

material of choice for the lean design of body structures at the product and/or moulding 

equipment level, as well as in corrosion resistance and service life durability. The principles of 

the latest innovation in advanced composite body manufacturing technology are composite 

space frame architecture developed by Italian automotive composites specialist ATR group. 

This new approach creates a cost-effective alternative to metallic body structure designs. 

Future market trends clearly show an increased demand for CF body structures for the 

lightweight design of niche and high-performance vehicles as well as for lightweighting vehicles. 

With the increase in production volumes and CF usage, significant reductions are expected in 

the entry-level price of carbon fibber body structures. This is putting pressure on the advanced 

composite industry to respond by developing new processing technology (Strambli, Giulio 

2006). 

An example of the use of this material is the plastic and carbon fibber composite roof 

panel of the new BMW M3. It cuts weight and lowers the centre of gravity when compared to the 

conventional steel roof. Carbon fibber costs and volume demands by the aerospace industry 

ensures the strong, lightweight composite to remain a niche material for premium vehicle 

applications in the near to mid-term future (Brooke, Lindsay et al, March 2009). 
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2.2.5 MAGNESIUM 

Another attractive lightweight alternative metal is magnesium. With high specific 

strength and a lower density among all the structural alloys, the magnesium alloys offer big 

potential in structural applications where systems mass reduction is critical. The combination of 

thermal and mechanical strength, casting, corrosion behaviour and creep resistance makes it 

an appealing material also. A major drive for the increased use of this material has been 

refinements in alloys processing and composition, with new approaches to component design. 

Long term used for wheels, this material is finding more creative applications in recent 

years, for example for BMW’s magnesium/aluminium engine block for the latest versions of the 

company’s signature inline six-cylinder engine. Less 13,6 kg from the cast engine block were 

taken off by the use of lightweight magnesium. Another application is for the dashboard 

bulkheads in the Mini Cooper, BMW X5 and Rolls-Royce Phantom models as for the 

suspension arms in F430 Scuderia (Carney, Dan, August 2008). 

 

2.2.6 TITANIUM 

This exotic material can also be used to trim weight from cars. With its unique 

combination of strength, light weight, corrosion resistance and other metallurgical properties, 

titanium is used in hundreds of diverse aerospace, industrial and emerging applications where 

no other metal is as reliable or economical, especially on a lifecycle costing basis.  

The F430 Scuderia uses titanium for suspension springs and nuts that secure its wheels 

to the hubs. A bigger contribution is expected according to Kurt Faller, Managing Partner of 

Faller Consulting Group, who headed the automotive division of TiMET. This is the world's 

largest supplier of high quality titanium metal products. TiMET dissolved its automotive effort 

because of the excessive demand from the aerospace sector. The main application for titanium 

in the automobile industry is for suspension springs, valve springs, valves, connecting rods, and 

exhaust systems. For example, a titanium valve is 60-65% the mass of a hollow steel valve. 

Another future application can be diesel turbo compressor wheels, because of the 

increasing amount of exhaust gas recirculation needed to meet more stringent emissions 

regulations, which leads to boosting exhaust gas temperatures. The obstacle to wider-spread 

use of titanium is the volatility of its pricing. 

 

To sum up, there is not a greater need to many more new steels or materials. The key 

is more engineering work in forming and joining and recovery on the current parts. In the drive 
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to optimize vehicle mass and structural integrity, topology modelling tools are being used, in 

order to identify which zones have the highest strain and to determine critical-load paths in the 

vehicle to aim a better lightweight material choice. 

 

2.3 VEHICLE LIGHTWEIGHTING SAFETY 

 

An area in discussion is keeping safety while lightweighting the vehicle. According to 

Cheat, Lynette et al, 2007, it is possible to design and build small vehicles with similar 

crashworthiness as larger and heavier ones. By reinforcing the structural stiffness of the vehicle 

at critical points, including side airbags, and introducing crumple zones to absorb energy in case 

of a collision, automakers are already making smaller cars that protect their occupants better. 

Crash-critical areas such as rockers, sills, crossmembers and bulkheads can be made of the 

lightweight AHSS that represents a big improvement in terms of a higher tensile strength. The 

use of new materials, such as aluminium and some composites designs, can also offer superior 

cash energy absorption also. The reality is, it is size, not weight, that helps protect drivers from 

impact during a crash. 

Statistics show that if two vehicles with the same NHTSA (National Highway Traffic 

Safety Administration) full frontal rating crash into each other head on, but one vehicle weights 

twice as much as the other, the occupants of the lighter one (909 kg) are eight times more likely 

to be killed than the occupants of the heavier vehicle (1818 kg). However, vehicle weight offers 

no safety advantage or disadvantage in single-vehicle crashes. Crash test results should not be 

compared among vehicles with large weight differences (more than 15%). In addition, different 

engine, transmission, and accessory option packages can make a big difference 

(http://www.safecarguide.com/exp/weight/idx.htm, last accessed April 2009). 

Moreover, aside from the crashworthiness of the vehicle and driver safety, there are 

other facets of the traffic safety discussion to be considered, including rollover risk, 

aggressiveness of vehicles to other road users, and vehicle crash compatibility. 

  

http://www.nhtsa.dot.gov/
http://www.safecarguide.com/exp/weight/idx.htm


 

31 
 

2.4 ADVISOR 

The fuel consumption of a vehicle can be simulated, if the behaviour of each component 

is known to an adequate degree of accuracy. The software used for this purpose is called 

ADVISOR (ADvanced VehIcle SimulatOR). This software was developed by the National 

Renewable Energy Laboratory (NREL). ADVISOR is a backward facing simulation. This means 

that for every time instant of a drive cycle, the required torque and rotational speed are first 

calculated at the wheels and subsequently traced all the way to the engine. It simulates vehicle 

performance on standard driving cycles. The code is based on the Matlab Simulink environment 

(Emmanuel P. Kasseris, April 2007). ADVISOR was developed as an analysis tool, and not 

originally intended as a detailed design tool. Its component models are quasi-static, and cannot 

be used to predict phenomena with a time scale of less than a tenth of a second or so. Physical 

vibrations, electric field oscillations and other dynamics cannot be captured using ADVISOR, 

however recent linkages with other tools such as Saber, Simplorer, and Sinda/Fluint allow a 

detailed study of these transients in those tools, with the vehicle level impacts linked back into 

ADVISOR. The version used was from the year 2002. This software does not take in account 

any type of material definition. The idea is to change the variables concerning the mass of each 

system, having some type of material data basis. 

All vehicles, previously referred, are going to be simulated in this software. In Figure 10, 

a vehicle input screen is present. The parts in white are the ones that can be change. 

 

Figure 10: ADVISOR vehicle input screen 
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The drive cycle that will be used is NEDC cycle, previously defined in Section 2.1. In 

Figure 11, the characteristics of this cycle as time, distance, accelerations are indicated and in 

Figure 12, the initial conditions for the simulation run. These characteristics were maintained 

constant for every simulation. 

 

Figure 11: NEDC cycle statistics in ADVISOR 

 

Figure 12: Initial conditions for simulation run in ADVISOR 
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The type of simulation or the simulation parameters can be defined in the simulation 

parameters view screen, presented in Figure 13. For example for a parametric study, which is 

characterized by the study of one or maximum three parameters of the vehicle in a certain 

range, it results on a view result screen in Figure 14. It represents the variation of a certain input 

variable with the FC. As in Figure 15, the simulation result gives the combined fuel consumption 

according to the drive cycle chosen. 

 

 

 

Figure 13: Simulation parameters in ADVISOR 
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Figure 14: Result view screen of the relation between FC and the vehicle mass 

 

 

Figure 15: Result screen for fuel consumption in a drive cycle 

 

In order to study the maximum suitable reduction of weight, the parameters, which 

contribute for the total mass of the vehicle, needed to be known. Therefore, the subsystems in 

this software that can be changed in terms of mass are: 
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 Vehicle. 

 Fuel converter. 

 Exhaust aftertreat. 

 Transmission. 

 Wheel axle. 

For each subsystem, the input variables are defined in the following Tables 19 to 23. 

Table 19: Vehicle input variables in ADVISOR 

Name Type Units Vehicle 
Type 

Description 

veh_glider_mass scalar kg All mass of the vehicle without 
components 

veh_mass scalar kg All test mass, including fluids, 
passengers, and cargo 

veh_cargo_mass scalar kg All cargo mass 

 

Table 20: Fuel Converter input variables in ADVISOR 

Name Type Units Vehicle 
Type 

Description 

fc_mass scalar kg All mass of the fuel converter and fuel 
system 

fc_base_mass scalar kg All mass of the base engine 

fc_acc_mass scalar kg All mass of engine accessories such as 
turbo, radiator, SLI battery, etc. 

fc_fuel_mass scalar kg All mass of fuel and fuel tank 
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Table 21: Exhaust system input variable in ADVISOR 

Name Type Units Vehicle Type Description 

ex_mass scalar kg All total mass of the exhaust system 

 

Table 22: Transmission input variables in ADVISOR 

Name Type Units Vehicle 
Type 

Description 

tx_mass Scalar kg all mass of the transmission=gb_mass+fd_mass 

gb_mass Scalar kg all mass of the gearbox (transmission and control 
boxes without fluids) 

 

Table 23: Wheel input variable in ADVISOR 

 

 

 

To have an idea what type of numerical changes were doable, all the materials of the 

components of the vehicle needed to be known (Section 2.3), as well as the corresponding 

weight and percentage on the total mass of the vehicle presented in Table 24.  

Table 24: Weight of the components of the ICEV and HEV suitable to be lightweighted 

 Weight 

(kg) 

%on the total 

weight ICEV 

%on the total weight 

HEV 

Body    

BIW 249,6 16,5 19,6 

Body Panels 79,7 5,9 6,25 

Front/rear bumpers 10,0 0,7 0,8 

Chassis    

Name Type Units Vehicle Type Description 

wh_mass scalar kg All total mass of all wheels 
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Cradle 29,9 2,0 2,34 

Driveshaft/Axle 73,8 4,9 5,8 

Corner suspension 40,8 2,7 3,2 

Weld blanks and 

fasteners(chassis to body) 

10,0 0,7 0,7 

Total 493,8 32,7 38,7 

Engine 204/110 13,5 8,6 

Total Weight (kg)  1511 1275 

 

Since this software does not take in account any type of material specification, the only 

way to introduce the change of materials is by altering these input parameters and analyse what 

type of results occur. This implies that the input variables of the ADVISOR must be related to 

the components described in the GREET fuel cycle. 

Taking an example simulation in a conventional car found in the ADVISOR database, 

the glider mass (mass of the vehicle without components) corresponds to sum up of the body 

plus the chassis in the GREET model and the fuel converter base mass to the engine, as similar 

percentages on the total weight of the vehicle were encountered (Table 25).  

Table 25: Correspondence between ADVISOR and GREET software  

 Designation %on the 

total weight  

Designation %on the total weight  

ADVISOR Glidermass 64,4 fc_base_mass 14,3 

GREET Body+Chassis 68 Engine 13,5 

Knowing the correspondence between components on the two supporting softwares 

and the respective percentages on the total weight, the weights of the conventional components 

of the body and chassis on ADVISOR software were calculated with the glider mass of each 

simulated vehicles. The need to take this path emerged to calculate the new lightweight of the 

each component, as carbon fibber and aluminium are indicated as substitute lightweight 

materials (Table 15) and introduced in ADVISOR. 

With this idea in mind, keeping the volume of the components of the car and only 

applying material substitution, two approaches will be made: 

Case 1: Using the GREET assumptions for the lightweight materials on body and 

chassis, and considering that for the engine all the cast iron and steel will be replaced 

by aluminium (Table 15); 
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Case 2: Using Aluminium as substitute material for the body-in-white and keeping the 

assumptions for the LW body and chassis given by GREET fuel cycle, and the same 

material proposal for the engine in Case 1. 

The idea is for the same volume, knowing the material’s density, the component weight 

and the lightweight material density also, calculate the corresponding weight for the lightweight 

material (Table 18). The other potential materials AHSS, HSS, magnesium and titanium will not 

be simulated because the weight reduction is achieved with a combination of component 

downsizing, changing the thickness of the glider mass as well as combining different materials. 

So the other two main features feasible to cut off weight, the vehicle redesign and component 

downsizing, will not be simulated. Other factor that will not be taken in account is the cost of the 

automobile, when materially changed. 

The variables that were maintained constant during simulation were: 

 Cargo mass of 70 kg, which represent the average weight of a person. 

 Number of cycles: 1. 

 Wheel/Axle’s characteristics. 

 Accessory’s characteristics. 

 Transmission: manual gearboxes for the all the studied vehicles and an electric 

continuously variable transmission (CVT) for the Toyota Prius. 

 Powertrain control’s characteristics. 

For the gasoline and diesel vehicles, the fuel density was also changed, in order to 

correspond to the values in Tables 8 and 9. 

To simulate every segment’s vehicles and the HEV in ADVISOR, the engine size and 

power were changed. It was considered the representative automobile for 2008 in all segments 

(Table 26).  

Table 26: Characteristics of the vehicles simulated in ADVISOR 

Segment Fuel Type Engine size (Litres) Power(kW) Glider mass(kg) 

B Gasoline 1,148 53 592 

B Diesel 1,5 62 592 

C Gasoline 1,4 65 618 
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C Diesel 1,9 78 618 

E Diesel 2,148 126 1000 

Toyota Prius Gasoline 1,5 57 918 

Two types of simulation were made. The first one to correlate the FC with the total 

vehicle mass and the second one to calculate the combined consumption in the NEDC drive 

cycle. 

The brake power required by the engine is calculated by the following formula: 

𝑃 𝑡 =
1

𝜂
 

1

2
𝜌𝑎𝐶𝑑𝐴𝑓𝑣

2 + 𝐶𝑓𝑀𝑔 cos𝜃 + 𝑀𝑔 sin𝜃 + ((𝑘𝑚 − 1)𝑀𝑐 + 𝑀)𝑎 𝑣 + 𝑃𝑎𝑐      4  

where  is the transmission efficiency, a is the vehicle acceleration, Af is the vehicle 

frontal area, Cd is the drag coefficient, Cr is the rolling resistance coefficient, km is the rotational 

inertia coefficient higher or equal to one, g is the acceleration due to gravity, M is the loaded 

vehicle weight, Mc is the vehicle curb weight, Pac is the average power consumption of vehicle 

accessories,  is the road grade and a is the air density. The FC is proportional to the brake 

power. Therefore, this software calculates the FC using the brake power and the fuel converter 

efficiency map of a vehicle (an example in Figure 16). When the power of vehicle is changed, 

ADVISOR readjusts this fuel converter map with a corrective factor that equals the relation 

between the maximum power brake to simulate and the brake power in the database. 

 

Figure 16: Fuel converter efficiency map for a SI engine in ADVISOR 
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With the change of the power, the fuel converter base mass or the engine mass also 

change being calculated in the software,  according to the presented equation: 

fc_mass=fc_base_mass+fc_acc_mass+fc_fuel_mass=1,8*Power+0,8*Power+0,6*Power       (5) 

This means, that by simulating the vehicles in Table 26, the power of the database 

vehicles will be change, so the fuel converter mass will also be change. One of the limitations of 

the ADVISOR, is the non-correction on the total weight of the vehicle when lightweighting the 

fuel converter mass. To correct this situation, the correlation between the fuel consumption and 

the weight of the simulated vehicles without material substitution was done first. With the 

mathematical correlation given by ADVISOR and calculating on an Excel sheet, the lightweight 

of the simulated vehicles in Case 1 and Case 2, the fuel consumptions were calculated and 

afterwards compared with the ones given by the program, when introducing the lightweight 

engine and glider mass. Since sometimes the software does not correct the vehicle’s mass 

when changing the weight of the input variables, to assure that the correct lightweight was being  

introduced, the mass was always overrided in the ADVISOR input screen (Figure 10). This 

override value was calculated in a separated Excel worksheet, knowing the previous weights of 

the glider mass, engine, its corresponding percentages on the total weight, as well as applying 

numerical the material substitutions in the two Cases.  
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2.5 FUTURE CASE SCENARIOS  

With the historical evolution of the vehicles considered and the simulation of the same 

vehicles in ADVISOR, all the conditions were reunited to estimate the trendline for the mass, 

fuel consumption and the grams/km of CO2. The trendlines will be represented by dot lines, until 

reaching to a reference forecast year. The year of 2035 was the chosen on, in the means that 

most of the outcoming and recent studies focus in this year. Another future year could have 

been picked, as there is not any characteristic, in terms of the introduction of new materials or 

new propulsion systems, which is supposed to enter the market in the next following years. 

To build the future baseline scenarios a readjustment had to be made, since there is a 

difference between the data obtained in ADVISOR and the ones in the historical evolution, 

probably due to different efficiency maps for each engine simulated and different vehicle 

characteristics. Therefore, a proportion was made between the weight and FC of each car 

simulated in ADVISOR without any change and when was applied material substitution. 

Afterwards, this proportion was applied to every vehicle of 2008 in the historical evolution, in 

order to estimate the future scenarios, as seen in Figure 17 scheme. The CO2 emissions were 

calculated again using the FC, to keep the same line of thought. 

 

Figure 17: Methodology to build future scenarios  
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3. CASE STUDIES 

Throughout the study of the historical evolution, a lack of characteristics data often 

seem to be a problem, so some decisions had to be made concerning the vehicles to study. 

For the gasoline vehicles studied, the starting year was always 1985, but for the others 

the year could not be the same. In B-Segment diesel automobiles, the take-off year was 1988 

with only one vehicle until 2000, and afterwards with the all sample. As for C-Segment diesel 

vehicles, since only one car was studied as explained forward, the starting year is 1993, 

following the E-Segment the same year. The first hybrid was built in 1997, constituting the base 

year for the historical evolution until nowadays. 

B-Segment 

Gasoline 

In Table 27, is presented the studied gasoline vehicles in B-Segment. The study sample 

was reduced to eight vehicles. 

Table 27: Studied gasoline vehicles in B-segment 

1 Renault Clio II 1.2 16V Expression 5p 

  

2 Opel Corsa 1.2 16V Comfort 5p 

  

3 Volkswagen Polo 1.2 Confort 65CV 5p 

  

4 Peugeot 206 1.1 Color Line 5p 

  

5 Citröen C3 1.1 I SX 5p 

  

6 Fiat Punto 1.2 60 Active 5p 

  

7 Toyota Yaris 1.0 Terra 5p 

  

8 Seat Ibiza 1.2 12V Passion 5p 

  

9 Honda Jazz 1.2 LS AC 5p        X 

10 Ford Fiesta 1.4 Duratec Ghia 5p        X 
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The ninth vehicle was not taken in account, as there was a lack of information and the 

vehicles that could take his place had a bigger engine size, and would not lead to a good 

historical evolution. 

The tenth vehicle has a bigger capacity, comparing to the others sold vehicles. This 

result, if the main criterion was to maintain as possible an engine size constant, this vehicle 

would represent a deviation of the average capacity. All the characteristics of the eight vehicles 

studied are presented in Appendix 7.4. 

With this vehicle sample, a good historical evolution was obtained. 

Diesel 

All the most sold diesel vehicles in B-Segment were studied, even if with different 

capacities, as the Opel Corsa, that is the second one most sold (Table 28). The corresponding 

vehicle characteristics are illustrated in Appendix 7.5. 

Table 28: Studied diesel vehicles in B-segment 

1 Renault Clio II 1.5 DCI Expression 5p 

  

2 Opel Corsa 1.7 DTI Comfort 5p 

  

3 Volkswagen Polo 1.4 TDI Highline 5p 

  

4 Citroën C3 1.4 HDI SX 5p 

  

 

C-Segment 

Gasoline 

All the early referred gasoline vehicles of C-Segment were tracked historically, as presented in 

Table 29 and its studied characteristic in Appendix 7.6. 

Table 29: Studied gasoline vehicles in C-segment 

1 Volkswagen Golf 1.4 25 Anos 5p 

  

2 Ford Focus 1.4 Wagon Comfort 5p 
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3  Toyota Corolla 1.4 H/B Sol 5p 

  

4  Renault Megane 1.4 16V Scenic Conquest 

  

5  Opel Astra 1.4 16V Caravanclub 5p 

  

6  Citröen Xsara 1.4 I SX 5p 

  

 

Diesel 

The following Table 30 shows the considered vehicles, for the historical evolution in the C-

Segment diesel automobiles. 

Table 30: Studied diesel vehicles in C-Segment 

1 Peugeot 307 1.4 HDI Break XS Premium 5p         X 

2 Volkswagen Golf 1.9 TDI Generat 5p 100 

  

 

The Peugeot 307 wasn’t studied, just to have an idea what was the evolution for a car 

with a bigger engine capacity, as for the B-Segment the average capacity is about 1,5 litters. 

There was also a lack of information to follow this car historically. There is not a great contrast 

between the number of cars sold of each label, so the Volkswagen Golf represents a good 

sample and in the year of 2001, was the most sold diesel vehicle in this segment (ACAP, 2001). 

The characteristics for this vehicle are presented in Table 31. 
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Table 31: Characteristic’s of the studied diesel vehicle in C-Segment 

Year Mass(kg) Power(kW) 0-100 

km/h(s) 

FC CO2(g/km) Power/ 

Mass 

(W/kg) 

Capacity 

(cc) 

1993 1235 47 14,2 7 187 38,1 1896 

1997 1165 51 13,1 6,3 168 43,8 1896 

2003 1280 78 11,3 5,8 155 60,9 1896 

2006 1162 78 11,3 5 133 67,1 1896 

2008 1250 78 12,1 4,5 120 62,4 1896 

 

E-Segment diesel 

Table 32: Studied diesel vehicle in E-segment 

Mercedes E 220 CDI 4p 

 

 

Year Mass 

(kg) 

Power 

(kW) 

0-100 km/h(s) FC CO2 g/km Power/ 

Mass 

Capacity(cc) 

1993 1400 71 16,3 7,5 200 50,7 2155 

1999 1600 85 12,5 6,7 179 53,1 2148 

2002 1610 110 10,4 6,9 184 68,3 2148 

2005 1610 110 10,1 6,2 165 68,3 2148 

2008 1615 126 8,4 6,4 171 78,0 2148 

 

As this was the only vehicle in the E-Segment (Table 32), there was not any other choice than 

studying it. 
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HEV- Toyota Prius 

For the hybrid electric vehicle, the characteristics are presented in the following Table 

33. 

 

Table 33: Characteristics of Toyota Prius 

Year Mass 

(kg) 

Combined 

Power 

(kW) 

ICE 

(kW) 

Electric  

(kW) 

0-100 

km/h 

(s) 

FC CO2 

(g/km) 

Power/ 

Mass 

Engine 

Size (L) 

1997 1250 56 43 30 10,9 4,2 100 44,7 1,5 

2001 1300 65 52 33 10,9 5,1 122 50,3 1,5 

2008 1330 81 57 50 10,9 4,8 115 61,1 1,5 
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3.1 EVOLUTION OF THE ENGINE SIZE 

 

The evolution of the engine size for all the considered vehicles is presented, in the 

following Figure 18. 

 

Figure 18: Historical evolution of the engine size since 1985 until 2008 

For all the segments, except for the B-Segment Diesel, the capacity of the engine did 

not suffer a great deal of floating, which shows that it is a good choice for criterion to maintain  

the engine size constant.  

For the B-Segment Diesel, some floating was observed because of the little differences 

between the engine size of the sample considered (Table 28). Even so, for all the segments 

from the year 2001, the engine capacity remains without a big float. 
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3.2 EVOLUTION OF ACCELERATION TIME FROM 0-100 KM/H 

 

In Figure 19, the historical evolution of acceleration time of the studied vehicles is 

presented. 

 

Figure 19: Historical evolution of the acceleration time from 0-100 km/h since 1985 until 2008 

For the B-Segment Diesel, the main tendency is to have faster vehicles with a decrease 

of approximately 20% on the acceleration time. As for the gasoline vehicles of this segment, the 

tendency is to maintain the acceleration constant (approximately 15 seconds) since 2000, even 

if with some floats in the beginning years. 

The C-Segment Gasoline has a similar evolution as the B-Segment Gasoline, with the 

main difference that this group of vehicles are approximately 9% faster when compared to the 

early years. The C-Segment Diesel vehicle has had the tendency to get more faster, even if in 

the last year of 2008 suffered a little rise to 12 seconds. 

Historically, the E-Segment has become 50% faster and faster getting to almost 8 

seconds nowadays. 

As for the Toyota Prius, this characteristic has been kept constant since 1997. 
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3.3 EVOLUTION OF THE FUEL CONSUMPTION 

 

The fuel consumption evolution for all the segment’s vehicles considered, as well the 

HEV, is shown in Figure 20. 

 

Figure 20: Historical evolution of the FC since 1985 until 2008 

Generally, for all the segments studied, the tendency is the decreasing of the FC. The 

B-Segment Gasoline is characterised by some floating in the number of litres consumed, but the 

main tendency is to be constant since 2005, with a FC of 5,7 l/100km. For the diesel vehicles of 

the same segment, the FC values do not experience a great change since 2001, with an 

average of 4,6 l/100km.  

In the C-Segment Gasoline passenger cars, a diminishing tendency is not so present 

but since 2006, keeps an average of 6,4 l/100km. The same thing does not occur on the diesel 

vehicles that have the most decreasing FC throughout the years, with a 4, 5 l/100km by 2008. 

The Mercedes E also has decreased his FC, along the years, with a FC of 6,4 

nowadays. 

As for the Toyota Prius, in the second generation has increased its FC, but in the 

following generation, has attenuated this value (Table 33). 
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3.4 EVOLUTION OF THE MASS 

 

As for the mass evolution of each tracked vehicle, the results are presented in Figure 

21. 

 

Figure 21: Historical evolution of the mass of the vehicle since 1985 until 2008 

All the automobiles showed a tendency for increasing the mass of the vehicle, 

throughout the years. By order of percentage of increasing mass: 

1. Volkswagen Golf (C-Segment Diesel) with 1,2%; 

2. Toyota Prius with 6%;  

3. Mercedes E with 13,3%; 

4. B-Segment Gasoline with 23,2% 

5. C-Segment Gasoline with 32,3%; 

6. B-Segment Diesel with 32,4%. 
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3.5 EVOLUTION OF THE ENGINE POWER 

 

The evolution power results appear in Figure 22. 

 

Figure 22: Historical evolution of the engine power since 1985 until 2008 

As the mass of vehicle, the power shows an increasing tendency for all automobiles. 

This is more accentuated in the E-Segment vehicle, with an increase of 16% on its power. 

In the C-Segment Diesel vehicle, a constant power of 78kW was observed, in the 

means that, there was only a studied vehicle. Since 2004, for the gasoline vehicles of the same 

segment, an average of 65kW occurs not suffering a great deal of floating when compared with 

the others segments. 

The same happens in the B-Segment Gasoline vehicles, that these days, have the 

lowest power of 53kW, when compared with the diesel vehicles with 62kW.  

In the Toyota Prius, the combined power has been increasing (Table 33). 
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3.6 EVOLUTION OF THE RELATION POWER/MASS 

 

The historical evolution of the relation power/mass is presented in Figure 23. 

 

Figure 23: Historical evolution of the relation power/mass since 1985 until 2008 

For the two automobile’s characteristics, mass and power, a historical rise up has been 

demonstrated.  

A general tendency cannot be predicted for all studied cars. On the B-Segment gasoline 

vehicles, a floating relation occurs making it difficult to get the historical forecast. B-segment 

diesel vehicles, on the other hand, shows a small increasing power/mass relation after 1996, 

despite the two points for the year 2000 and 2006. This represent that, this type of automobiles 

are getting less weighted and more powerful. The opposite happens for the other C-segment 

gasoline, with a predisposition to decrease this relation, symbolizing the tendency for heavier 

vehicles and less powerful. C-Segment diesel’s vehicles are getting more powerful and lighter, 

as well as the E-Segment’s vehicle. As for the Toyota Prius, this hybrid is getting more powerful 

and less weighted. 
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3.7 EVOLUTION OF CO2 EMISSIONS 

 

 

Figure 24: Historical evolution of the CO2 since 1985 until 2008 

As it would be expected for the CO2 emissions (Figure 24), the same evolution is 

verified, as for the fuel consumption in Figure 20. 
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4. SIMULATION RESULTS ON FUEL CONSUMPTION AND VEHICLE WEIGHT  

 

From all the input variables referred early in Tables 19 to 23, the ones changed were 

the fc_mass and the veh_glider_mass. Just to have an idea of what type of results would occur 

an example simulation was made with a conventional car on the database of ADVISOR. The 

result is presented in Figure 25, which represents the correlation between the fuel consumption 

(l/100km) with the vehicle glider mass and the vehicles mass. As it would be expected, 

changing the vehicle glider mass or other components weight will change the vehicle mass and 

a similar mathematical relation will be obtained, as seen below. This is the reason why only one 

correlation between FC and weight will be presented, when simulating the two cases of material 

substitution on the vehicles referred in Table 26 

 

Figure 25: Relation between FC and the weight of the glider mass and vehicle’s mass of the 
vehicle 

 

Not to forget that two different situations will be simulated. The first case, Case 1, will 

take in account the suggestions of the fuel-cycle GREET model in Tables 14 and 15 for the 

body, chassis systems and the engine substituting steel and cast iron by aluminium. As for 

Case 2, the only difference from Case 1 is that Aluminium will be the substitute material for the 

BIW instead of CF. 
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4.1 B-SEGMENT GASOLINE 

Combining the weight of the glider mass and the engine given by ADVISOR, the 

proposal of GREET on lightweight materials (Tables 14 and 15) and correcting the fuel 

converter mass according to the input power (Equation 5), the changes on these input variables 

weight are present in Tables 34 and 35. 

 

Table 34: Engine weight materials in B-Segment Gasoline 

Total weight (kg) Cast iron Al Steel Other materials 

95,4 48 28,6 10 10 

47,4 15 22,1 3 7 

New material Al Al Al Equal 

 

Table 35: Lightweight engine and glider mass in B-Segment Gasoline 

 Weight(kg) Lightweight(kg) Mass Reduction(%) 

Engine Block 95,4 47,4 50,3 

Glider mass for Case 1 592,4 352,1 40,6 

Glider mass for Case 2 592,4 374,1 36,9 

BIW for Case 1 158,6 31,7 80 

BIW for Case 2 158,6 53,7 66 

 

The simulation results are presented in Table 36 for Case 1 and in Table 37 for Case 2, 

as well as the mathematical relation between the FC and the vehicle mass in Figure 26. In 

terms of results, between Case 1 and Case 2, the only thing that will change are the glider mass 
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and the weight of vehicle combined with the lightweight glider mass and engine having the 

corresponding fuel consumption values a difference of one hundredth.  

 

Table 36: FC changing the weight of the engine block and glider mass in B-Segment Gasoline 
for Case 1 

Changes- CASE 1 FC Weight(kg) % Weight 
Reduction 

None 6,5 952 0,0 

Engine  6,4 904 5,0 

Glider mass  6,1 712 25,2 

Glider mass and Engine  6,0 664 30,2 

 

Table 37: FC changing the weight of the engine block and glider mass in B-Segment Gasoline 
for Case 2 

Changes- CASE 2 FC Weight(kg) % Weight 

Reduction 

None 6,5 952 0,0 

Engine  6,4 904 5,0 

Glider mass  6,1 734 22,9 

Glider mass and Engine 6,0 686 27,9 
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Figure 26: Relation between FC and the vehicle mass in B-Segment Gasoline 

 

In this segment, the maximum doable reduction using CF for the BIW (Case 1) is about 

30% of the total weight and 28% for the use of Aluminium (Case 2), keeping the same material 

substitutions on the engine material and in the rest of the glider mass. It was already expected, 

that for the same volume and only changing the corresponding material, that in Case 1 a 

greater mass reduction would be observed, as Carbon fibber detains a lower relative density 

than Aluminium (Table 18). This also results in lower values of FC for this case. A linear relation 

between the FC and the vehicle mass was obtained, as expected with a good correlation 

coefficient. Even with a greater percentage of mass reduction in Case 1, the fuel consumption 

has the same lowest value of 6 l/100km, for the two situations considered. The percentage of 

fuel consumption reduction is about 8% for the two cases. 
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4.2 B-SEGMENT DIESEL 

For the reference diesel vehicle in ADVISOR, the total engine weights more than the 

corresponding gasoline one. The total weight of LW engine is illustrated in Table 38, as its 

material composition. Table 39 shows the comparison between the conventional weight of the 

engine and glider mass and the corresponding LW. The glider mass remains the same for the 

two types of fuel in B-Segment. The results are presented in Table 40 and Table 41 and the 

mathematical relation in Figure 27. 

Table 38: Engine materials weight in B-Segment Diesel 

Total weight(kg) Cast iron Al Steel Others materials 

111,6 56,1 33,5 11,0 11,0 

50,4 17,1 22,1 3,8 7,4 

New material Al Al Al Equal 

 

Table 39: Lightweight engine and glider mass in B-Segment Diesel 

 Weight(kg) Lightweight(kg) Mass Reduction(%) 

Engine Block 111,6 50,4 54,8 

Glider mass for Case 1 592,4 342,9 42,1 

Glider mass for Case 2 592,4 365,9 38,2 

BIW for Case 1 164,7 32,9 80 

BIW for Case 2 164,7 56 66 
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Table 40: FC changing the weight of the engine and glider mass in B-Segment Diesel in Case 1 

Changes in Case 1 FC Weight(kg) % Weight Reduction 

None 5,1 997  0 

Engine 5,0 936 6,1 

Glider mass  4,7 748 25,0 

Glider mass and Engine block  4,6 687 31,1 

 

Table 41: FC changing the weight of the engine and glider mass in B-Segment Diesel in Case 2 

Changes- CASE 2 FC Weight(kg) % Weight Reduction 

None 5,1 997 0,0 

Engine  5,0 936 6,1 

Glider mass  4,7 771 22,7 

Glider mass and Engine   4,6 710 28,8 
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Figure 27: Relation between FC and the vehicle mass in B-Segment Diesel 

 

A good correlation between the fuel consumption and the weight was obtained, as well 

as a percentage of maximum mass reduction comprehended between 29% and 31%, for Case 

2 and 1 respectively. When compared to the gasoline vehicle of the same segment, it presents 

higher percentage of lightweighting, as it has higher percentages of reduction in terms of the 

engine and the glider mass (Table 39). The fuel consumption percentage for the two cases is 

the same with a value of 10%, which represents that a lower weight is not necessarily 

equivalent to lower fuel consumption. The lightweight diesel vehicle of this segment consumes 

4,6 l/100km for the two cases. 

  

FC= 0,001W + 3,631
R² = 0,999

4,4

4,6

4,8

5,0

5,2

5,4

5,6

600 700 800 900 1000 1100 1200

F
C

Weight(kg)

B-Segment Diesel



 

61 
 

4.3 C-SEGMENT GASOLINE 

As it would be expected, as the power increases the weight of the engine also 

increases, according to Equation 5. Therefore, it results on more weighted engines even after 

being material substituted, when compared to those with lower power (Table 42). The 

lightweight glider mass and engine are presented in Table 43.  

 

Table 42: Engine materials weight in C-Segment Gasoline 

Total weight(kg) Cast iron Al Steel Others materials 

117 59 35 12 12 

51,4 17,9 22,1 4 7,4 

New material Al Al Al Equal 

 

Table 43: Lightweight engine and glider mass in C-Segment Gasoline 

  Weight(kg) Lightweight(kg) Mass Reduction(%) 

Engine 117 51,4 56,1 

Glider mass for Case 1 681 412,1 39,5 

Glider mass for Case 2 681 437,0 35,8 

BIW for Case 1 178 35,5 80,0 

BIW for Case 2 178 60,4 66,0 

 

All the results for the two cases simulated in the C-Segment Gasoline vehicle are 

presented, in the following Tables 44, 45 and Figure 28. 
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Table 44: FC changing the weight of the engine block and glider mass in C-Segment Gasoline 

for Case 1 

Changes- CASE 1 FC Weight(kg) % Weight Reduction 

None 7,5 1076 0,0 

Engine  7,3 1010 6,1 

Glider mass  7 807 25,0 

Glider mass and Engine  6,8 742 31,0 

 

Table 45: FC changing the weight of the engine and glider mass in C-Segment Gasoline in 
Case 2 

Changes- CASE 2 FC Weight(kg) % Weight Reduction 

None 7,5 1076 0,0 

Engine block  7,3 1010 6,1 

Glider mass  7 832 22,7 

Glider mass and Engine  6,9 766 28,8 

 

 

Figure 28: Relation between FC and the vehicle mass in C-Segment Gasoline 

As seen in the early tables, the percentage of maximum mass reduction is 

comprehended between 29% and 31%, for Case 2 and 1, similar to the B-Segment diesel 

vehicle. The mathematical equation presents a good correlation coefficient and in this vehicle, 

the fuel consumption differs from 6,8 l/100km to 6,9 l/100km, for Case 1 and Case 2 

respectively.  
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4.4 C-SEGMENT DIESEL 

In Tables 46 and 47 is presented the mass reduction percentage and the lightweight 

engine and glider mass, after material substitution. 

Table 46: Engine materials weight in C-Segment Diesel 

Total weight(kg) Cast iron Al Steel Others materials 

140,4 70,2 42,1 14,0 14,0 

55,8 21,5 22,1 4,8 7,4 

New material Al Al Al Equal 

 

Table 47: Lightweight engine and glider mass in C-Segment Diesel 

  Weight(kg) Lightweight(kg) Mass Reduction(%) 

Engine Block 140 55,8 60,3 

Glider mass for Case 1 681 398,4 41,5 

Glider mass for Case 2 681 424,5 37,7 

BIW for Case 1 187 37,4 80,0 

BIW for Case 2 187 63,5 66,0 

For this segment vehicle, the simulation results are illustrated in Tables 48 and 49 and 

the mathematical correlation between the fuel consumption and weight in Figure 29. 

Table 48: FC changing the weight of the engine block and glider mass in C-Segment Diesel for 
Case 1 

Changes- CASE 1 FC Weight(kg) % Weight Reduction 

None 5,8 1131 0,0 

Engine  5,7 1046 7,5 

Glider mass  5,4 848 25,0 

Glider mass and Engine 5,3 764 32,5 

 

Table 49: FC changing the weight of the engine block and glider mass in C-Segment Diesel for 
Case 2 

Changes- CASE 2 FC Weight(kg) % Weight Reduction 

None 5,8 1131 0,0 

Engine 5,7 1046 7,5 

Glider mass  5,5 875 22,7 

Glider mass and Engine  5,3 790 30,2 
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Figure 29: Relation between FC and the vehicle mass in C-Segment Diesel 

 

The weight of the C-Segment diesel vehicle is reduced, by material substitution 

between 30% and 33%, for Case 2 and 1, leading to a similar fuel consumption of 5,3 l/100km 

with a corresponding reduction of 9%. 
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4.5 E-SEGMENT  

The engine of the E-Segment has the biggest value, even when lightweighted, as is the 

simulated vehicle with the highest power. The lightweight engine and glider mass are presented 

in Tables 50 and 51. 

Table 50: Engine materials weight in E-Segment 

Total weight(kg) Cast iron Al Steel Others materials 

226,8 113,4 68,0 22,7 22,7 

71,9 34,7 22,1 7,7 7,4 

New material Al Al Al Equal 

 

Table 51: Lightweight engine and glider mass in E-Segment 

  Weight(kg) Lightweight(kg) Mass Reduction(%) 

Engine Block 227 71,9 68,3 

Glider mass for Case 1 1000 602,7 39,7 

Glider mass for Case 2 1000 639,5 36,1 

BIW for Case 1 263 52,5 80,0 

BIW for Case 2 263 89,3 66,0 

 

For this segment vehicle, the simulation results are illustrated in Tables 52 and 53. 

Table 52: FC changing the weight of the engine block and glider mass in E-Segment for Case 1  

Changes- CASE 1 FC Weight(kg) % Weight Reduction 

None 8,4 1590 0,0 

Engine  8,3 1435 9,7 

Glider mass  8,0 1193 25,0 

Glider mass and Engine 7,8 1038 34,7 

 

Table 53: FC changing the weight of the engine block and glider mass in E-Segment for Case 2 

Changes- CASE 2 FC Weight(kg) % Weight Reduction 

None 8,4 1590 0,0 

Engine  8,3 1435 9,7 

Glider mass  8,1 1229 22,7 

Glider mass and Engine  7,9 1075 32,4 
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Figure 30: Relation between FC and the vehicle mass in E-Segment  

 

The weight of the E-Segment vehicle is reduced, by material substitution between 35% 

and 32%, for Case 2 and 1, leading to consumptions of 7,9 l/100km and 7,8 l/100km 

respectively. In addition, a good correlation was obtained between the fuel consumption and the 

weight (Figure 30). 

  

FC = 0,001W + 6,453
R² = 0,999

7,6

7,7

7,8

7,9

8,0

8,1

8,2

8,3

8,4

900 1000 1100 1200 1300 1400 1500

F
C

Weight(kg)

E-Segment



 

67 
 

4.6 TOYOTA PRIUS  

For the motor, generator and electronic controllers of the HEV, the GREET model did 

not indicate any material substitution, so in terms of simulation in ADVISOR, so the same two 

cases were simulated. Moreover, this type of vehicle gains on FC when compared to other 

vehicles, by the type of powertrain system not by material substitution. According to GREET fuel 

cycle, the BIW of this hybrid vehicle detains a 19% of the total weight when compared to the 

other studied vehicles with 17%. 

In Table 54, the input variables that can be changed in terms of weight are presented. 

The main differences, in these variables, are the existence of the generator mass (gc_mass) 

and the motor controller mass (mc_mass). Only the material substitution in the glider mass and 

the engine will be simulated.  

Table 54: Characteristics of Toyota Prius in ADVISOR software 

Input variables Weight (kg) 

fc_base mass 120,6 

veh_glider mass 918 

gc_mass 32,7 

mc_mass 56,8 

The new engine weight for the Toyota Prius is presented in Table 55, following GREET 

assumptions. In Table 56, the lightweight values for the glider mass and engine for the two 

simulated cases are illustrated. 

Table 55: Engine materials weight in Toyota Prius 

Total weight(kg) Cast iron Al Steel Others materials 

102,6 51,3 30,8 10,3 10,3 

48,7 15,7 22,1 3,5 7,4 

New material Al Al Al Equal 
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Table 56: Lightweight engine and glider mass in Toyota Prius 

  Weight(kg) Lightweight(kg) Mass Reduction(%) 

Engine Block 103 48,7 52,5 

Glider mass for Case 1 918 514,1 44,0 

Glider mass for Case 2 918 551,5 39,9 

BIW for Case 1 267 53,4 80,0 

BIW for Case 2 267 90,8 66,0 

The results for the two simulations, concerning the material substitution on glider mass 

and engine are presented in Table 57 and Table 58, as well as mathematical correlation in  

Figure 31. 

Table 57: FC changing the weight of the engine block and glider mass in Toyota Prius for Case 
1 

Changes- CASE 1 FC Weight(kg) % Weight Reduction 

None 5,9 1364 0,0 

Engine  5,8 1310 4,0 

Glider mass  5,2 960 29,6 

Glider mass and Engine 5,0 906 33,6 

 

Table 58: FC changing the weight of the engine block and glider mass in Toyota Prius for Case 
2 

Changes- CASE 2 FC Weight(kg) % Weight Reduction 

None 5,9 1364 0,0 

Engine  5,8 1310 4,0 

Glider mass  5,2 997 26,9 

Glider mass and Engine  5,1 944 30,8 
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Figure 31: Relation between FC and the vehicle mass in Toyota Prius 

 

The weight of this electric vehicle is reduced, by material substitution between 34% and 

31%, for Case 2 and 1, leading to consumptions of 5,1 l/100km and 5 l/100km respectively. As 

seen in Figure 31, the mathematical relation between the fuel consumption and the weight of 

Toyota Prius continues to be proportional and as a good coefficient of correlation. 
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4.7 DISCUSSING THE RESULTS  

In Figure 32, a comparison between all the simulated vehicles weight is illustrated when 

the material substitution is done on the engine and glider mass for Case 1 and Case 2 defined 

in Section 2.4.  

 

Figure 32: Weight comparison of all the simulated vehicles 

For the mass theme, the lighter vehicle belongs to B-Segment Gasoline and the 

heaviest are the E-Segment vehicle and Toyota Prius. So, the same alignment on the weights 

for all the studied vehicles was shown to be same even, when lightweighting the engine and 

glider mass. This means, that heavier vehicles are better candidates to cut off-weight. Not to 

forget, that for the same segment, the glider mass was kept the same and only the engine mass 

differed, as the engine in diesel vehicles detains a larger percentage on the total vehicles weight 

and also different powers were taken in account. The lightweighted vehicles will have a mass 

comprehend between in 664kg and 1038kg for Case 1, which is the one that leaded to higher 

mass reduction percentages. 

In Figure 33, the FC values for the two cases are indicated. It is observed that the 

biggest consumptions belong to E-Segment, C and B-Segment gasoline vehicles, being the last 
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two the ones that should be focus on, as represent the larger percentage of sold vehicles. The 

values of fuel consumption, which are similar in the two simulated situations are in B-Segment 

gasoline and B-Segment diesel, showing the diminishing importance of the type of material 

substitution to vehicles with low weights. This way, changing the body-in-white (BIW) from steel 

to aluminium or carbon fibber, does not bring a great deal of saving fuel in this segment. As for 

the other simulated vehicles, using carbon fibber in the BIW allowed a 20% decrease on the fuel 

consumption when compared to the Aluminium BIW. The ones consuming less continue to be 

the B and C-Segment diesel vehicles and Toyota Prius, with corresponding values of 4,6 

l/100km, 5,3 l/100km and 5,1 l/100km.  

 

 

Figure 33: FC comparison for all the simulated vehicles 

In Table 59, the percentages of cut-off weight and fuel consumption are presented. 

Analysing these results, not always the biggest reduction of weight leads to biggest fuel 

consumption cut-off. The B-Segment diesel vehicle has the biggest percentage of reduction on 

the consumption, but not the biggest mass reduction detained by the E-Segment, that on the 

other hand has the lowest percentage on consumption cut-off. So even, if weight reduction is 

proportional to reducing fuel consumption, this will not mean that greater reductions of weight 
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constitute larger fuel consumptions cuts. In addition, a larger percentage on mass reduction is 

expected to occur on the heavier vehicles, as the glider mass occupies 68% on the total mass. 

The highest value on the percentage of fuel consumption reduction is detained by 

Toyota Prius. This can be explained by the different kind of powertrain control that Toyota Prius 

has, when compared to the other vehicles. 

The consumption and mass values differ from the ones calculated in the historical 

evolution, reason why these percentages will be applied on those values to do the parallelism 

between the simulations and the historical evolution to reach the future scenarios. These 

different values result on the different characteristics of the ADVISOR database vehicles and 

the ones of the historical evolution, even introducing the same power, engine power.  

Table 59: Percentage of Mass reduction and fuel consumption on all vehicles simulated on 
ADVISOR 

 

Segment %Mass Reduction %FC Reduction 

B gasoline 30,2 8,4 

B diesel 31,1 9,8 

C gasoline 31,1 9,3 

C diesel 32,5 8,6 

E  34,7 7,1 

Toyota Prius 33,6 14,6 
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Figure 34: Slope comparison for all segments and HEV 

 

As seen in Figure 34, changing the weight affects more the fuel consumption on the 

gasoline vehicles that on the diesel, concluded by the bigger slope value on the gasoline ones. 

To understand why this happens, a correlation between the power and the consumption had to 

be made. According to the Equation 4, that relates the power with the mass of the vehicle, the 

idea was to understand, if the variables that the power depends in that equation vary on the two 

vehicles fuel type. Checking the characteristics of the simulated gasoline and diesel vehicles in 

ADVISOR, from all the variables that power depends in Equation 5, the only one that would 

change is the weight of the vehicle. Therefore, the power of the vehicle is proportional to its 

mass. Proving that the fuel consumption varies more with the power on the gasoline vehicles 

that on the diesel ones, will prove the results achieved in Figure 34. Picking on the fuel 

converter map given (gpkWh) in the ADVISOR files, the torque and the corresponding speeds 

were taken for the two kind of engines, calculated the corresponding power and fuel converter 

map in g/s by the following equations: 

fc_fuelmap[g/s]=((fc_fuelmap_gpkWh). (fc_map_kW))/3600                                 (6) 

FC_E = 0,001W + 6,453
R² = 0,999

FC_Cdiesel = 0,001W + 4,241
R² = 0,999

FC_Bdiesel = 0,001W + 3,631
R² = 0,999

FC_Cgas = 0,002W + 5,396
R² = 0,999

FC_Bgas= 0,002W + 4,623
R² = 0,999

FC_Prius = 0,002W + 2,953
R² = 0,997
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fc_map_kW=(T.speed)/1000                                                          (7) 

[T]=N.m 

[speed]=rad/s 

Presenting in Figure 35 the relation between fuel consumption and power, is verified 

that fuel consumption has a greater influence in the power for the gasoline vehicles than  diesel. 

The calculation values for fuel consumption and power were done for a similar torque 

(T=13,6Nm for gasoline and T=15,8Nm for the diesel vehicle). Therefore, it is proven that the 

fuel consumption varies more with the mass of gasoline vehicles, as it is shows a greater 

dependence on the power, that one the other hand is proportional to the mass of the vehicle. 

 

 

 

Figure 35: Influence of the fuel consumption on the power in the gasoline and diesel vehicles  
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4.8 SCENARIOS OF EVOLUTION FOR WEIGHT, CONSUMPTION AND CO2  

Applying the percentages of mass and fuel consumption reduction achieved by the 

simulations on ADVISOR (Table 59), on the masses and fuel consumptions of the 2008 

vehicles of the historical evolution, the following results are obtained. 

In Figures 36 to 38, the mass, the fuel consumption and CO2 emissions future 

trendlines are presented just for Case 1, as is the one that represent the lowest cut off on the 

referred features. Case 1 stands by the assumptions of the transportation vehicle cycle-model 

GREET on lighter substitute materials and Case 2, on a BIW of Aluminium. As expected, these 

three characteristics tend to decrease.  

 

 

 

Figure 36: Scenarios for the Mass of all the simulated vehicles 
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Figure 37: Scenarios for the FC of all the simulated vehicles  

 

 

Figure 38: Scenarios for CO2 of all the simulated vehicles  
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The two cases results are presented in Tables 60 and 61. 

Table 60: Results for Case 1 

 CASE 1              

Segment Weight 

(kg) 

% Cut off FC Future 

FC 

% Cut off CO2 

(g/km) 

Future CO2 

(g/km) 

B gasoline 1043 30,2 5,7 5,3 7,7 137 125 

B diesel 1109 31,1 4,7 4,2 9,8 124 112 

C gasoline 1217 31,1 6,4 5,8 9,3 154 139 

C diesel 1250 32,5 4,5 4,1 8,6 120 110 

E 1615 34,7 6,4 5,9 7,1 171 158 

Toyota Prius 1330 33,6 4,8 4,1 15,3 115 98 

 

Table 61: Results for Case 2 

 CASE 2        

Segment % Cut off Future FC  %Cut off Future CO2 (g/km)  

B gasoline 27,9 5,3 7,7 127 

B diesel 28,8 4,2 9,8 115 

C gasoline 28,8 5,9 8,0 141 

C diesel 30,2 4,2 6,9 109 

E  32,4 6,0 6,5 160 

Toyota Prius 30,8 4,2 13,2 100 

 

In Table 62, the percentages of weight reduction expected by other reports, are 

addressed. 

Table 62: Previsions of the Percentage of Weight Reduction 

According to Material %Weight  

Reduction when compared with steel 

Strambli, Giulio, 2006 CF up to 60% 

Wohlecker, Roland et al, 2006 Al up to 40% 
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Comparing the two cases simulated, between 30% and 35% of weight reduction is 

expected. So is on the range of mass reduction percentage accomplished by this material, 

according to Strambli, Giulio, 2006. For aluminium as a substitute material, a 28% to 31% of 

decrease of mass is observed, which is also concordant with the achieved values by 

Wohlecker, Roland et al, 2006 (Appendix 7.3). 

The most feasible vehicles to cut off weight turn out to be the heavier ones, as a vehicle 

with more weight is a synonym of a greater glider mass and the glider mass detains 68% on the 

total mass of the vehicle. 

Between 8% and 15% of fuel consumption reduction is expected when material 

substitution is taken through. Comparing with the percentage of fuel consumption reduction of 

12 to 20% indicated in the report On the Road on 2035, July 2008, the obtained results are a 

good estimative for the future. The diesel vehicles will continue to be the ones with lowers 

consumptions in a near mid-term future.  

Bringing up that the EU committed, by the year of 2012, to the target that vehicles would 

emit 120 g/km, comparing with these results means that the C-Segment gasoline and the E-

Segment diesel vehicles will not accomplish this target. As for the B-Segment gasoline vehicles, 

only with material substitution this objective is not fulfil, even if really near to the target value.  
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5. CONCLUSIONS 

This study examined the anticipated evolution of the mass, fuel consumption and CO2 

emissions. 

With the historical evolution of the different vehicles taken in account, the main 

conclusions were obtained: 

 The engine size of the studied automobiles, throughout the years has not suffered 

a great deal of floating. 

 The vehicles that tend to be faster belong to E-Segment, B and C-Segment Diesel. 

The other ones considered show a tendency to maintain the acceleration time as 

the years pass by. 

 A general course of the diminishing of FC and CO2 occur, as well an increase of 

the mass of the vehicle and power. 

 The relation power/mass shows that B-Segment Diesel, C-Segment Diesel, Toyota 

Prius and E-Segment vehicles are getting less weighted and more powerful. The 

gasoline automobiles, on the other hand, showed a small tendency to get heavier 

and less powerful.  

 

Simulating the vehicles in ADVISOR, with the two cases of material substitution, led to 

the following conclusions:  

 CF, as a substitute material, is a lighter material than steel and aluminium, which 

leads higher percentages of weight reduction. 

 The material substitution is made on the glider mass and the engine, which 

represent the major target areas able to reduce the vehicle mass, consequently to 

reduce FC. 

 The FC varies linearly with the vehicles mass. 

 The maximum reduction of weight that can be achieved, by material substitution 

only, is between 28% and 35% using CF and Aluminium, as lightweight materials. 

 By order of the maximum cut off of weight the vehicles are grouped: 

1. E-Segment; 

2. Toyota Prius; 

3. C-Segment Diesel; 

4. C-Segment Gasoline; 

5. B-Segment Diesel; 

6. B-Segment Gasoline. 

 

 In order of lower FC: 
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1. C-Segment Diesel; 

2. Toyota Prius; 

3. B-Segment Diesel; 

4. B-Segment Gasoline; 

5. C-Segment Gasoline; 

6. E-Segment. 

The conclusions could be summarized for the scenarios obtained: 

 For all the automobiles considered, the corresponding vehicle’s lightweight will be 

between 738 kg (B-Segment Gasoline) and 1091 kg (E-Segment). 

 The fuel consumption for the studied lightweight vehicles varies from 4,1 l/100km 

(C-Segment diesel and Toyota Prius) and 6 l/100km (E-Segment). 

 The grams of CO2 per kilometre will be from 98 g/km (Toyota Prius) to 158 g/km 

(E-Segment). 

The existing lightweight materials as aluminium, carbon fibbers, AHSS, HSS, titanium 

and magnesium are enough to cut off the weight of the automobile to save fuel. With a 

combination of component downsizing, redesign for example in terms of thickness, material 

substitution and a combination of these materials, a bigger reduction of weight can be achieved, 

consequently lower FC values and GHG emissions.  

For future project, is proposed to do a study on the cost of the incorporation of these 

lightweight materials on the automobiles and its market penetration, as well a life cycle analysis 

on these new materials. 
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7. APPENDIXES 

7.1 50 MOST SOLD VERSIONS IN THE YEAR 2002 (ACAP, 2002) 

  Units Segment 

1 Renault Clio II 1.2 16V Expression 5p 6 024 B 

2 Opel Corsa 1.2 16V Comfort 5p 5 742 B 

3 Volkswagen Polo 1.2 Confort 65CV 5p 5 725 B 

4 Peugeot 206 1.1 Color Line 5p 4 859 B 

5 Citröen C3 1.1 I SX 5p 3 976 B 

6 Volkswagen Golf 1.4 25 Anos 5p 3 519 C 

7 Fiat Punto 1.2 60 Active 5p 2 350 B 

8 Renault Clio II 1.2 Authentique 5p 2 196 B 

9 Audi A4 1.9 TDI Avant 130 2 166 D 

10 Ford Focus 1.4 Wagon Comfort 5p 2 014 C 

11 Opel Corsa 1.2 16V Elegance 5p 1 994 B 

12 Toyota Corolla 1.4 H/B Sol 5p 1 971 C 

13 Audi A4 1.9 TDI 4p 130 1 917 D 

14 Peugeot 307 1.4 HDI XS Premium 5p 1 877 C 

15 BMW Serie 3 320 D E46 4p 1 864 D 

16 Renault Megane 1.4 16V Scenic Conquest 1 863 C 
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17 Toyota Yaris 1.0 Terra 5p 1 774 B 

18 Peugeot 206 1.1 XT 5p 1 698 B 

19 Citröen Saxo 1.1 I Exclusive 5p 1 625 B 

20 Fiat Punto 1.2 SX 5p 1 604 B 

21 Volkswagen Polo 1.2 Highline 65CV 5p 1 599 B 

22 Peugeot 307 1.4 HDI Break XS Premium 5p 1 533 C 

23 Seat Ibiza 1.2 12V Passion 5p 1 507 B 

24 Mercedes C 220 CDI 4p 1 470 D 

25 Renault Clio II 1.5 DCI Expression 5p 1 422 B 

26 Opel Corsa 1.0 12V Comfort 5p 1 268 B 

27 Toyota Yaris 1.0 Sol 5p 1 265 B 

28 Honda Jazz 1.2 LS AC 5p 1 241 B 

29 Renault Laguna II 1.9 DCI Break Privileg 1 222 D 

30 Renault Clio II 1.2 16V Privilege 5p 1 194 B 

31 Opel Corsa 1.7 DTI Comfort 5p 1 125 B 

32 Volkswagen Golf 1.9 TDI Generat 5p 100 1 123 C 

33 Opel Astra 1.4 16V Caravanclub 5p 1 045 C 

34 Opel Astra 1.4 16V Club 5p 993 C 

35 Volkswagen Polo 1.2 Conf AC 65CV 5p 980 B 
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36 Mercedes E 220 CDI 4p 975 E 

37 Honda Jazz 1.2 LS 5p 962 B 

38 Citröen Xsara 1.4 I SX 5p 939 C 

39 Ford Fiesta 1.4 Duratec Ghia 5p 911 B 

40 Volkswagen Golf 1.9 TDI 25 Anos 110 5p 903 C 

41 Toyota Corolla 1.4 SW Sol 5p 890 C 

42 Peugeot 206 1.1 Color Line 3p 889 B 

43 Peugeot 307 1.4 HDI XT Premium 5p 849 C 

44 Fiat Stilo 1.2 16V Active Clima 5p 819 B 

45 Toyota Yaris 1.0 Luna 5p 811 B 

46 Volkswagen Polo 1.4 TDI Highline 5p 806 B 

47 Renault Clio II 1.2 16V Best Years 5p 792 B 

48 Ford Fiesta 1.4 Duratec Trend 5 759 B 

49 Renault Megane 1.4 Fairway 5p 745 C 

50 Citroën C3 1.4 HDI SX 5p 744 B 
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7.2 SUBSYSTEMS OF THE REFERENCE VEHICLES OF GREET MODEL 

7.2.1  BODY SYSTEM (A. BURNHAM ET AL., 2006) 

Body-in-white Primary vehicle structure, usually a single body assembly to 
which other major components are attached 

Body Panels Closure panels and hang-on panels, such as hood, roof, 
decklid, doors, quarter panels and fenders 

Front/rear bumpers Impact bars, energy absorbers and mounting hardware 

Body hardware Miscellaneous body components 

Glass Front windshield, rear windshield and door windows 

Paint E-coat, priming, base coats and clear coats 

Exterior trim Moulding, ornaments, bumper cover, air deflectors, ground 
effects, side trim, mirror assemblies and nameplates 

Body sealers/deadeners All rubber trim 

Exterior lighting Head lamps, fog lamps, turn signals, side markets and tail 
light assemblies 

Instrument panel module Panel structure, knee bolsters and brackets, instrument 
cluster, exterior surface, console storage, glove box panels, 
glove box assembly and exterior and top cover 

Trim and insulation Emergency brake cover, switch panels, ash trays, arm rests, 
cup holders, headliner assemblies, overhead console 
assemblies, assist handles, coat hooks, small item overhead 
storage, pillar trim, sun visors, carpet, padding, insulation and 
accessory mats 

Door module Door insulation, trim assemblies, speaker grills, switch panels 
and handles (door panels are considered part of the body 
panels category) 
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Seating and restraint 
system 

Seat tracks, seat frames, foam, trim, restraints, anchors, head 
restraints, arm rests, seat belts, tensioners, clips, air bags and 
sensor assemblies 

Heating, ventilation, air 
conditioning (HVAC) 
module 

Air flow system, heating system and air conditioning system 
(which includes a condenser, fan, heater, ducting and 
controls) 

Interior electronics Wiring and controls for interior lighting, instrumentation and 
power accessories 

  

7.2.2 POWERTRAIN SYSTEM (A. BURNHAM ET AL., 2006) 

Engine unit Engine block, cylinder heads, fuel injection, engine air system, ignition 
system, alternator and containers and pumps for the lubrification system 

Fuel cell stack Membrane electrode assembly, bipolar plates, gaskets, current collector, 
insulator, outer wrap and tie bolts 

Engine fuel 
storage system 

Fuel tank, tank mounting straps, tank shield, insulation, filling piping and 
supply piping 

Powertrain 
thermal system 

Water pump, radiator and fan 

Exhaust system Catalytic converter, muffler, heat shields and exhaust piping 

Powertrains 
electrical system 

Control wiring, sensors, switches and processors 

Emission control 
electronics 

Sensors, processors and engine emission feedback equipment 
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7.2.3 TRANSMISSION SYSTEM (A. BURNHAM ET AL., 2006) 

Transmission 
unit 

Gearbox, torque converter and controls 

ICEV Uses an automatic transmission and therefore a torque converter 

HEV Uses a type of continuously variable transmission with a planetary gear 
set and therefore does not have a torque converter 

 

7.2.4  CHASSIS SYSTEM (A. BURNHAM ET AL., 2006) 

Cradle Frame assembly, front rails and underbody extensions, cab and body 
brackets (the cradle bolts to the BIW and supports the mounting of the 
engine/fuel cell) 

Driveshaft/axle A propeller shaft, halfshaft, front axle and rear axle ( the propeller shaft 
connects the gearbox to a differential, while the halfshaft connects the 
wheels to a differential) 

Differential A gear set that transmits energy form the driveshaft to the axles and 
allows for each of the driving wheels to rotate at different speeds, while 
supplying them with an equal amount of torque 

Corner 
suspension 

Upper and lower control arms, ball joints, springs, shock absorbers, 
steering knuckle and stabilizer shaft 

Braking system Hub, disc, bearings, splash shield and callipers 

Wheels Four main wheels and one spare 

Tires Four main tires and one spare 

Steering system Steering wheel, column, joints, linkages, bushes, housings and 
hydraulic-assist equipment 

Chassis electrical 
system 

Signals, switches, horn wiring and the anti-lock braking system (ABS), 
wiring, sensors and processors 
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7.2.5 ELECTRIC-DRIVE SYSTEM (A. BURNHAM ET AL., 2006) 

Generator Power converter that takes mechanical energy from the engine and 

produces electrical energy to recharge the batteries and power the 

electric motor for HEVs 

Motor Electric motor used to drive wheels 

Electronic  

controller  

Power controller/phase inverter system that converts power between 

the batteries and motor/generators for electric-drive vehicles 

Fuel cell auxiliaries Compressed hydrogen tank system, water supply system, air supply 

system, cooling system and piping system 

 

7.2.6 BATTERY SYSTEM (A. BURNHAM ET AL., 2006) 

ICEV Pb-Ac battery to handle the startup and accessory load 

HEV Pb-Ac battery to handle the startup and accessory load and either an Ni-MH 

or Li-ion battery for use in the electric-drive system 

 

7.2.7 FLUID SYSTEM (A. BURNHAM ET AL., 2006) 

ICEV/HEV Engine oil, power steering fluid, brake fluid, transmission fluid, powertrain 

coolant, windshield fluid and adhesives 
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7.3 EXAMPLES OF LIGHTWEIGHT BODY STRUCTURES 

As seen, the most component weight breakdown is retained by the body of the vehicle, 

concretely by the body-in-white (BIW). From a report of Module Mass Reduction (Wohlecker, 

Roland et al, 2006), several combinations for the material composition for BIW were presented. 

From all the materials presented in the previous sections, the ones that were not taken in 

account were CF, titanium and magnesium. 

There are two different approaches to the study of this theme. The first one only 

concerning aluminium BIW and the second one just the combination of different steels. 

The first technology is the Aluminium Space Frame (ASF) used the first time in the Audi 

A8 in the year 1995 and in 1999 in the Audi A2 exemplified in Figure 39 and Table 63. 

 

Table 63: Audi’s vehicles BIW weight (Wohlecker, Roland et al, 2006) 

Vehicle BIW without closures (kg) 

Audi A2 145 

Audi A8 198 

 

 

Figure 39: Aluminium space frame of Audi A2 and A8 (Wohlecker, Roland et al, 2006) 



 

91 
 

Jaguar is another OEM who offers vehicles made of aluminium bodies in Figure 40. The 

weight reduction due to this material substitution is presented on Table 64. 

 

Figure 40: Aluminium application in the Jaguar XJ and in the new Jaguar XK (Wohlecker, 
Roland et al, 2006) 

 

Table 64: Jaguar’s vehicles BIW weight (Wohlecker, Roland et al, 2006) 

Vehicle BIW without closures (kg) Comparison with the previous steel BIW 

Jaguar XK 287 16% 

Jaguar XJ 250 40% 

 

For the second approach, only the combination of steels was used. The different 

projects are presented in Table 65, as the mass reduction due to this change in Table 66 and 

finally the analysed vehicles in Table 67. As seen, an average 24% of weight taken out is 

expected. 
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Table 65: Different types of project towards different LW BIW (Wohlecker, Roland et al, 2006) 

Concept Year Changes 

to BIW 

Targets 

ULSAB 
(Ultralight Steel 
Autobody) 

1997 AHSS, HSS, UHSS 
(ultra high strength 

steel) 

Reduce Body mass and improve 
stiffness at a high safety level 

ULSAB-AVC 
(Ultralight Steel 
Autobody  
Advanced 
Vehicle 
Concepts) 

2004 HS multiphase steels, 
innovative steel 

productions, AHSS 

Fulfil safety standards, reach cost-
effective high volume suitability, reduce 

FC and improve environmental 
sustainability, 

fulfil future crash requirements 

NSB (New Body 
Steel) 

2003 modern multiples 
grades and new steel 

technologies  and 
unibody construction 

Achieve equal structure 

performance at a lower mass level 

 

Table 66: Mass Reduction for BIW without closures with optimised steel design in detail 
(Wohlecker, Roland et al, 2006). 

Concept Year Class Vehicle BIW 
(kg) 

LW    
BIW(kg) 

Weight 
Saving  

ULSAB 1997 upper  

middle 

Ford Taurus  

95 

271 203 68 kg= -
25% 

ULSAB-
AVC 

2004 C-Segment 
vehicle 

C-Segment 
vehicle 

268 202 60 kg=-
24,7% 

ULSAB-
AVC 

2004 PNGV PNGV-class 
vehicle 

288 218 60 kg=-
24,3% 

NSB 2003 compact Opel Zafira 
100 

317 240 77 kg=-
24,3% 
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Table 67: Analysed vehicles in the different types of project (Wohlecker, Roland et al, 2006) 

Design Vehicles 

Former steel design Ford Taurus 94, Ford Taurus 97, BMW 3-Series E36, Renault 
Megane 96, VW Passat B5, Opel Zafira A, Chevrolet Corvette 
Z06 C5, Jaguar XJ Mark II, Peugeot 607, Ford Focus, Fiat 
Stilo, Opel Corsa, Ford Fiesta 

Recent steel design Audi A6, MB E-Class, MB SL, BMW 5-Series E60, BMW 6-
Series, BMW 7-Series, Renault Megane 2003, VW Passat B6, 
Ford Focus C-Max, VW Golf V 

Optimised steel 
design 

ULSAB, ULSAB_AVC, NSB 

Former aluminium 
design 

Audi A8, Audi A2, Ford AIV, Ford P2000 Sedan 

Recent aluminium 
design 

Audi A8, Corvette Z06 C6, Jaguar XJ Mark III, Jaguar XK Mark 
II 

As seen, the BIW can be made of CF, aluminium or a combination of high strength 

steels. A general comparison between the two cases of aluminium and steel combination BIW is 

presented in Figure 41.  

The reference design for this weight comparison is the former steel. The other vehicle 

body designs analysed, are referred to this reference design concerning the mass reduction 

potential. To compare the different designs type with each other, a BIW-mass index is defined in 

Figure 41. This mass index achieves a value of 100 for the former steel design. Within a 

comparison of former steel design vehicles with recent steel design vehicles, a weight increase 

of 18% can be indicated. The reason for this to happen can be found in an increase of size, 

stiffness and crash requirements. As for the optimized steel design (e.g. ULSAB), it offers the 

potential to decrease the vehicle body mass up to 25% when compared to the former steel 

design. In former aluminium design vehicles, the body mass is reduced up to between 34% and 

47% when compared with former steel design vehicles. The mass reduction potential of recent 

aluminium designs can be estimated between 21% and 40% towards former steel designs but 

in comparison with former aluminium design, a 12% mass increase is observed due to an 

increase in performance and size. Now comparing the recent aluminium design with the recent 

steel design, a mass reduction steps to 36% as for the optimised steel design and recent 

aluminium design, the aluminium BIW has the advantage of about 11% less BIW mass. 
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Figure 41: Range of BIW-mass index for analysed vehicles (Wohlecker, Roland et al, 2006)
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7.4  AVERAGE OF THE B-SEGMENT GASOLINE VEHICLE’S CHARACTERISTICS 

 

Years Mass(kg) Power(W) 0-100 km/h FC CO2  

(g/km) 

Power/Mass 

(W/kg) 

Engine size(cc) 

1985 801 44283 13,3 5,6 133,0 54,7 1128 

1986 775 43917 13,6 5,3 126,2 56,3 1117 

1987 793 44243 13,4 5,4 129,5 55,6 1127 

1988 785 44343 13,2 5,4 130,3 56,1 1127 

1989 782 39876 13,9 5,3 125,6 51,0 1101 

1990 782 39876 13,9 5,3 125,6 51,0 1101 

1991 809 41786 14,6 5,8 138,2 52,0 1110 
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1992 811 42643 15,0 6,1 146,2 52,9 1111 

1993 811 42643 15,0 6,1 146,2 52,9 1111 

1994 835 45586 13,2 6,1 146,0 54,8 1165 

1995 835 45586 13,2 6,1 146,0 54,8 1165 

1996 856 45729 13,4 5,7 136,8 53,4 1165 

1997 865 46266 13,5 5,8 138,4 53,5 1162 

1998 882 46266 13,6 5,9 141,7 52,4 1162 

1999 879 46051 14,3 6,1 146,7 52,5 1161 

2000 909 45909 15,0 6,4 152,8 50,8 1161 

2001 934 46236 15,1 6,0 143,9 49,9 1148 
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2002 936 47613 14,8 6,0 142,8 51,3 1148 

2003 938 45927 15,1 5,9 141,5 49,3 1148 

2004 942 45714 15,1 5,9 141,5 48,9 1148 

2005 1042 50414 15,2 5,7 136,7 48,3 1148 

2006 1002 49457 15,5 5,7 136,3 49,4 1148 

2007 1034 52757 15,2 5,7 136,7 50,7 1148 

2008 1043 52857 15,3 5,7 137,0 50,5 1148 
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7.5 AVERAGE OF THE B-SEGMENT DIESEL VEHICLE’S CHARACTERISTICS 

Year Model Mass 

(kg) 

Power 

(W) 

0-100 

km/h 

FC CO2  

(g/km) 

Teoric 

CO2  

Power/ 

Mass 

(W/kg) 

Engine size 

(cc) 

1988 Citroen AX 1.4 D  750 39000 17,1 5,8 154,5  52,0 1360 

1989 Citroen AX 1.4 D  750 39000 17,1 5,8 154,5  52,0 1360 

1990 Citroen AX 1.4 D  750 39000 17,1 5,8 154,5  52,0 1360 

1991 Citroen AX 1.4 D  750 39000 17,1 5,8 154,5  52,0 1360 

1992 Citroen AX 1.4 D  750 39000 17,1 5,8 154,5  52,0 1360 

1993 Citroen AX 1.4 D  750 39000 17,1 5,8 154,5  52,0 1360 

1994 Citroen AX 1.5 D  790 42000 17,5 5,5 146,5  53,2 1527 

http://www.carsplusplus.com/brand/citroen_cars.php
http://www.carsplusplus.com/brand/citroen_cars.php
http://www.carsplusplus.com/brand/citroen_cars.php
http://www.carsplusplus.com/brand/citroen_cars.php
http://www.carsplusplus.com/brand/citroen_cars.php
http://www.carsplusplus.com/brand/citroen_cars.php
http://www.carsplusplus.com/brand/citroen_cars.php
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1995 Citroen AX 1.5 D  790 42000 17,5 5,5 146,5  53,2 1527 

1996 Citroen Saxo 1.5 D 870 42000 17,9 5,3 141,2  48,3 1527 

1997 Citroen Saxo 1.5 D 870 42000 17,9 5,3 141,2  48,3 1527 

1998 Citroen Saxo 1.5 D 890 44000 18,2 5,2 138,5  49,4 1585 

1999 Citroen Saxo 1.5 D 890 44000 18,2 5,2 138,5  49,4 1586 

2000  1134 66000 14,1 4,3 114,6  58,2 1399 

2001  1063 54250 13,9 4,6 121,9 116,5 51,3 1492 

2002  1063 54250 13,9 4,6 121,9 116,5 51,3 1492 

2003  1051 54433 13,7 4,4 116,3 113,0 52,0 1427 

2004  1102 60300 12,9 4,3 114,6 110,0 53,6 1427 

http://www.carsplusplus.com/brand/citroen_cars.php
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2005  1148 60775 13,3 4,5 120,5 126,5 53,1 1492 

2006  1092 66775 12,6 4,6 123,2 122,7 60,8 1492 

2007  1109 62050 13,7 4,7 123,9 125,0 55,8 1492 

2008  1109 62050 13,7 4,7 123,9 125,0 55,8 1515 

 

7.6 AVERAGE OF THE C-SEGMENT GASOLINE VEHICLE’S CHARACTERISTICS 

 

Year Mass 

(kg) 

Power 

(W) 

0-100 

Km/h 

FC CO2 g/km Power/Mass 

(W/kg) 

Engine 

size(cc) 

1985 861 49175 12,9 6,5 155,5 57,0 1314 

1986 859 50380 12,6 6,8 163,1 58,6 1329 



 

101 
 

1987 865 50420 12,4 6,8 162,2 58,3 1330 

1988 879 53280 12,2 7,1 169,4 60,5 1328 

1989 879 53280 12,2 7,1 162,2 60,5 1328 

1990 880 50880 12,5 7,5 179,4 57,8 1347 

1991 939 52567 12,7 7,6 181,0 59,4 1369 

1992 1001 53400 13,7 7,3 173,8 59,0 1375 

1993 1001 53400 13,7 7,3 173,8 59,0 1375 

1994 1001 53400 13,7 7,3 173,8 59,0 1375 

1995 1001 53400 13,7 7,3 173,8 59,0 1375 

1996 1029 58800 13,9 7,1 170,2 59,7 1375 
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1997 1057 60700 13,6 7,0 167,0 59,6 1375 

1998 1067 60667 13,5 6,9 167,0 57,0 1375 

1999 1060 60767 13,8 6,8 167,0 56,0 1375 

2000 1077 60767 13,9 6,8 167,0 56,4 1375 

2001 1077 60767 13,9 6,8 167,0 56,4 1375 

2002 1091 62167 13,5 7,0 170,2 57,2 1386 

2003 1111 62333 13,6 6,9 170,6 56,5 1386 

2004 1200 64600 13,2 6,6 159,3 54,6 1382 

2005 1208 65000 13,2 6,6 158,3 54,1 1382 

2006 1238 65000 13,6 6,4 153,5 52,5 1382 
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2007 1238 65000 13,6 6,4 153,5 52,5 1382 

2008 1217 64600 13,9 6,4 153,5 52,4 1382 

 

 

 

 


