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Abstract 

Automobiles have evolved from meeting transportation needs of  their owners a century ago, to 

addressing transportation desires of  their owners today. They now meet the owner’s desire for 

status though sign values such as speed, safety, environmental consciousness, sexual desire, 

freedom, masculinity etc., and are anthropomorphised by creatively invented names. It comes as 

little surprise that the transport sector alone accounts for nearly a quarter of  the global 

greenhouse gas (GHG) emissions – levels that are further expected to double by 2050. Germany, 

which is the highest emitter of  GHGs in Europe recorded nearly 1 Gt GHG emissions in 2016 

alone. Such high concentration of  emissions from the German transport sector can in some part 

be attributed to the autobahn network in Germany – 2/3rd of  which have no mandated speed 

limits, thus encouraging the car manufacturers to design cars that are operation worthy even at 

speeds of  up to 250 km/ h (or higher), that are unrepresentative of  real world driving conditions.  

This thesis aims at quantifying the environmental impact of  this design for high top speeds in 

passenger cars from a systems perspective. This is achieved by using a comparative lifecycle 

assessment of  passenger cars from a cradle-to-grave approach. A number of  passenger car 

specifications are modelled which include a representative base case for a German car, vehicle 

light-weighting approach through material substitution, and down engineered car. The results of  

the comparative lifecycle assessment showed that, light-weighting a passenger car through 

material substitution showed a reduction of  between 3 to 9% in impact categories such climate 

change, particulate matter formation, fossil depletion, human toxicity and terrestrial eco-toxicity 

as compared to the baseline levels. Higher reductions of  nearly 12% and 31%, were observed in 

the marine eco-toxicity and the metal depletion impact categories respectively. However, there 

exists potential to reduce up to 40% in all selected environmental impact categories when 

comparing baseline passenger car to a down engineered one. Further, light-weighting a passenger 

car through higher material substitution showed an increase in the indirect energy consumption 

and higher impacts in ten out of  the eighteen impact categories, as compared to a lower material 

substitution option. Thus, an important conclusion drawn from this thesis is that when 

implementing steps to reduce environmental impacts of  passenger cars, shift of  burden must be 

avoided between the lifecycle phases as well as the impact categories.  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BPC	  Baseline Passenger Car 

BSC	  Baseline Passenger Car with Speed Cap 
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DEU	  Down Engineered Passenger Car to Volkswagen Up  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INTRODUCTION

1. Introduction 

“The desire to be master of  time and space without dependence on schedules was not invented in the automobile 

factory. It accords with the nature of  the modern person and comes from the consumer. Everyone should be able to 

use the means of  transit that best suits his or her individual needs.”  

– J H Brunn, President  

German Automotive Industry Association (VDA)  

Baden-Baden, Sep’27, 1974 

…and as fast as he or she needs desires? 

The aforementioned lines are quoted from the speech given by the then president of  the VDA, J 

H Brunn, and was addressed to a members meeting in Baden-Baden, Germany. The speech, 

given just after the first energy crisis, entitled “The Automobile Is Another Bit of  Freedom”, 

epitomizes the engineered sentiments that underlay the automotive economy then and continue 

to dominate and guide the automotive manufacturer’s approach to the present day. The 

sentiments are considered engineered as they pry into intrinsic desires of  the masses to be relieved 

of  the fixed rails, schedules and of  dependencies on one another (Sachs 1992). The subsequent 

sally by the author, “and as fast as he or she desires”, is the underlying motivation of  this Master’s 

thesis: to quantify the environmental cost of  the desire for speed of  a passenger car driver. 

Works of  many scientists and engineers lead to the development of  the first internal combustion 

engine which eventually became paramount in the design of  the modern day automobile. 

Although in the early days of  their adoption, automobiles were exclusively meant to serve the 

mobility needs of  a family, a century later they have evolved into an engineered need – one that is 

individualistic in nature and determines owners perceived status in the society. Automobiles now 

meet the owners desire for status through sign values such as speed, safety, sexual desire, freedom, 

masculinity and are creatively anthropomorphised by invented names (Urry 2006). Thus, 

automobiles today are no longer means of  getting from point A to B, rather an extension of  the 
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owners image of  oneself, i.e. the personality trait the owner associates with and desires (often 

strives) to communicate (Whitmarsh and Xenias 2015). The auto-manufacturers, well aware of  

this subconscious human trait, thus invest time and effort (read: money), not only to tailor their 

marketing campaigns for specific users but also design and produce cars for every possible human 

need – engineered or real. The following Table 1 provides some selected examples of  how the 

auto-manufacturers address human subconscious needs through targeted advertising (Gossling 

2017). Apart from the individual self ’s subconscious and conscious needs, social comparisons 

could also influence the psychological mechanisms in play when deciding what car a consumer 

owns (Festinger 1954, Bakken 2008). Hence there is little doubt on the importance of  transport, 

especially private transport, in the modern lifestyles. It is thus un-surprising that the transport 

sector alone accounts for nearly a quarter of  the global greenhouse gas (GHG) emissions. These 

emission levels are expected to double by 2050 (Creutzig, Jochem et al. 2015). Transport by land 

is by far the most significant, accounting for nearly three quarters of  the overall transport 

emissions globally (IEA 2017). Europe in particular, is representative of  this global trend where 

PAGE !  OF !2 76

TABLE 1: EXAMPLES OF TARGETED ADVERTISEMENTS

Aspect Claim Car manufacturer

Outside world

Size and mass Don’t let the nature make you feel 
insignificant. Chevrolet

Environment Drive cleaner. VW

Car characteristics and 
reliability

Power Audi R8. 420 horsepower. Audi

Fuel efficiency Germany’s gas station attendants 
welcome the Smart Fortwo Cdi. Smart

Social Insecurity, Identity and 
Self

Power Now, this is an adult toy. Dodge

Speed Top speed: 112 km/h* (*backward) Lamborghini

Status (high) Actually, money can buy you class. Bentley

Status (normal) If  your butler’s butler has a butler, 
the Volvo S60 probably isn’t for you. Volvo

Personal identity A car for the person you set out to 
become Chrysler
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nearly 21% of  the emissions are attributed to transport by land (EEA 2017). Germany, which is 

the highest emitter of  GHG in Europe, recorded nearly 1 Gt GHG emissions in 2016 alone, with 

the sharpest rise of  3.4% in the transport sector from the 2015 levels (UBA 2017).  

The German automotive industry is well reputed world wide and recognised for innovating 

cutting edge technologies and building high performance cars. Thus, it comes as a little surprise 

that Germany invests in developing and maintaining infrastructure such as the autobahns to 

facilitate these high performance cars. The autobahn network of  Germany, which is nearly 

13,000 km long, is amongst the densest and longest controlled access systems in the world 

(Statistische Ämter 2017). While some sections of  this road network have prescribed speed limits, 

nearly two-thirds of  the autobahns have no federally mandated speed limits for some classes of  

vehicles (Blanck, Kasten et al. 2013). This encourages the German carmakers to build cars that 

are operation worthy at speeds of  up to 250~300 km/ h, or higher. Arguably, this design for high 

top speed has negative consequences on manufacturing as well as operational emissions from cars 

(Dhingra and Das 2014). In context of  the present day, one of  resource scarcity and growing 

concern about increasing concentrations of  GHG emissions – the design for speed highlights the 

misdirected trajectory of  human endeavour to combat climate change and efforts towards 

developing sustainable transport solutions. 

The issue of  design for speed is best contextualised by a study conducted through the framework 

of  the European research project, “ARTEMIS”. This study assessed real world driving cycles of  

77 European cars (André 2004). It was found that the average speed of  a car varied between 10.2 

km/ h and 85.7 km/h between congested urban driving conditions and main roads. These 

driving conditions also accounted for nearly 75% of  the total mileage of  the car. The difference 

in the speed range in the urban driving conditions and design speed of  typical German cars (191 

km/ h) , emphasizes the gap between the real world driving conditions and the designed purpose 1

of  the cars. Further, the auto-manufacturers provisioning of  passenger cars with high top speeds 

is not just a supply side issue as the demand-side’s “need-for-speed” further exacerbates this gap. 

The kinaesthetic dimension of  how humans interact with the material world partially explains 

 The average designed top speed of  passenger cars in Europe in 2016 was around 191 km/h (ICCT 2017)1
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the role played by the car-driver or owner’s expectations of  a certain performance from their 

automobiles (Sheller 2004), – which directly or indirectly drives the automotive economy forward 

(Whitmarsh and Xenias 2015). Hence, this consumer demand contributes to the design disparity 

in the real world driving conditions and perceived need-for-speed in cars. The following Table 2 

provides details on real world driving conditions such as the share of  mileage and the average 

speeds estimated in the ARTEMIS project. 

Over the years’ researchers working towards decarbonizing the transport sector have sought both 

supply and demand side solutions. These solutions can be broadly categorized into five prevalent 

themes such as, i) technology and efficiency improvements, ii) economic instruments, iii) transport 

infrastructure including public transport, iv) social and behavioural aspects and v) policy and 

emissions regulations. Solutions focusing on technology and efficiency improvements usually 

include enhancements in engine thermal efficiency (Endo, Kawajiri et al. 2007, Weerasinghe, 

Stobart et al. 2010), downsizing the engine (Silva, Ross et al. 2009, Dhingra and Das 2014) 

reducing drag coefficients (Elofsson and Bannister 2002, Mohamed-Kassim and Filippone 2010), 

using light-weight materials (Mayyas, Qattawi et al. 2012, Raugei, Morrey et al. 2015) and 

installing catalytic convertors to capture tail pipe emissions (Koltsakis and Stamatelos 1997, 

Johnson 2009). Economic instruments to decarbonize private transport include congestion 

pricing (Eliasson and Mattsson 2006, Leape 2006) and taxes on car ownership (Hayashi, Kato et 

al. 2001, De Haan, Peters et al. 2007). Infrastructure and public transport solutions include 

improved public transport network (Mees 2000, Daraio, Diana et al. 2016), improving the last 

mile connectivity (Song, Cherrett et al. 2009) and using alternate transport fuels to power the 

transport network (Chang, Hammerle et al. 1991, Rogers and Seager 2009). Social and 

behavioural aspects include incentivizing use of  public over private transport (Beirão and Cabral 
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TABLE 2: REAL WORLD DRIVING CYCLE
Trip class and description Percentage of  mileage Average speed

Motorway 27.6 92.8

Rural roads 44.5 47.5

Urban 27.9 22.5

All 100 40.4
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2007), ride sharing (Agatz, Erera et al. 2012) etc. Lastly, the policy and emissions regulations 

include mandates by the governments or regulatory bodies to impose stricter emission norms on 

car makers to curb the emissions to the environment (Baumol and Oates 1971). Review of  the 

historical work done in the decarbonization of  the private transport showed that while 

researchers approach the decarbonization issue from various perspectives, a gap exists on two 

levels: Firstly, there is no assessment of  the environmental cost of  design for speed in the private cars 

from a lifecycle perspective. Secondly, there is no evaluation of  how the need-for-speed of  car-

drivers and owners effects this design. 

While, the first gap can be addressed using quantitative techniques and analysis, the second one 

deals with the behavioural aspects of  car owners and is beyond the scope of  this work. The 

behavioural aspects of  car ownership are however discussed in the literature review section titled, 

“what determines a good life”. Thus, the aim and objectives of  this research primarily address 

the design for speed perspective and are formulated as follows: 

Aim: Use lifecycle assessment to identify the environmental impacts of  private car ownership. 

Objective: 

i. To review the literature on decarbonization of  the private transport sector 

ii. To analyse the historical trends in the state of  passenger cars in Germany  

iii. To develop specifications for passenger car models based on the trends seen in objective (ii) 

iv. To conduct a comparative lifecycle analysis of  the passenger car models developed in 
objective (iii) using a cradle to grave approach 
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2. Literature review 

Researchers investigating methods and approaches to decarbonize the transport sector have 

sought and assessed both supply and demand side solutions. Overall, these solutions can be 

broadly categorized into five prevalent themes such as, i) technology and efficiency 

improvements, ii) economic instruments, iii) transport infrastructure including public transport, 

iv) social and behavioural aspects and v) policy and emissions regulations. In alignment with the 

objectives of  this thesis, the literature review focusses on the private transport sector by assessing 

how the engineering and design drive or are driven by the needs and desires of  the car owners. 

This interconnectedness is explained through the framework of  five prevalent themes such as the 

counter effects of  technology and efficiency improvements (Jevons' paradox), real world driving 

conditions, commodification of  time and automotive emotions that owners attribute to the 

quality of  their lives. This is represented in the diagram below titled, “Realm of  Automotive 

Dependency". 
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Technology and decarbonization 

Reducing the vehicle weight (or light-weighting) is a common approach adopted by auto-

manufacturers to lower fuel consumption and hence emissions from passenger cars in their use 

phase. Savings from reducing the weight are calculated by estimating the reduction in the energy 

required to move a given mass of  vehicle over a predefined distance. This is mathematically 

expressed as energy consumed in litres of  fuel (gasoline or diesel) or the fuel reduction value 

(Koffler and Rohde-Brandenburger 2010). The fuel reduction value (or FRV) will be higher if  the 

modifications to the powertrain components such as the engine, gear box etc. are also accounted 

for. A review of  studies assessing vehicle light-weighting strategies found that light weight 

materials such as Aluminium, Magnesium or Carbon fibres, are most often used for substituting 

heavy vehicle components, made typically of  iron and steel. However, substitution of  iron or steel 

by such lighter materials could lead to significantly higher emissions in the production and 

manufacturing stages due to the energy intensive processes and technologies involved (Koffler 

and Rohde-Brandenburger 2010, Ashby and Johnson 2013). This yields a breakeven-kilometre 

value, which is the distance covered by a vehicle of  a reduced weight (and hence lower drive-cycle 

emissions), to compensate for the higher emissions from the production and manufacturing 

phase. This is recorded through reduced fuel consumption when the vehicle is in operation. 

Some researchers claim that higher emissions from energy intensive processes involved in the 

production and manufacturing of  the light weight materials could render such strategies 

unreasonable from an environmental point of  view (Schallaböck, Fischedick et al. 2006). The 

following Table 3 summarizes fuel reduction values for gasoline and diesel cars with and without 

adaptation in the vehicle powertrain (Koffler and Rohde-Brandenburger 2010).  
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TABLE 3: FUEL REDUCTION VALUES (in l/100 km* 100 kg)

Engine 
type

No 
adaptation

Adaptation Min Max Arithmetic 
mean

Gasoline 0.15 Gear ratio 0.29 0.39 0.32

Displacement 0.36 0.45 0.39

Diesel 0.12 Gear ratio 0.27 0.30 0.29

Displacement 0.24 0.29 0.26
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Further, studies on lifecycle assessment of  light weight body-in-white (BIW) design found that car 

bodies with Aluminium and Magnesium intensive body structures could result in lower energy 

consumption for longer lifetimes such as 200,000 miles. However for shorter lifetimes such as 

50,000 miles, steel and advanced high strength steel ranked higher in terms of  energy savings 

and CO2 emissions (Mayyas, Qattawi et al. 2012). These results are also concurrent with those of  

Lewis, Kelly et al. (2014), who found that replacing steel with Aluminium results in higher 

lifecycle energy and GHG emission reduction. However, since high strength steel requires less 

energy to produce as compared to Aluminium, the energy and GHG emissions reduction per 

unit mass is larger for high strength steel. The systems perspective thus emphasizes the 

importance of  breakeven-kilometres when compensating vehicle weight for lower fuel 

consumption in drive cycle phase. While, most vehicle light weighting studies focus on the body-

in-white to reduce the energy consumption in the use phase, Dhingra and Das (2014) investigated 

the impact of  downsizing an internal combusting engine (ICE), i.e. reducing the engine capacity. 

However, loss of  power output from the engine was compensated by installing turbochargers and 

direct fuel injection to produce the same engine output before engine downsizing. They estimated 

a 17% reduction in the energy consumption in the use phase of  a downsized vehicle (fitted with 

turbochargers) compared to a 4% reduction when only vehicle light weighting strategies were 

applied. Overall, the review of  literature on downsized engines with turbocharging estimates fuel 

savings ranging from 8% up to 30% (Korte, Hancock et al. 2008, Fraser, Blaxill et al. 2009, Silva, 

Ross et al. 2009). Some lifecycle assessment studies claim that light weighting strategies, when 

implemented in isolation, are incapable of  reducing cumulative energy demand, global warming 

potential and acidification potential of  a compact passenger vehicle by more than 7% at most 

(Raugei, Morrey et al. 2015). Limitations of  light-weighting approaches were also evident in the 

European Super Light Car project that focusses primarily on vehicle light weighting strategies 

(Winterkorn, Ludanek et al. 2008). Winterkorn, Ludanek et al. (2008) found that improvements 

in drive chain and thus an increase in energy efficiency alone are not sufficient to reduce overall 

fuel consumption. They estimate that reducing weight of  a gasoline powered car by 100 kg could 

lead to a fuel saving of  0.35/ per 100 km and 8.4g CO2/ km when accounting for the NEDC 

cycle. Other studies estimating the effect of  weight on fuel consumption found that an increase in 

mass by 100 kg could increase the fuel consumption by 5-7% for a medium sized car weighing 
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around 1.5 tons. This amounts to an increase from 0.3 to 0.5L/ 100km (Fontaras, Zacharof  et al. 

2017). Other technological efficiency improvements such as reducing vehicle aerodynamic 

resistance too effects the fuel consumption at high speed driving conditions. Resistance (force) is 

expressed as a function of  the square of  vehicle’s velocity and proportional to the drag 

coefficient, frontal area and air density. An improvement of  20% in the aerodynamic resistance 

can lead to a decrease of  fuel consumption by 3-7% (Howey, North et al. 2010). 

To investigate the decarbonization potential, researchers adopting a systemic view of  the 

passenger car lifecycle even attempted to salvage old internal combustion engine cars and 

retrofitted them with electric powertrains (Helmers, Dietz et al. 2017). Such studies showed 

around 16% reduction in the CO2(eq) emissions due to longer lifetime of  the gliders. In the 

current market scenario with a determined effort by a number of  federal governments  to 

decarbonize the passenger car transport a trade-off  analysis is critical between energy use and 

GHG emissions between vehicles powered by internal combustion engines and vehicles operating 

on alternate fuels and electric powertrains. Further, no substantial mitigation is offered by 

alternative fuels and drivetrains unless the electricity is derived from hydropower. Thus electric 

cars could offer some mitigation only if  the electricity was derived from renewable energy sources 

(Simonsen and Walnum 2011). Concerns for energy security too can play a part in reducing the 

dependence on fossil fuel based transportation and nudging the transition to cleaner fuels 

(Gilbert, Perl et al. 2007). Futures scenarios studies accounting for technological progress, too 

found that substantial climate change mitigation could be provided by electric vehicles only when 

non-fossil energy resources are used for electricity production (Bauer, Hofer et al. 2015). Similar, 

lifecycle assessment studies evaluating the environmental impacts using range based modelling 

approach to account for the variations in the weight, fuel consumption and the emissions to 

compare various powertrains, found that vehicles powered by gasoline have higher impact on the 

NOx and SOx tailpipe emissions while diesel vehicles have high eutrophication impacts. Also, 

without recycling a NiMH battery, a hybrid car is estimated to have higher acidification impacts 

than a gasoline powered car (Messagie, Boureima et al. 2010). The range based study also found 

Lithium batteries to be less harmful than the NiMH for human health. Although, there is some 

lack of  consensus in literature on the emissions mitigation capability of  electric cars some 

researchers state that their impact is largely underestimated as traffic noise is not included in the 
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overall assessments (Althaus, De Haan et al. 2009). Lastly, a case for developing batteries that 

reduce dependence on scare materials is also warranted. There is research to support Lithium-

Sulphur battery that requires no scarce metals except Lithium itself  in addition to the benefit of  

higher specific densities than the existing Lithium-ion batteries (Arvidsson, Janssen et al. 2018).  

Real world driving conditions  

Most of  the models available to estimate vehicle emissions are derived from typical urban cycles 

and hence offer simplified mathematical expressions to compute fuel and emission rates based on 

average speeds. These models while neglecting transient changes such as vehicle speed and 

acceleration, typically use a characteristic vehicle to represent various dissimilar vehicle 

populations. This is acceptable for network wide highway impacts on the environment but not so 

accurate for energy and environmental impacts of  operational projects (Ahn, Rakha et al. 2002). 

The effect of  this was seen in a recent study where a difference of  nearly 30 to 40% was found in 

the official and real world drive cycle emissions and this difference has grown notably wider in 

the past decade (Fontaras, Zacharof  et al. 2017). Although, driving behaviour, vehicle 

configuration and traffic conditions could significantly effect the emission levels, it was found that 

the margins in the certification test procedure itself  could amount to a difference of  

approximately 10 to 20%. Additionally, between 19 to 60% could be attributed to prevailing 

driving conditions. The Table 4 summarizes this growing disparity in the driving conditions and 
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TABLE 4: DIVERGENCE IN EMISSIONS

Year Real world and certification 
value CO2 shortfall

2005 12 %

2009 19 %

2011 21 %

2011 25 %

2012 22.5 %

2013 30 %

2014 38 %

2014 44 %

2015 41 %
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the certification tests (Fontaras, Zacharof  et al. 2017). This increasing divergence from real world 

driving conditions led the EU to introduce the Worldwide harmonized Light Vehicle Test 

Procedure (WLTP) which is expected to address many of  the limitations of  the existing testing 

procedures by being closer to the real-world driving conditions by about 26 ± 6 gCO2/km (ibid). 

In practical terms this implies that the new WLTP based emissions values would be set to 100 

gCO2/ km as opposed to 95 gCO2/ km set by NEDC based testing procedures for the year 

2020-2021 (Mock, Kühlwein et al. 2014).    

Emission from vehicles have impacts at multiple levels on the society, apart from the tropospheric 

ozone pollution and contribution to increase in concentration of  particulate matter in the 

environment. These emissions adversely effect human health (Chambliss, Silva et al. 2014), crop 

yields (Shindell, Faluvegi et al. 2011) and the climate (Unger, Bond et al. 2010). Although markets 

have attempted to stem the rise in emissions, diesel vehicles alone were responsible in producing 

around 20% of  the global anthropogenic emissions of  nitrogen oxides (Stohl, Aamaas et al. 

2015). Irregularities in the testing procedures in light and heavy duty vehicles have permitted 

higher emissions in the real world driving conditions when compared to laboratory testing of  

vehicles as evident from Table 4 presented above. This situation first gained prominence in the 

wake of  the diesel gate scandal where the regulators caught the German car maker Volkswagen, 

of  installing cheat devices in their vehicles sold in the US and elsewhere in the world. Essentially, 

the purpose of  these devices was to recognize when the vehicle was being tested for emissions and 

hence trigger emission control measures for that duration. It is estimated that 11 million light 

duty vehicles were planted with such devices. Implications of  this finding are rather serious as the 

real world emissions could be nearly 3.2 times and 5.7 times the emission limits set in Euro IV 

and Euro VI standards respectively (Anenberg, Miller et al. 2017). The human cost of  these 

actions by Germany automakers are largely unaccounted for. Although, some researchers 

estimate that higher particulate matter due to excess emissions in Europe, China and India 

resulted in approximately 38,000 deaths and 625,000 years of  lost life globally in 2015 

(Anenberg, Miller et al. 2017). 

Rebound effects: Jevons paradox 
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The literature review has so far highlighted the technology centric focus to decarbonize the 

private transport. The limitations of  vehicle light-weighting strategies and the growing divergence 

in the real world driving emissions and the test emissions highlight the lack of  efficacy of  the 

actions taken to decarbonize the private transport sector so far. Another factor, although largely 

disputed in its overall magnitude and impact, is the rebound effect. Since an improvement in fuel 

efficiency reduces the cost of  travel for a consumer, the effectiveness of  fuel efficiency standards 

in reducing emissions could be partially offset by an increase in demand for driving (Frondel, 

Ritter et al. 2012). This is particularly applicable to the EU, that relies heavily on efficiency 

standards as a GHG mitigation tool. In their research, Frondel, Ritter et al. (2012) found little 

evidence for differential rebound effects based on income levels, geographical location or the 

number of  cars owned by a household in EU. However, they found that reduced travel costs, 

increased the travel demands in households with less mobility more than the households with 

already high travel demand. Thus, some researchers propose that instead of  emphasizing per 

kilometre emissions reductions, fuel taxes should play a larger role in climate policy design 

(Sterner 2007). This view is also shared by  Vivanco, Kemp et al. (2016), who support not just 

carbon and energy taxes as well as economy wide cap and trade system as an effective way to 

address emissions and energy issues. It is foreseen that taxes on fuels would confront the owner 

directly with the cost of  driving, and thus incentivizing the consumer to purchase more efficient 

vehicles and while also impacting driving behaviour. Vivanco, Kemp et al. (2016) further support 

accounting for the impacts of  rebound effects or other unintended environmental consequences 

in policy design. The ineffectiveness of  policies relying exclusively on efficiency improvements 

was also quantified by Ajanovic, Schipper et al. (2012), who found that the transition to larger 

cars and increased driving has largely compensated for the efficiency improvements in the 

passenger cars in Europe. Consider for example, in 2010, about 560 PJ savings were realized due 

to efficiency improvements alone; however, potentially 410 PJ were lost due to increased driving 

and 900 PJ were lost due to increased car sizes. Thus, there is a relevant and an urgent need to 

introduce not just fuel taxes to curb the vehicle kilometre driven, but also size dependent 

registration taxes to extract full benefits of  an efficient car (Ajanovic, Schipper et al. 2012). A 

study conducted of  car sales between 1998 and 2008 at both aggregate and individual car 

segments in Germany found that there were models available with higher than average emission 
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levels than in the 1990s and the Germans car drivers were increasingly opting for more powerful 

diesel cars (Zachariadis 2013). Thus the transport policy must necessarily cater to the issue of  

changes in the vehicle size and performance and hence discourage increase in vehicle weight and 

power as it dampens the effectiveness of  emission regulatory measures.  

Apart from the thermal efficiency improvements of  a car, choice of  fuel could also lead to 

rebound effects. For example, the preference for diesel over gasoline is better understood when 

comparing similar diesel and gasoline car models. Diesel cars typically consume 35% less fuel per 

kilometre and record 25% lower CO2 emissions than its gasoline counterparts. Essentially, the 

technology improvements in efficiency and performance were used by the auto-manufacturers to 

nudge the users into buying higher classes (or sizes) of  vehicles (Schipper and Fulton 2013). 

Preference for diesel cars in Germany was also seen when assessing car usage between 1992 and 

2002 (Kalinowska and Kuhfeld 2006). It was found that while some German drivers switched to 

to refuelling in neighbouring countries where fuel prices were lower than Germany, others 

switched to diesel engine cars from gasoline instead of  reducing their car usage. 

Time as a commodity 

“when time is money, then faster is better” 

The above quote is an example of  how time is commodified in the modern day and age (Adam 

2004, p 39). Thus presenting a case for lowering consumption levels by shortening distances and 

lowering speed, in the transport sector. The prevalent paradigm in the modern day transport is 

rooted in the firm belief  that travel time needs to be shortened, and hence speeds need to 

increase. However in this debate the aspect of  travel distances is largely ignored. Hence, when 

planning land use and infrastructure development activities, it is necessary to examine transport 

as a trilogy of  distance, speed and time (Banister 2011). Empirical evidence has further shown 

that travel distances have increased over time. The implication of  this is not that we are 

participating in more activities, rather we travel further for the same activities. Thus arriving at a 

destination outweighs the benefits at the destination itself  (Banister 2011). Bannister (2011) states 

that since travel is a means to an end, it makes more sense to reduce travel distances than increase 

speed of  travel. Transport geography being at the centre of  a set of  traditional and emerging 
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paradigms simultaneously, plays a crucial role in shaping debates in this direction. As travel can 

no longer be viewed as a derived demand with no positive value in the act of  travel itself, the 

traditional positivist approach to transport analysis stands to being questioned. Emphasis on the 

need to speed up transport to save time and the assertion of  constant aggregate travel time 

budgets are hence being challenged through both empirical and theoretical studies (Metz 2008). 

Transport geographers thus need to break away from the economic concerns of  time and speed 

and explore the substantial and other value related aspects of  travel such as experience, reliability 

and quality (Metz 2008). 

What determines a good life 

Leading a carbon intensive lifestyle including car dependency is directly or indirectly reinforced 

through institutions and transport infrastructures (Whitmarsh and Xenias 2015). Further, the 

added notion that car ownership is a precondition for a good quality life is strengthened by social 

and cultural beliefs, thus enhancing the preconceived notion about the perceived quality of  auto-

mobility. The built environment too has been tailored to accommodate cars (Urry 1999, 

Newman 2013). All this serves as a self-fulfilling prophecy where in the absence of  public 

transportation people prefer private over public transport; resulting in a lesser incentive to invest 

in public transport. Thus, resulting in a behavioural lock-in (Jackson 2005). Although, commonly 

cited reasons for unchanging travel habits are inconvenience, unavailability, unattractiveness and 

safety (Davies, Halliday et al. 1997, Black, Collins et al. 2001, Emmert, Van De Lindt et al. 

2010), there exist clear cultural and social associations with travel choices which include flexibility, 

autonomy, comfort and privacy (King, Dyball et al. 2009, Emmert, Van De Lindt et al. 2010).  

Cars, simply are an extension of  a consumers self-image. The type of  car a consumer owns, 

conveys the personality traits that they associate with or wish to communicate to the outside 

world. For example, some cars communicate “masculinity” in the form of  bigger bodies and 

roaring engines, while others communicate “environmental consciousness” such a electric or 

hybrid cars. Car makers are well aware of  these subconscious human traits and have exploited 

them by directing their advertisements accordingly. See Table 1 in the Introduction for some 

examples of  targeted advertising by the auto-manufacturers. At times, even social comparison 
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could play a decisive role in directing the psychological mechanisms at play in the consumer 

choice of  a car. Thus, simplifying an otherwise complex decision making process (Festinger 1954, 

Bakken 2008). The evidence is thus clear that driving and car ownership are hedonically valued 

activities and appeal to consumers at an intrinsic level, even offering some psychological benefits 

(Hiscock, Macintyre et al. 2002, Nieuwenhuis 2014). Thus, irrespective of  the reasons cited by 

consumers, there is evidence of  subconscious motivations in play such as social identity, 

symbolism and status (Steg, Vlek et al. 2001). 

The preceding review points to auto-mobility being an engineered need to some extent. Auto-

mobility also has complex socio-technical cross linkages with industries such as the oil & gas and 

petroleum refining, road building, road side service and motels, retailing etc. It is also form a part 

of  the sub culture discourse of  what constitutes a good life and thrives on quasi-private mobility 

that subordinates public modes of  transportation. Lastly, and most importantly it is the single 

most important cause of  environmental related resource depletion and pollution (Urry 2006). 

Car ownership is not just a economic decision but also an aesthetic, emotional and a sensory 

response to driving. There is a need to further assess how the cultural patterns reinforce the 

culture of  mobility especially the kinaesthetic dimensions of  mobility (Sheller 2004). Also, 

embodied dispositions of  car users and the visceral feelings associated with a car use are equally 

important as the technical and socio-economic factors in understanding the persistence of  car 

use. Driving affords people the feeling of  liberation, empowerment and social inclusion, while 

inability to drive could lead to negative feelings of  exclusion and disempowerment. 

Summary 

So far the literature review shows how far the technology and efficiency improvements have 

contributed to decarbonizing the transport sector and what the unintended consequences of  

relying on technology are in terms of  rebound effects. While some limitations are intrinsic, as 

evident in the lifecycle assessment studies of  light weighting strategies, other are extrinsic, such as 

increased driving due to higher fuel efficiencies. Thus the question on where the efforts to reduce 

the energy in transport and GHG emissions should focus on, still persists. Is it better to improve 

technology further? Or, reduce the demand for passenger transport itself ? Some researchers 
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believe that in a growth based economy it is highly unlikely that environmental sustainability can 

actually be achieved if  production and GDP continues to increase (Hueting 2010). It is clearer 

than ever that continuous increase in consumption level burdens the ecosystem beyond its 

carrying capacity (Jackson 2009). Other researchers supporting this argument further add that to 

achieve substantial cuts in both energy and GHG emissions, de-growth directed at downscaling 

the overall capacity of  the economy to produce and consume is also needed (Moriarty and 

Honnery 2013). It is thus imperative to replace the emphasis on vehicular mobility with 

accessibility in the fundamental structures of  the consumer capitalist society. There is reasonable 

uncertainty on whether the optimism around technology and negative emissions is even based on 

reasonable assumptions (Anderson 2015). It therefore appears that the argument of  ever rising 

vehicular mobility is more aligned with the needs of  transport corporations than human needs. 

Thus, there exists an immediate need to first articulate a preferred vision of  the future mobility 

before envisioning sustainable transport solutions for which transport must therefore be viewed as 

a derived demand (Moriarty and Honnery 2008). 

As evident from the discussion on rebound effect, only if  car ownership was nearing saturation 

levels, absolute cuts or technological improvements could have any impact in transport GHG 

levels (McCollum and Yang 2009). Researchers investigated various scenarios such as fuel 

efficiency improvements, lower carbon fuels and travel demand managements across different 

sectors to understand the complexities of  consumer response to technology and concluded that 

managing travel demand had the potential for highest impact (McCollum and Yang 2009). This 

implies that behavioural and structural changes are critical to alleviate dependence on 

technologies and unchecked growth in travel demand in the future to curb GHG emissions. 

Further, there is also support for distancing the transport sector from the growth based economy 

to decarbonize the sector (Banister, Anderton et al. 2011).  Banister, Anderson et al. (2011) also 

state that although transportation has brought large benefits to the society and has led the 

globalization movement worldwide, the prevalent production based accounting system prevents 

complete responsibility being assigned to countries for generating emissions. Instead, they 

propose a consumption based approach that allocates emissions to end users directly. Banister, 

Anderson et al. (2011) further acknowledge the hesitation of  policy makers in curbing transport 

demand given the economic contributions of  the transport sector and the social benefits. An 
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individual’s characteristics such as lifestyle, type or purpose of  journey, perceived performance 

expectation and situational variables also influence the mode of  transport chosen. Thus policies 

directed at influencing private car usage ought to target the market segments that are most likely 

or motivated to change and willing to reduce the frequency of  travel (Beirão and Cabral 2007). 

Hence, for aggressive CO2 emissions reductions, policy mechanisms that communicate the 

ownership of  future lifestyles with various stakeholders and the public is necessary (Hickman, 

Ashiru et al. 2010). This view is also supported by Bannister (2011), who states that dependence 

on technology is not sufficient to meet sustainable transport goals. Instead, a more holistic 

approach is needed that uses a combination of  economics, planning and technological 

innovations and functions in mutually inclusive ways to reduce the overall demand for transport. 

Since, this approach digresses from the existing structures, the potential resistance to change in 

the transport sector could in part be attributed to the path dependencies that credit 

predisposition towards quantitative modelling and technology, pricing and infrastructure related 

transport systems (Schwanen, Banister et al. 2011). Insights from social sciences, could and 

should, contribute to an informed understanding of  transport mitigation solutions, thus steering 

away from commonly adopted approaches such as efficiency and technology improvements, 

pricing instruments, infrastructure provision for transport, behavioural aspects and institutional 

arrangements for governing transport systems (Schwanen, Banister et al. 2011).  
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3. Methods 

This section provides an overview of  the methodology adopted for meeting the objectives of  this 

thesis. The methodology in this thesis comprises of  two main phases: (i) a qualitative review of  

the transport literature and, (ii) a quantitative environmental system analysis of  passenger cars  in 

Germany from a cradle to grave perspective. 

The first objective of  the thesis was met by conducting a review of, peer reviewed literature on 

the private transport sector. This included articles in journals as well as reports from research 

think-tanks engaged in the transport sector. To perform this review a meta-synthetic technique 

was implemented for which the data was collected from online journal databases such as Google 

Scholar and Jstor. Some of  the key word combinations used to collect literature were: low carbon 

transport, sustainable transport, transport policy + Germany, lifecycle assessment + passenger cars, transport 

futures, energy efficiency, transport + rebound effect, automotive emotions. Quantitative information was 

acquired from databases of  International and European organisations such as the International 

Council for Clean Transportation and European Energy Agency. Once the relevant literature 

was acquired, it was categorized based on key topics such as lifecycle analysis, transport 

structures, transport policy etc. This helped understand the trends in literature around private 

transport and identify the specific gaps in the scientific work that this thesis could address. The 

outcome of  this literature review led to the formulation of  the specific research question.  

The aforementioned objectives, (ii) to (iv), comprise the quantitative aspect of  this thesis which 

address the research question. Lifecycle analysis was chosen as the specific tool for this thesis for 

two reasons. Firstly, lifecycle analysis adopts a systems perspective when analysing product 

systems. This allows the user to not only identify the hot spots in a products lifecycle phases, but 

also see how changes in one phase could effect the different impact categories that the system is 

being assessed for. Secondly, life cycle analysis is a standardised tool employed by researchers to 

perform environmental system analysis and is regulated by the ISO 14040:2006. Adherence to an 

internationally agreed upon standard lends credibility and reproducibility, which are paramount 
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in pursuing any scientific work (Curran 2015). The methodology for the lifecycle analysis is 

described in detail in the section 4.3. 

A number of  lifecycle analysis softwares such as SimaPro, Lcopt and OpenLCA were considered 

for this work. However, OpenLCA was chosen to carry out the analysis due to the ease of  access 

to the software. The database used in OpenLCA was Ecoinvent v3.3 which is a popular lifecycle 

inventory database in the industry. This database made available through the licence agreement 

between author’s parent institution and Ecoinvent. The ReCiPe midpoint (Hierarchist) indicator 

approach was selected for the lifecycle impact assessment. As the main objective of  the ReCiPe 

method is to transform the inventory results into a limited number of  indicators, employing the 

midpoint approach allowed an assessment of  shifts of  burden between various indicators due to 

changes in the product systems. Further, the Hierarchist model was chosen as it is the default 

model encountered in most scientific work (Curran 2015). The following impact categories were 

analysed in this thesis: 

1. Climate Change 
2. Particulate Matter Formation 
3. Fossil Depletion 
4. Water Depletion 
5. Metal Depletion 
6. Human Toxicity 
7. Terrestrial Eco-toxicity 
8. Marine Eco-toxicity 
9. Freshwater Eco-toxicity 
10. Urban Land Occupation 
11. Ozone Depletion 
12. Terrestrial Acidification 
13. Marine Eutrophication 
14. Natural Land Transformation 
15. Ionising Radiation 
16. Petrochemical Oxidant Formulation 
17. Agricultural Land Occupation 
18. Freshwater eutrophication  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4. Results 

This section presents the results and analysis of  the research carried out in this thesis. The section 

is subdivided into three subsections to answer the research question formulated through the 

literature review, and address the objectives (ii) to (iv) of  this thesis. The first subsection, “state of  

passenger cars in Germany” presents statistical data on passenger cars operated in Germany 

between 2001 and 2016. This aids in understanding the historical trends in the private transport 

sector in Germany and thus placing the research carried out in this thesis in context. This is 

followed by an analysis and quantification of  the embedded over-design in the passenger cars in 

Germany. This is useful in identifying what an over design in the context of  this thesis implies as 

well as quantifying it. Additionally, this subsection defines the specifications such as the weight 

and fuel efficiency of  the down engineered passenger car models. The last subsection includes the 

results from a comparative lifecycle assessment of  passenger cars. The results here include 

assessments of  impact categories defined in the Methodology and quantifying the environmental 

impact of  over-design in passenger cars in Germany. A summary of  the results section is shown 

in the following Table 5. 
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TABLE 5 : STRUCTURE OF THE RESULTS
Section Results and key findings

4.1 State of  passenger cars 
in Germany

This sections presents statistical data on the state of  passenger 
cars in Germany. The data includes total car sales, average 
engine power, average engine capacity, average gross (curb) 
weight of  a passenger car, reported and estimated emissions 
and average top speeds.

4.2 Embedded over-design
This section quantifies the extent of  over-design in passenger 
cars based on posted speed limits in urban areas and 
motorways, and the real world driving conditions.

4.3 Lifecycle analysis of  a 
passenger car

This section presents lifecycle energy and emissions analysis 
of  passenger cars manufactured and operated in Germany. 
This includes an inventory analysis followed by the lifecycle 
analysis results of  alternate passenger vehicles that are 
downsized from the baseline passenger car model.



RESULTS

4.1.The State of  Passenger Cars in Germany 

This section presents an analysis of  the state of  passenger cars in Germany. The data includes 

volume of  passenger car sales and aggregated data on top speed, engine power, gross weight and 

CO2 emissions of  passenger cars operated in Germany. All data for this section was sourced from 

the European vehicle market statistics (2017/ 2018) report prepared by the International Council 

of  Clean Transportation, unless otherwise stated. The time period for analysis is chosen between 

2001 and 2016 and the data for all the statistical information presented in this section is provided 

in Appendix A. 

Car sales 

The German automakers have sold an average of  3,225,516 passenger cars per year between 

2001 and 2016. Within this time period, the year 2009 was a landmark year for car sales in 

Germany where nearly 3.79 million cars were sold – almost half  million higher than the average 

passenger car sales between 2001 and 2016 (Figure 1). This can largely be attributed to the 

German Accelerated Vehicle Retirement program introduced by the federal government that 
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FIGURE 1: TOTAL CAR SALES IN GERMANY (2001-2016)
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entitled premiums to car owners with cars that were over nine years old to purchase a new one 

(Böckers, Heimeshoff  et al. 2012). The objective of  this program by the federal government was 

to introduce more fuel efficient vehicles on the road and stimulate the flagging car market sales 

from preceding years. However, despite the growth in car sales in 2009, the sales slumped to 

2,877,790 in 2010 – the lowest in the 2001-2016 period, before recovering between 2013 and 

2016. 

Engine power and engine capacity (size) 

The passenger cars in Germany cover a wide range of  segments based on utility and intended 

purpose of  the car. These segments are classified as small, medium, upper medium, luxury, sport 

and SUVs. Hence, the design of  cars in each segment differs considerably in terms of  size and 

performance. Technically, this translates to a service level comfort which is represented through 

the size of  the vehicle (and hence the engine capacity), or the performance which is represented 

PAGE !  OF !22 76

FIGURE 2: AVERAGE ENGINE POWER AND ENGINE 
CAPACITY OF PASSENGER CARS IN GERMANY (2001-2016)
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through the engine power output. The Figure 2 shows the aggregate data on engine power and 

engine capacity of  passenger cars sold in Germany between 2001 and 2016. As seen in the 

Figure 2, the average engine power of  passenger cars in Germany increased from 111 to 146 

horsepower (hp) between 2001 and 2016. However, the average engine capacity of  the passenger 

cars in Germany reduced from 1,823 to 1,722 cubic centimetre (cc) in the same time period. The 

year 2009 was unique as it experienced a sharp decline of  10% compared to the previous year. 

This was largely due to the increase in sales of  small segment cars – which typically have smaller 

engines – incentivized through the German Accelerated Vehicle Retirement Program (Böckers, 

Heimeshoff  et al. 2012). This observation is further supported in Figure 3, which shows that the 

share of  small segment cars increased from 28% in 2008 to 38% in 2009. Thus explaining the 

reason for an overall lowering of  the average engine capacity of  passenger cars sold in Germany 

in 2009 seen in Figure 2. While the average engine size of  passenger cars in Germany has 

declined the average engine power output has increased. This points to the technological 

enhancements in the automotive technology that has made it possible for the car manufacturers 

to extract more power by reducing thermal and transmission losses from the engine and 

drivetrain respectively. 
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Engine power and gross weight 

The average gross weight of  a passenger car in Germany has increased by 11% since 2001. In 

2016, average gross weight of  all passenger cars sold in Germany was 1,972 kg (Figure 4). 

Although, the increase in sales of  small segment passenger cars in 2009 (Figure 3) reduced the 

average gross weight of  passenger cars sold in Germany to 1,822 kg, the following years saw the 

trend of  increasing gross weight resume in passenger cars. Thus, despite lower than average sales 

per year of  all passenger cars sold between 2010 and 2015, the gross weight of  passenger cars 

increased every year. This suggests an increase in higher segment passenger cars which are 

usually heavier than their small segment counterparts. Some German car makers also claim to 

have innovated technology to reduce the weight of  their passenger cars by substituting heavier 

material with lighter ones such as Aluminium and Magnesium (Audi AG 2011). However, this 

benefit seems largely negated by an overall increase in the size of  the car. 
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FIGURE 4: AVERAGE ENGINE POWER AND GROSS 
WEIGHT OF PASSENGER CARS IN GERMANY (2001-2016)
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Engine power, reported and estimated emissions 
 

While the Figure 4 conveys a trend towards increasing passenger car sizes, the engine power 

outputs too have increased. Thus suggesting steady improvements in car technology year-after-

year that can compensate for increased gross weights by extracting better performance from its 

cars. These improvements in technology also reflect in the engine thermal efficiency or emissions 

from passenger cars. As seen in Figure 5, the average CO2 emissions per km in Germany 

dropped from 179 g/ km in 2001 to 125 g/km in 2016 – an efficiency improvement of  nearly 

30% in all passenger cars sold in Germany. However, the credit to the German carmakers in 

achieving this feat falls short in the wake of  the diesel-gate scandal where a number of  carmakers 

installed cheat devices in their cars to mislead and misinform the regulators of  the actual 

emissions from their cars. An investigation of  the true emission data and its environmental 

impacts are speculative and beyond the scope of  this thesis. However, some studies assess the 

difference of  nearly 30-40% in the official and real world drive cycle emissions and this difference 
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FIGURE 5: AVERAGE ENGINE POWER AND REPORTED 
CO2 EMISSIONS FROM PASSENGER CARS IN GERMANY 
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has grown notably wider in the past decade (Fontaras, Zacharof  et al. 2017). Although, driving 

behaviour, vehicle configuration and traffic conditions could significantly effect the emission 

levels, it was found that the margins in the certification procedure itself  could amount to a 

difference of  approximately 10-20%. Additional 19-60% could be attributed to prevailing driving 

conditions. The following Figure 6 compares reported versus the estimated difference in 

emissions based on Table 4 presented earlier in the Introduction (Fontaras, Zacharof  et al. 2017) 

Top speed 

The final Figure 7 in this section shows the average top speeds of  passenger cars in Germany 

between 2001 and 2016. The average top speed has risen from 188 km/h to 200 km/h between 

2002 and 2016. Although, only a slight change, the top speeds of  188 km/h point towards an 

embedded over-design in the design of  passenger cars. This is elaborated in the next section 4.2. 

Data for years 2001 and between 2011 to 2014 was not available. 
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FIGURE 6 REPORTED AND ESTIMATED EMISSIONS FROM 
PASSENGER CARS IN GERMANY (2001-2016)
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4.2.Embedded Over Design 

 

The following section has two main objectives: to define what an over design means in the 

context of  this thesis and to quantify the specifications of  a down engineered car. The rationale 

for over-design is based on the gap in existing design for high top speed versus the practicality of  

use of  passenger cars on German roads. While the car makers are responsible for what they 

design the real world driving conditions are not something they have a direct control of. However, 

arguably what is designed and manufactured in factory effects the real world directly and 

indirectly. In this thesis, the term “real world driving conditions” represent both, the posted speed 

limits in the urban areas and motorways as well as the driving conditions due to road congestion 

caused due to the presence of  other cars. As stated earlier, the car makers decide the 

specifications of  their cars such as power output, top speeds, weights etc.  The relationship 

between power and top speed is explained in the Figure 8. The Figure 8 shows a theoretical 

relationship between the engine power output and the top speed of  a car. As evident from the 

Figure, higher car speeds require larger engine power outputs. However, the slope of  the ‘power 

vs top speed’ curve depends on extrinsic factors such as the density of  air enveloping the car in 
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FIGURE 7 AVERAGE TOP SPEED OF PASSENGER CARS IN 
GERMANY (2001-2016)
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motion and intrinsic factors such as the car’s drag coefficient, gross weight and the projected area 

in the direction of  motion. While the extrinsic factors are beyond manufacturer’s control when a 

car is in use, considerable research is directed towards reducing the drag coefficient and the 

weight of  the car as well as managing the projected area, to optimise the performance of  the 

cars. The Figure 8 shows engine power requirement for speeds up to 300 km/h for a pre-selected 

car with given extrinsic and intrinsic conditions. The calculations and the formula used are 

provided in detail in Appendix G. While in a real-world driving scenario, the actual top speeds of  

cars may or may not reach their theoretically feasible values, advancements in automotive design 

and technology have pushed this envelope. To place the Figure 8 in context a summary of  engine 

outputs and top speeds of  some German cars in various segments as claimed by the 

manufacturers is shown in Table 6. The intention of  the Table is not to identify a particular car 

model or car manufacturer as an over design, but rather provide a representative analysis. Since, 

bigger engines would typically produce higher power output, this suggests the impact of  engine 

power on the top speed as well as the overall weight of  the car. Finally, as seen in the Table 6, as 
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the segment of  the car grew, so does the weight and the engine output. However, interestingly so 

do the top-speeds which are higher than the typical urban street limits or motorways.  

While technological and efficiency improvements afford the private car users the possibility to 

travel faster than ever, growing urbanisation and traffic congestion limit the speeds at which cars 

can actually be driven at in real-world driving conditions. This is further emphasised in the 

ARTEMIS project (André 2004) conducted to collect data on real-world driving conditions in 

Europe. Although, the specific purpose of  the ARTEMIS project was to use real-world data for 

better estimation of  GHG emissions, this data is also useful in understanding the driving patterns 

in urban and rural areas. The geographical focus of  this research is on cars manufactured and 

operated in Germany. However, no data specific to real-world driving conditions in Germany was 

available in literature. Thus, Europe specific data from the ARTEMIS project that monitored 77 

vehicles in UK, France, Germany and Greece was deemed appropriate for the purposes of  this 

thesis. These real-world driving conditions as determined in the ARTEMIS project are shown in 

Table 1 (André 2004, Table 2) earlier. 

The Table 1 in the Introduction showed that a typical car in Europe spends a significant share of  

its operating time at speeds much lower than its designed values which is typically in excess of  

200 km/h (see Table 7). Consider a small segment car such as the VW Polo which is claimed by 

TABLE 6: SPECIFICATIONS OF GERMAN CARS IN VARIOUS SEGMENTS

Segment Manufacturer and 
Model

Engine output 
HP

Vehicle weight 
kg

Top speed 
km/ h

Mini Fiat Panda 94 1,615 167

Small VW Polo 75 1,650 172

Lower medium VW Golf 111 1,800 194

Medium BMW 3 Series 114 1,995 204

Upper medium BMW 5 Series 187 2,245 235

Luxury BMW 7 Series 228 2,385 245

Sport Porsche 911 365 1,975 288

Van Mercedes Benz Viano 136 2,030 172

SUV/ Off  road Mercedes Benz G63 585 3,200 241
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the manufacturer to have a top speed of  172 km/ h. This value is nearly double the average 

speed of  cars recorded on motorways (92.8 km/h) in Europe. Further, an off  road vehicle such as 

the Mercedes AMG G63 that weighs approximately 3.2 tons (twice the weight of  a VW Polo) is 

capable of  a top speed 2.5 times the average motorway speed. Additionally, the legal speed limits 

for passenger cars in Germany stipulated by the federal government are 50 km/h inside built up 

areas and 100 km/h outside built up areas. Also, while sections of  the autobahns and other 

highways post limits of  up to 130 km/h, some rural sections and motorways have no specified 

limits (BMJV 2018). Thus the difference in the top speed of  some German cars listed in Table 6, 

compared to the real-world driving conditions and the legal speed limits in Germany, highlight 

the extent of  over-design embedded in the performance of  these cars. While, a car in every 

segment has a specific utility and purpose, there is little justification for design for such top 

speeds. Essentially, neither the real-world driving conditions, nor the federal law in Germany 

makes a case for faster cars on German roads.  

To quantify the extent of  over-design in the German cars it is necessary to understand what car 

performance represents real-world driving conditions. Thus, as seen from the ARTEMIS project 

and the federal requirements for road traffic in Germany, approximately 130 km/h is the upper 

limit to which the speeds of  the passenger cars should be limited to. This value is higher than the 

average motorway speed estimated in the ARTEMIS project, but complies with the legal speed 

limits under the federal law. Hence, car specifications such as engine power output that comply 

with the 130 km/h speed limit can be considered as an acceptable limit for car design. However, 

while designing an entirely new car that complies with the engine power output and the speed 

limit of  130 km/h is beyond the scope of  this thesis, a review of  existing cars on roads was 

conducted to identify any existing cars with similar specifications. Although, the survey 

completed of  cars available in the market did not result in the selection of  a car with a precise 

specification, the VW Up was the closest with 60 hp engine power output and an estimated top 

speed of  110 km/ h. These specifications serve as the target specifications for a down engineered 

car in the next in section. 
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4.3.Lifecycle Energy and Emissions Analysis  

This section presents the results of  the lifecycle analysis of  passenger car transport as per ISO 

14040:2006. 

4.3.1.Goal 

The goal of  conducting a lifecycle analysis in this study is to investigate environmental impacts of  

passenger cars produced, operated and recycled in Germany. A sub-goal is to also investigate 

impact of  high top-speeds and over design in passenger cars on the environment. This is done by 

first establishing the specifications and impacts from a baseline passenger car and then using 

comparative lifecycle assessments to evaluate the environmental impacts from reducing the 

weight (light-weighting) or down-engineering a baseline car. The results from this section help 

identify the environmental hotspots in the various lifecycle phases of  any passenger car and also 

help understand what steps would lead to an overall reduction in environmental impacts from the 

passenger car transport sector in Germany. The decision context here is descriptive, which 

implies that the results do not apply to a specific car model or type of  passenger car. Rather, the 

study provides a general understanding of  the impacts on the environment due to various 

specifications and designs of  passenger cars.  

Results from this analysis and intended for environmental policy makers in Germany that are 

working on federal transport policies, to better understand where to focus their efforts when 

developing policies for decarbonising the passenger car segment in Germany.  Since, this is a 

retrospective analysis, i.e. comparing the evolution of  the German passenger car from 2001 to 

2016, the time time scope of  this analysis is limited to the present day technology. 

The specific research question for the lifecycle analysis is formulated as: 

What are the lifecycle environmental impacts of  high top-speeds in passenger cars in Germany? 
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4.3.2.Functional unit 

A functional unit of  a product system quantifies the performance requirements that is fulfilled by 

the system. Thus the functional unit must relate to the functions of  the product rather than to the 

physical product itself. Since this study performs a comparative lifecycle assessment of  various 

specifications of  passenger cars, the functional unit is chosen such that it is the same for all 

compared product systems. Further, since the study assess the consequences of  choices made such 

as light weighting or down engineering a passenger car – this could affect larger decisions such as 

costs, choice of  technology etc. Therefore, the functional unit is selected to be the same for 

decisions supported by the study. The functional unit chosen for the study is: 1 vehicle-kilometre 

driven, in a Euro 6 class internal combustion engine powered passenger car under standard 

European driving conditions. The passenger vehicle is assumed to drive 200,000 km in its 

operational phase (Roelant, Kemppainen et al. 2004).  

4.3.3.Scope 

The German automotive industry is renowned for innovating cut edge technologies and 

developing high technology passenger cars. This includes a plethora of  OEMs that form a part 

of  the supply chain producing components or providing raw materials for building them. Thus 

the scoping process was designed to incorporate the complete lifecycle of  the passenger car.  

Thus the system boundary apart from addressing factors such as sourcing of  raw materials for 

building a passenger car, also covers extraction, refining and supply of  refined petroleum and 

road construction. The product lifecycle of  petroleum extraction, refining, distribution and sale 

are all assumed as inputs in the driving phase of  the passenger car. Further, since analysis also 

accounts for non exhaust emissions such as road wear, the product lifecycle of  road construction 

is also an input to the operational phase of  the passenger car.  Similar “well-to-wheels” approach 

is also often adopted in lifecycle analysis literature (Silva, Gonçalves et al. 2006, Nordelöf, 

Messagie et al. 2014, Bauer, Hofer et al. 2015, Paulino, Pina et al. 2018). The Figure 9 shows the 

system boundary in detail.  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Figure 9: System Boundary for the Lifecycle Analysis 
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4.3.4.Inventory Analysis 

This section analyses all the lifecycle inventory data used in modelling the product systems. This 

includes the rationale of  the inventory data used in modelling. The supporting information for 

the lifecycle inventory data used in the analysis is provided in the Appendices B to E at the end of  

the thesis.  

a. Weight and material distribution in a typical passenger car 

A typical automobile is made of  a assembly of  many parts and components that are useful for its 

operation. While, different car manufacturers could vary the relative proportion of  the 

constituent materials used in the design of  the passenger car, a typical material wise proportion 

based on a standard internal combustion engine powered passenger car operated in Europe is 

presented in the Figure 10 below (Sullivan, Burnham et al. 2013: Table S4). The Figure shows 

that Iron, Steel and Aluminium are the primary materials used in manufacturing of  a typical 

passenger car accounting for over 70% of  the constituent materials used in producing a 

passenger car. 
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b. Embodied energy of  materials in various phases of  a passenger car lifecycle 

The embodied energy of  a material is the defined as the energy consumed in all processes 

involved in the lifecycle of  that material including raw material extraction, production, 

manufacturing and recycling. In the context of  a passenger car, quantifying the embodied energy 

of  constituent materials are useful in the production (including extraction), manufacturing and 

the recycling stages. The following Figure 11 shows the embodied energy in the key lifecycle 

phases of  the primary material constituents in a typical passenger car (Ashby 2012: Chapter 15). 

This Figure highlights an important consideration about the embodied energy of  key passenger 

car component materials. For example, as seen in the Figure 11, Aluminium has the highest 

embodied energy amongst the all the materials used in producing a car. The embodied energy of  

Aluminium is nearly 10 times higher than that of  Iron and 2.5 times that of  Steel. These 

considerations become critical from an energy consumption viewpoint when car manufacturers 

use material substitution to reduce the weight of  the car by  replacing Steel with Aluminium. 

This is typically done as Aluminium is lighter than Steel which helps in reducing the overall 
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weight of  the car and thus improving the mileage. The data for the Figure 11 is provided in 

Appendix B.  

c. Component weight and material substitution 

A typical fossil fuel powered passenger car comprises of  a number of  parts such as the internal 

combustion engine, body in white (BIW), chassis, suspensions, closures etc. The weight 

distribution of  various components of  a typical passenger car is provided in the Figure 12 (Lutsey 

2010). Depending on the class and utility purpose of  the vehicle, the auto manufacturers can 

chose to reduce the weight of  the various components of  the car. However, most common 

approaches for reducing the weight of  a passenger car comes from material substitution in the 

BIW.  

The main intent of  material substitution is to make the vehicle lighter to improve the drive cycle 

performance while maintaining the safety requirements. Thus material considerations such as 

stiffness, yield strength, buckling etc. are accounted for when substituting one material with 

another. The material replacement ratios used in this study are provided in the Table 7 (Kelly, 
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Sullivan et al. 2015: Table S14). In this study it is assumed that the material substitution occurs 

only in the BIW, where Steel is replaced with Wrought Aluminium. Also, two cases, low and high, 

are presented to represent minimal and maximum material substitution possibilities. 

d. Fuel efficiency 

The fuel efficiency or mileage is a key determinant in gauging the environmental performance of  

a passenger car. Since, the passenger car model specifications used in this study represent 

hypothetical cases no real world data exists on the true mileage of  the car. Further, literature 

review also showed the growing disparity in the real world driving emissions and the emissions 

(fuel efficiency) claimed by the car manufacturers (Fontaras, Zacharof  et al. 2017). Thus, for 

consistency reasons, the mathematical expression given in the Equation 1 below (Hakamada, 

Furuta et al. 2007, Mayyas, Qattawi et al. 2012) was used to calculate fuel efficiency in km/ L, 

where the Mass (M) is expressed in kilograms. 

e. Exhaust and non-exhaust emissions 

Another indicator of  the environmental performance of  a passenger car are the exhaust and non 

exhaust emissions in the operational phase of  a passenger car. The exhaust emissions are caused 

due to the combustion of  fuel in the internal combustion engine while the non exhaust emissions 

comprise of  emissions from brake wear, tyre wear and road wear. The exhaust emissions data 

depend on the type of  fuel considered and can be categorised into three categories as shown in 

TABLE 7: MATERIAL SUBSTITUTION RATIOS

Part Base Material Replacing Material Substitution Ratio

Body in white (low, 20%) Steel Wrought Aluminum 0.4

Body in white (high, 80%) Steel Wrought Aluminum 0.7
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the Table 8 below. The emission factors used to calculate the exhaust and non exhaust emissions 

are provided in the Appendix D and E (Ntziachristos and Boulter 2009, Ntziachristos, Samaras et 

al. 2009, Simons 2016).  

f. Energy consumption  

The direct impacts from a passenger car are experienced in the operational phase. These impacts 

are due to the tail pipe emissions from the cars originating from the combustion of  fuel in the 

internal combustion engine used to power the cars. Fuel efficiency is derived from Equation 1 

(Yang 2007, Mayyas, Qattawi et al. 2012). Where, the Mass is expressed in kilograms and the fuel 

efficiency is obtained in km/L. Further, Equation 2 used to calculate the energy consumption in 

the use phase (Mayyas, Qattawi et al. 2012), and is referred to as the direct energy consumption 

in this thesis. 

TABLE 8: EXHAUST AND NON EXHAUST EMISSION SOURCES

Emission category Source Data

Exhaust emissions Quantity of  fuel burnt See Appendix E

Evaporation emissions See Appendix E

Emissions dependent on the engine Euro 
class (EURO 3, 4 or 5)

See Appendix E

Non exhaust emissions Brake wear emissions See Appendix D

Tyre wear emissions See Appendix D

Road wear emissions See Appendix D
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g. Passenger car models  

Based on the inventory data collected, five iterations of  passenger car models were envisioned for 

a comparative lifecycle assessment. Two-out-of-five, iterations reflect the most common 

approaches adopted in the industry to reduce the operational emissions, i.e. reducing overall curb 

weight of  the car by weight substitution. Other iterations modelled include introducing a speed 

cap on the top speeds of  the passenger cars and down engineering a passenger car. These are 

explained in detail below. Further, a summary of  all models and their specifications is tabulated 

in Table 11 at the end of  this section for brevity. 

Baseline passenger car 

A baseline passenger car is chosen as the reference case for comparison with all other models. 

The baseline car weight is set at the average aggregate weight of  a passenger car in Germany in 

2016, i.e. 1,972 kg (ICCT 2017). The overall weight distribution of  the various materials used in 

the manufacturing key components and parts of  the passenger car are derived from Sullivan, 

Turnham et al. (2013: Table S4) and the fuel efficiency is derived from the Equation 1 presented 

earlier (Hakamada, Furuta et al. 2007). Lastly, the embodied energy in manufacturing and 

recycling phases, determines the total electricity consumption and is derived from Ashby (2012: 

Chapter 15).  

Baseline passenger car with speed cap 

A baseline passenger car with a speed cap has the same design specifications as that of  a baseline 

passenger car defined above. However, introducing a speed cap on highways has potential 

benefits in terms of  total fuel consumption in the life time of  a passenger car (Blanck, Kasten et 

al. 2013: Page 31). As per the Öko-Institut report (above), 65% of  the autobahn segments do not 

have a speed limit. Thus implementing a speed limit in these sections would reduce the speeds in 

these sections down to 120 km/ h which would amount to 13% reduction in CO2 emissions in 

these segments. Hence, if  highway driving comprises of  27% (André 2004: Table 2) of  all ways 

and 65% are without limits, this amounts to a 2.3% reduction of  transport related emissions. 
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Therefore, a 2.3% reduction in the total fuel consumption value in the operational phase of  a 

baseline car was applied to calculate the total fuel consumption with the application of  a speed 

cap.  

Overall weight reduction through material substitution 

Achieving an overall weight reduction through material substitution is the commonly adopted 

strategy by the auto manufacturers to improve the driving efficiency of  passenger cars. Reducing 

the weight of  the car results in lowering the drag on the car, thus enhancing the fuel efficiency. 

Typical choice of  materials for substitution include, Aluminium, Manganese or Carbon-Fibre 

composites. In this study, Aluminium was chosen as a material substitute. The material 

substitution ratios were derived for low and high material substitution scenarios (Kelly, Sullivan et 

al. 2015: Table S14) and are tabulated in the Table 9 below. All adjustments to the car weight are 

assumed to occur in the BIW of  the car with respect to the weight of  the baseline car. The BIW 

weight as calculated based on the baseline passenger car weight and component weight 

distribution (Figure 12) is 532 kilograms. The corresponding change in fuel efficiency due to 

change in weight of  the passenger car was calculated according to the fuel reduction values (FRV) 

provided in the literature for petrol cars  (Koffler and Rohde-Brandenburger 2010, Fontaras, 

Zacharof  et al. 2017). While a 100% material substitution is not feasible, a material replacement 

ratio is used for substituting a material with another. The replacement ratio typically accounts for 

intrinsic parametric properties and vary depending on the component being replaced or 

substituted. Further, the material being substituted as well as material being substituted with also 

effect the replacement ratio (Geyer 2008, Malen 2011, Hawkins, Singh et al. 2013, Kelly, Sullivan 

et al. 2015). However, to simplify the material substitution aspect, this study adopted a system 

level material substitution approach (Kelly, Sullivan et al. 2015 Table S13). 

TABLE 9: MATERIAL & WEIGHT SUBSTITUTION AND FUEL REDUCTION VAVALUES
Material 
replacement 
(%)

Replaced 
weight 
(kg)

Replacement 
ratio

Replacing 
weight 
(kg)

Final body 
weight 
(kg)

Final curb 
weight 
(kg)

FRV 
(0.45 L/ 100 
km. 100 kg)

Low (20 %) 106 0.4 43 469 1908 0.32

High (80 %) 426 0.7 298 405 1844 0.64
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Down engineering a passenger car 

The final models developed for lifecycle assessments include down engineering a baseline car. 

Two approaches were taken for this. The specifications for the first down engineered car were 

based on the aggregate weight of  the passenger cars in Germany. As highlighted in the Figure  4 

the average weight of  passenger cars in Germany has increased by 11% to 1,972 in 2016 as 

compared to 2001 levels (ICCT 2017). Thus, for the first down engineered car, a weight 

reduction of  11% from 2001 levels is assumed. This implies that the weight of  first down 

engineered car is taken as 11% lesser than the 2001 levels, i.e., 1,581 kg. Calculations for all other 

specifications such as material composition, fuel efficiency, exhaust and non exhaust emissions 

follow the same concepts as discussed in the baseline car. To model the second down engineered 

car, a radical approach was taken to identify existing on-road passenger cars that complied with 

top speed requirements on highways. Based on the review of  existing on road passenger car, the 

Volkswagen Up was identified the closest possible and hence the weight specifications of  1,100 kg 

of  a standard model were used for the second down engineered model. The calculations for other 

specifications such as material composition, fuel efficiency, exhaust and non exhaust emissions 

follow the same concepts as discussed in the baseline car.   

There is however a limitation in this approach as it is assumed that a down engineered car is also 

a smaller segment car. While, a down engineered car as defined previously could also imply a re-

engineering of  the power train of  higher segment car to comply with the posted speed limits in 

urban areas and motorways. This limitation is noted a possible future work and elaborated in 

section 5.2.  

A summary of  the key inputs required for modelling the passenger car specifications in openLCA 

are shown in the Table 10. 
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The following section includes the impact assessment of  the results from this section.  

TABLE 10: SUMMARY OF MODEL INPUTS

Weight 
(kg)

Fuel efficiency 
(L/ 100 km)

Embodied 
energy, 
manufacturing 
(MJ)

Embodied 
energy, 
recycling 
(MJ)

Exhaust and 
non exhaust 
emissions

Baseline 
passenger car 
(BPC)

1,972 14.05 34,044 37,119 Appendix D, E

Baseline car with 
speed cap 
(BSC)

1,972 13.74 34,044 37,119 Appendix D, E 

Light weighting 
car - low 
(LWL)

1,908 13.62 35,272 36,322 Appendix D, E

Light weighting 
car - high 
(LWH)

1,852 13.19 32,290 39,142 Appendix D, E

Down engineering 
from 2001 levels  
(DET)

1,581 12.10 29,918 29,759 Appendix D, E

Down engineering 
to VW Up 
specifications 
(DEU)

1,100 9.69 20,816 20,706 Appendix D, E
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4.3.5.Impact assessment 

The following section presents the results of  the key impact categories as identified in the 

Methodology. The impact categories are further sub-divided based on emissions, resource 

depletion and toxicity to cluster the similar results together. The following Figures 13 to 20 show 

the lifecycle impacts in the key impact categories for the passenger cars modelled, as well as their 

differences from the down engineered car model, DEU. The differences in the impacts between 

DEU and the remaining passenger car models highlights the potential for further reducing the 

environmental impacts from the passenger cars in Germany. The results presented here take the 

approach of  comparing the extreme ends of  the car models, i.e. BPC and DEU, while also 

comparing the light weighting approaches LWL and LWH. 

a. Key impact categories 

Global warming potential and GHG emissions  

The climate change impact was the highest for a baseline passenger car (BPC)  as compared to 

other passenger car models (Figure 13). The BPC model recorded 1.27E5 kg CO2-eq in lifecycle 

GHG emissions while light weight models LWL and LWH were marginally lower in their 

lifecycle GHG emissions. The lowering of  emissions due to introduction of  a speed cap, or light 

weighting due to material substitution saw a reduction of  approximately 3% in the lifecycle of  

the passenger car compared to the baseline emissions. However, a significant reduction in 

emissions was seen in downsized passenger car categories – i.e.18% and 40% in DET and DEU 

respectively. The particulate matter emissions too saw a similar trend where the overall kg PM10-

eq emissions dropped to 96 in a downsized passenger car (DEU) from 157 in a baseline passenger 

car model (BPC). No significant reductions were seen due to the introduction of  a speed cap or 

light weighting the car (Figure 14). 
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FIGURE 13: CLIMATE CHANGE IMPACT CATEGORY AND 
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FIGURE 14: PARTICULATE MATTER IMPACT CATEGORY 
AND DIFFERENCE WRT TO DEU PASSENGER CAR MODEL
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Resource Depletion 

The resource depletion categories include impact assessment of  both biotic and abiotic natural 

resources. The impacts from resource depletion are shown in Figure 15 to 17. Abiotic resources 

depletion such as fossil and metals showed a reduction of  27,200 kg oil-eq and 7,859 kg Fe-eq 

respectively, between the BPC and DEU passenger car models. Metal depletion impact category 

showed that when comparing the vehicle light weighting categories (LWL and LWH) the higher 

substitution (LWH) with lighter metals had a greater impact than downsizing a passenger car by 

11% (DET). However, in the water depletion impact category, the LWH passenger car had the 

highest impact – even, higher than a baseline line car. Thus, showing the potential shift of  

burden between different impact categories. The downsized category passenger car, DEU, 

showed nearly 41% reduction, i.e. approximately 73 m3 lesser water consumption compared to 

baseline passenger cars. Introducing a speed cap on a baseline car (BSC), showed marginal 

benefits only in the fossil depletion impact category. 
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FIGURE 15: FOSSIL DEPLETION IMPACT CATEGORY AND 
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FIGURE 16: WATER DEPLETION IMPACT CATEGORY AND 
DIFFERENCE WRT TO DEU PASSENGER CAR MODEL
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FIGURE 17: METAL DEPLETION IMPACT CATEGORY AND 
DIFFERENCE WRT TO DEU PASSENGER CAR MODEL
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Toxicity 

The toxicity impact assessment categories include human toxicity, terrestrial eco-toxicity, and 

marine eco-toxicity. The results from these impact categories are shown in Figure 18, 19 and 20 

respectively. The human toxicity impact category showed a decrease from 46,967 to 27,015 kg 

1,4-DCB-eq, whereas the marine and terrestrial eco-toxicity levels reduced by 674 and 3.08 kg 

1,4-DCB-eq respectively, between the BPC and DEU passenger car models. Human toxicity 

levels in the light weighting approach (LWL and LWH) showed no difference, while the LWH 

was marginally lower in the marine and eco-toxicity levels. Also, introducing a speed cap on a 

baseline passenger car (BSC), showed marginal improvements in the terrestrial eco-toxicity 

compared to BPC, while it had similar impacts in the human toxicity and the marine eco-toxicity 

impact categories. 
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FIGURE 18: HUMAN TOXICITY IMPACT CATEGORY AND 
DIFFERENCE WRT TO DEU PASSENGER CAR MODEL
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FIGURE 19: TERRESTRIAL ECO-TOXICITY IMPACT 
CATEGORY AND DIFFERENCE WRT TO DEU PASSENGER 

CAR MODEL
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FIGURE 20: MARINE ECO-TOXICITY IMPACT CATEGORY 
AND DIFFERENCE WRT TO DEU PASSENGER CAR MODEL
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RESULTS

b. Energy demand of  a passenger car 

The total energy consumption of  all the passenger car models is represented as components of  

direct and indirect energy consumption. The direct energy consumption refers to the energy 

consumption from burning petrol in the operational phase. The indirect energy consumption of  

a passenger car is distributed into three lifecycle phases. Firstly, the production phase, which 

includes raw material extraction and material production. Next phase of  energy consumption is 

the manufacturing and assembly phase, which includes shaping individual components or parts 

of  the car, and assembling them together to produce a single car. The last phase is the recycling, 

which includes scrapping an old car at its end of  life. To assess the indirect energy consumption 

in the lifecycle of  passenger car, the primary inputs needed are the material share distribution of  

a passenger car and the embodied energy of  the respective materials used in the production, 

manufacturing and recycling phase of  the car. The direct energy consumption is calculated based 

on the Equation 2 introduced earlier and depends on the heating value of  the fuel used. Material 

share distribution quantifies various materials based on their quantities which are used in 

producing a complete car. While, the driving performance expectations of  a driver or the 

segment of  a car could influence the material distribution in a passenger car to an extent, the 

typical material distribution of  a passenger segment car is fairly consistent as shown in the Figure 

10 (Sullivan, Burnham et al. 2013). Further, the embodied energy, which is the total energy 

consumed per unit weight of  a given material in the production, manufacture or the recycling 

phase is provided in Figure 11 (Ashby and Johnson 2013).  

The Figure 10 and 11 presented earlier, show that to assess the indirect impacts from a passenger 

car it is critical to assess, both the total mass of  a given material used in the car as well as the 

embodied energy of  the chosen material in each lifecycle phase. An evaluation of  direct and 

indirect energy consumption is shown in the Figure 21. The Figure 21 shows that reducing the 

overall weight of  a car has a positive impact on the direct energy consumption or the operational 

phase of  a car. However, weight reduction resulting from excessive material substitution (LWH), 

i.e. Steel with Aluminium, results in overall higher indirect energy consumption. Thus negating 

the benefits from lower direct energy consumption in the operational phase. This happens 
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because, although Aluminium accounts for just 3% of  the total body weight of  a baseline 

passenger car (BPC) as compared to iron which accounts for above 17%; the total embodied 

energy of  Aluminium – which is the product of  material weight and the embodied energy per 

unit mass – is much higher than that or iron. Thus beyond a certain point, light weighting a 

passenger car through material substitution has little or no benefits. This is further elaborated in 

the Figure 22 that compares the total production energy of  the most critical raw material used in 

producing a passenger car.  Here, the results compare the production energy consumption of  the 

three most important materials in terms of  volume, i.e. Iron, Steel and Aluminium. The results 

show, when adopting vehicle light weighting strategies (LWL and LWH), substituting Steel with 

Aluminium results in higher indirect energy consumption with marginal gains in the operational 

phase. Further, as the prime motivator in the industry is weight reduction of  a passenger car, to 

offset the exhaust emissions – the Figure 23 shows that marginal reductions in the exhaust phase 

due to extreme light weighting is offset by the production of  light weight materials itself. Thus the 

reduction in overall energy consumption and environmental impacts occurs only through 

downsizing passenger cars (DET and DEU) through a combination of  both – size and speed. 
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FIGURE 21: DIRECT AND INDIRECT ENERGY CONSUMPTION
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FIGURE 22: PRODUCTION ENERGY CONSUMPTION IN 
VEHICLE LIGHT WEIGHTING MODELS
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FIGURE 23: MATERIAL ASSESSMENT IN LIGHT WEIGHTING
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c. Other impact categories 

The results of  the remaining ten impact categories are provided in the Appendix F. 

4.3.6.Interpretation of  the results 

The following section interprets the results of  the lifecycle analysis completed in the study in 

context of  the research question. The results from the impact assessments completed in the 

previous section showed that although introducing speed caps on passenger cars and light 

weighing using material substitution had some positive impacts on the environment – much 

higher reduction in the the environmental impacts could be possible through downsizing the cars 

in terms of  their size and curbing their top speeds. This implies designing cars that reflect the real 

world driving conditions and not the design for high top speeds that the car manufacturers 

commonly adopt. It was further seen that light weighting the passenger cars through material 

substitution lead to higher impacts from extracting and producing lighter materials such as 

Aluminium. Thus offsetting the reduction from the operational phase to upstream phases such as 

raw material extraction and production. This shift was visible in a number of  impact categories 

including water depletion where LWH passenger car model had higher impacts than the LWL 

model. The Table 11 compares the two vehicle light weighing approaches (LWH and LWL) and 

finds that overall higher impacts were seen in ten out of  eighteen impact categories when  weight 

reduction was carried out through high material substitution. 

TABLE 11: COMPARING HIGHER IMPACT CATEGORIES IN LWL AND LWH

LWH LWL

Agricultural land occupation Fossil depletion

Climate change Freshwater ecotoxicity

Freshwater eutrophication Human Toxicity

Marine Eutrophication Ionising radiation

Natural Land Transformation Marine Ecotoxicity
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The Figure 24 compares the lifecycle phases of  a baseline passenger car (BPC), light weight 

passenger car with high material substitution (LWH) and a down engineered car that complies 

with the real world driving conditions (DEU). The Figure clearly shows that light weighting a car 

(LWH) has its own limitations whereas, a down engineered car has lower impacts in all lifecycle 

phases of  the car as compared to a baseline passenger car. 

A speed cap could be introduced for passenger cars through intrinsic and extrinsic means. The 

intrinsic means imply redesigning a powertrain and the car to match the real world driving 

conditions as well as the speed limits posted on motorways. However, reengineering a car is 

Particulate matter formation Metal Depletion

Photochemical Oxidant Formation Ozone depletion

Terrestial Acidification Terrestial Ecotoxicity

Urban Land Occupation

Water Depletion

LWH LWL
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FIGURE 24: COMPARATIVE LIFECYCLE ASSESSMENT
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beyond the scope of  this thesis. Hence, the results in this thesis focus on the extrinsic means such 

as enforcing posted speed limits on highways. Introducing speed limits showed partial benefits in 

terms of  reductions in GHG emissions, particulate matter emissions and fossil depletion. 

However, since the size of  the car remained the same as the baseline passenger car (BPC), no 

reduction in upstream emissions from raw material extraction and production and manufacturing 

emissions could be realized.   
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5. Conclusions 

The results from the previous section clearly showed that design for high top speeds has material 

and fuel consumption implications. While, there are many ways of  addressing the environmental 

impacts of  passenger cars, a systems perspective is imperative to ensure that no shift of  burden 

between the lifecycle phases of  the passenger car or the impact categories occurs. 

In the context of  the passenger car transport sector in Germany, the auto manufacturers have 

strived hard to reduce the tail pipe emissions by innovating technology and enhancing the design 

of  their cars year-after-year, thus improving the overall efficiency of  their cars. As seen in the 

literature review, these efficiency improvements have come at a cost. Cars have become larger 

thus negating the effects of  vehicle light weighting strategies and people drive more and longer 

distances due to reduced cost of  ownership (rebound effect). Other attempts to reduce tail pipe 

emissions using policy or economic instruments too are thwarted by both, supply and demand 

needs of  the auto industry which includes the car manufacturers as well as car owners.  

In this thesis a lifecycle perspective was adopted to analyse the environmental impacts of  design 

for speed in passenger cars in Germany. Further, additional passenger car models were defined 

and compared to assess the impacts of  introducing speed caps and light weighting the cars. The 

results showed that while such approaches had reduced impacts in one category, they also 

increased impacts in others. Further, these approaches also fell short in realising the true potential 

for reducing the environmental impacts when compared to down engineered car models.  

5.1.Limitations 

There are two key limitations in this work. The first limitation is in the analysis, and in particular 

the lifecycle inventory data used to model the passenger car specifications. The second limitation 

is the concept of  speed itself. While an environmentally sound choice, the author considers the 

acceptance of  an idea that challenges the notion of  design for speed in passenger cars, a rather 
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unacceptable notion in the prevalent ecosystem in the society. Nevertheless, some questions need 

to be asked. 

Since the outset of  this work the single most challenging task has been devising the specifications 

of  a down engineered car. While, an engineering design of  an internal combustion engine 

including power train modifications of  a passenger car that complies with the speed limitations 

on highways and is reflective of  the real world driving conditions is beyond the scope of  this 

thesis, this challenge was overcome by applying first principles of  design. The passenger car was 

represented as an assembly of  various material types, in specific proportions, that required a 

certain input energy (petrol) to operate. This implied that incidentals such as the technological 

superiority of  one manufacturer over the other, or the raw material sourcing implications in 

transport emissions were all eliminated. In a broad sense this implied that the inventory data used 

in raw material inputs was aggregated and hence not very accurate.  

Although, since all passenger car models were modelled using the same approach, the 

methodology applied was consistent. Also, for the purpose of  a comparative lifecycle assessment, 

an existing passenger car model i.e. VW Up, whose top speed closely reflected the highways 

conditions was chosen. However, selecting a passenger car model like this one does not make a 

distinction between down engineering the top speed of  the car and its size separately. Thus, the 

down engineered car was assumed to be smaller segment car as well which is a limitation in this 

thesis and can be addressed by using fuel consumption models that reflect the reengineering of  

the powertrain of  larger segment cars to align with the real world driving conditions.  

The second limitation, of  the acceptance of  an idea that challenges that notion of  design for 

speed cannot possibly be addressed merely though scientific work. These are perceptions  

systematically embedded in the society over decades through advertising and are reflective of  its  

current values: “when time is money, faster is better”. Challenging preexisting values of  car 

owners or altering the “pre-analytic cognitive act” (Schumpeter 1961), is indeed a tough ask. In 

words of  Joseph Schumpeter, “the analytic effort is of  necessity preceded by a cognitive act that 

supplies the raw material for the analytic effort”. This implies that remoulding of  existing societal 

values necessitates a new pre-analytic cognitive act and not a continual analysis of  the existing 
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values – thus altering the desirability of  pursuing time with speed. Therefore, any change in the 

context of  a limitation in this thesis can only be brought about by first starting a conversation 

about it. This thesis, is a step in that very direction. 

5.2.Future work 

Future scientific work could be carried out with two basic objectives. First, to address the 

limitations of  the present work as identified and described in the section 5.1, and, secondly, to 

apply the lessons learnt from this thesis to other sectors or alternate forms of  transport.  

The first objective could be met by better correlating real world driving conditions with real time 

fuel efficiency data of  an internal combustion engine powered passenger. Further, modifications 

to the drive train to align the speed capabilities of  the passenger car with the real world driving 

conditions will have to modelled for improved representation of  the down engineered car. 

With the advent of  electric cars in the European market, the second objective for further work 

could be be done to analyse what are the implications of  high speeds and quicker acceleration on 

battery usage in electric cars. This could potentially help address the range anxiety issues of  

electric car owners as well as battery cycle life. 

5.3.Final thought 

It is evident from the analysis carried out in this thesis that reliance on efficiency improvements to 

reduce the environmental impact of  private transport sector in Germany (or elsewhere in the 

world) has its limitations. Thus, implementation of  ideas to address this must account for 

potential shift of  burdens or rebound effects. Further, there is a need to challenge the existing 

paradigm in the private transport sector that dwells on a humans insecurities and 

anthropomorphizes them by giving it creative titles. We need to ask ourselves:  

In the age of  impending resource scarcity, climate change and efforts to build a sustainable future, can we continue 

to invest our resources and infrastructure towards engineered desires?  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Appendix A 

The following Table refers to the data presented in the Results section 4.1 titled, “State of  

Passenger Cars in Germany”. All data was sourced from the International Council of  Clean 

Transportation’s (ICCT) European Market Vehicle Statistics. 

  

Year  Total sales  Top 
speed 
[km/h]

 Engine 
power 
[hp]

 Engine 
size  
[cc]

 Gross 
weight 

[kg]

 Fuel 
consumption 

(NEDC)  
[l/100km]

 CO2 
(NEDC)  
[g/km]

2001 3,341,209 - 111 1823 1776 7.20 179

2002 3,252,338 188 114 1842 1796 7.10 176

2003 3,236,518 189 117 1853 1828 7.10 176

2004 3,266,678 190 119 1866 1857 7.00 174

2005 3,340,708 189 122 1854 1857 6.90 172

2006 3,466,489 190 125 1859 1881 6.90 172

2007 3,146,578 191 129 1869 1898 6.80 170

2008 3,088,289 192 129 1842 1914 6.70 166

2009 3,789,564 186 117 1667 1822 6.40 156

2010 2,877,790 192 129 1759 1901 6.20 153

2011 3,173,473 - 133 1767 1941 6.00 147

2012 3,082,352 - 135 1756 1950 5.80 143

2013 2,952,257 - 135 1732 1943 5.50 135

2014 3,036,629 - 138 1724 1946 5.40 132

2015 3,205,919 199 142 1721 1962 5.20 127

2016 3,351,469 200 146 1722 1972 5.20 125
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Appendix B 

This Appendix provides the input specifications of  the passenger car models used in this thesis. 

The Baseline Passenger Car with Speed Cap has the same design characteristics as a Baseline 

Passenger Car and is hence not mentioned here. The passenger car models included here in 

order are: 

1. Baseline Passenger Car (Gross weight: 1,972 kg)  2

2. Light weight Passenger Car (low) (Gross weight: 1,908 kg) 

3. Light weight Passenger Car (high) (Gross weight: 1,844 kg) 

4. Down engineered Car (Gross weight: 1582 kg) 

5. Down engineered Car to VW Up (Gross weight: 1,100 kg) 

Baseline Passenger Car (BPC): Gross weight 1,972 kg
Material Material 

share 
[%]

Material 
weight 

[kg]

Embodied 
Energy, 
primary 

production 
[MJ/ kg]

Total 
manufacturing 

[MJ/ kg]

Embodied 
Energy, 

recycling 
[MJ/ kg]

Total lifecycle 
energy  
[MJ]

Iron 16.60 % 327 20 1 11 10,475

Steel 53.70 % 1059 88 23.4 13 131,735

Aluminum 3.40 % 67 220 19 30 18,036

Copper/
brass

6.30 % 124 62 10.7 15 10,895

Lead 1.10 % 22 28 6.08 8.2 917

Rubber 4.60 % 91 124 16 44 16,691

Plastics 8.20 % 162 114 25.9 69 33,780

Glass 3.10 % 61 11 9.2 9 1,785

Total 97 % 153,151 34,044 37,119 1,207,887

 Baseline Passenger Car with Speed Cap (BSC) has the same physical design specifications as a BPC. The difference 2

is in the operational emissions due to a speed cap. 
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Lightweight Passenger Car (low) (LWL): Gross weight 1,908 kg
Material Material 

share 
[%]

Material 
weight 

[kg]

Embodied 
Energy, 
primary 

production 
[MJ/ kg]

Total 
manufacturing 

[MJ/ kg]

Embodied 
Energy, 

recycling 
[MJ/ kg]

Total lifecycle 
energy  
[MJ]

Iron 16.60 % 317 20 11 11 13304

Steel 49.92 % 953 88 23.4 13 118499

Aluminum 5.74 % 110 220 19 30 29485

Copper/
brass

6.30 % 120 62 10.7 15 10543

Lead 1.10 % 21 28 6.08 8.2 887

Rubber 4.60 % 88 124 16 44 16151

Plastics 8.20 % 156 114 25.9 69 32686

Glass 3.10 % 59 11 9.2 9 1727

Total 96 % 151,688 35,272 36,322 1,168,769

Lightweight Passenger Car (high) (LWH): Gross weight 1,844 kg
Material Material 

share 
[%]

Material 
weight 

[kg]

Embodied 
Energy, 
primary 

production 
[MJ/ kg]

Total 
manufacturing 

[MJ/ kg]

Embodied 
Energy, 

recycling 
[MJ/ kg]

Total lifecycle 
energy  
[MJ]

Iron 16.60 % 306 20 11 11 12859

Steel 34.34 % 633 88 23.4 13 78790

Aluminum 19.79 % 365 220 19 30 98176

Copper/
brass

6.30 % 116 62 10.7 15 10190

Lead 1.10 % 20 28 6.08 8.2 858

Rubber 4.60 % 85 124 16 44 15610

Plastics 8.20 % 151 114 25.9 69 31593

Glass 3.10 % 57 11 9.2 9 1669

Total 94 % 178,314 32,290 39,142 1,157,403
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Down engineered car (DET): Gross weight 1,581 kg
Material Material 

share 
[%]

Material 
weight 

[kg]

Embodied 
Energy, 
primary 

production 
[MJ/ kg]

Total 
manufacturing 

[MJ/ kg]

Embodied 
Energy, 

recycling 
[MJ/ kg]

Total lifecycle 
energy  
[MJ]

Iron 16.60 % 262 20 11 11 11023

Steel 53.70 % 849 88 23.4 13 105615

Aluminum 3.40 % 54 220 19 30 14460

Copper/
brass

6.30 % 100 62 10.7 15 8735

Lead 1.10 % 17 28 6.08 8.2 735

Rubber 4.60 % 73 124 16 44 13382

Plastics 8.20 % 130 114 25.9 69 27082

Glass 3.10 % 49 11 9.2 9 1431

Total 97 % 122,785 29,918 29,759 936,923

Down engineered car (DET): Gross weight 1,100 kg
Material Material 

share 
[%]

Material 
weight 

[kg]

Embodied 
Energy, 
primary 

production 
[MJ/ kg]

Total 
manufacturing 

[MJ/ kg]

Embodied 
Energy, 

recycling 
[MJ/ kg]

Total lifecycle 
energy  
[MJ]

Iron 16.60 % 183 20 11 11 7669

Steel 53.70 % 591 88 23.4 13 73483

Aluminum 3.40 % 37 220 19 30 10061

Copper/
brass

6.30 % 69 62 10.7 15 6078

Lead 1.10 % 12 28 6.08 8.2 512

Rubber 4.60 % 51 124 16 44 9310

Plastics 8.20 % 90 114 25.9 69 18843

Glass 3.10 % 34 11 9.2 9 996

Total 97 % 85,429 20,816 20,706 615,141
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Appendix C 

This Appendix provides information for modelling input values for passenger car maintenance, 

non-exhaust emissions and road construction . 

Passenger car maintenance inputs
Passenger car model BPC LWL LWH DET DEU

weight (kg) 1972 1908 1844 1581 1100

scaling factor 1.08E-05 1.08E-05 1.08E-05 1.08E-05 1.08E-05

maintenance of  
passenger car

1.325E-05 1.282E-05 1.239E-05 1.063E-05 7.392E-06

Inputs for Non-exhaust emissions and Road construction
Non exhaust emissions

brake wear emissions -9.33254E-06 kg/ km

road wear emissions -2.05E-05 kg/ km

tyre wear emissions -1.2E-04 kg/ km

road (infrastructure) 0.00113 m.a
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Appendix D 

This Appendix provides the summary of  inputs used from the Ecoinvent database for modelling 
the complete product system. 

Raw material extraction and production
Input Ecoinvent data

Aluminium market for aluminium, wrought alloy | aluminium, wrought alloy | Cutoff, S

Cast Iron market for cast iron | cast iron | Cutoff, S

Stainless Steel market for steel, chromium steel 18/8 | steel, chromium steel 18/8 | Cutoff, S

Copper/ brass market for copper | copper | Cutoff, S

Lead market for lead | lead | Cutoff, S

Rubber market for synthetic rubber | synthetic rubber | Cutoff, S

Plastics market for thermoforming of  plastic sheets | thermoforming of  plastic sheets | Cutoff, S

Glass market for tempering, flat glass | tempering, flat glass | Cutoff, S

Car manufacturing and End of  life recycling
Input Ecoinvent data

Electricity market for electricity, medium voltage | electricity, medium voltage | Cutoff, S

Operational phase-1
Material type Ecoinvent data

Exhaust 
emissions See Appendix E

Non exhaust 
emissions

market for brake wear emissions, passenger car | brake wear emissions, passenger car | 
Cutoff, S

market for road wear emissions, passenger car | road wear emissions, passenger car | 
Cutoff, S

market for tyre wear emissions, passenger car | tyre wear emissions, passenger car | 
Cutoff, S

Petrol market for petrol, low-sulfur | petrol, low-sulfur | Cutoff, S

Car maintenance maintenance, passenger car | passenger car maintenance | Cutoff, S

Road 
construction road construction | road | Cutoff, S
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Appendix E 

This Appendix shows the exhaust emissions modelled as per the directives of  the European 

Energy Agency. The emission quantities for fuel dependent emissions are calculated based on the 

total quantity of  the fuel used in the lifecycle of  the passenger car. 

Exhaust emissions
Category of  exhaust emission Substance emitted

Emissions dependent on engine Euro class 
(Euro 3, Euro 4 and Euro 5).

1-Pentene

Acetaldehyde

Acetone

Acrolein

Benzaldehyde

Carbon monoxide, fossil

Cyclohexane (for all cycloalkanes)

Ethylene oxide

Formaldehyde

Heptane

Hexane

Methane

Methyl ethyl ketone

Nitrogen oxides

Particulates, < 2.5 um

Propylene oxide

Styrene

Emissions dependent on engine Euro class 
(Euro 3, Euro 4 and Euro 5) and petrol 
evaporation

Benzene

Butane

Ethane

m-Xylene

Category of  exhaust emission
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NMVOC, non-methane volatile organic compounds, 
unspecified origin

o-Xylene

Pentane

Propane

Toluene

Petrol evaporation emissions 2-Methyl pentane

Ethene

Propene

Dependent on quantity of  fuel burnt

Ammonia

Cadmium

Carbon dioxide, fossil

Chromium

Chromium IV

Copper

Dinitrogen monoxide

Lead

Mercury

Nickel

PAH, polycyclic aromatic hydrocarbons

Selenium

Sulfur dioxide

Zinc

Substance emittedCategory of  exhaust emission
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Appendix F 

This Appendix has the results from remaining 10 impact categories that were not extensively 

discussed in the Results. 
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16,50   16,44   16,10   16,30   

14,39   

11,91   

BPC BSC LWL LWH DET DEU

AGRICULTURAL LAND OCCUPATION (m2a)

1,92 1,89 1,91
2,06

1,62

1,26

BPC BSC LWL LWH DET DEU

NATURAL LAND TRANSFORMATION (m2)

288 284 280 282

243

192

BPC BSC LWL LWH DET DEU

PHOTOCHEMICAL OXIDANT FORMATION 
(kg NMVOC)

15.288 15.037 14.898 14.520

12.546

9.147

BPC BSC LWL LWH DET DEU

IONISING RADIATION (kg U235-eq)

0,03   0,03   0,03   0,03   

0,03   

0,02   

BPC BSC LWL LWH DET DEU

OZONE DEPLETION (kg CFC-11-eq)

1.902 1.897
1.884 1.884

1.822

1.733

BPC BSC LWL LWH DET DEU

URBAN LAND OCCUPATION (m2a)
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69 69 68 69

58

44

BPC BSC LWL LWH DET DEU

MARINE EUTROPHICATION (kg N-eq)
36,58   36,49   36,02   36,47   

30,02   

21,26   

BPC BSC LWL LWH DET DEU

FRESHWATER EUTROPHICATION (kg P-eq)

1.558 1.554
1.461

1.381
1.232

871

BPC BSC LWL LWH DET DEU

FRESHWATER ECOTOXICITY (kg 1,4-DCB-eq)
425 419 414 421

348

256

BPC BSC LWL LWH DET DEU

TERRESTIAL ACIDIFICATION (kg SO2-eq)
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Appendix G 

Power (in hp) = Force * Velocity (V) 

Force (in N) = 0.5 * c * D * A * V2  

Where, 

c, is the drag coefficient 

D, is the Density of  air (kg/ m3) 

A, is the area of  cross section of  the car (m2) 

Specifications used for Figure 8

Drag coefficient, c 0.29

Density of  air, D (kg/ m3) 1.25

Area, A (m2) [for a Mercedes C 180] 2.57
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