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Executive Summary 

The development of technologies to address the environmental, economic, and social challenges 

posed by the rapidly growing global personal vehicle fleet have intensified as decision makers in 

industry and government respond to customer and citizen concern. The introduction of electric drive 

and battery energy storage devices with internal combustion engines in hybrid powertrain systems 

is seen as the beginning of the move towards fuel cell and all-electric vehicles. The future of vehicle 

powertrain technology is far from clear, however, because each alternative involves making 

compromises between cost, performance, environment, utility and safety criteria. In order to 

characterize these trade-offs, and to enable extensive multi-criteria decision analysis, original 

heuristic vehicle design and optimal powertrain simulation methods were developed which allow an 

objective comparison of light-duty vehicle technology. 

This work examined several key trade-offs in detail using the heuristically designed vehicle fleet.  

While hybrid vehicles avoid compromising performance while lowering fuel consumption (and 

thereby harmful tailpipe emissions), with current fuel prices the payback period for recovering the 

incremental cost of hybridization was found to be prohibitively long (greater than the standard 

vehicle lifetime, in most cases).  All-electric and fuel cell vehicles using low-carbon primary energy 

can often dramatically improve environmental performance, although their increased costs and the 

limited range of all-electric vehicles represent formidable compromises for consumers.  Mild 

hybrids which use idle-stopping technology are often Pareto-optimal for environmental and cost 

criteria, but cannot offer the same performance as vehicles with higher hybridization ratios.  It was 

also found that it is more efficient (both energetically and economically) to implement 

lightweighting technology in non-hybrids than in hybrid vehicles, and, if it is implemented, it is 

optimal to lightweight as much as possible or not at all, depending on the marginal cost of 

lightweighting. 

Multi-criteria decision analysis showed that mild and parallel vehicles using biodiesel fuel were 

selected using preferences stated by over 200 survey respondents.  Biodiesel was shown to be a 

very robust alternative fuel assuming that lifecycle carbon emissions are kept low, and that land-use 

change does not constrain fuel supply or drive food prices up.  It was also shown that improving the 

performance of a technology for a single criterion (i.e. just lowering the cost) is not sufficient to 



xiv 

improve the rank of the technology if it is deficient on other criteria (such as driving range or 

fuelling time). 

To deal with the large uncertainty concerning future technology cost and environmental 

performance, the entire simulation and decision support framework developed in this thesis was 

uploaded to the custom built webtool, which can be accessed at http://multicriteria-analysis.com. 
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Zusammenfassung 

Technologische Entwicklungen, welche die ökologischen, wirtschaftlichen und sozialen 

Herausforderungen angehen, die sich aus der ständig wachsenden globalen Fahrzeugflotte ergeben, 

wurden in den letzten Jahrzehnten durch die Entscheidungsträger aus Wirtschaft und Politik als 

Antwort auf Kunden- und Bürgeranliegen unter Hochdruck vorangetrieben. So läutet die 

Einführung von Elektro- und Hybridantrieben die Ära der Brennstoffzellen sowie rein elektrisch 

betriebener Fahrzeuge ein. Welches die optimale Antriebstechnologie der Zukunft sein wird, hat 

sich bis dahin jedoch noch nicht klar herauskristallisiert, da jede Alternative Kompromisse im 

Bereich der Kosten-, Leistungs-, Umwelt-, Gebrauchs- und/oder Sicherheitskriterien eingeht. Um 

die Vor- und Nachteile jeder dieser Alternativen abzuwägen, und um ausführliche multikriteriellen 

Entscheidungsanalyse zu ermöglichen, wurden heuristische Methoden zum Design von Fahrzeugen 

entwickelt, welche den objektiven Vergleich der verschiedenen PKW-Technologien zulassen. 

 

In der vorliegenden Arbeit wurden mittels einer heuristisch generierten Fahrzeugflotte wichtige 

Zielkonflikte im Detail analysiert. Während Hybridfahrzeuge eine hohe Leistung bei gleichzeitiger 

Senkung des Kraftstoffverbrauchs (und damit schädlicher Abgasemissionen) ermöglichen, erweist 

sich bei aktuellen Kraftstoffpreisen die Amortisationszeit zur Rückgewinnung der zusätzlichen 

Kosten der Hybridisierung als übermässig lang (in den meisten Fällen liegt diese höher als die 

Standard-Lebensdauer des Fahrzeuges). Elektro- und Brennstoffzellen-Fahrzeuge können durch den 

niedrigen Kohlenstoffgehalt der verwendeten Primärenergie die negativen Auswirkungen auf die 

Umwelt oft dramatisch verringern, jedoch bedeuten die zusätzlichen Kosten und die eingeschränkte 

Reichweite rein elektrisch betriebener Fahrzeuge eine starke Einschränkung für viele Verbraucher.  

 

Die milde Variante der hybriden PKW, welche die Leerlaufstoppregelung nutzt, verhält sich 

bezüglich Umwelt- und Kostengründen oft Pareto-optimal, bietet aber nicht die gleiche Leistung 

wie Fahrzeuge mit höherem Hybridisierungsgrad. Es konnte ausserdem festgestellt werden, dass 

sich eine Leichtbau-Technologie in Nicht-Hybriden im Vergleich zu Hybridfahrzeugen energetisch 

wie auch ökonomisch als effizienter erweist. Kommt die Leichtbauweise zum Zug, so ist diese je 

nach Leichtbau-Grenzkosten in möglichst hohem Masse oder gar nicht anzuwenden. 
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Eine multikriteriellen Entscheidungsanalyse auf Grundlage der Angaben von über 200 

Umfrageteilnehmern zeigte dass vor allem die milde sowie die parallele Variante von 

Hybridfahrzeugen mit Biodiesel ausgewählt wurden. Biodiesel erweist sich als eine sehr robuste 

alternative Kraftstoffart, sofern Lebenszyklus- Kohlendioxidemissionen niedrig gehalten werden, 

die Kraftstoffversorgung nicht eingeschränkt (z.B. durch Bodennutzungsänderungen) ist oder 

Nahrungsmittelpreise angehoben werden. Es wurde auch gezeigt, dass ein besseres Abschneiden 

einer Technologie für ein einziges Kriterium (z.B. Kostenminderung) nicht ausreicht, um den Rang 

der Technologie zu verbessern, sofern sie mangelhaft in Bezug auf andere Kriterien (wie z.B. 

Reichweite oder Tankzeit) bleibt. 

 

Um die grossen Unsicherheiten bezüglich der Kosten und Umweltverträglichkeit von 

Zukunftstechnologien zu berücksichtigen, wird die gesamte Simulations- und Entscheidungshilfe-

Methodik aus dieser Doktorarbeit auf der Webseite http://multicriteria-analysis.com zur Verfügung 

gestellt.
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1. Introduction 

Over half of all oil is currently used in various forms of transportation, and global demand is 

steadily increasing (Energy Information Administration 2008). The exclusive dependence of 

personal mobility on fossil fuels creates serious concerns regarding energy security, damage to the 

environment and human health, and undesirable economic interdependencies. Creating a more 

sustainable light vehicle transportation system has been the subject of much attention from 

government legislators, consumers, and industry stakeholders (Stern 2006; Kasseris 2006). 

Technological developments are necessary in order to sustainably meet the dramatically increasing 

demand for mobility from developing world economies (IEA 2008). Automobile manufacturers 

understand that consumers will not accept any reduction in the quality of service which they are 

currently provided (Stremler 2008), while at the same time government is expected to regulate 

industry to protect human health and mitigate environmental damage, including climate change.  

In the short term, improvements in vehicle efficiency can be achieved by incremental modifications 

to combustion engines, accessory load reduction, low-rolling-resistance tires, aerodynamic drag 

reduction, and by downsizing/lightweighting (MacLean & Lave 2003; Malcolm A Weiss et al. 

2000). In the longer term, fuel cells and batteries with high energy densities promise to drastically 

reduce transportation emissions without reducing vehicle attractiveness.  The trend toward 

powertrain electrification introduces not only a new set of technical challenges but also many new 

challenges for the vehicle supply chain (W.G. Colella et al. 2005). Synthetic biofuels are another 

alternative that is being actively researched and developed, but often faces hurdles when 

considering constraints on land-use among other things (Lian Pin Koh & Jaboury Ghazoul 2008; 

Hertel 2009; Amela Ajanovic 2011).  Various whitepapers and technical reports released by interest 

groups and manufacturers attempt to present the facts in a way that promotes their own technology 

over their competitors (Effie Kesidou 2004). This competitive rivalry highlights the complexities of 

the transportation energy question, and indicates a clear need for an even-handed description of the 

trade-offs associated with various advanced vehicle technology options. 

Vehicle choice is an inherently multi-criteria problem.  When considering the entire global vehicle 

market system with many stakeholder groups and many multiple-criteria problems that must be 
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resolved in the economic and political marketplaces, it is clearly impossible to find a single vehicle 

which could be considered optimal for every climate and sub-market.   

 1.1 State-of-the-art of vehicle technology analysis 

Automobile technology has a rich history of innovation which is a result of significant industry and 

government research investments (James P. Womack et al. 1991).  Universities have been founded 

to study how to make better cars, such as Kettering University in Flint, Michigan.  As a result of the 

significant economic incentives there are very few ideas which haven‟t been explored to improve 

vehicle technology.  The methods that are applied to investigate new technologies, however, 

generally follow traditional approaches with only slight variations across the literature (A Schafer et 

al. 2006; McKinsey & Company 2010; C. E. (Sandy) Thomas 2008).  Typically, a base vehicle is 

defined and various technology improvements are implemented on this common platform.  

Constraints are often applied to vehicle performance, e.g. that all vehicles analyzed must be able to 

meet a minimum acceleration standard.  Once vehicle criteria performance is characterized, the 

results are taken to be representative of the entire fleet.  Notably well done studies following this 

approach are (Bandivadekar et al. 2008; McKinsey & Company 2010; Joint Research Center 2007), 

which present strong and well-developed arguments for various vehicle technologies, mostly 

relating to fuel and hybridization questions.  This type of analysis has several shortcomings: 

1. Extrapolating results generated for one vehicle make, model, and powertrain configuration 

to an entire fleet of vehicles not only risks missing technology combinations and component 

sizes in the design space, but also makes the implicit assumption that every consumer will 

be equally satisfied with one type of vehicle, which is rarely the case. In other words, 

2. The single vehicle technology analysis method lends itself to optimization, which generates 

useful and interesting results, but is difficult to apply for large, implicitly multi-criteria 

problems,  

3. Selecting appropriate optimization variables which reconcile general stakeholder 

preferences with available technology is challenging, 
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4. When selecting from a small set of available technologies that are implicitly assumed to 

scale linearly in the vehicle design (this is often not the case, e.g. mass decompounding) it is 

difficult to control technology selection bias, let alone to make it explicit.   

These issues constrain the usefulness of the „case study‟ approach described in this section in some 

important ways, and create the need for a different, complementary method of analyzing vehicle 

technology. 

 1.2 Decision maker’s dilemma  

 There is an evil tendency underlying all our technology - the tendency to do what is 

 reasonable even when it isn't any good.  

 Robert Pirsig, Zen and the Art of Motorcycle Maintenance, 1974 

A multitude of new technologies are being researched and developed with the goal of reducing the 

environmental impact of personal transportation and dependence on fossil fuels while increasing 

performance and maintaining or reducing cost. Decision makers in industry and government, as 

well as consumers, lack a comprehensive, unbiased tool for comprehensively combining vehicle 

technologies and comparing these options based on lifecycle data combined with rigorous 

powertrain simulations.  It is imperative that decisions impacting our economic, environmental, and 

social systems be made based on the best scientific evidence available, independent of how 

convenient they are. 

 1.3 Heuristic Approach 

Original heuristic vehicle design methods were developed in this work with the goal of allowing 

stakeholders to draw appropriate conclusions about the relative strengths and weaknesses of 

different design options on a multi-criteria basis.  The concept was conceived based on the 

prevalence of basic powertrain models which could repetitively simulate great numbers of vehicles 

using modern computing techniques (Institute for Dynamic Systems and Control 2009). A virtual 

fleet of vehicle designs based on a wide variety of advanced vehicle technologies was composed 

based on design heuristics from first principles and engineering practice. The goal of this fleet is to 
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assist stakeholders in learning about the capabilities and features of the various technology options, 

and allowing them to reach their own conclusions about what each technology might offer. The 

heuristic approach ensures that higher order interactions between a broad range of technologies and 

combinations can be analyzed, and allows technology bias to be clearly understood, if not 

controlled. A more detailed discussion of these original heuristic vehicle design methods can be 

found in Section 3.1. 

 1.4 Multi-criteria decision analysis 

The Latin maxim „De Gustibus non est disputandum‟ means „there is no disputing about tastes‟, 

which describes the problem of evaluating the suitability of different technology options for various 

stakeholders.  In other words, the subjectivity of individual tastes renders finding a single vehicle 

design option that is optimal for all stakeholders impossible.  This is an opinion which is shared by 

many regulators and decision makers in the automotive industry and explains the push towards 

clean vehicle portfolios, with many manufacturers simultaneously developing a range of advanced 

powertrains. The strategy is to search for technologies which satisfy the greatest number of driver 

performance requirements rather than searching for the optimal technology based on its technical 

characteristics alone. 

Foremost among the methods which have been developed to gain insight into matching the 

multitude of preferences with available technology combinations is multi-criteria decision analysis 

(MCDA).   There are many multi-criteria decision analysis algorithms, but they all fundamentally 

use stakeholder criteria preferences to rank technology options characterized by many different 

performance indicator values (Hua-Kai Chiou & Gwo-Hshiung Tzeng 2002; J.J. Brey et al. 2007; 

J.W.G.M. Van der Pas et al. 2010).  MCDA can be used to explore the implications of their 

individual or group preferences, as well as to evaluate the robustness of various technologies.  

These results help stakeholders understand the impact of their preferences, and decision makers to 

develop R&D strategies based on an understanding of generally acceptable technologies (Christian 

Bauer et al. 2007; Warren Schenler et al. 2009). 
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 1.5 Criteria and Options 

In performing technology analysis, criteria must be defined as a basis for comparing technologies, 

and specific indicators must be chosen which describe a technology option‟s performance for each 

criterion.  The criteria used in the evaluation of heuristically designed vehicles were chosen based 

on their perceived importance to stakeholders in the transportation energy debate.  There are five 

categories of stakeholder criteria summarised in Table 1, which represent the economic, social, and 

environmental pillars of sustainability.  Some criteria are characterized using powertrain simulation, 

others are modelled using lifecycle assessment techniques, while yet others are surveyed from the 

literature. Damage factors for global warming potential, environmental degradation etc. are 

sometimes calculated based on transportation emissions and used as indicators in the literature (Tol 

2005), this extension was not made in this work and the per km emissions are treated as indicators. 
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Table 1: Main criteria of interest for stakeholders from industry, consumer, and regulatory areas 

(main criteria in bold) 

          

  Category Criteria Units   

  Cost Purchase $   

    Maintenance $/year   

    Resale value $   

    Total cost of ownership $/life   

  Performance Acceleration time (0-100kph) s   

    Acceleration time (80-110kph) s   

    Top Speed km/h   

  Utility Driving range km   

    Passenger capacity m
3
   

    Cargo capacity m
3
   

    Towing capability kg   

    Turning radius m   

    Refuelling time s   

  Environment Criteria pollutants on a well-to-wheel basis   

    CO2 g/km   

    NOx g/km   

    VOC g/km   

    CO  g/km   

    PM10 g/km   

    PM2.5 g/km   

    CH4 g/km   

    N2O g/km   

  Safety Fatality risk fatality/km   
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A subset of eight criteria made up of two chosen from each of the four categories in Table 1 was 

selected to ensure that the results presented in the multi-criteria analysis could be more easily 

interpreted.  Purchase cost, total cost, acceleration, top speed, driving range, passenger capacity, 

CO2 and NOx emissions were chosen for MCDA.  There is always a risk that these criteria are not 

representative of the real decision criteria which customers use to evaluate a car, for example the 

visual attractiveness of a vehicle.  It is outside of the scope of this work, however, to investigate the 

influence of vehicle appearance or various entertainment systems on stakeholder technology 

ranking, despite indications that these may generally be a more important criteria than other energy 

and environmentally related criteria (Zoepf 2009).  The assumption is made that all advanced 

technologies studied can be packaged equally attractively. 

The technology options available to the design set generator in this work are summarised in Table 

2, and are classified as exogenous, endogenous, or dependent endogenous.  Endogenous choices are 

driven by exogenous selections and dependent endogenous choices may depend on one or more 

exogenous and/or endogenous selections.   Individual options are grouped into option sets according 

to which aspect of the vehicle they relate to.  With 66 options, over 108 million combinations are 

possible.  An investigation of the effect of option set size si for exogenous options on total design 

set size is described in Chapter 3. The options are filtered into subsets to answer specific research 

questions about advanced hybrid architectures, materials, and fuels.   
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Table 2: Technology options which are available to the heuristic design algorithm 

                    

   Option Set   Category   Options (si)             

   Classes   Exogeneous  3  compact sedan   sedan   SUV        

   Markets  Exogeneous 2  passenger   sport          

   Engines   Exogeneous 3  otto   diesel   fuel cell  e-motor    

   Emissions control   

 Dependent 

Endogenous 2  selective catalytic red.  

 particulate filter 

(open/closed)    

   Hybridization   Exogeneous 5  none   mild   series   parallel    

   Body Structures   Exogeneous 4 steel HS steel aluminum composite   

   Transportation Fuel   Endogenous 7  gasoline    diesel   biodiesel   ethanol    

        CNG   hydrogen  

 

electricity        

  

 Displacement (L)   Endogenous 

12 

 1.0      1.1      1.7      1.9      2.0      2.1      2.7      2.9      

3.0      3.1      3.7      3.9    

  

 Fuel Cell Power 

(kW)   Endogenous 3  80    90      100          

  

Electric Path Power 

(kW) Endogenous 10 

3      30      40      50      60      70      80      90      100      

110   

  Battery Chemistry   Endogenous 2  NiMH   Li-ion          

  

 Battery 

Charge/Average 

Energy (Ah/kWh)  

 Dependent 

Endogenous 

10 

 0.5 / 0.18      4.5 / 1.7       10 / 3.8       20 / 7.5       30 / 

11.3      40 / 15      50/18.8      60 / 22.5      70 / 26.3      

80 / 30    

   Total:    1 E8             

                    

The characteristics of many of the technology options are not static, and are expected to improve 

over time with development efforts. Future changes in fuel and component prices are also important 

to model, and the assumptions made regarding technology improvement in this thesis are discussed 

in Chapter 2. 



9 

 

 1.6 Objectives and Scope 

The objective of this thesis is to present a systematic evaluation of light-duty vehicle technology 

using heuristic combinations of vehicle powertrain options. The impact of selected new and future 

powertrains, materials, and fuel technologies across a broad range of vehicles is analysed using the 

approach shown in Figure 1.  There is special emphasis in the design set on hydrogen and fuel cell 

technology options. Multi-criteria decision analysis is used to evaluate the effect of stakeholder 

preference on technology choice, and to identify technologies which are robust over a wide range of 

criteria preferences. 

 

Figure 1: Procedure for the heuristic design and evaluation of light-duty vehicle technology 

 

The goal of this thesis is thus to assist stakeholders in understanding the complex interaction 

between vehicle technologies and criteria of interest and to support the decisions required to achieve 

a sustainable energy future. No single strategy will ever be optimum because different decision 

makers will disagree on how to balance conflicting objectives.  An inherent advantage of the 

heuristic design approach is that first principles simulation combined with stakeholder preference 
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allows the most viable solution(s) to be found.  The specific research questions which will be 

addressed in this thesis are: 

1. How do the vehicles using the advanced technologies which are being considered for 

improving current and future personal transportation modes perform relative to one 

another for various stakeholder criteria? 

2. In which ways does reducing vehicle weight together with implementing advanced hybrid 

powertrains affect performance for target criteria? 

3. Which fuel options appear promising, and what are their sensitivities to primary energy 

source and CO2 content? 

4. What role can hydrogen play as a transportation energy vector? 

5. What can multi-criteria decision analysis tell us about the robustness of specific 

technology options? 

6. How sensitive are these results to model input assumptions? 

In addition to addressing these specific scientific questions, this thesis introduces a unique method 

of combining vehicle technologies in the „Heuristic Design Algorithm‟ which allows a structured 

analysis of vehicle technologies to be performed.  The thesis also extends hybrid control 

optimization to ensure fair comparison of vehicle technologies.  To increase the accessibility of the 

results, three original software tools were developed and a preference presentation tool was 

designed and built.  The impact that these presentation tools have had is discussed in several 

sections of this thesis. They have each proven to be a powerful way of communicating the MCDA 

results to targeted stakeholders. 
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2. Technology Characterization 

There are many challenges inherent in characterizing the current state of technology, and the 

challenges multiply when attempting to estimate future technology characteristics.  This section 

outlines the main assumptions made regarding vehicle technology and fuel costs, lifecycle 

emissions, utility, and mass.  The uncertainty associated with many of the assumptions made in this 

chapter is explored in detail in Chapter 6.  

  2.1 Cost Model 

This section introduces the methods used for estimating the cost of producing one vehicle for 

various technology options that were investigated in this work, as well as for one liter of 

transportation fuel.  When examining the cost model, it is important to consider the high degree of 

uncertainty any cost estimate carries due to the difficulty of acquiring manufacturer data, but also 

due to the challenge of estimating what future technologies may cost at mass production levels and 

in the face of resource scarcity etc.  This chapter provides some representative estimates of cost and 

insight into how vehicle costs may be modeled. The analysis may not be called complete without 

also examining the sensitivity of the results to uncertainties in the technology cost estimates, which 

is performed in Chapter 6. 

  2.1.1 Model Structure 

The structure chosen for the vehicle cost model is shown in Figure 2.  The purchase and production 

costs represent the most important costs for consumers and therefore also for manufacturers.  The 

total cost of ownership is a function of lifetime vehicle kilometers travelled (VKT), maintenance 

and fuel costs; and is always calculated using 2010 as a base year for the various currencies (USD, 

EUR, CHF) considered in this work.  
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Figure 2: Schematic representation of the assumed vehicle cost model 

The cost of insurance and the impact of subsidies are not considered in the model.  Taxes were 

removed from fuel cost by estimating the average taxation rate for various fuels in different 

geographic regions.   Fuel cost is therefore given as the pump price per liter before taxes are 

applied.  

  2.1.2 Data and Sources 

Class and Market 

Data for the Manufacturer‟s Suggested Retail Price (MSRP) was collected from various public 

sources (ADAC 2008; infotech 2009; TCS 2008) by comparing costs for different size classes of 

vehicles, and the incremental costs for sport and luxury models as shown in Table 3.  Size and 

market were defined using this online database (Automobile Magazine 2008).  The data was then 

scaled using estimates from the EPRI for the ratio between the glider (rolling chassis) and rest of 

vehicle system costs (L. Browning et al. 2002).  A mark-up of 40% is removed from the vehicle 

purchase costs to estimate production cost (Anup Bandivadekar et al. 2007).  Data for luxury 

vehicles in the Europe was not easily available. For European and Swiss vehicles the sport option is 

only based on mid-size sport models, whereas in North America the data for compact and mid-size 

sport options were considered.  Class and market costs were assumed not to change for future cases. 
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Table 3: US, EU, and Swiss vehicle ‘glider’ production costs by class and with market segment 

premiums 

US 

Class   Unit  

 Mean 

(n=10)  Min   Max   Std. dev.  

 Compact   2010 USD/Unit  7604 5637 9041 1002 

 Mid-size   2010 USD/Unit 12737 9665 15453 2136 

 Off-road/SUV   2010 USD/Unit 17800 9417 28425 5864 

 Market            

 Passenger   2010 USD/Unit - - - - 

 Sport   2010 USD/Unit 34235 11437 40611 12156 

 Luxury   2010 USD/Unit 49318 17246 38114 7197 

Europe 

Class   Unit  

 Mean  

(n=10)  Min   Max   Std. dev.  

 Compact   2010 EUR/Unit  7053 5136 8157 908 

 Mid-size   2010 EUR/Unit 13329 10821 17779 2444 

 Off-road/SUV   2010 EUR/Unit 16545 11314 18700 3034 

 Market            

 Passenger   2010 EUR/Unit - - - - 

 Sport   2010 EUR/Unit 18899 14064 23850 3036 

 Luxury   2010 EUR/Unit - - - - 

Switzerland 

Class   Unit  

 Mean  

(n=10)  Min   Max   Std. dev.  

 Compact   2010 CHF/Unit  12196 9857 14143 1245 

 Mid-size   2010 CHF/Unit  18969 15750 26214 3381 

 Off-road/SUV   2010 CHF/Unit  26988 26429 27464 427 

 Market            

 Passenger   2010 CHF/Unit  - - - - 

 Sport   2010 CHF/Unit  55917 45357 67107 8891 

 Luxury   2010 CHF/Unit  - - - - 

 

  



14 

 

Powertrain  

The incremental costs of engine and hybridization technology shown in Table 4 are all based on US 

estimates of volume production. It was assumed that EU and Swiss vehicles would be subject to the 

same incremental technology cost at volume production levels, and EU and Swiss costs are 

estimated by converting the 2010 USD into Euro and Swiss Francs. The exchange factors listed in 

Appendix A were applied in this case to convert the currency from the year in which the literature 

studies were performed to 2010 US dollars.  The factor of 52 kW/L of displacement was calculated 

by analyzing the TCS database for 50 representative vehicles (Michael Kellenberger 2008). The 

incremental diesel vehicle cost was estimated for a future (2035) set of spark ignition (SI) and 

compression ignition (CI) vehicles. It was assumed that this cost remains constant and therefore 

applies to current vehicle technology as well (Matthew A. Kromer & John B. Heywood 2008). The 

costs assumed for the „None (all-electric)‟, „Mild‟, „Series‟ and „Parallel‟ hybrids all contain the 

fixed electrification term from the NREL study‟s motor cost assumption (A. Simpson 2006). The 

„Series‟ hybrid is additionally subject to the cost of charging electronics from this study. The 

variable cost of hybridization is captured through the cost per kW of motor power, as well as the 

fuel cell and battery energy costs in Figure 3 and Figure 4. 
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Table 4: US vehicle powertrain and hybridization costs 

Drive  Unit Cost Assumption Source (s) 

All-electric 2010$/Unit  456 

Table 2, motor intercept value, 2006 to 

2010 USD (A. Simpson 2006) 

Otto 2010$/Unit 

                 

-    No motor cost associated with engine   

Diesel 2010$/Unit  664 Table 13, Incremental diesel cost 

(Matthew A. Kromer 

& John B. Heywood 

2008) 

Fuel cell 2010$/Unit 

                 

-    

Fuel cell motor fixed cost is integrated in 

series hybrid (A. Simpson 2006) 

Displacement 2010$/L  729 

Table 2, $14.5/kW · 52 kW/L, 2006 to 

2010 USD (A. Simpson 2006) 

Motor power 2010$/kW  23 

Table 2, motor slope value, 2006 to 2010 

USD (A. Simpson 2006) 

Hybridization         

None 2010$/Unit 

               

-    

No additional cost associated with non-

hybrids   

Mild 2010$/Unit  456 

Table 2, motor intercept value, 2006 to 

2010 USD (A. Simpson 2006) 

Series 2010$/Unit  1'467 

Table 2, motor intercept value, 2006 to 

2010 USD/Table A-15, On Vehicle 

Charging System 

(L. Browning et al. 

2002; A. Simpson 

2006) 

Parallel 2010$/Unit  456 

Table 2, motor intercept value, 2006 to 

2010 USD (A. Simpson 2006) 

Batteries and 

Fuel Cells         

Fuel cell power 2010$/kW 

See  

Table 5 Fuel cell cost depends on power and time 

(Matthew A. Kromer 

& John B. Heywood 

2008) 

Battery energy 2010$/kWh 

See 

Figure 3 

Battery cost depends on power/energy 

ratio and time 

(Matthew A. Kromer 

& John B. Heywood 

2008) 
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Fuel cell and battery technology costs were assumed to decrease over time as a result of technology 

learning and otto, diesel, and electric motor technology were assumed to remain static over the time 

horizon of this study. These powertrain technology cost reductions are based on the estimates made 

by Kromer and Heywood (Matthew A. Kromer & John B. Heywood 2008) which are widely 

referenced and often cited as being realistic (Timur Gül 2008; Raffaele Bornatico 2008). Table 5 

shows how much fuel cells cost today (Fuel Cell Store 2010), as well as how their cost is assumed 

to vary from 2010 to 2035.  Swiss and European costs are calculated by converting the US costs to 

their respective currencies. 

 

Table 5: Fuel cell specific cost assumptions 

 Time period Specific Cost (2010 USD/kW) 

Present off-the-shelf  $ 3'000.00  

Present volume production (2010v)  $ 111.80  

Future volume production (2035)  $ 52.90  

Battery cost currently varies strongly depending on its power to energy ratio as seen in Figure 3. Put 

very simply, to make more power available thinner electrodes are used whereas to make more 

energy available thicker electrodes are used.  Figure 3 shows how current battery technology is 

expected to not only get cheaper with development, but also to depend less strongly on power to 

energy ratio for future scenarios as higher surface area materials are introduced to handle higher 

current densities. 
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Figure 3: Current and future cost of lithium ion battery technology, based on power to energy ratio 

(Kromer and Heywood 2008) 

 

Nickel metal hydride (NiMH) battery technology was also considered in this work, and the costs 

associated with this battery chemistry are shown in Figure 4.  NiMH batteries were the first 

batteries to be applied in a mass production vehicle, the Toyota Prius, and have therefore benefitted 

not only from a significant amount of engineering optimization, but also from cost reductions 

associated with economies of scale.  While they are cheaper to produce, NiMH batteries have lower 

performance characteristics (gravimetric power and energy density) and self-discharge 

disadvantages relative to Li-Ion chemistry and therefore future automotive batteries will likely be 

based on lithium. 
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Figure 4: Current and future cost of nickel metal hydride battery technology, based on power to 

energy ratio (EPRI 2006) 

 

Additional costs such as those for the electric accessory loads (e.g. HVAC) necessary for series, 

and, in some cases, parallel hybrids were not considered in this work because their costs were 

considered to be negligible relative to the major powertrain components (E. Wilhelm et al. 2007).   

Advanced materials 

The lightweighting of vehicles by integrating advanced materials is often discussed as a promising 

method of improving automotive environmental and performance indicators.  As with most 

advanced technology, introducing lightweight materials often increases manufacturing cost. 

The incremental cost of lightweighting was explored in detail by (Bjelkengren 2008; Lynette Cheah 

et al. 2007).  In this work, the three technology groups in Table 6 were chosen for their level of 

development and future potential.  Body-in-white refers to an assembled vehicle with all closures in 

place but before the sub-assemblies and powertrain components are installed.  As was assumed for 

powertrain technology, Swiss and European scenarios use US production cost assumptions 

converted into the Euros or Swiss Francs according to the exchange rates in Appendix A. 

 

y = 13.0x + 245.2 

y = 1.3x + 24.5 

 $ -

 $ 50

 $ 100

 $ 150

 $ 200

 $ 250

 $ 300

 $ 350

 $ 400

 $ 450

 $ 500

 $-  $5  $10  $15  $20

S
p

ec
if

ic
 C

o
st

 (
2
0
1
0
 U

S
D

/k
W

h
) 

Power to Energy Ratio (W/Wh) 

Current 

Future 



19 

 

Table 6: Incremental cost of lightweighting 

   Unit   high   low   Assumption   Source (s)  

High strength steel 
 2010 $/kg 
saved  -0.47 -1.00 

 225k veh./year, Body-
in-white  

 (Jody Shaw & Richard 
Roth 2002) 

Aluminum  2010 $/kg 
saved  3.68 1.81 

 500k-200k veh./year, 

Vehicle/Unibody, 
Variance=$0.87  

 (F. Stodolsky et al. 1995; 
Han 1994)  

Composite  2010 $/kg 

saved  12.98 2.08 

 250k-100k veh./year, 

Body/Vehicle, 

Variance=$10.90   (Lynette W. Cheah 2010) 

High-strength steel is considered to be the cheapest method of lightweighting (and may even offer a 

net cost reduction according to the expert studies), followed by aluminum, and then by carbon fiber 

composites. The cost savings offered by high strength steel are claimed in the literature to result 

from streamlined production methods which require capital investments, something industry has yet 

to adopt perhaps due to risk aversion and the significant uncertainties associated with this 

technology. The variation between values calculated for aluminum materials is lower than that for 

composite materials.  It is very difficult to arrive at one incremental cost of lightweighting, and the 

different implementation assumptions made by each study highlights this fact.  In addition, the 

incremental cost of lightweighting is expected to increase as the more cost-effective design changes 

are made, an aspect which will be explored in more detail in Chapter 4.  Mass decompounding 

effects resulting from implementing lightweighting technology will be discussed in the final section 

of this chapter. 

 

Emissions control 

In order to meet legislated emissions standards, control technology must be applied when modeled 

vehicle emissions exceed regulation levels.  Table 7 describes the cost associated with adding 

various emission control technologies.  It is assumed that emissions control technology can be 

scaled continuously and that costs increase linearly. This is not an ideal assumption given the 

modular nature of emission control technology, but is nevertheless necessary based on the available 

data (N.L.J. Gense et al. 2005).  In practice, this technology plays a minor role in the overall vehicle 

cost. European emission control technology costs were assumed to be applicable for Swiss and US 

market scenarios. 
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Table 7: Cost of emission control systems in Europe, assumed to be continuously modular 

Otto Engines   Unit     Location in Source  Source (s)  

Particulates (PM) 
 2010 €/g 
saved/km  14000 

 Table B: Scenario 1 (medium) MIN = 
optimized cat.  

 (N.L.J. Gense et 
al. 2005)  

Nitrogen Oxides (NOx) 
 2010 €/g 

saved/km  3417 

 Table B: Scenario 1 (medium) MIN = 

optimized cat.  

(N.L.J. Gense et 

al. 2005) 

Hydrocarbons (HC) 
 2010 €/g 
saved/km  1640 

 Table B: Scenario 1 (medium) MIN = 
optimized cat.  

 (N.L.J. Gense et 
al. 2005) 

Diesel Engines         

Particulates (PM) 
 2010 €/g 

saved/km  4600 

 Table A: Scenario 2 (medium) 

MAX= DPF closed-loop  

(N.L.J. Gense et 

al. 2005) 

Nitrogen Oxides (NOx) 
 2010 €/g 
saved/km  6160 

 Table A: Scenario 2 (medium) 
MAX= Lean denox store (LNT)  

(N.L.J. Gense et 
al. 2005) 

Hydrocarbons (HC) 
 2010 €/g 

saved/km  0  -  

 (N.L.J. Gense et 

al. 2005) 

 

Fuel and Fuel Storage Systems 

When considering gaseous fuels, the cost of pressurized storage systems cannot be neglected.  

Compressed natural gas systems have existed in large-scale production since the mid-1980‟s, and 

formed the basis for the design of compressed hydrogen systems.  The costs per kg of fuel storage 

assumed are shown in Table 8, and represent a significant increase in the production cost of a 

vehicle. Note that the „Future volume‟ cost assumption represents almost the same cost per unit 

energy stored for both systems because natural gas contains roughly 1/3 the energy of hydrogen gas 

by volume. The present CNG cost is based on the incremental retail cost of compressed gas vehicles 

in the EU, and does not consider incentives.  In practice, these costs have traditionally been offset 

by government subsidies, and are therefore not passed to vehicle consumers. The fuel system costs 

should nevertheless be considered important for manufacturer and government strategy, because 

they have proven formidable obstacles for alternative fuels programs in the past (Arthur Janssen et 

al. 2005) 

 

 

. 
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Table 8: Cost of gaseous fuel storage systems 

  Unit Present 2010v 2035 Assumption Source (s) 

Hydrogen 

storage 

$/kg 

stored 

  

3'279   1‟279  639 

Approx. 4 kg H2 

stored, 50% cost 

reduction achieved 

(E. Wilhelm et al. 

2007; US DOE 

2005) 

CNG 

storage 

€/kg 

stored  12'500  176   176 

Economies of scale 

have been fully 

exploited in 2010 (ADAC 2008) 

There is a tremendous degree of variation in the current costs of transportation fuels worldwide, 

largely caused by the often very complicated system of taxes and subsidies implemented by most 

governments with various goals such as maximizing tax revenue, or regulating fuel use to mitigate 

environmental damage.  Whether these policies are effective or not is beyond the scope of this 

study, but the large differences in fuel price paid at pumps around the world complicates the 

comparison of the total cost of vehicle ownership in today‟s global economy.  The uncertainty is 

further compounded when attempting to estimate what future fuel prices may be.  For simplicity in 

handling this uncertainty, average fuel prices at the pump were collected for the US, the EU, and for 

Switzerland in 2010 and projected to 2035 based on various sources which are summarized in 

Appendix B.  The local taxes were averaged and subtracted from the pump price in an attempt to 

enhance comparability of the fuel costs in the three geographic areas. The assumptions required to 

remove fuel taxes were rough, and no attempt was made to estimate the impact of fuel subsidy on 

alternatives. The baseline fuel costs plotted in Figure 5, and the lower relative cost of biofuels 

shows that the efforts to equalize fuel cost likely did not manage to remove all government 

subsidies.  To investigate the impact of relative fuel cost on the vehicle design set, a thorough 

uncertainly analysis was performed in Chapter 6.  
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Figure 5: Baseline fuel price assumptions based on current pump prices and projected fossil fuel 

price increases 

 

Maintenance cost and resale value 

The cost to maintain vehicles is calculated on an annual basis for various vehicle makes and models 

in the ADAC database using consumer surveys and statistical models (ADAC 2008).  Maintenance 

and repair cost for eighty-four vehicles from six manufacturers (four European, two North 

American) is correlated to vehicle purchase cost in Figure 6.   This linear trend is used to model the 

maintenance cost component of the vehicle‟s total cost of ownership.  There was no correlation 

made between maintenance cost and vehicle age, hence the results are insensitive to the age of the 

vehicle. 
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Figure 6: Purchase and repair cost linear regression 

 

It is often said that the most expensive kilometers driven are the ones driven home from the 

dealership lot, a feature reflected by the trend in Figure 7.  Using a US online database and 

calculator, a resale value for vehicles was estimated based on original purchase cost for use in the 

safety criteria calculation (Money-zine.com 2010).  This calculator considers resale value to be a 

function only of age, and not a function of kilometers driven or vehicle condition.  
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Figure 7: The relationship between resale value and ownership time is strongly negative 

  2.1.3 Discussion 

This section outlined the assumptions that were made to calculate a manufacturer‟s suggested retail 

price (MSRP) which is the baseline vehicle price.  The price that consumers actually pay for a car is 

only certain at the moment of purchase. There are many factors that contribute to the uncertainty of 

vehicle retail price, not least being those which follow vehicle production. Manufacturer rebates, 

government incentives, dealer sales incentives, and strategic pricing all serve to complicate 

technology cost characterization.  Much effort has been directed at understanding the factors that 

influence consumer purchase decisions, and a clear conclusion is that sales price strongly outweighs 

all other costs (Ken Kurani et al. 2007).  This may explain the emphasis that manufacturers have on 

selling vehicles at the lowest possible purchase cost with relatively little regard for their fuel 

consumption. 
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 2.2 Lifecycle Emissions Model 

Lifecycle emissions and impacts are quite often the most contentious components of a 

comprehensive vehicle model.  They are simultaneously subject to significant structural 

uncertainties (i.e. exact energy use of manufacturing processes) as well as being very important 

factors in comparing vehicle options. The recent debate surrounding the introduction of ethanol fuel 

and electric vehicles in the United States highlights the importance of full lifecycle considerations 

(Tiffany Groode 2008; Warren Meyer 2010). For the analysis of manufacturing, the lifecycle model 

uses one kg of vehicle produced as the functional unit, and for fuels the functional unit is a kilogram 

of fuel or kWh of electrical energy. 

  2.2.1 Model Structure 

Vehicle lifecycle emissions can be divided into three components as shown in Figure 8.  First, 

manufacturing emissions include those emissions produced during raw material extraction, vehicle 

production, sale, and during recycling and scrappage at the end of the vehicle‟s life. These 

emissions can be considered to be „fixed‟ emissions which are incurred once in a vehicle‟s life. 

Second, as soon as a vehicle leaves the sales lot it begins to produce on-road emissions, which 

represent the most significant component in the vehicle‟s lifecycle emissions.  Third, the emissions 

generated during fuel extraction and production process are often significant when examining 

alternative fuels such as hydrogen and biofuels. On-road and fuel cycle emissions are „variable‟ 

emissions and depend on powertrain efficiency and vehicle usage.  

Two lifecycle models were used as inputs for this work to reconcile data availability with 

geographic fuel chain and on-road emissions differences. In the North American context the 

Argonne GREET model was applied (ANL 2009), and in the European context the ecoinvent model 

was applied (ecoinvent 2009), with the exception of vehicle manufacturing emissions and several 

on-road emissions indicators which were only available in the GREET model.  Due to the 

complexity of building vehicle manufacturing emissions models it was often necessary to assume 

that certain similar vehicle architectures share common manufacturing emissions for all geographic 

regions.  The ecoinvent database is well regarded as a comprehensive and reliable source of 

lifecycle data for fuel and energy chains.  The GREET database is transparent and very specific to 
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transportation technology. Detailed information on all lifecycle input data and sources can be found 

in Appendix C.   

 

Figure 8: The lifecycle model consists of vehicle manufacturing, on-road, and fuel production 

emissions 

  2.2.2 Data and Sources 

Manufacturing emissions 

The emissions produced during vehicle manufacturing and scrappage are the most difficult ones to 

estimate. Fortunately they also typically represent the smallest contribution to the vehicles overall 

lifecycle emissions, on the order of 10 to 20 percent. Several notable studies investigating vehicle 

well-to-wheel emissions neglect manufacturing emissions entirely (Joint Research Center 2007), 

while others restrict themselves to analyzing very specific vehicle components (General Motors 

2001).  The GREET model developed by the Argonne National Laboratory was used exclusively in 

this work to calculate vehicle manufacturing emissions. The GREET model was adapted to provide 

the data required for several key representative types of vehicles illustrated by the structure in 

Figure 9.  To estimate future vehicle manufacturing emissions the emissions estimates from 2010 to 
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2020 which are available in GREET were linearly extrapolated to 2035.  For lack of data, the 

assumption was made that European production emissions are identical North American 

manufacturing emissions.  It is hoped that the THELMA project will improve these assumptions 

(Andrew Simons & Christian Bauer 2010). 

 

Figure 9: The GREET database was used to provide manufacturing data for vehicle body, 

powertrain, and battery subsystems for four body materials types, three powertrain variations, and 

two different battery chemistries 

The baseline assumptions of the vehicle cycle model component GREET 2.7 were used in every 

case, except when investigating different body material scenarios.  GREET provides the results of 

its manufacturing emissions divided according to body and chassis components, powertrain and 

transmission components, and battery systems components. As well, each result set is divided into 

internal combustion engine, hybrid electric, and fuel cell vehicles.  The greatest modification to 

GREET‟s baseline structure was required to divide the model output into the various body types by 

changing the material mix of the GREET vehicle to model the introduction of lightweight 
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aluminum, composite, and high strength steel materials.  For a detailed description of the model 

inputs please see Appendix C. 

On-road Emissions 

The most significant emissions during a vehicle‟s lifetime are generated during fuel production and 

use.   The assumption made in this work is that one kilogram of chemical or kWh of electrical 

energy used results in a fixed amount of on-road emissions for a given powertrain configuration.  

This deviates from the real conditions introduced through cold-start conditions etc., but is a 

justifiable assumption when considering average vehicle or total fleet emissions.  Carbon dioxide 

emissions are calculated based on the carbon content of the fuel and the vehicle‟s simulated fuel 

consumption. 

The GREET database only projects on-road emissions to 2020, so a linear extrapolation to 2035 

was applied to estimate emissions required for this work. In cases where emissions would attain 

unreasonable values (i.e. NOx emissions reaching significant negative emissions in 2035), the 

emissions reduction potential is assumed to saturate at 2020 levels. Figure 10 summarizes the 

tailpipe emissions assumed to be produced for the seven fuels considered in this work.  For each 

fuel, a representative vehicle in the GREET model was selected with baseline assumptions to 

generate the on-road emissions factors. 
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Figure 10: On-road emissions for US 2010 and US 2035 from the GREET model 

 

The on-road emissions for the EU and Switzerland were assumed to be identical to the US case at 

the tail-pipe, even though they are tested in practice using different driving schedules.  This 

assumption may lead to a slight overestimation of European on-road emissions.  The different 
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regulations for on-road emissions shown in Table 9 were then used to limit emissions from vehicles 

that exceeded local regulations (DieselNet 2010a), selecting these limits and imposing them on the 

vehicle models. The simplification is made that manufacturers must use technology continuously in 

each individual vehicle, when in fact these limits are imposed on the fleet.  There is a significant 

level of complexity in the emissions legislation dealing with sales-weighted averages that is not 

incorporated into this work. 
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Table 9: Regulated emissions limits for the US, EU, and Switzerland (which follows the EU) 

  CH 2010 CH 2035 EU 2010 EU 2035 US 2010 US 2035 

Gasoline Euro 5 Euro 6 Euro 5 Euro 6 T2 Bin 2 T2 Bin 4 

CO 1 1 1 1 2.1 2.1 

THC 0.1 0.1 0.1 0.1 0.07 0.01 

NOx 0.06 0.06 0.06 0.06 0.04 0.02 

PM10 0.005 0.005 0.005 0.005 0.01 0.01 

HCNOx - - - - - - 

Diesel             

CO 0.5 0.5 0.5 0.5 2.1 2.1 

THC - - - - 0.07 0.01 

NOx 0.18 0.18 0.18 0.18 0.04 0.02 

PM10 0.005 0.005 0.005 0.005 0.01 0.01 

HCNOx 0.23 0.17 0.23 0.17 - - 

Fuel cycle emissions 

The emissions generated during the conversion of primary energy into transportation fuel, whether 

fossil, hydrogen, or electricity were considered to complete the lifecycle model.  The data shows 

that fossil fuels have relatively modest fuel cycle emissions, while the emissions from alternatives 

such as hydrogen and electricity are dominated by the fuel cycle. This trend will be explored in 

greater detail in the results sections of this thesis. Unfortunately, consistent data are difficult to find, 

so the input assumptions for the fuel cycles are mixed, and taken from both the GREET, the JRC 

report, and the ecoinvent models.  GREET has the most comprehensive list of criteria emissions on 

a per-kg or per-kWh basis and hence its values are used wherever gaps in the European data existed.  

The fuel cycle emissions are shown in Figure 11. As was the case for manufacturing and on-road 

emissions, GREET‟s 2020 values are linearly extrapolated to 2035 for this work.  The CO2 values 

are calculated including the carbon in CO and the volatile organic compounds (VOC‟s).  The US 

2010 emissions scenario assumes that ethanol is produced from corn, biodiesel is produced from 

soya beans, hydrogen is produced using steam-methane reforming, and electricity is representative 
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of the average US grid.  In the US 2035 renewable case, ethanol is produced using a mix of 25% 

gaseous biomass, 50% corn stover, and 25% forest residue.  In 2035 biodiesel is still assumed to be 

produced using the same soya bean process, and hydrogen is produced using PV electrolysis.  The 

US grid in 2035 is assumed to be supplied completely by renewable and nuclear energy for this 

sensitivity scenario. 

 

 

Figure 11: Fuel cycle emissions from GREET for US 2010 (top) and US 2035 renewable (bottom) 
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Extrapolating 2020 GREET values for ethanol (E-85) and electricity to 2035 resulted in nonsensical 

(i.e. negative) NOx emissions, and hence these fuels were fixed at 2020 levels.  For Switzerland in 

2010, some robust lifecycle analysis results were available from (Alexander Wokaun & Erik 

Wilhelm 2011), but for the remaining Swiss and European scenarios and for fuels not available 

from this reference values from GREET were assumed.  For a complete picture of data sources and 

how the databases were combined in this work, please refer to Appendix C. 

  2.2.3 Discussion 

For most vehicle emissions it is important to consider where the emissions enter the atmosphere to 

evaluate how serious their effects are.  When evaluating lifecycle results, it is therefore important to 

differentiate between emissions from central power generating plants and emissions from mobile 

point sources (i.e. vehicles).  Power plant emissions are often less harmful to human health because 

it is easier to add additional emission controls to large fixed sources (although maybe more 

expensive due to higher standards for point source emissions).  They are also often located further 

from populated centers, reducing their impacts.  Throughout this work, however, no distinction is 

made in this regard although GREET does offer the ability to split emissions between urban and 

total categories.  Emissions in cities and emissions at large generating stations are counted equally, 

which is strongly to the detriment of alternatively fuelled vehicles. 

A large number of studies have looked at biofuel lifecycles, and the inputs chosen for the models in 

this thesis were chosen as representing some of the most optimistic cases where the growing and 

production phases result in CO2 sequestration. These assumptions are described in more detail here 

(Tiffany Groode 2008; Michael Wang 2003; H. Huo et al. 2008). 

 2.3 Vehicle Utility Model 

Vehicle utility can have various definitions for various stakeholders.  Some consider a car useful if 

it can play music in .mp3 format, others if it can tow a full-sized boat.  Modeling some utility 

factors such as range and refuelling time is straightforward, while modeling other factors such as 
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cargo and passenger capacity is more difficult.  This section describes the approach taken to 

quantify a broad range of utility criteria of interest to stakeholders. 

  2.3.1 Model Structure 

The components vehicle utility models are mostly linear, so their structure is described with their 

formulas. The following discussion shows fuel volume in L, but gaseous fuels are measured in kg 

and electricity in kWh. 

Range 

Range is difficult to model for conventional vehicles because of how dramatically variation in 

liquid fuel tank capacity can increase on-board energy content.  Likewise, powertrain volume can 

be challenging to properly model due to the complex geometries imposed on vehicle engine 

compartments by safety requirements.  The method chosen to handle these difficulties in this work 

was to fix the liquid and compressed gas fuel tank sizes and engine compartment volumes for all 

vehicle designs at a constant level. In this manner, the increased fuel efficiency of alternatives can 

be directly related to the volumetric and gravimetric energy densities of their fuel storage and 

conversion systems.  Because of the fixed tank volumes, the range calculation shown in Equation 1 

is in essence inversely proportional to fuel consumption.   

          
               

                                
 

(1) 

Refuelling Time 

The refuelling time for various vehicles is calculated using Equation 2, and makes use of fill rate 

estimations for various alternative fuels which are discussed in the following section.  

              
                         

  
  

                  (
  
 )       

 

(2) 
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Passenger Capacity 

The calculation of passenger and luggage volumes in Equations 3, 4, and 5 is slightly more 

complicated and hinges on the assumption that battery and hydrogen storage systems are the only 

advanced powertrain components of sizes which impinge significantly on useable space, and the 

heuristic that 40% of the luggage room is used before the remaining volume is subtracted from the 

passenger room. 

                  
                  

                  
   (3) 
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                                  |
                                      

                                      - (4) 

                
   ,                                                           

                   |                                       

                                      - (5) 

Towing Capacity 

To estimate the towing capacity of the vehicles in the design set, gravity was considered as the 

only force for powertrain to overcome and Equation 6 was developed based on (Guzzella & 

Sciarretta 2007). 

 

                   
         

      (
 
 )       ⁄         

              
(6) 

Turning Radius 

Vehicle turning radius is calculated using Equation 7 which is a linear trend fitted to empirical 

data from (Leon S. Robertson 2006). 

 

                                      (7) 

  2.3.2 Data and Sources 

The volumes of compact and midsize cars, and pickup trucks were extracted from the EPA database 

(2008) and are summarized in Table 10.  
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Table 10: Average passenger and cargo volumes for representative 2010 vehicles 

Vehicle class Passenger volume (m
3
) Luggage/bed volume (m

3
) 

Compact sedans 2.61 0.36 

Midsize sedans 2.79 0.41 

Pick-up trucks 1.63 1.45 

The fuelling rates for various fuels found in Table 11 were calculated based on the maximum pump 

flow rate set by the EPA of 37.8 liters per minute (U.S. Environmental Protection Agency 1996) 

and for gaseous fuelling stations on specifications from (Amu Abimanan 2009; M. Casamirra et al. 

2009). 

Table 11: Filling rates for various fuels used to estimate refuelling time 

 Fuel  Unit   Rate  

 Gasoline   L/min  37.8 

 Diesel   L/min  37.8 

 E-85   L/min  37.8 

 B-100   L/min  37.8 

 Hydrogen   kg/min  0.63 

 CNG   kg/min  15.0 

 Electricity   kWh/min  0.12 

To estimate how much the advanced powertrain systems impinge on passenger capacity, the data 

presented in Table 12 was collected.  The heuristics used to estimate the impact of the hydrogen 

storage and battery systems are described by equations 3-5.  In general, however, the passenger and 

luggage volume of future vehicles is not expected to be significantly reduced by these systems. 

 

Table 12: Volumetric energy density approximations of advanced energy storage systems 

 Storage system  Density  Unit   Source  

 Hydrogen tank  0.048  m
3
/kg stored  (E. Wilhelm et al. 2007) 

 Li Ion battery  0.01  m
3
/kWh  (Andrew Burke & Marshall Miller 2009) 

 Ni MH battery  0.01  m
3
/kWh  (Cobasys 2010) 

  2.3.3 Discussion 

An effort was made to include a broad range of utility-related indicators. The estimation of 

individual utility parameters for current and advanced vehicles has varying degrees of complexity.  
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Some, such as range, are relatively simple to calculate. Others, like passenger and luggage volume, 

require that broad assumptions about engineering decision heuristics be applied.  The estimation 

methods explained in this section acknowledge the uncertainty involved in the assumptions taken 

for each parameter, and the efforts that have been made to select representative values as inputs to 

the utility model. 

 2.4 Vehicle Weight Model 

Vehicle mass is directly related to energy consumption means so changing mass has an impact on 

many other characteristics that depend on energy consumption such as lifecycle emissions and total 

cost of ownership. Other non-energy related criteria such as acceleration and handling also depend 

strongly on vehicle mass and are often as important as energy consumption to consumers.  This 

section introduces the starting assumptions and influence of different powertrain elements on 

vehicle mass. The sensitivity of various results to weight is explored in greater detail in Chapter 6. 

  2.4.1 Model Structure 

The vehicle mass model is relatively simple.  Vehicles designed using the heuristic design method 

are divided into the glider, engine, hybridization, and lightweighting components as outlined in 

Table 4.  These subsystems have associated weights that are summed to yield total vehicle weight. 

To improve the accuracy of the estimates for implementing lightweighting technology, mass 

decompounding is applied whenever lightweight materials are used. Calculating the degree of mass 

decompounding requires an estimation of the heuristics which engineers are able to apply to reduce 

the size and mass of several important vehicle subsystems when overall vehicle weight is reduced 

while maintaining the desired vehicle performance characteristics.  For example, when aluminum 

body structures are implemented the entire vehicle weight is reduced, which means that the 

acceleration performance increases.  In order to offset the cost increase of the aluminum 

lightweighting, engineers may choose to reduce the power of the engine and size of the suspension 

on the vehicle, which again reduces the weight. This is illustrated schematically in Figure 12. 
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Figure 12: An example showing the influence of decompounding on overall vehicle mass 

 

The decompounding Equation 8 attempts to capture the phenomenon where   kilogram of primary 

weight reduced results in γ∙∆ kilograms of total weight reduced, where γ corresponds to the mass 

decompounding coefficients listed in Table 13. 

                                  (8) 

To reconcile the contribution of each powertrain subsystem according to the heuristically designed 

vehicle set to the way the subsystems are divided in the decompounding work of (Malen & Reddy 

2007) the weight fractions described in Table 13 were applied to the aggregated vehicle subsystems 

to estimate their weight.  The „other‟ category contains the body-in-white weight while all 

lightweighting technology was assumed to reduce „structure‟ subsystem weight and induce the 

accompanying decompounding using the „structure‟ decompounding coefficient.  
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Table 13: Mass decompounding coefficients 

 Subsystem 

Weight 

Fraction 

Coefficient 

(γ) 

Structure 25% 0.124 

Engine 0% 0.103 

Suspension 10% 0.14 

Tire & wheels 6% 0.018 

Transmission 6% 0.049 

Steering & Brakes 2% 0.032 

Electrical 3% 0.031 

Exterior 5% 0.01 

Other 43%   

  2.4.2 Data and Sources 

The masses of various powertrain subsystems used in this work are listed in Table 14.  A large part 

of this data comes from EPA fleet data aggregated according to US definitions of vehicle classes 

(National Highway Traffic Safety Administration 2006).  Hybridization weight penalties are modest 

because the majority of the additional weight of these powertrains comes through the addition of 

motor and battery subsystems which are treated separately. 
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Table 14: Baseline mass input assumptions 

Subsystem   Options   Unit   Mass  Source  

 Glider   Compact Sedan   kg/unit  996 (NHTSA 2003) 

   Mid-size Sedan   kg/unit  1193 (NHTSA 2003) 

   Truck/SUV   kg/unit  1525  (NHTSA 2003) 

 Market   Passenger   kg/unit  0  (NHTSA 2003) 

   Sport   kg/unit  -93  (NHTSA 2003) 

 Engine  None/Electric Motor  kg/kW  0.9 

(Ching-Shin Norman Shiau et 

al. 2009) 

  Otto  kg/L  104 

(Ching-Shin Norman Shiau et 

al. 2009) 

  Diesel  kg/unit  36 (NHTSA 2003) 

  Fuel cell  kg/kW  5  (E. Wilhelm et al. 2007) 

 Hybridization  None  kg/unit  0   

  Mild  kg/unit  6 (Lynette Cheah et al. 2007) 

  Series  kg/unit  6 (Lynette Cheah et al. 2007) 

  Parallel  kg/unit  6 (Lynette Cheah et al. 2007) 

 Lightweighting  Steel (baseline)  kg/unit  0   

  

High-strength steel 

(HSS)  kg/unit  -60 

 (Jody Shaw & Richard Roth 

2002) 

  Aluminum  kg/unit  -138 

 (F. Stodolsky et al. 1995; 

Han 1994) 

  Composites  kg/unit  -127   (Lynette W. Cheah 2010) 

 Battery  Li Ion  kg/kWh  13 

(Andrew Burke & Marshall 

Miller 2009) 

  Ni MH  kg/kWh  20  (Cobasys 2010) 

  2.4.3 Discussion 

This section presents the methods by which the total vehicle weight was calculated for the heuristic 

design set.  Three assumptions implicit in the mass calculation should be highlighted:  

1. The added weight of emissions control systems are neglected because vehicle emissions are 

calculated after mass, and the weight of these subsystems was deemed too small to justify an 

iterative approach, 

2. The weight of transmission systems was assumed to be constant across all vehicle classes 

and types, and is included in the assumed engine weight, 

3. The specific energy of battery technology is assumed to remain constant across all scenarios. 

Mass decompounding was only applied during the analysis of lightweighting materials. 
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 2.5 Scenarios 

A series of scenarios were composed using the input assumptions described in the previous 

sections.  The scenarios are useful for comparing vehicle technology across geographic regions as 

well as for testing the impact of various future technology characteristics.  The most interesting 

comparisons are those that can be made between regions with a low versus high CO2 content for the 

electricity mix, as well as investigating areas with different baseline fuel costs.   

A visualization of the trends in emissions and costs for the various scenarios is shown in Figure 13. 

The „current state‟ costs capture the technology costs for new technologies based on first 

prototypes, whereas the „volume production assumption‟ attempts to represent costs benefitting 

from economies of scale. The variation across scenarios of renewable fuel costs and emissions is 

represented qualitatively in Figure 13, where the low CO2 intensity of the Swiss electricity grid with 

high cost means it occupies the top left corner of the graph. Appendix C contains tables of all 

scenario input data and a detailed graphical comparison of the differences that exist between the 

various indicator assumptions. 

 

Figure 13: Visualization of cost and emissions characteristics of the 36 scenarios considered 
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3. Methodology and Model Validation 

   

 For a successful technology, reality must take precedence over public relations, for  

 Nature cannot be fooled.  

  Richard Feynman (1918 - 1988) 

This chapter first introduces the heuristic vehicle design algorithms that were developed in order to 

generate a self-consistent set of vehicle designs for trade-off and multi-criteria decision analysis.  

Next, the vehicle simulation modeling methodology is discussed that was used to characterize 

various conventional and advanced vehicle technologies. Key performance characteristics are 

highlighted for each powertrain and vehicle technology. Finally, the control optimization techniques 

are described that were used to ensure that the technology characterization treated all technologies 

equally using examples from each powertrain category. 

3.1 Heuristic Vehicle Design 

Applying a heuristic refers to a way of deducing solutions from acquired experience or knowledge. 

Heuristic rules are commonly applied when systems cannot be easily modelled, or when models 

rely on computationally expensive functions.  The behaviour of the system is then separated into 

rules which are used to characterise it (Gigerenzer, & Todd 1999).  Heuristic methods are often 

used when attempting to model human decision making; a pioneering example is the use of 

heuristics in competitive computer chess programs to optimize points per move within time 

constraints (Mueller 2006).  For this work, a heuristic methodology was developed to model the 

vehicle design process in order to: 

 1. Eliminate infeasible option combinations, and  

 2. Appropriately size and combine components.   

For example, diesel engines are typically smaller displacement than otto engines, can only use 

diesel fuel, and are less likely to be mild hybrids.  The heuristic design algorithm (HDA) uses 
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design choices made in the past century of evolutionary vehicle design (J.M.Weaver et al. 2005).  

The HDA then uses the available technology options to compose a full set of self-consistent vehicle 

designs. This set is representative of the current vehicle pool, but is not sales weighted (i.e. no type 

of vehicle is represented proportionally to how popular it is).  This bottom-up, technology-centred 

approach differs fundamentally from how manufacturers have historically designed and are 

currently designing vehicles, where a top-down approach is used with market demand driving 

technology choices. 

The heuristic design tools applied in this work also differ from the conventional approach taken to 

vehicle technology assessment in several other important ways.  Researchers typically limit 

themselves to varying technology on one basic platform to simplify data gathering and model 

development.  This generally results in extrapolating results, as shown in the first pane of Figure 14, 

which may or may not accurately represent technology performance.  The inherent advantage to the 

heuristic method, shown in the second pane of Figure 14, is that the large number of vehicle sizes, 

types, and configurations allows interpolation of performance within a broad design set, and hence a 

greater understanding of the higher order interaction between technology options and a broader 

scope of analysis.  In the figure, red lines reflect how technology performance is evaluated in both 

cases and it is clear that by extrapolating the underlying trends may not be observed. 

Heuristic design allows many technologies to be simultaneously compared for various trade-offs 

and allows technology family performance envelopes to be identified.  Using the heuristic design 

approach care must be taken when attempting to isolate the individual influence of different 

technologies on stakeholder criteria. For example, it is often the case in the analysis presented in 

this chapter that no performance specifications are held constant, i.e. acceleration, consumption, and 

cost, etc. are all changed based on the technologies chosen by the design heuristics which 

complicates interpreting the results. 
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Figure 14: Comparison of case study technology analysis (first pane) with heuristic design set 

technology analysis (second pane) 

 

To understand the heuristic design algorithm, it is important to be able to predict the impact that 

applying an exogenous rule will have on the number of designs in the resulting set. Equation 9 

shows the maximum number of designs present in a set, given the number of technology choices 

per option set si (e.g. seven fuels, and four hybridization architectures).  This simple relationship 

explains how the algorithm combines each exogenous technology with every other. Introducing a 

rule between two exogenous options results in the removal of the number of designs given by 

Equation 10, where the variable di represents the option categories not affected by the introduction 

of the rule. The variable hdep accounts for designs added during the recursive phase of the algorithm 

where dependent options are added based on the exogenous heuristics.  
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ntot = Total number of designs 

si = number of designs in a category 

hendog = number of endogenous designs removed 

di = number of sets not affected by the heuristic 

hend-rule = number of sets affected by the heuristic 

hdep = number of dependent designs removed 

nset = number of designs remaining in set 

A selection of heuristically designed sets is shown in Figure 15 to demonstrate how quickly the 

number of vehicle designs can become unmanageably large without the application of heuristics to 

remove nonsensical technology combinations. Figure 15 includes the number of designs (nset) from 

four distinct heuristic sets to illustrate how the application of heuristic rules affects the volume of 

designs. The final number of designs described by Equation 11 is typically 0.2–4 % of the 

maximum number of designs. 
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Figure 15: The factorial relationship between the number of options in a design set and the final 

number of designs (Heuristic Rules/Technology Options) 

 

An example of a selection process made by the HDA is shown in Figure 16, describing the selection 

of hybridization and electric path power. Dashed lines represent the exogenous choice of hybrid 

architecture influencing various endogenous choices, which then influence specific criteria as 

represented by solid lines. This shows the tiered approach to dividing the options, as well as the 

vehicle weight, which is a result of technology combinations. Not all of the heuristics are 

represented explicitly in this figure; instead they are represented by hash marks to reduce clutter.  

The mass characteristic is represented in its own column, and represents an important design 

consideration, as was discussed with respect to decompounding in Chapter 2.   
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Figure 16: A subset of heuristic rules acting on exogenous and endogenous choices 

 

The heuristic design generator was implemented in MATLAB, and sample code can be found in 

Appendix D. It is based on a bottom-up method of combining valid combinations that adds 

technology options to designs which can accept them instead of parsing invalid combinations from 

a larger set. This implementation was selected due to its efficiency in creating design sets in shorter 

time than required by the top-down approach. 

 3.2 Vehicle Powertrain Simulation using Deterministic Dynamic Programming 

Once the vehicle design set is generated using the heuristic method described in the previous 

section, the vehicles must be modeled to characterize their fuel consumption, emissions, 

performance, etc.  This section summarizes of the vehicle modeling approach used in this work with 

enough detail to allow these methods to be replicated.   

The main motivation of the vehicle simulations performed in this work is to estimate energy 

consumption in order to compare the various technology options described in the following 
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chapters.  One of the fundamental assumptions made in this work is that emissions are proportional 

to fuel use, which is a common first pass assumption (Aljoša Perger 2003), and means that it is very 

important to accurately characterize fuel consumption. A simple and effective way to estimate 

vehicle energy consumption which can yield surprisingly accurate results is to consider the forces 

acting on a vehicle in a single plane of motion, and perform a force balance on it as shown in Figure 

17.  Fuel consumption over standard driving cycles is estimated in this work by modeling the forces 

that a vehicle‟s powertrain must overcome as well as the losses inherent in various methods of 

converting chemical into kinetic energy in the powertrain. The following equation set was adapted 

from (Guzzella & Sciarretta 2007). 

 

Figure 17: Free-body diagram of a vehicle travelling uphill 

Vehicle acceleration or deceleration 
 

  
     for a vehicle with mass          is described by 

Equation 12 which sums all of the forces shown in Figure 17. 

        
 

  
           [                       ]    (12) 

Where Ft is the force provided by the powertrain, Fa is aerodynamic friction, Fr is the rolling 

resistance, Fg is the gravitational force, and Fd is a disturbance force (wind, inertial etc.). 

The aerodynamic losses are described by Equation 13 for which the density of air      was always 

assumed to be constant 1.18 kg/m
3
, and the coefficient of drag    and frontal area    describe the 

vehicle profile. 
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                     (13) 

The gravitational potential energy that must be invested when hill climbing, and which is generally 

lost as heat in braking downhill is given in Equation 14 with the hill grade represented as  . Note 

that because altitude does not vary over standard driving cycles this force component does not 

contribute to the vehicle‟s energy requirements for the NEDC cycle used in this work.  

                               (14) 

The rolling losses in Equation 15 also depend on grade and mass. For the purposes of this work, a 

simplified coefficient    is used, which is constant with regards to vehicle speed, tire pressure, tire 

geometry etc.  In reality, tire rolling resistance is balanced against tire life, traction requirements 

(winter versus summer tires), cost etc. 

                                          (15) 

The disturbance forces in Equation 16 refer to various other forces which may act on a vehicle 

during driving such as wind, inertial forces, etc. and does not contribute to the force balance over 

the NEDC. 

                          (16) 

The powertrain force which is used for calculating fuel consumption is given by Equation 17. The 

efficiency term             is determined by engine and transmission losses which will be 

discussed at length later in this chapter. 

                              (17) 

Based on first-principles, the vehicle‟s energy use can be calculated using Equations 12-17 in either 

a „forward facing‟ or „backward facing‟ manner, which refers to the direction of the energy demand 

in the powertrain.  Forward facing powertrain simulation uses a driver model (typically a simple 

PID controller) which attempts to control the speed of the vehicle over a driving cycle by actuating 

the throttle pedal, simulating a driver in a vehicle.  Backward facing powertrain simulation starts 

with a set vehicle road velocity, and calculates energy demand backwards through the transmission 
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and to the powertrain.  Forward facing simulation allows powertrain dynamics to be accurately 

simulated, whereas backward facing simulation uses steady-state powertrain characteristics.  Based 

on the level of detail required by the heuristic design set, and in order to perform global control 

optimization, a family of backwards facing drivetrain simulation models were developed for the 

various powertrain architectures shown in Figure 18.  These architectures are representative of most 

powertrain layouts that are currently available or being developed.  Notably missing is a „split-

parallel‟ arrangement that is used in the GM/BMW two-mode hybrid or Toyota „synergy drive‟, 

which was not simulated due to the significant complexity associated with simulating these 

powertrains under the optimal control conditions, as described in the following section. 

 

Figure 18: The four powertrain architectures in this work are defined by the way power is delivered 

to the road 
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Hybrid control optimization 

A large number of technology design options studied in this thesis relate to powertrain 

hybridization. Directly or indirectly, the way that a powertrain is controlled impacts almost every 

criterion of interest. In order to objectively compare these advanced vehicle hybridization 

technologies, it is critical to ensure that the variation in energy use caused by hybrid powertrain 

control is minimised.  For this work, the control of the power split for hybrid vehicles between 

chemical and electrical energy sources is optimized using a deterministic dynamic programming 

approach (DDP) developed by the IDSC at the ETH-Zürich, and for which open-source code has 

been made available (Olle Sundstrom & Lino Guzzella 2009). The control variable for a hybrid 

powertrain is the power split defined in Equation 18. The ratio of the torque provided by the electric 

motor        to the total torque required to drive the wheels        is analogous to the power 

provided by the electrical path over the total power required to drive the vehicle. 

           
      

      
               (18) 

The DDP procedure is represented in Figure 19, where the drive cycle time T is plotted on the x-

axis, the state variable X (hybrid battery state of charge) is plotted on the y-axis, and the control 

signal U is shown for various trajectories in grey. The grid defines a cost discretization with the 

final time Tf having the lowest cost (lowest fuel consumption). The powertrain state (power split) is 

calculated backwards to the start of the driving cycle, always choosing the minimum cost path. The 

cost function can be formulated to include multiple terms, such minimising state of charge variation 

or considering battery degradation. The algorithm is implemented to use a „hard finish‟ approach to 

set the maximum variation that the state of charge may have from its initial value, and to use fuel 

energy consumption as the only term in the cost function to be minimized. The advantage to 

ensuring that the final and initial states of charge are equal is that it allows different chemical 

energy converters to be objectively compared. This forces charge-depleting hybrid architectures, 

such as plug-in series hybrids, to operate in a sub-optimal way (Gao & Ehsani 2006). This 

assumption currently seems justified by initial studies showing that plug-in hybrid drivers tend to 

forget to plug their vehicles in, but this behaviour is expected to change in the future (Morrow et al. 

2008).  
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Figure 19: Schematic of the dynamic deterministic programming (DDP) algorithm 

 

The general dynamic deterministic programming protocol consists of minimising the cumulative 

cost as defined by the cost function g(x,u,w) in the following manner (Bertsekas 2005): 

1. Assign final cost according to Equation 19:  

                       (19) 

2. Proceed backward by one step. 

3. For each point, search for optimal control input by calculating the minimum cost J according 

to Equation 20: 

                          (            )          
              (20) 

4. Return to step two until k = 0. 

For more details on the optimisation of hybrid vehicles, please refer to Sundström and 

Stefanopoulou (Sundstrom & Stefanopoulou 2007). 
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An example result from a dynamic programming run is shown in Figure 20, where a parallel hybrid 

vehicle is simulated over the New European Driving Cycle (NEDC). Each pixel on the grey-scale 

colour map denotes the optimal power split between the all-electric path U=1 (black) and the all-

chemical path U= -1 (light) for a specific charge and time over the driving cycle. The red lines 

following the interface between electric and thermal/electric operation represent the state of charge 

progression of the battery from various starting states of charge (85%, 70%, and 60%).  The vehicle 

with a starting state of 70% also finishes at 70% which illustrates optimal control with a charge 

neutrality constraint imposed. The blue lines plot the state of charge progression for various non-

optimal, rule-based control schemes (that would typically be found in real hybrid vehicles) which 

do not adhere to the neutrality constraint.  It is clear from the final states of charge for the rule-

based control strategies in Figure 20 that two strategies display net energy being drawn from the 

battery, whereas one results in a net gain of energy to the battery.  This complicates the energy use 

comparison between these vehicles, and can mislead the analysis of technology variation if 

incremental technology change places the vehicle in a different control rule envelope. 

 

Figure 20: Parallel hybrid vehicle with various initial states of charge for optimal and heuristic 

control strategies starting from 70% battery state of charge over the NEDC 

NEDC 
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The importance of ensuring optimal control is demonstrated in Figure 21. Fuel consumption as a 

function of vehicle weight for vehicles using rule-based control strategies demonstrate an 

undesirable variation that can severely distort the analysis. Simulated fuel consumption of parallel 

hybrid vehicles with rule-based strategies (i.e. load-following and heuristic control strategies) can 

display extreme variation if optimal control is not guaranteed (shown in the dotted oval), whereas 

optimal control guarantees consistency in analyzing technology variation.  Some control strategies, 

such as levelling strategies, are more able to produce consistent results, but under other 

circumstances may also return undesired variability in energy use.  The optimal control strategy 

results in the absolute lowest fuel consumption in Figure 21, although this may not always be the 

case (e.g. for a charge-depleting series hybrid strategy).  In analyzing the various technology 

options under optimal control conditions it is the relative difference between the options that is 

important, hence small imprecision introduced through non-optimal control can have large impacts 

on the overall results. 

 

Figure 21: Fuel consumption variation with vehicle weight for various control strategies 
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In order to examine hybrid power split characteristics in detail, time-series chemical energy 

converter and battery power for each representative vehicle hybridization type is presented at the 

conclusion of each of the sub-sections of Chapter 3.2. 

It is worth noting that although optimal control is very useful for analytic technology comparison, it 

unfortunately cannot be applied to real world vehicles because the duty cycle is not known a priori.  

Instead, heuristic control strategies are often implemented (Matthew Burgess Stevens 2008). 

3.2.1 ICE vehicle model 

Powertrain Description 

Internal combustion engine vehicles are modeled as shown in Figure 22 and are representative of 

the majority of vehicles registered in 2010.  The prime mover in this powertrain is an internal 

combustion engine (otto or diesel) burning one of six different fuels to provide power to the wheels 

through a six-speed transmission.  This section will introduce the characteristics of the internal 

combustion engine and transmission models which are also used for the hybrid vehicle architectures 

in later sections. 

 

Figure 22: Internal combustion engine vehicle model 
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Performance Characteristics 

The efficiency of the internal combustion engine is very dependent on the engine‟s speed and 

torque as shown by the engine efficiency map in Figure 23, which was taken from the IDSC Quasi-

steady state (QSS) model (Institute for Dynamic Systems and Control 2009).  The engine torque    

is normalized according to the engine displacement    and the number of strokes per engine cycle 

N and called the „mean effective pressure‟ (sometimes also the brake mean effective pressure) as 

described in equation 21.   

    
      

  
        (21) 

The second important normalized engine value is the mean piston speed which is related to crank 

speed    in radians/s and engine stroke S in meters as described in Equation 22.  

   
    

 
         (22) 

The mean effective pressure and engine speed are used to index the engine efficiency map because 

its value remains roughly constant for various engine displacements and is hence useful for scaling 

the various engine sizes and transmissions simulated in the design set (Guzzella & Sciarretta 2007).   
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Figure 23: Engine efficiency map used for all ICE engine sizes and fuels 

 

For naturally aspirated spark ignition engines, the maximum mean effective pressure attainable is 

around 1MPa. Compression ignition engines can achieve up to 2 MPa, and forced induction 

technologies1 can push the maximum mean effective pressure of an engine even higher. Figure 24 

illustrates how the maximum and drag mean effective pressures for the engines in this design set 

relate to engine speed. The drag mean effective pressure is the pressure which is lost during the 

combustion cycle, mostly through engine friction and suction losses. The drag mean effective 

pressure is calculated using a separate set of speed indices, but both sets of engine data come from 

the IDSC QSS model, like the engine efficiency map.  Engine torque limits and speed vectors are 

calculated solving Equation 21 for different engine displacements. 

                                            

1 Turbo-chargers or super-chargers 



58 

 

 

Figure 24: The maximum and drag mean effective pressures have different speed coordinates and 

are scaled according to engine volume 

 

All engines in the design set are assumed to have four strokes per combustion cycle (N=4), and 

have a fixed bore to stroke ratio of 0.885.  The stroke of the engine is then calculated using 

Equation 23 (John B. Heywood 1989).   

     
 

 
             (23) 

With the stroke, vehicle mass         ,wheel radius       , maximum hill climbing angle     , 

and maximum torque (scaled using Equation 21) the gear ratios for the vehicle‟s six speed 

transmission are determined according to the heuristic equations 24 and 25 (Guzzella & Sciarretta 

2007).  The first gear is selected to meet maximum towing requirements, and the top gear to meet 

top speed requirements approximated using Equation 28. The fitting parameters A=2.125  and B=1 

were applied in order to keep the high gears above 2 and low gears between 10 and 17.5 with the 

remaining gears distributed according to equation 26.   

            
                           

             
     (24) 
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        (25) 

                       
 

 
     (26) 

The internal combustion engine models all assume that a six speed transmission is available with 

the gear ratios shown in Figure 25 for a various engine sizes.   

 

Figure 25: Gear ratios assumed using heuristic ratio approximations for three engine sizes 

 

Representative Simulation Results 

The non-hybrid vehicle has only one power source, either an otto or diesel internal combustion 

engine. Figure 26 shows the mechanical power which must be provided by a gasoline 1.9L engine 

to drive a compact, passenger vehicle weighing 1100kg (base weight) over the NEDC.  The trace is 

called „heur‟ to be consistent with later time-series data showing the difference between heuristic 

and optimal control strategies.  The fact that fuel cut-off during deceleration is applied, and that idle 

power is constant are each highlighted with an ellipse in Figure 26. 
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Figure 26: Time-series engine power for a non-hybrid driving the NEDC.  Note that idle power is 

included, and fuel cut-off is implemented during deceleration events 

 

In this work fuel chemistry is assumed not to influence engine speed or maximum mean effective 

pressure, even though ethanol-based fuels can have higher compression ratios due to evaporative 

cooling. Although the difference between the specific fuel consumption of SI and CI engines can be 

as high as 25% (John B. Heywood 1989), the diesel engines in the heuristically-designed set are 

assumed to have approximately 10% lower specific fuel consumption at each operating point than 

spark-ignition engines due to their higher Carnot efficiencies (particularly at part load), applied 

through a simple linear scaling of the specific fuel consumption. 

Off-the-line (0 to 100 km/h) acceleration time is approximated by assuming that inertial forces are 

dominant during these acceleration tests, and that    is 27.78 m/s (100kph) in Equation 27 

(Guzzella & Sciarretta 2007). 

        
  

          

    
        (27) 
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Top speed is estimated by assuming that rolling resistance in Equation 15 is negligible relative to 

aerodynamic drag, and hence the vehicle is limited by aerodynamic losses according to Equation 

28. 

     √  
    

                

 
      (28) 

For a detailed discussion of how the acceleration time and top speed performance estimates are 

made, please refer to (Guzzella & Sciarretta 2007). 

3.2.2 Mild hybrid vehicle model 

Powertrain Description 

The mild hybrid powertrain architecture assumed in this work is shown in Figure 27. These hybrids 

have a small electric motor, usually integrated in the transmission, which allows the internal 

combustion engine to be switched off when the vehicle is stopped. This motor is essentially a larger 

version of a starter motor that is typically also able to provide motive force to help with 

acceleration. 

 

Figure 27: Mild hybrid powertrain 



62 

 

Performance Characteristics 

The mild hybrids in this work are modeled and scaled identically to the way in which internal 

combustion vehicles are modeled.  There are two key technology inputs which differentiate mild 

hybrids from non-hybrids:  

1. Mild hybrids are assumed to be able to use slightly smaller engines.  Specifically, 200 cm
3 

are removed from the displacement of mild hybrids, and 

2. Stop-start operation incurs a small energy penalty of 0.7 W-h per start event which must be 

added to the total consumption. 

This stop-start penalty was calculated by assuming that the starter motor draws 280 A for .75 

seconds from the 12V system to start the engine, and that this energy cannot be re-captured fully by 

regenerative braking over the cycle (Roland Gallay 2010; Graham Pring 2009).  

Representative Simulation Results 

The mechanical power required from a compact passenger vehicle with a 1.7L gasoline engine and 

1100kg base weight is shown in Figure 28. The ellipse on the figure shows how no power is 

required from the engine during deceleration as well as when the vehicle is stopped. 



63 

 

 

Figure 28: Mild hybrids do not suffer from idle power loss due to engine shut-off while parked in 

addition to having fuel cut-off during deceleration 

3.2.3 Parallel vehicle model 

Powertrain Description 

The parallel hybrid powertrain used in this work is shown in Figure 29.   This configuration is also 

referred to as a power-split hybrid, and is the simplest version of such configurations.  More 

complicated configurations are found in the Toyota Prius and in many General Motors and BMW 

hybrids.  The challenge when attempting to model these complicated configurations, often called 

„series-parallel‟ hybrids, is that they require multiple state variables to be optimized in order to 

determine optimal control strategy.  This is because they make extensive use of continuously 

variable transmissions and planetary gear sets to ensure that the internal combustion engine is 

operating at its most efficient torque/speed combination, and hence engine speed must also be 

considered in any attempt to use dynamic programming to find the optimal control rule. For a much 

more detailed discussion of power-split hybrids please refer to (Liu 2007). 
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Figure 29: The parallel hybrid architecture used in this work, where two power sources can be 

used to provide motive force and the battery can be used for energy storage purposes 

Performance Characteristics 

Using a design heuristic, parallel hybrids are assumed to be designed with an internal combustion 

engine size 500 cm
3
 less than equivalent non-hybrid models.  This power loss is compensated by 

the electric motor, which provides additional acceleration power and adds to the top speed.  It is 

assumed that the transmission is designed so that the motor can add power over almost the entire 

speed range of the vehicle, albeit at a reduced efficiency as seen in Figure 30.  These motor 

characteristics are adapted from the Advisor model‟s 25 kW hybrid drive motor, and scaled linearly 

according to maximum power (Keith B. Wipke et al. 1999).  The electric machine efficiency map is 

shown in Figure 31, and is also scaled according to peak motor power.   More details on the battery 

model used for the parallel hybrid can be found in Section 3.2.5 on the battery electric vehicle. 
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Figure 30: Motor efficiency map based on the 25 kW standard AC Induction Advisor™ motor 

 

Figure 31: Maximum positive and negative torque levels for simulated electric machines 

 

It is clear from Figure 31 that the maximum negative torque mirrors the maximum positive torque.  

It is assumed that for short amounts of time the motor is able to briefly handle transient power peaks 

higher than the maximum power level during regenerative braking events.  Real world data for all-

electric vehicles with synchronous motors confirms the validity of this assumption (Erik Wilhelm, 

2009).  Regenerative braking capacity was limited to 40% of negative torque during deceleration 

-200

-150

-100

-50

0

50

100

150

200

0 100 200 300 400 500 600 700

T
o
rq

u
e 

(N
-m

) 

Speed (rad/s) 



66 

 

events for all powertrain types to approximate the effect of voltage limits for vehicle power 

electronics on the maximum power which can be recaptured during braking. 

The transmission of the parallel hybrid model is scaled using the same method as used for non-

hybrid models.  This assumes that the designers do not plan on always being able to use the electric 

motor for acceleration, a valid assumption in cases where the battery SOC is low, or where 

temperatures are low during cold start and an all-ICE take-off would be performed. 

Representative Simulation Results 

A typical time series trace of engine and battery power is shown in Figure 32 for a compact, 

passenger 1100kg (base weight) parallel hybrid with a 60 kW motor, a 1.3L engine, and a 25 Ah 

(~10 kWh) Li Ion battery pack.  The optimal control strategy makes very little use of the battery 

except during steady-state operation, and to recapture braking energy.  For the heuristic control 

trace, which in this case is a „load following‟ strategy, the engine is still used much more than the 

battery.  For both strategies there is no power from either source when the vehicle is stopped. In 

order to avoid crossing internal combustion engine maximum torque thresholds the value of the 

power split U is limited at -0.5 for parallel vehicle models. 

 

Figure 32: Engine and battery power for optimal (DDP) and heuristic (Heur) control strategies 

over the NEDC driving cycle for a 1.3L, 60 kW parallel hybrid 
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The optimal torque split often requires careful consideration in order to understand why certain 

choices were made. Figure 33 shows how the battery charge progresses over the driving cycle.  The 

heuristic strategy results in a 6% lower ending state of charge than the optimal strategy.  The 

gasoline-equivalent fuel consumption for the heuristic strategy is 6.2 L/100km, calculated by 

directly converting the electrical energy to chemical energy without charging losses. The optimal 

strategy uses 6.1 L/100km. In this case, the small difference between the strategies‟ energy 

consumptions can be understood by how heavily both strategies rely on the chemical energy 

converter, albeit for different reasons.  The optimal strategy ensures charge neutrality 

(SOCend=SOCstart) and hence needs to apply significant amounts of engine power over the cycle, 

choosing more efficient engine operating points while augmenting the engine operation with battery 

power as seen in Figure 32 with the battery being recharged at constant speed.  The heuristic 

strategy has the battery following the road load in an attempt to avoid inefficient engine operation 

regimes, but is not restricted to charge neutrality.  This turns out to be an effective strategy for this 

vehicle design and cycle, and can be implemented in the real world whereas the optimal control 

strategy cannot. 

 

Figure 33: State of charge progression over the NEDC for a typical parallel vehicle model using 

optimal (DDP) and heuristic (Heur) control strategies 
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3.2.4 Series (ICE) vehicle model 

Powertrain Description 

The series hybrid powertrain architecture based on an internal combustion engine is shown in 

Figure 34. This powertrain profits from the fact that there is no mechanical linkage between the 

internal combustion engine and the road, and can therefore constantly operate at its peak efficiency 

when it is switched on.  The optimal operating point for an auxiliary power unit (APU) with a 1.1L 

engine was determined to be 40 N-m at 200 rad/s for all series hybrids in the heuristically designed 

set.  An examination of Figure 23 and Figure 30 shows that this operating point is close to peak 

efficiency for both systems. 

 

Figure 34: The series hybrid powertrain layout converts chemical energy to electrical energy for 

battery storage, and then converts electrical energy to mechanical energy using an electric drive 

motor 

 

Performance Characteristics 

Series hybrid vehicles are typically designed to operate in a charge-depleting mode as much as 

possible to profit from the high efficiency of the electric path, and are often called „plug-in hybrids‟ 

depending on their battery size (and therefore all-electric range).  In this work, once the APU 
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operating point has been chosen the power produced by the engine is used to maintain the battery 

state-of-charge neutrality constraint under optimal control. Using rule-based hybrid control the state 

of charge is free to vary, and neutrality may or may not be maintained depending on battery size, 

driving cycle, starting charge, and a variety of other factors. 

For vehicle architectures where the electric motor is the prime mover, a two-speed transmission is 

assumed as described in Table 15.  This ensures that at high speeds the motor can still provide 

enough power to complete standard driving cycles with pre-defined gear schedules.  This applies to 

series, fuel cell series, and all-electric vehicles.  

 

Table 15: Gear ratios assumed for the standard vehicle transmission 

Gear Ratio 

1 11 

2 11 

3 3.5 

4 3.5 

5 3.5 

6 3.5 

Batteries for series hybrids are sized according to the desired all-electric range, i.e. a vehicle 

designed to travel 40 km on battery power alone would be called a PHEV-40.  To model the all-

electric range (AER) of series hybrids the power of all positive electric traction events are summed 

over the cycle and divided by the distance traveled on electric power to estimate an „electric 

efficiency‟ term in Wh/km.  The usable battery charge is then divided by this efficiency to  estimate 

the all-electric range. This method typically underestimates electric path efficiency, and therefore 

the AER is reduced by 30% to stay close to observed real-world ranges.  Please refer to the electric 

vehicle description in section 3.2.5 for a more detailed discussion of the electric path characteristics. 

Series hybrid vehicles are assumed to benefit from the power of the APU during acceleration, i.e. 

their electric drives are capable of absorbing both full battery and APU power for short periods to 

the road. 
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Representative Simulation Results 

The power split chosen by the dynamic programming algorithm is shown in Figure 35 for a 

compact passenger series hybrid with a 60 Ah (~22.5 kWh) Li ion battery and 130kW traction 

motor.  The figure shows how for series hybrids the optimal power level for the combustion engine 

is either on at its most efficient operating point, or off.  This type of control is called „bang-bang‟ 

and is optimal for most of the NEDC driving cycle. 

 

Figure 35: Representative power split for a series hybrid vehicle showing how both control 

strategies mostly adhere to ‘bang-bang’ style control 

 

The state of charge progressions for the optimal and heuristic „load levelling‟ control strategies are 

shown in Figure 36. The heuristic control strategy results in a consumption of 7.53 L/100km while 

under optimal control a consumption of 6.02 L/100km is achieved.  From examining the figure it is 

surprising to see that the final SOC differences are so small, yet the overall consumptions differ by 

so much.  This example illustrates the utility of using optimal control to compare vehicle designs 

because without applying dynamic programming to optimize these models such results frequently 

occur and confound the results analysis. 
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Figure 36: Despite similar final states of charge the energy consumed for the non-optimal heuristic 

‘load levelling’ strategy results in significantly higher energy consumption 

3.2.5 Electric vehicle model 

Powertrain Description 

The battery electric vehicle is treated as a special case of the „non-hybrid‟ designation in the 

heuristic design generator.  This simple powertrain configuration is represented in Figure 37, which 

shows how a battery powers an electric motor that is driving a two-speed gearbox.  The all-electric 

vehicles in the heuristic design set are sized according to rules commonly seen in the growing 

electric vehicle product offerings, without trying to compete with conventional vehicles on criteria 

such as range or acceleration performance. 
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Figure 37: All-electric powertrain model with electric prime-mover driving a two-speed 

transmission 

Performance Characteristics 

Figure 38 shows battery characteristics dependent on the depth of discharge (the inverse of state of 

charge), based on experimental data for proprietary commercial lithium ion batteries (Erik Wilhelm 

2009). 
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Figure 38: Characteristic curves for batteries used in the heuristic design set 

Both lithium ion and nickel metal hydride batteries are assumed to share these characteristic curves, 

which are scaled according to charge energy. The battery used for all vehicles in the heuristic 

design set is assumed to have a cycle efficiency           of 92% due to secondary cell reactions.   

To calculate battery current for charging or discharging, the battery open circuit voltage VOC and 

internal resistance r is first calculated for the battery depth of discharge.  Then Equation 29 is used 

to calculate battery current for its specific state of charge. 

     
               √               

   
      (29) 

The maximum current that can be charged to or discharged from the battery for a short period of 

time is 400A. The starting state of charge for all vehicles is assumed to be 55% (45% depth of 

discharge) and can reach a minimum of 10% in order to remain in the most linear section of the 

battery polarization curve which simplifies interpreting the results. 

Representative Simulation Results 

The power demand over time is shown in Figure 39 for a compact, passenger, electric vehicle with 

a base weight of 1100 kg, a battery with 140 Ah (~56 kWh), and a 130 kW traction motor.  It is 
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clear that the electric vehicle is able to recapture large amounts of braking energy due to the size of 

its battery (and hence has a smaller variation in voltage over the cycle than vehicles with smaller 

batteries) and that electric vehicles do not consume excess power at idle. The effect of parasitic 

power loads such as heating and air conditioning systems on the EV are not considered explicitly in 

this work, but have been shown to be important for this type of vehicle in some climates (Michael 

Duoba et al. 2009). 

 

Figure 39: Battery electric vehicles re-capture significant amounts of braking energy and use no 

energy while the vehicle is stopped 

 

3.2.6 Fuel cell vehicle model 

Powertrain Description 

The fuel cell vehicle powertrain shown in Figure 40 is a special case of the series hybrid 

architecture where instead of an internal combustion engine and generator a fuel cell is the chemical 

energy converter providing electrical energy for the battery.  The hydrogen storage solution is 

included in the image to highlight the fact that storing hydrogen as a gas introduces significant 

packaging constraints that affect various utility criteria. 
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Figure 40: The fuel cell series hybrid powertrain 

 

Performance Characteristics 

The fuel cell vehicles are series hybrids and therefore the electric motor is the prime mover, and 

drives the same two-speed gearbox that is described in Table 15. The efficiency of the fuel cell 

auxiliary power unit depends on power draw as shown in Figure 41, with data taken from (Felix N. 

Büchi et al. 2005). As was the case for the series hybrid, the APU size was fixed at 30 kW based on 

design heuristics which call for a larger battery to fuel cell ratio than typically seen in practice. The 

implicit assumption is that battery technology will improve faster than fuel cell technology will; 

hence there is an advantage to keeping the fuel cell size small, and fuel cell power of 15 kW was 

chosen to keep high efficiency. 

It is assumed that the power electronics on the vehicle are capable of regulating the fuel cell voltage 

such that it can always deliver the required power while staying within limits imposed by the motor 

inverter; hence fuel cell voltage is not explicitly considered in the model. 
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Figure 41: Fuel cell efficiency as a function of power 

 

Representative Simulation Results 

When examining  Figure 42 for a compact, passenger fuel cell vehicle with a 60 Ah (~24 kWh) 

battery, 30 kW fuel cell, and 130 kW drive motor, it is important to note that here the power sign 

convention is reversed from the previous vehicles so that negative signs represent power delivered 

from a chemical source.  The optimal strategy for the fuel cell vehicle appears to be more of a „load 

following‟ strategy which sees the fuel cell delivering peak power and the battery providing base 

load and recuperating braking energy which is likely enabled by the relatively constant efficiency of 

the fuel cell over its operating range. 
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Figure 42: Fuel cell vehicle battery and fuel cell power for the NEDC driving cycle 

 

The optimal gasoline-equivalent consumption amounts to 4 L/100km whereas applying the heuristic 

control strategy results in a consumption of 12.8 L/100km.  This huge discrepancy is easily 

understood by examining the SOC progression shown in Figure 43.   The energy consumption for 

the fuel cell vehicles is another example of how heuristic control limits can significantly alter the 

results and give an inaccurate picture of powertrain efficiency.  Constant battery charging is 

performed from the fuel cell because the starting SOC is below a threshold set in the rule-based 

control strategy. 
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Figure 43: Fuel cell vehicle state of charge for heuristic and optimal control over the NEDC 

 3.3 Driving cycle sensitivity  

The primary input to a vehicle simulation is the speed (and gear) profile that the vehicle is expected 

to follow. Vehicle designs can only be compared if the simulation is performed for a consistent 

cycle. For this thesis, the NEDC was chosen as the cycle used to benchmark the vehicle 

technologies due to its simplicity (and therefore the ease with which time-series results can be 

analyzed) and status as the European standard test cycle. 

It is nevertheless of interest to see how cycle choice affects the relative performance of the various 

vehicle designs to gain insight into which technologies might be better suited to different tasks or 

environments.  A large body of work exists on the influence of driving cycle and aggressiveness on 

vehicle energy consumption (Phillip Sharer et al. 2007; Irene Berry 2010) but relatively little 

looking directly at control optimized powertrains and the influence of the driving cycle with the 

exception of (Daniel Ambuhl et al. 2010). The New European Driving Cycle (NEDC) was used to 

generate the energy consumption results throughout this work, and Appendix E contains the 

description of the four cycles discussed in this section.   
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The results of a preliminary analysis of the effect of driving cycle on the energy use of a parallel 

hybrid are shown in Figure 44.  In this analysis, vehicle weight, displacement, and the duty cycle 

were varied and consumption is represented by the size of the various bars on the graph.  It is clear 

from the figure that as displacement increases, the sensitivity of the parallel hybrid to weight 

increases for the different cycles.  From an analysis of the engine operating points (not shown) it is 

clear that as the weight increases for more aggressive cycles with larger displacement engines, the 

optimal control was able to rely less on battery power and hence was forced to operate the engine in 

less efficient regimes.  This result implies that different conclusions could potentially be reached 

about the relative performances of different technologies if different driving cycles were selected, 

and is an area that deserves further study. 
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Figure 44: Increasing vehicle weight, engine displacement, and driving cycle aggressiveness for 

parallel hybrids with 80kW motors and 25 Ah (~8 kWh) batteries under optimal control conditions 
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 3.4 Discussion  

The modelling approach described in this chapter has several advantages, such as the ability to 

rapidly simulate a large number of powertrains with different configurations while the dynamic 

programming algorithms assure consistent results.  Another advantage of having a set of relatively 

generic powertrain models is that they may be easily reconfigured to extend the analysis.  This 

approach is not without its disadvantages, however, and foremost among them is the difficulty in 

identifying infeasible technology configurations.  

Vehicles which are unable to perform various cycles or tests are quickly identified using the 

forward-facing approach to powertrain simulation which is also able to capture powertrain 

dynamics. For the backwards-facing approach used in this work it is possible that the driving cycle 

could require more power than the drivetrain can supply.  To handle this eventuality the infeasibility 

limits for various powertrain types and components that are listed in Table 16 must be carefully 

selected. The variables listed in this table are named as they are found in the MATLAB model code 

with subscripts applied for clarity.  For example, the internal combustion engine can only provide 

torque; hence the restriction is applied that the engine torque must be greater than zero at all times 

while the engine speed is greater than the stall speed widle.   The electric machines require slightly 

more complicated infeasibility evaluation, because they can provide positive as well as negative 

torque, and during regeneration the negative torque must be split between the electric machine and 

the brakes, which are assumed to be able to dissipate all braking energy (i.e. no infeasibility limit is 

applied for the vehicles brakes).  

If a vehicle raises an infeasibility flag during a simulation set, the vehicles‟ design information is 

stored for future troubleshooting, and it is removed from the design set.  For a more detailed 

discussion of the code developed for this thesis please refer to Appendix D. 
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Table 16: Infeasibility limits for various parameters and hybridization types 

Component 

Limit 

Drivetrain 

 ICEV Mild 

Hybrid 

EV Series 

Hybrid 

Parallel 

Hybrid 

FCV 

Power-split 

(inps) 

Te>0 & 

wg<widle 
- 

Ttot<0 & 

Tm>0 

Ttot<0 & 

Tm>0 

Ttot<0 & 

Tm>0 

Ttot<0 & 

Tm>0 

Battery 

(inb) 

- - v2<4·r·P v2<4·r·P v2<4·r·P v2<4·r·P 

Engine 

(ine) 

Te>Temax 

wg>wg_max 

Te>Temax 

wg>wg_max 

- - 

Te>Temax 

wg>wg_max 

- 

Motor 

(inm) - - 

Tm>Tmax 

Tm<Tmin 

ηm OOR 

Tm>Tmax 

Tm<Tmin 

ηm OOR 

Tm>Tmax 

Tm<Tmin 

ηm OOR 

Tm>Tmax 

Tm<Tmin 

ηm OOR 

Generator 

(ingen) 

- - - 

Tg>Tg_max 

wg>wg_max 

- - 

Fuel cell 

(infc) 

- - - - - Pfc>Pfc_max 

 

 

 

 

 

  



83 

 

4. Results I – Trade-off Analysis 

This chapter introduces the trade-offs between several key criteria for various technology option 

combinations in order to lay the foundation for the MCDA presented in Chapter 5. The criteria 

trade-offs in this chapter were chosen for their perceived importance to the majority of stakeholders 

and therefore the chapter begins with a discussion of the impact of hybridization technology on fuel 

use, performance, cost, and greenhouse gas emissions. The various fuels studied in this thesis are 

introduced next, and the chapter concludes with an analysis of the effects of lightweighting 

technology, particularly when combined with powertrain efficiency measures (i.e. hybridization). 

On-road energy use is an important vehicle characteristic because of the number of stakeholder 

criteria that depend on it (operating cost, emissions, etc.). The design set is shown by hybrid 

architecture in Figure 45, which highlights how combustion engine displacement and hybridization 

play a large role in dividing vehicle designs by energy consumption throughout the set. All-electric 

vehicles have the lowest gasoline-equivalent tank-to-wheels energy consumption, followed by fuel 

cell, series hybrids, parallel hybrids, mild hybrids and finally non-hybrids, which have the highest 

consumption. Electric and fuel cell vehicles lose some of their advantage due to their well-to-tank 

efficiency losses, although these energy chains are not explored in detail in this work. 

  

Figure 45: Fuel consumption of compact passenger vehicles in the design set is distributed 

primarily according to hybridization and engine displacement 
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 4.1 Hybridization Technology 

The exogenous hybridization architecture options were shown in Figure 18 in the previous chapter.  

No hybridization can either mean that an internal combustion engine is the prime mover, or that a 

battery/electric motor combination is used.  Micro hybrids are restricted to limited acceleration 

boost and idle stop functionality.  Heuristics are applied to ensure that series hybrids are sized such 

that they can be considered to be plug-in hybrids. As was discussed in Chapter 3, split-parallel 

hybrid architectures are not considered in this work because of the complexity involved in 

performing dynamic programming control optimisation on these architectures. 

Arguably one of the most important consumer trade-offs is that between performance (represented 

in Figure 46 by the time needed to accelerate from 0-100 km/h) and fuel consumption. Adding 

hybrid electric components increases performance while simultaneously reducing fuel consumption. 

The variation in the fuel consumption and acceleration data at fixed hybridization ratio is a result of 

the various battery sizes in the set. The hybridization ratio is defined as the peak power of the 

electric path divided by the total peak power of the vehicle drive systems as shown in Equation 30. 

                    
         

                       
   (30) 

A larger hybridization ratio is the automatic consequence of increasing battery/motor size with 

fixed combustion engine displacement. The simulation results show that increasing hybridization 

ratio by reducing engine size or increasing motor size increases acceleration performance more than 

it increases fuel consumption. Adding hybrid components comes at a cost, which must of course be 

considered in the trade-off analysis, and will be discussed later in this section. 
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Figure 46: The performance versus fuel consumption trade-off is mitigated through electrification 

 

One of the main goals of trade-off analysis is to define Pareto frontiers of designs which are optimal 

depending on how you value the criteria being compared. Using electricity from the US grid for 

electric vehicles and hydrogen from central SMR, the CO2 emission versus performance trade-off is 

dominated by biodiesel parallel hybrids (along the Pareto frontier) as shown in Figure 47 which 

plots each individual vehicle‟s characteristics for this trade-off. These vehicles have the advantage 

of a fuel with a low well-to-pump CO2 content combined with high power drive motors for 

acceleration, as well as reduced fuel consumption through idle stop and optimized engine operation 

point which creates a clear separation from the rest of the hybrid and fuel types.  It should be noted 

that diesel vehicles benefit less from shifting the engine operating point enabled by hybridization 

than vehicles with spark-ignition engines.  This effect was not explicitly modeled in this work, and 

may result in a shift in the composition of the designs along the Pareto frontier.  Parallel hybrids 

generally perform very well relative to other designs. This result agrees well with the previous 
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discussion of hybridization ratio advantages, and demonstrates how adding electric components 

adds power for increased performance while reducing fuel consumption and CO2 emissions. The 

average CO2 emissions for vehicles in the European fleet are closer to 180 g/km, but are sales 

weighted towards smaller displacement vehicles while the heuristic design set contains a broad 

range vehicles with of small and large engines.   

 

Figure 47: Parallel biodiesel hybrids dominate the performance versus lifecycle CO2 emissions 

trade-off in the US 2010v scenario 

 

The influence of grid carbon intensity on lifecycle CO2 emissions is clearly shown in Figure 48.  

Current diesel technology delivers lower per km emissions performance than electric vehicles 

which are charged from the European (and North American) grids. In Switzerland, electric vehicles 

have lower CO2 emissions than conventional drivetrain technologies. 
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Figure 48: The greenhouse gas emissions from electric vehicles are very sensitive to grid carbon 

intensity (note that the EU 2035 case is a ‘sensitivity case’ with very ambitions renewable and 

nuclear primary energy supply) 

 

All-electric vehicles perform well for many indicators. They are inexpensive to operate, they  have 

low direct emissions, potentially very low lifecycle emissions, and they can provide satisfactory 

driving performance. One significant shortcoming is shown in Figure 49, namely, that EV‟s have 

limited driving range due to the low energy density of battery technology. The assumption has been 

made in this work that the significant breakthroughs required to give EV‟s a range comparable to 

that of liquid-fuelled vehicles are not foreseeable in the next 25 years (Green Car Congress 2009a).  

Note that the absolute lowest driving ranges in the figure are actually high displacement non-hybrid 

and mild hybrid ICEVs fuelled by compressed hydrogen. 
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Figure 49: The distribution of driving range in the design set 

 

All-electric and fuel cell vehicles have comparable CO2 emissions when electricity from solar or 

wind generation is assumed to be the primary energy, but fuel cells presently enable a driving range 

between refills of greater than 500 km, and are therefore more acceptable to consumers than the 

range of EVs which is typically closer to 200 km. 

Environmental, performance, and utility criteria are subsidiary to cost criteria for most consumers 

(David L. Greene 2010).  The results shown in Figure 50 for 2010 US vehicles under volume 

production of alternative drivetrain components are validated by observing the relatively slow 

adoption of hybrid technologies (Green Car Congress 2009b).  All of the Pareto-optimal designs are 

non-hybrids, followed closely by mild hybrids.  The added powertrain efficiency (and performance) 

of hybridization are associated with substantially increased manufacturing and purchase costs.  At 

current fuel price levels, the payback period for advanced technology is shown to be greater than 10 

years and therefore likely to be unacceptably high for the majority of consumers who tend to 

replace their vehicles roughly every decade in the US. The relationship between the cost of fuel and 

the total cost of ownership is explored in greater detail in Chapter 6. 
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Figure 50: With current fuel price, usage, and 5% discount rate assumptions, the incremental 

powertrain cost of hybrids is not recovered over the lifetime of the vehicle for the US 2010v 

scenario 

4.2 Environmental effects of fuel choice 

The transportation fuel options were selected to include a spectrum of the most common current 

fuels and the most often discussed future fuels. Biodiesel from soya beans and corn ethanol were 

selected as representative biofuels, and conservative emissions assumptions for vehicle production 

were used in the baseline cases. The well-to-pump emissions data for hydrogen from (Joint 

Research Center 2007) were used as inputs to these models for the European scenarios.  A 

validation of the lifecycle inputs showed good agreement between the data used in this chapter and 

that of notable, comprehensive, lifecycle analyses performed on European (Joint Research Center 

2007) and North American (General Motors 2001) fleets. 

This section presents results from the analysis of seven fuels used in the heuristically designed 

vehicle set.  When considering these results, it is important to note that the average emissions are 
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calculated for the entire vehicle set.  There is no sales-weighting applied, and the emissions values 

are therefore often higher than fleet averages due to the fact that very large displacement otto 

powertrains as well as small electric vehicles are equally represented in the set. The importance of 

fuel choice can be seen in Figure 51 to Figure 54 where lifecycle carbon dioxide and nitrogen oxide 

emissions respectively are shown for different vehicle powertrain configurations over the US2010v 

and US2035 input assumptions. Compressed hydrogen (C. Hydrogen) combustion yields the 

highest carbon emissions based on hydrogen from SMR, while the same hydrogen used in fuel cell 

vehicles yields the second lowest value after natural gas-powered series hybrids. Biodiesel performs 

well amongst the combustion options (total emissions shown with light red lines) with CO2 and 

NOx emissions very close to those of compressed natural gas vehicles. The poor performance of 

ethanol is attributed to its rather large fuel consumption in the combustion engines and its 

unfavourable nitrogen oxide emissions in the production process.  

 

Figure 51: Lifecycle carbon dioxide emissions for various hybrid architecture and fuel 

combinations using 2010 US assumptions 
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Figure 51 shows that using hydrogen from central steam methane reforming in a fuel cell vehicle 

can yield very low emissions, comparable to those of a natural gas series hybrid (biofuels total 

emissions shown with lighter line).  Note that the emissions shown are design set averages, and 

therefore cannot be directly compared to fleet averages. The results are further confounded by the 

fact that the non-hybrids in the set have large and small-displacement engines whereas the fuel cell 

vehicles have one performance level for all practical purposes.  When comparing vehicles with 

identical performance, fuel cell powertrains have been found to emit CO2 between 150 g/km for 

hydrolysis using the Swiss electricity mix and 225 g/km for SMR hydrogen compared with a 

gasoline non-hybrid emitting 275 g/km (Andrew Simons & Christian Bauer 2011). 

 

Figure 52: Lifecycle carbon dioxide emissions for various hybrid architecture and fuel 

combinations using 2035 US renewable primary energy assumptions 

 

Figure 52 shows how using renewable or nuclear generated electricity for producing hydrogen or 

charging batteries can significantly improve vehicle emissions (biofuels total emissions shown with 

lighter line) 
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Figure 53: Lifecycle nitrogen oxide emissions for various hybrid architecture and fuel combinations 

using 2010 US assumptions 

 

Figure 53 shows that diesel vehicles score well due to low fuel consumption and advanced 

emissions control systems, whereas ethanol vehicles score poorly due to high fuel consumption.  

Fuel cell vehicles produce the lowest NOx emissions on a per-km basis. Again, note that the 

emissions are design set averages, and therefore cannot be directly compared to fleet averages. 
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Figure 54: Lifecycle nitrogen oxide emissions for future hybrid architecture and fuel combinations 

using 2035 US renewable primary energy assumptions 

It is clear from examining Figure 51 through Figure 54 that the use phase dominates the CO2 

emissions for all fuels except H2 fuel cell vehicles. Hydrogen fuel cell and battery electric vehicles 

have dramatically lower emissions when renewable primary energy is used, as shown in Figure 54. 

Ethanol production is assumed to sequester CO2, but because of its lower energy density and hence 

higher tank-to-wheel emissions it has overall comparable CO2 emissions to gasoline-fuelled 

vehicles. Fuel cell vehicles perform best in the set of all future US2035 fuel options due to their 

lower fuel consumption and only slightly higher manufacturing emissions. It is very clear that the 

method of producing hydrogen and electricity is an important factor in how attractive fuel cell and 

electric vehicles are. With 2010 technology for converting primary energy to fuels, advanced 

powertrains do not produce significantly fewer emissions than conventional transportation fuels in 

conventional powertrains.  Electric vehicles shift energy conversion losses from the vehicle to the 

power plant.  Assuming that the refining losses from crude oil to gas or diesel are about 23%, that 

power line transmission and distribution losses are about 7% and that power plant conversion 

efficiencies range from about 33% to 55%, then the maximum reduction in primary energy demand 

due to shifting from oil to electric vehicles will not be 75%, but rather about 37% to 62%. 
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 4.3 Lightweighting Technology 

The lighter a vehicle is the less energy it uses, and the better its performance and handling.  A great 

deal of research and development has been directed towards building lighter vehicles to counter 

increasing curb weights driven by the desire for more safety and utility (including entertainment) 

features (Lynette W. Cheah 2010; Amory B. Lovins 2000).  This section introduces some of the 

fundamental concepts of vehicle lightweighting, and investigates the diminishing marginal returns 

of applying lightweighting and hybridization technology to vehicles. 

The trade-off for real world weight versus fuel consumption is shown in Figure 55. Here, the fuel 

consumption of real conventional, hybrid, and all-electric vehicles is plotted against gross vehicle 

weight and the relationship between weight and fuel consumption is explicitly given for each class 

of vehicle (ADAC 2008; National Highway Traffic Safety Administration 2006; Karl Meier-Engel 

1999). It is clear that the weight sensitivity is lower for hybrids, and even lower for electric 

vehicles.  This reflects the broader trend that the more efficient the powertrain, the less influence 

reducing vehicle weight has on reducing fuel consumption.  

 

Figure 55: Fleet data shows the more efficient the powertrain is, the less the vehicle fuel 

consumption depends on mass 
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This trend is also exhibited by the simulation results in Figure 56, which shows the marginal 

increase in fuel consumption, due to adding 100 kg averaged across each powertrain type. This 

result is explained by the higher average efficiency of the hybrid and electric powertrains, partially 

achieved by the ability of those vehicles to recapture braking energy. The exact dynamics of this 

effect are in fact relatively complex, and are explored in more detail by Pagerit (Pagerit et al. 2006) 

and in the final section of this chapter. This result is also useful in validating the simulation models, 

because the same ratio of the sensitivity to weight for all-electric and non-hybrid vehicles is seen in 

Figure 55, although the absolute values differ because of the difference between standard cycle and 

real-world driving. 

 

Figure 56: The sensitivity of vehicle energy use to weight decreases with increasing electrification 

 

The results presented in this section continue with a discussion of hybrid architecture as well as 

presenting the results of the aluminum, high strength steel, and composite material options 

described in Chapter 2. The cost and weight reduction inputs to the models come from the three 

separate techno-economic studies described in Table 6 in Chapter 2, linked by the common 

assumption of large volume production of lightweighting technology to account for economies of 

scale.  
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The total cost of ownership for non-hybrid and parallel vehicles using increasingly expensive 

lightweighting measures is shown in Figure 57. As was explained in the previous lightweighting 

discussion, weight reduction has a larger effect on fuel consumption for conventional vehicles; 

hence the conventional powertrains enjoy a larger reduction in the total cost of ownership below 

their baseline than non-hybrids.  This is an example of two efficiency measures which, when 

applied together, reduce each other‟s effectiveness. While initial purchase cost can be significantly 

higher for hybrids, the total cost of ownership over a 12-year lifetime is lower for all hybrid 

architectures. This may not be sufficient to convince consumers to purchase hybrid vehicles, 

however, because buyers often behave with an observed internal rate of return of 50% (Wallington 

2009), which strongly favours lower purchase price over reduced lifetime costs. 

 

Figure 57: Lightweighting technology reduces the total cost of ownership for conventional vehicles 

to a greater degree than for hybrid vehicles using US fuel prices 

 

Decision makers in industry recognize the issues discussed in this section, and have also calculated 

similar relationships between weight and energy use reduction, as well as the fact that weight 

reduction is better applied to non-hybrids than to electrified powertrains (Bernd Otterbach 2010). 
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 4.4 Diminishing Marginal Returns for Lightweighting and Hybrid Technology 

In economic theory, diminishing marginal returns refer to how adding additional input yields 

increasingly less marginal output holding all other factors constant.  For example, the first 

hamburger after a marathon is much more desirable than the tenth. While this rule is important in 

economic theory, its exact mechanisms are often difficult to understand and generalize, and 

therefore must be applied to each system individually (Economicshelp.org, 2011). In this section, 

the marginal returns are defined in terms of fuel economy improvement, and the effect of increasing 

powertrain efficiency through hybridization and reducing vehicle weight through material 

substitution is analyzed in detail. 

A simplified model of the total cost of vehicle ownership, neglecting maintenance and repair costs, 

is given by Equation 31. 

                                     (31) 

The cost of fuel is directly proportional to a vehicle‟s fuel consumption per kilometre FC, the 

annual kilometres driven Tkm, its service life, the cost of fuel FP, and while the technology cost is a 

one-time cost incurred at the time of manufacture and purchase.  The time value of money must be 

considered in the annual fuel cost calculation in order to calculate the lifetime cost of transportation 

fuel as seen in Equation 32. For this case-study, the ServiceLife is assumed to be 12 years, and the 

discount rate r is assumed to be 5% unless otherwise noted. 

         
 

        
  ∑

   
 

     
             

 

 
 

          
           
        (32) 

The technology cost in Equation 33 has a fixed base cost and is directly proportional to the degree 

of lightweighting technology applied, as denoted by the mass of the vehicle after lightweighting 

        
 . The degree of powertrain efficiency improvement is denoted by the efficiency of the 

powertrain after improvement            
 . 

              *
 

        
+                             

          (           
             )             (33) 
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Note that the technology costs given in Equation 33 do not change according to the amount of 

technology applied.  Such an analysis is beyond the scope of this chapter, but was studied in detail 

in (Erik Wilhelm & Johannes Hofer 2011). Assuming no recuperation of braking energy, fuel 

consumption is defined by the loss coefficients in Equation 34, two of which are dependent on 

mass.   

   *
 

     
+  

                
 

           
         (34) 

The constants A, B, and C in Equation 34 are defined by the vehicle characteristic coefficients for 

frontal area    and aerodynamic drag (  ) and rolling resistance (  ) together with three cycle 

dependent parameters that vary according to test cycle speed (           ). For the full derivation 

of this formula, please refer to (Guzzella & Sciarretta 2007). 

        
   

       
  

     
   

       
  

  
   

       
  

Substituting all of these expressions into Equation 31 and simplifying by neglecting the summation 

for the time value of money for clarity, yields Equation 35. 

                    
             

 

           
                    

                      
                          (35) 

For a fixed service life: 

        
   

   
              

           
   

   
              

The input assumptions for the constants A’, D, and C are listed in Appendix G together with an 

expanded justification of the selected values.  Throughout all of these calculations it is assumed that 
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efficiency measures can be achieved without adding significant weight to the powertrain, something 

that is considered in the broader lightweighting versus efficiency analysis in this work. 

Differentiating (35) with respect to new vehicle mass         
  and setting the result equal to zero 

yields Equation 36. 

          

         
    

 

           
                (36) 

This equation does not contain a term in         
 . The independence of lightweighting fraction 

from the other variables is seen graphically by the linear quality of the total cost for changing 

lightweighting costs and weights in Figure 58.  This figure clearly shows that reducing vehicle 

weight when the marginal lightweighting technology cost is $16.5/kg or higher increases the total 

cost of vehicle ownership.  The observation of this „critical cost‟ of lightweighting technology 

becomes important when analyzing the optimal level of technology implementation at the end of 

this chapter. 

 

Figure 58: Variation in total cost for various lightweighting technology costs 

 

Differentiating (35) with respect to new powertrain efficiency            
  and setting the result to 0 

yields Equation 37. 
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  √

             
 

         
         (37) 

From this relationship it is clear that the optimal degree of powertrain efficiency improvement 

implementation is dependent both on the degree of lightweighting technology applied as well as the 

cost of efficiency improvement. This can be clearly seen in Figure 59 which shows the relationship 

for only one weight level.  From this figure it is clear that the more expensive the powertrain 

efficiency measures are, the lower the optimal level efficiency technology implementation is for a 

specific vehicle weight of 2100 kg (i.e. with no weight reduction applied). 

 

Figure 59: Variation in total cost for various powertrain efficiency technology costs 

 

The expression in Equation 35 contains four independent variables which can be varied between the 

bounds shown in Table 17.  By choosing different levels of efficiency and lightweighting 

technology cost, the optimal degree of lightweighting and efficiency to implement was calculated 

using the MATLAB function „fmincon‟, and the result is shown in Figure 60.  In this analysis, the 

cost of implementing efficiency improvement or lightweighting technology is fixed, i.e. there is no 

marginal diminishing return assumed for either technology lever. 

 

0

10000

20000

30000

40000

50000

60000

70000

0% 20% 40% 60% 80% 100%

T
o
ta

l 
C

o
st

 (
$
/L

if
et

im
e)

 

Powertrain Efficiency 

$500/% 

$400/% 

$300/% 

$200/% 

$100/% 

$0/% 

Weight = 2100 kg 



101 

 

Table 17: Reasonable bounding values for lightweighting and powertrain efficiency costs and 

technology characteristics 

Variable Unit Low  High  

        
  kg 0 1400 

       $/kg 0 10 

           
  % 0 40 

          $/% 0 1000 

Figure 60 shows that it is only optimal to implement lightweighting technology if it costs less than 

$8/kg, and it is only optimal to improve efficiency if costs are lower than approximately $50/%.  

The shape of the surface reflects that lightweighting should be applied in an „all or nothing‟ fashion, 

and as intuition would suggest, vehicles should be made lighter the more expensive that efficiency 

measures become.  The optimal degree of efficiency improvement changes much more 

continuously with technology cost, and has a similar slope for all levels of lightweight technology 

cost, although efficiency improvement can be applied at a higher cost if lightweighting technology 

is not applied.  An effective technology policy can be based on the „lightweighting line‟ for 

applying lightweighting technology (at constant marginal cost) relative to applying powertrain 

efficiency improvement (also at constant marginal cost). In summary, these results show that the 

optimal lightweighting technology depends in a „Boolean‟ way on lightweighting technology cost, 

and hence it can be advantageous for manufacturers to design all lightweight models with lower 

powertrain efficiency or higher efficiency powertrains without lightweighting technology. 
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Figure 60: Combined sensitivity to lightweighting and efficiency technology cost for various levels 

of technology improvement 

 

For a more detailed analysis of the effect of increasing marginal technology cost on these optimal 

technology implementation levels, please refer to (Erik Wilhelm & Johannes Hofer, 2011), and 

Appendix F contains a detailed description of the characteristics of several vehicle types in the 

design set. 
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5. Results II - Multi-Criteria Decision Analysis 

The previous chapter showed that there always exists a dominant subset of vehicle designs in the 

HVM set which are on the Pareto frontier, and stakeholders will choose one design from this subset 

as optimal depending on how much they value each criterion.  This chapter uses multi-criteria 

decision analysis (MCDA) techniques to structure the search for options that best suit a 

stakeholder‟s preferences.  MCDA is a general term for a group of decision making methodologies 

which, in this context, are best applied in an iterative way to help decision makers to develop an 

understanding of how their preference for various cost, performance, environment and utility 

criteria influence the ranking of technology options.  In Chapter 6 MCDA methods are also shown 

to be useful to evaluate and manage subjectivity in preferences and uncertainty in technology 

performance, and thereby to help stakeholders to improve their understanding of the problem.  For 

more detail about the usefulness of MCDA methods, and where care should be exercised in 

applying them, refer to (Valerie Belton & Theodor J. Stewart 2002). 

 5.1 Methods 

Two multi-criteria decision analysis methods are applied in this work.  The first method is the 

classic weighted-sum approach that is easy to apply and to interpret.  The primary disadvantage of 

the weighted-sum approach is its rank instability. The second method is the so-called „pairwise-

outperformance approach‟ (POA) which was developed for, and adapted from, the PSI participation 

in the EU NEEDS project (Makowski, Granat, Schenler et al. 2009; Makowski, Granat & Ogryczak 

2009), which has mechanisms to overcome the weaknesses of the weighted sum approach and was 

designed for discrete alternatives. This method is more complicated to apply and more difficult for 

decision makers to understand. The POA is characterized by equations 38 through 42, where a set 

of m options are ranked. Alternatives i and j are described by their criteria indicator vectors  ⃑  and  ⃑  

where each vector contains n indicators        , and stakeholder preference weights 1through n are 

given by the weighting vector  ⃑⃑⃑,  as shown schematically in Figure 61.  
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Figure 61: Stakeholder weights for specific criteria are used to rank technologies by comparing 

their performance for the individual performance indicators (Warren Schenler 2008) 

 

The relative performance between technology pairs is scaled by the function β to improve algorithm 

performance.  The beta factor amplifies the differentiation between weak criterion values (~ 0) and 

doesn‟t amplify the difference as strongly for criterion values that are already very different.  If beta 

is set to 1 for all technology pairs as in Equation 41, then the algorithm reduces to the weighted sum 

approach. This is useful for benchmarking the performance of the POA algorithm, and is discussed 

in more detail in Chapter 6. 

                          ,     (38) 

                          ,      (39) 
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Pairwise-outperformance: 

                      ,    (40) 

Weighted sum: 

              ,      (41) 

    ∑               
    ,      (42) 

If dij > 0 then vehicle design i is preferred to alternative j.  In the eventuality that the scores for two 

or more technologies are identical, their ranks are assigned according to position in the design set.  

Ties between technologies have only ever been observed when criteria preferences are extremely 

polarized, i.e. the preference for one criterion is very high while all others are very low.  The criteria 

which are most likely to return ties are those where only one or two technology options impact the 

indicator value, such as acceleration or top speed which are defined exclusively by motor and 

engine power. An example of when the MCDA algorithm returns a tie is discussed in Section 5.3. 

The heuristic design algorithm, drivetrain simulation, and the multi-criteria analysis were all 

performed in the MATLAB environment using vectorized code structures to minimize execution 

time. This algorithm requires that indicator values be normalized, and two methods are used in this 

work to divide each technology‟s performance for an indicator by the best performer for that 

indicator. The first method, called the „Relative normalization‟ approach is described by Equation 

43 where the best value is largest, and Equation 44 for indicators where the best value is the 

smallest. Table 18 describes the direction of the preference scale for each criterion, i.e. which 

criteria use which equation for both methods of normalization. The „Relative normalization‟ method 

tends to reduce the impact of criteria where the indicator values are closely clustered without much 

spread or outliers in the results.  The second method of normalization „Full-scale normalization‟ is 

better suited to analyzing tightly clustered data points and is introduced later in this chapter.  The 

sensitivity of the results to the method of normalization is discussed in detail in section 6.2.7. 

                     
     

   
       (43) 
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      (44) 

In order to ensure that the results are as understandable as possible, the multi-criteria analysis 

presented in this section only uses the eight indicator criteria shown in Table 18, which were chosen 

based on importance to stakeholders from survey results and to represent each criterion category.  

This reduction was also based on the fact that the full set of twenty-two indicators listed in Chapter 

1 contained several that were either subject to higher uncertainty (fatality risk) or are highly 

correlated (criteria emissions).   The implementation and mechanics of the MCDA algorithm are 

discussed in more detail in section 6.2 which provides insight into the algorithm sensitivity and 

contrasts the POA and Weighted Sum methods. 

 

Table 18: Criteria indicator sub-set for multi-criteria decision analysis 

Category Criteria Units Best Value 

Cost Purchase $ min 

 Total Cost of Ownership $ min 

Performance Acceleration 0-100 km/h S min 

 Top Speed km/h max 

Utility Driving Range km max 

 Passenger Capacity m
3
 max 

Environment CO2 emissions g/km min 

 NOx emissions g/km min 

 5.2 Stakeholder Surveys  

Three independent web surveys were performed in order to investigate the stated preferences of the 

general public using (2ask.com 2010; SurveyMonkey.com 2010). The response rate for all surveys 

was relatively high, averaging 40%. An analysis of the results, however, showed that the 

demographic data for the respondents was very similar and therefore caution must be exercised 

when using this sample to make inferences about a larger population. Forty percent of the 
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respondents were between the ages of 26-30, 44% have a masters‟ degree, and 29% have an income 

between $48000 and $72000. The decision was therefore made to differentiate only between the 

aggregate of the first two general surveys (S1 and S2) and the expert survey (S3).  The expert 

survey (50% response rate) asked automotive R&D managers and executives to estimate how they 

expect general stakeholders to respond to the questions they were asked in the first two surveys. 

Figure 62 shows how S1 responses were grouped into three categories based on frequency of 

driving, S2 responses were grouped by car ownership, and S3 represented only one stakeholder 

group (all expert respondents‟ stated very similar preferences). K-means clustering was used to 

assign respondents to groups (The Mathworks 2011), and the most statistically significant clustering 

metric for surveys was daily km driven for the first survey (frequent > 100 km/day, occasional > 

20km/day, seldom < 7km/day) and whether a respondent owned a car for the second survey.  For 

each survey, respondents‟ preference for total cost of ownership was calculated using an equally-

weighted average of the responses for purchase cost, operating cost (including fuel), and 

maintenance cost.   

 

Figure 62: Stakeholder profiles (relative weights of indicated criteria) for three surveys on vehicle 

preferences 

 

For the following analysis, the S1 and S2 groups are aggregated, and the average of these five 

average groups is referred to as the „General‟ stakeholder. This averaging is performed for clarity, 

and is justified by the small differences between the survey respondents‟ stated preferences.  The S3 
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expert group responses were aggregated, and are referred to as the „Expert‟ stakeholder.  For more 

detail on the survey responses, please refer to Appendix H. 

 5.3 Real-world Stated and Observed Preferences 

Real World Preferences 

Using the stakeholder preferences shown in Figure 62, the top-ranked vehicle was selected for both 

present and future vehicles.  A parallel biodiesel hybrid emerges as the design chosen for all 

stakeholder cluster groups in both time periods, with a small 20 Ah (~7.5 kWh) NiMH battery, an 

acceleration of just below 10 seconds from 0 to 100 km/h, and a consumption of 6.6 L/100 km.  

This vehicle costs roughly 22,000 USD in 2010 and 17,000 2010 USD in 2035. While there is not a 

large degree of variation between the S1 and S2 stakeholders, it is remarkable that a single design is 

robust enough to balance all criteria requirements and therefore be selected by all stakeholder 

groups under both present and future assumptions for renewable primary energy.   

To put this result into perspective and to illustrate trade-offs between criteria, a sensitivity study 

was performed to test the extremes of stakeholder preference. Table 19 shows which designs are 

selected as top performers (ranked first in the set) when preference for a single criteria is set to 

100% and all other criteria preferences are set to 0%. There are few surprises in the table.  The 

designs selected for both time periods are always the top performers on the criteria for which they 

were selected, and their selections therefore logical.  For the US renewable energy scenario, an EV 

wins the total cost of ownership category due to the assumption that electricity prices remain low, 

and a FCV wins the lifecycle CO2 category due to the assumption that all hydrogen comes from 

solar PV.  Diesel series vehicles consistently have the highest autonomy due to their efficiency and 

high onboard energy content.  Note that although E-85 was chosen as a fuel for the low purchase 

cost criteria, gasoline could just as easily have been chosen because vehicles using both fuels are 

assumed to have identical purchase costs. All other factors being equal, and as a result of how ties 

are handled by the MCDA algorithms used in this work, these designs are interchangeable and are 

selected by their order in the design set. This behaviour only appears when this extreme type of 

MCDA preference testing is applied, because as soon as several criteria are weighted differently ties 

are never observed in the top 5 vehicle designs chosen. 
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Table 19: Resulting technology chosen by ‘polarised design choices’ setting the criteria in question 

to 100% while all others to 0% 

                

  Current Technology (US2010v)         

          Battery Battery   

 Sole Criterion Hybrid Disp. Fuel Battery Power Energy   

                

Acceleration Parallel 3.3 L Gasoline NiMH 100 kW 8.2 kWh   

Top speed Parallel 3.3 L Gasoline Li Ion 100 kW 16.4 kWh   

Autonomy Series 1.1 L Diesel NiMH 60 kW 16.4 kWh   

CO2 emissions Series 1.1 L B-100 

 

60 kW 16.4 kWh   

NOx emissions Series 1.1 L CNG 

 

60 kW 16.4 kWh   

Passenger volume Non-hybrid 1.9 L Gasoline - - -   

Purchase cost Non-hybrid 1.9 L E-85 - - -   

Total cost  Non-hybrid 1.7 L B-100 - - -   

  Future Technology (US2035ren)         

          Battery Battery   

 Sole Criterion Powertrain Disp. Fuel Battery Power Energy   

                

Acceleration Parallel 3.3 L Gasoline NiMH 100 kW 8.2 kWh   

Top speed Parallel 3.3 L Gasoline 

 

100 kW 16.4 kWh   

Autonomy Series 1.1 L Diesel NiMH 60 kW 16.4 kWh   

CO2 emissions FCV - Hydrogen 

 

60 kW 8.2 kWh   

NOx emissions Non-hybrid 1.9 L Hydrogen - - -   

Passenger volume Non-hybrid 1.9 L Gasoline - - -   

Purchase cost Non-hybrid 1.9 L Gasoline - - -   

Total cost  EV - Electricity NiMH 130 kW 49.2 kWh   
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Observed Preferences 

In order to validate the performance of the MCDA algorithm against real market data, Swiss 

passenger vehicle sales data were analyzed to find average criteria preferences for different 

customer groups (Erik Wilhelm et al. 2011).  These preferences were then used to see if the MCDA 

analysis would select vehicle designs similar to actual Swiss vehicle sales. Sales and corresponding 

performance data from Auto-Schweiz (Auto-Schweiz 2010) for the first half of 2010 were gathered 

for the 30 best selling vehicles in Switzerland (approximately 14% of the total vehicle sales).  This 

data was sorted into three different groups of vehicle consumers, based on the criteria shown in 

Figure 63 using k-means clustering by minimizing Euclidean distance in n-space (The Mathworks 

2011). 

 

Figure 63: Clustering observed preferences based on the Swiss vehicle sales during the first half of 

2010 using the k-means analysis results to find three distinct groups of vehicle buyers 
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The Swiss vehicle sales data can be effectively grouped into three categories of buyers who 

preferred mid-sized passenger vehicles (Cluster 1), small, sporty vehicles (Cluster 2), and small 

economy vehicles (Cluster 3).  An interesting comparison between these observed preferences in 

the Swiss market and the results of three stakeholder surveys (of which roughly half of the 115 

respondents were in the EU, and half were in the US) can be seen in Figure 64.  For more details 

about the surveys and their results please see (Erik Wilhelm & Alexander Wokaun 2011).   

In order to derive consumer preference for each clustered group from sales data, the sales-weighted 

mean for each of the clusters was assumed to represent purchase preference.  These values were 

then normalized by the range between the best and worst performers for each criterion as shown in 

Equation 45 when the best criteria value is largest, and Equation 46 when the best criteria value is 

the smallest.  This method will be referred to as the „Full-scale‟ normalization approach.  

Normalizing between the best and worst values increases differentiation based on criteria where the 

spread across the criteria is small, as we as the case for the Swiss vehicle sales data. The MCDA 

algorithm inputs were normalized using the previously discussed „Relative‟ method which is 

thought to more accurately represent the psychology of consumers normalizing their weightings. 

Please refer to section 6.2.7 for a detailed discussion of the implications of the method of 

normalization. 

                     
           

         
      (45) 

                     
           

         
      (46) 

The observed market preferences diverge significantly from the general stakeholders‟ surveyed 

preferences, although the „expert‟ survey respondents from industry tended to match the observed 

market preferences more closely.  These results are preliminary because the data set is relatively 

small. 
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Figure 64: Survey responses from three stakeholder surveys for eight criteria of interest. Note that 

no sales data was found for passenger capacity and specific NOx emissions 

 

The observed preferences for the three groups over the eight criteria in Figure 64 were used as 

inputs to the MCDA algorithm to test the hypothesis that vehicles with characteristics similar to 

those purchased by the group members should result. Table 20 shows the mean characteristics of 

the vehicles in the aggregated Swiss stakeholder groups C1-C3, as well as the individual 

characteristics of top vehicles selected after MCDA was performed on two different vehicle sets (all 

vehicles, and only ICE vehicles).  The base set for this MCDA was the CH 2010v set of virtual 

vehicles, which included CNG, E-85, and compressed hydrogen as fuels, although none of these 

fuels were selected by stakeholders based on the observed Swiss preferences.  The second set 

consisted only of ICE gasoline vehicles to better represent the dominant technology in the analyzed 

data. Here, the large displacement vehicle technology available is selected by the C2 (sport) group, 

which reflects their higher preference for fast and powerful vehicles.   The coloured cells show 

clearly how for four out of six criteria, the order between the MCDA results and the vehicles 

purchased by the observed preference groups is the same, even though the absolute values of the 

criteria differ (because of the different characteristics of the virtual vehicle sets).  The most notable 
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difference occurs in the „all vehicles‟ MCDA, where the passenger customers actually select 

vehicles with higher acceleration performance.  This is directly related to the very good cost 

performance of mild hybrid biodiesel vehicles exhibit, which justifies this selection. 

 

Table 20: Comparing clustered (averaged) according to market segment to MCDA results for the 

top vehicle choice obtained using derived observed preferences for the CH 2010v vehicle set 

 

In order to examine how sensitive the MCDA results are to input assumptions, the same stakeholder 

weights (C1, C2, and C3) were used as inputs together with the CH 2010v vehicle sets for another 

series of MCDA runs.  When examining the following results, it is important to remember that they 

use a much larger set of vehicles than the previously discussed results, and also refer specifically to 

the Swiss energy landscape (with low carbon primary energy from renewables and nuclear).  The 

normalized results of the sensitivity analysis are plotted in Figure 65, which clearly shows how 

biodiesel non-hybrids and fuel cell hybrid vehicles are robust over most stakeholder preferences for 

Swiss input scenarios.  For clarity, these figures only show the top two technologies (Rank 1 and 

Rank 2) that were selected.  The C2 (Sport) group selects parallel hybrids over the non-hybrids 

selected by the other two groups because of their increased power and hence acceleration 

performance. It is interesting how little dramatically changing environmental and cost assumptions 

over the various scenarios changes the selected vehicles.  This suggests that biodiesel and hydrogen 

are very robust technologies in the face of uncertain future technology performance, fuel price, and 

upstream emissions in Switzerland.  This does not mean that these technologies are necessarily 
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Average criteria values for observed Swiss vehicle sales data clusters

Passenger (C1) - G 1.4 - - 11.9 177 789 133 n/a n/a 16750 35

Sport (C2) - G/D 1.8 - - 9.5 202 906 167 n/a n/a 25600 46

Economy (C3) - G 1.2 - - 13.5 160 778 124 n/a n/a 9770 29

All - G/D 1.4 - - 11.2 184 820 138 n/a n/a 19102 38

Simulation models and MCDA top vehicle designs: only ICE gasoline vehicles

Passenger (C1) - G 1.9 - - 6.7 253 642 151 0.3 2.4 15965 24

Sport (C2) - G 2.9 - - 6.2 269 719 288 0.2 1.7 26882 32

Economy (C3) - G 1.9 - - 10.0 217 917 110 0.2 2.4 15309 21

Simulation models and MCDA top vehicle designs: All vehicles

Passenger (C1) Mild Bio-Diesel 2.7 3 4.5 6.7 255 716 138 0.2 2.5 16959 24

Sport (C2) Parallel G 1.5 60 60 7.6 268 1197 175 0.2 1.7 37007 38

Economy (C3) Mild Bio-Diesel 1.7 3 4.5 10.0 219 1008 102 0.2 2.5 16303 22

High Mid Low
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robust across a wide range of stakeholder preferences, however, because the observed stakeholder 

preferences are still relatively similar for all three groups. 

 

 

Figure 65: Normalized technology ranking for Swiss vehicle scenarios show that fuel cell hybrids 

and biodiesel non-hybrids are robust alternatives 
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 5.4 Generic stakeholder results 

The results discussed in the previous section demonstrated that the surveyed consumers have very 

similar stated preferences and were difficult to cluster into representative stakeholder groups. Using 

data from Swiss vehicle sales, however, it was possible to identify relatively distinct stakeholder 

clusters. In order to develop a better understanding for the results produced using the „POA‟ MCDA 

algorithm for various consumer groups thought to be characteristic of the vehicle market, 18 distinct 

stakeholder profiles were composed using assumed preference levels.  These profiles can be seen in 

Figure 66 and Figure 67 which each show the normalized preferences for half of the stakeholders 

for clarity.  Six main stakeholder categories were chosen to represent environmentalists, 

commuters, families, manufacturers, regulators, and street-racers, each is assumed to have a unique 

set of basic preferences which are plotted as their first profile.  The second and third profiles for 

each stakeholder are based on a simple algorithm meant to expand the differences between the 

profiles by reinforcing pre-existing preferences in the following manner. If the stakeholder 

preference for a particular criterion was greater than 50% of the range, then one preference point 

was added to create profile two and two preference points to create profile three. If the preference 

was less than 50% of the preference range, then preference points were subtracted from the criteria 

weight according to the same procedure. 

 

Figure 66: Representative environmental, commuter, and family stakeholders 
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Figure 67: Representative manufacturer, regulator, and street-racer stakeholders 

 

The stakeholder profiles from Figure 66 and Figure 67 were used as inputs to the POA algorithm 

for both the US2010v and US2035 renewable scenarios to generate the results shown in Table 21, 

which shows the top vehicles chosen for each stakeholder.  The table shows a general preference for 

biodiesel fuel as well as parallel hybrids with the smallest sized NiMH batteries available (up to 24 

kWh packs are available in the heuristically designed set).   Both of these trends are a result of the 

low cost, high performance, and low CO2 emissions of these vehicle designs that were introduced in 

the in the trade-off analysis section of Chapter 4.  The reasons that the smaller battery was chosen 

will be discussed in more detail in Section 6.1.3 which examines model sensitivity to battery size. 

Several additional observations from Table 21 for the US2010v case are: 

 A dramatic increase in engine displacement at the expense of electric motor power is seen in 

the „Manufacturer‟ stakeholder group as their preference for total cost and top speed 

increases slightly, but preference for range and total cost decreases rapidly and all other 

criteria remain constant.  It is notable that these small preference changes from 

Manufacturer 1 to 3 can result in this relatively large shift in engine power, 
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 Despite their low preference for top speed and acceleration performance, the 

environmentalist stakeholder profile selects the two higher power parallel motor 

configurations, followed by a mild hybrid once acceleration and top speed preferences reach 

their lowest level with the third stakeholder profile. While this trend may seem surprising, it 

highlights how important purchase costs can be for stakeholders, and how large the 

incremental cost of hybridization is for the present case, 

 It is slightly surprising that the stakeholders with high preferences for speed and low cost 

(i.e. the „street-racer‟ groups), who have low preference for emissions, select diesel and 

biodiesel hybrids, which are slightly less than the most powerful and fastest vehicles 

available in the set (the Otto versions have larger displacement and hence more power). This 

again shows how important total cost criteria can be, because the biodiesel and diesel fuels 

are assumed to be cheaper, resulting in a lower total cost of ownership. 

Observations for the US2035 renewable case from Table 21 are:  

 With lower incremental costs of hybridization driven by battery technology cost reduction in 

the 2035 scenario, the Environmentalist 3 preference for lower purchase cost no longer 

drives a shift to a mild hybrid.  In general, low hybridization costs tend to keep the future 

stakeholder profiles more consistent, 

 In the future scenario the lower cost and better performance of the gasoline powertrain 

drives the „street-racer‟ stakeholder to shift from biodiesel to diesel to gasoline as cost and 

performance become more important, 

 Commuter and family stakeholders choose the same vehicle for both present and future 

vehicle sets, suggesting that parallel biodiesel hybrids are robust for stakeholders without 

extreme preferences, i.e. they are good „all-around‟ vehicle designs. 
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Table 21: Top ranked vehicle designs for 18 representative stakeholders from present and future US 

vehicle design sets 

                  

    With Current Technology (US2010v)       

            Battery Battery   

   Stakeholder Hybridization Displacement Fuel Battery Power Energy   

  Manufacturer 1 Parallel 1.0 L Biodiesel NiMH 100 kW 8.2 kWh   

  Manufacturer 2 Parallel 2.0 L Biodiesel NiMH 80 kW 8.2 kWh   

  Manufacturer 3 Parallel 3.0 L Biodiesel NiMH 60 kW 8.2 kWh   

  Regulator 1 Parallel 1.0 L Biodiesel NiMH 80 kW 8.2 kWh   

  Regulator 2 Mild 1.7 L Biodiesel 

 

3 kW 1.8 kWh   

  Regulator 3 Mild 1.7 L Biodiesel 

 

3 kW 1.8 kWh   

  Environmentalist 1 Parallel 1.0 L Biodiesel NiMH 100 kW 8.2 kWh   

  Environmentalist 2 Parallel 1.0 L Biodiesel NiMH 80 kW 8.2 kWh   

  Environmentalist 3 Mild 1.7 L Biodiesel 

 

3 kW 1.8 kWh   

  Street-racer 1 Parallel 3.0 L Biodiesel NiMH 100 kW 8.2 kWh   

  Street-racer 2 Parallel 3.0 L Diesel NiMH 100 kW 8.2 kWh   

  Street-racer 3 Parallel 3.0 L Diesel NiMH 100 kW 8.2 kWh   

  Commuter 1 Parallel 1.0 L Biodiesel NiMH 100 kW 8.2 kWh   

  Commuter 2 Parallel 1.0 L Biodiesel NiMH 100 kW 8.2 kWh   

  Commuter 3 Parallel 1.0 L Biodiesel NiMH 100 kW 8.2 kWh   

  Family 1 Parallel 1.0 L Biodiesel NiMH 100 kW 8.2 kWh   

  Family 2 Parallel 1.0 L Biodiesel NiMH 100 kW 8.2 kWh   

  Family 3 Parallel 1.0 L Biodiesel NiMH 100 kW 8.2 kWh   
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With Future Technology (US2035) 

            Battery Battery   

   Stakeholder Hybridization Displacement Fuel Battery Power Energy   

  Manufacturer 1 Parallel 2.0 L Biodiesel NiMH 80 kW 8.2 kWh   

  Manufacturer 2 Parallel 3.0 L Biodiesel NiMH 60 kW 8.2 kWh   

  Manufacturer 3 Parallel 3.0 L Biodiesel NiMH 60 kW 8.2 kWh   

  Regulator 1 Parallel 1.0 L Biodiesel NiMH 80 kW 8.2 kWh   

  Regulator 2 Parallel 1.0 L Biodiesel NiMH 60 kW 8.2 kWh   

  Regulator 3 Mild 1.7 L Biodiesel NiMH 3 kW 1.8 kWh   

  Environmentalist 1 Parallel 1.0 L Biodiesel NiMH 100 kW 8.2 kWh   

  Environmentalist 2 Parallel 1.0 L Biodiesel NiMH 80 kW 8.2 kWh   

  Environmentalist 3 Parallel 1.0 L Biodiesel NiMH 60 kW 8.2 kWh   

  Street-racer 1 Parallel 3.0 L Biodiesel NiMH 100 kW 8.2 kWh   

  Street-racer 2 Parallel 3.0 L Diesel NiMH 100 kW 8.2 kWh   

  Street-racer 3 Parallel 3.3 L Gasoline NiMH 100 kW 8.2 kWh   

  Commuter 1 Parallel 1.0 L Biodiesel NiMH 100 kW 8.2 kWh   

  Commuter 2 Parallel 1.0 L Biodiesel NiMH 100 kW 8.2 kWh   

  Commuter 3 Parallel 1.0 L Biodiesel NiMH 100 kW 8.2 kWh   

  Family 1 Parallel 1.0 L Biodiesel NiMH 100 kW 8.2 kWh   

  Family 2 Parallel 1.0 L Biodiesel NiMH 100 kW 8.2 kWh   

  Family 3 Parallel 1.0 L Biodiesel NiMH 100 kW 8.2 kWh   

                  

 5.5 MCDA presentation tool 

In order to collect stakeholder preferences and demonstrate the algorithm functionality in real-time, 

the input device shown in Figure 68 was designed and built.  This tool has been used in many 

presentations to large and small audiences using the software shown in Figure 69 to compare the top 

five vehicles for two stakeholders.  The pedagogical value of this tool has proven significant 

because it transforms static results for fixed preferences to dynamic results where decision makers 



120 

 

can select and change their preferences. When using these and other MCDA tools it is important to 

explain that preferences are relative and therefore selecting placing zero weight on all criteria is the 

same as placing full weight on all criteria.  

 

Figure 68: A wireless device capable of recording eight stakeholder preference inputs and sending 

the results to a host machine to display MCDA results in real time with a Canadian maple-wood 

finish 
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Figure 69: Screenshot of the software running on the host computer while performing life MCDA 

software demos 

 5.6 MCDA Web Application 

In order to allow the results of this thesis to be accessed by an even broader range of stakeholders, 

an online web application was designed and implemented within the framework of this thesis at 

http://multicriteria-analysis.com.  Site users are asked to register as either a „basic‟ or „advanced‟ 

user which determines how much flexibility they have to modify model and fleet parameters to 

explore their preferences and the resulting vehicle rankings.  Figure 70 shows screenshots from the 

input and output pages available to the „basic‟ user. 

Basic users may use the site to: 

 Enter their preferences for the eight standard MCDA criteria, 

 Save their weighting profile for later comparison, 

 View results describing the best match for their input criteria i.e.: 

o The characteristics of the top virtual vehicle selected from the standard heuristic 

design set, 
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o An existing vehicle and a measure its of the similarity to the top virtual design 

selected, 

o The characteristics of the top vehicle design relative to the vehicles in the rest of the 

design set, 

o The characteristics of the vehicles ranked 2
nd

 to 5
th
 to allow a picture of technology 

robustness to emerge. 

In addition, advanced users may also use the site to: 

 Filter their design set to examine particular vehicles or classes of vehicles, i.e. only currently 

available vehicles, or only vehicles with certain hybrid characteristics, 

 Redefine a broad range of input assumptions to perform custom sensitivity analysis for key 

parameters such as fuel cost, technology cost, etc., 

 View results not just in terms of the top five vehicles, but also as distributions according to 

technology groups 

 Test sensitivity across standard and user-defined scenarios, 

 Specify new vehicles according to user‟s specifications for all key indicators. 

 

Figure 70: The online implementation of the multi-criteria analysis tools input screen (left pane) 

and output screen (right pane) allow users to explore the influence their choices as well as various 

input assumptions have on which vehicle matches their preference 
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6. Sensitivity and Robustness Analysis 

 

Proponents of various alternative technologies make their cases by judiciously selecting data and 

making controversial assumptions which are difficult to dispute in absolute terms. Lifecycle vehicle 

emissions and technology costs are particularly often debated, and can have significant influence on 

which technologies are favoured in both trade-off and multi-criteria assessments (Alexander Röder 

2001). These input assumptions are subject to significant uncertainties, allowing large variations in 

estimates to co-exist.  For example, attempting to calculate an emission factor for a fuel with current 

production methods is already complicated due to different processes used in various geographic 

areas, and uncertainties regarding the components of the energy chain.  The uncertainties increase 

significantly when attempting to predict how future generation energy chains will develop. In order 

to test the sensitivity of the results generated in the previous two sections of the thesis to changes in 

stakeholder preference and uncertainty in input assumptions, an extensive sensitivity analysis is 

described in this chapter. Efforts were made to select the most contentious input assumptions, and 

readers are encouraged to use the web tool at http://multicriteria-analysis.com to explore the 

sensitivity of the models for any parameters which are not explicitly treated in this chapter. 

The first section in this chapter examines the sensitivity of the results to vehicle technology 

assumptions.  Some of these assumptions were driven by heuristic rules, and a more comprehensive 

understanding of the results can be gained by examining how variations in vehicle weight, 

hybridization ratio, and battery size affect technology performance. Others deal with technology use 

patterns and economic indicators that are exogenous to the vehicle technology but nevertheless 

important in comparing results, such as vehicle lifetime, fuel price, and technology production cost. 

The second section in this chapter deals with the sensitivity of the MCDA results to stakeholder 

preference assumptions and the composition of stakeholder groups in society.  The objective of 

performing sensitivity analysis on technology design sets is to identify technologies that are robust 

under varying stakeholder preferences, as well as those which are non-robust (i.e. the poor 

performers). This identification of robust technologies is performed in two ways. First, by seeing 

how robust a technology is to changing preferences, and second by examining how robust 
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technologies are for a broad range of preferences and changing technology performance 

assumptions. 

 6.1 Vehicle Models 

This section explores how sensitive vehicle models are to technology, economic, and vehicle use 

assumptions.  Several of the results presented were derived from individual vehicle variations and 

not from the broader vehicle design set due to the difficulty of isolating individual effects from the 

heuristically designed vehicle set.  The models are consistent, however, to allow comparing 

individual vehicle variations to heuristic design set results. 

  6.1.1 Vehicle weight 

The direct relationship between vehicle weight and fuel consumption is often discussed as a key 

area for future technology development.  Making vehicles lighter is generally recommended as a 

broadly applicable solution for reducing transportation energy.  Although it is true that lighter 

vehicles use less energy, stakeholders must weigh the costs and benefits of a lightweighting 

technology carefully. The diminishing marginal returns of hybridization and lightweighting 

technologies were quantified and discussed at length in Chapter 4.  This issue is now discussed once 

more to specifically re-examine how sensitive the heuristically designed vehicles are to curb weight, 

and whether the relationships discussed in Chapter 4 are again observed. The results shown in 

Figure 71 demonstrate that indeed the heuristically designed vehicles still exhibit the expected 

behaviour.  In fact, they also very closely match the trend exhibited by real world 2006 to 2008 

vehicles from Ward‟s Automotive Database, as found by Cheah (Lynette W. Cheah 2010), which is 

an encouraging validation result. 
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Figure 71: The greater the degree of hybridization, the less sensitive vehicle fuel consumption is to 

curb weight and model sensitivity closely matches real world sensitivity (three points are shown for 

clarity R
2
 values are very close to 1) 

 

It is often stated that mild hybrids are capable of reducing fuel consumption by 10-15% (Philipp 

Dietrich 2010).  The mild hybrids in the heuristic design set offer an average of 15% reduction in 

fuel consumption over non-hybrids with the same engine size. 

  6.1.2 Hybridization ratio 

Finding the optimal hybridization ratio for hybrid vehicles is a well-researched problem (Wipke et 

al. 2001; S. M. Shahed & Karl-Heinz Bauer 2009; Daniel Ambuhl et al. 2010). This work does not 

attempt to identify explicit optima for the various vehicle types studied, but rather to explain the 

general trend that the data in Figure 72 shows.  The sensitivity of vehicle CO2 emissions and 

acceleration performance is plotted against vehicle purchase price while changing the hybridization 

ratio by holding engine displacement constant and increasing electric motor power. The arrows 

drawn on the figure indicate two key trends. The first, shown with the black arrow referring to the 

left-hand axis, is a reiteration of the fact that increasing hybridization ratio increases acceleration 
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performance while reducing emissions, as was explored in detail in Chapter 4 in Figure 46.   By 

increasing electric motor power, CO2 emissions are reduced while acceleration time is improved for 

parallel hybrids under optimal control conditions.  This trend may be less significant in real world 

vehicles due to the fact that increasing motor size may not translate so directly into energy savings 

as it does for optimally controlled hybrids.  Nevertheless the real world vehicles plotted in black on 

the curve agree with simulation results in absolute terms, although there are too few data points to 

reveal a trend.  The real world data reflects direct emissions only, and neglects fuel and vehicle 

cycle emissions. The second trend, shown by the blue arrow in Figure 72 uses average data for each 

hybridization type from the heuristic design set (HVM SET) to show the effect of hybridization on 

powertrain cost versus lifecycle CO2 emissions. It is clear that increasing hybridization ratio results 

in a steeply increased cost.  It is also interesting to note that series hybrids, on average, have CO2 

emissions only slightly less than non-hybrids. This is result of the fuel cell vehicles in the US 2010v 

set having significant fuel related lifecycle emissions, pushing the average for series vehicles up.   

 

Figure 72: As hybridization ratio increases through larger electric motors and smaller internal 

combustion engines, the direct emissions decrease while acceleration performance increases 
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  6.1.3 Battery Size 

As is the case with choosing optimal hybridization ratios, sizing hybrid batteries is the subject of 

much research (Dominik Karbowski et al. 2007).   This section also does not attempt to find the 

optimal battery size for a particular hybrid, but rather explains the relationships between battery 

size, cost, and range criteria.  The cost and all-electric range of series hybrid and all-electric 

vehicles are plotted in Figure 73, which shows that increasing battery size results in almost perfectly 

linear increases in vehicle range.  This linearity is expected considering the reduced impact that 

increasing vehicle weight has on efficient, electrified powertrains.  A non-intuitive result shown in 

Figure 73 is that increasing battery capacity for electric vehicles from 140 Ah to 160 Ah (~56 kWh 

to 64 kWh) results in a slight cost reduction, which is due to the shape of the battery cost model 

curve discussed in Chapter 2. The lower power to energy ratio for large capacity batteries means 

lower battery cost due to the logarithmic character of the cost model.  It is worth noting that the 

curb weight of the vehicles used in this illustrative example push the upper boundaries of what is 

possible to build and still maintain satisfactory handling and drivability characteristics.  Most of the 

initial all-electric vehicle offerings have focused on delivering a more modest range in order to keep 

vehicle weight low. 
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Figure 73: The larger the battery the greater the range, but not necessarily at a greater cost, due to 

the logarithmic character of the battery cost to battery size 

  6.1.4 Lifetime 

The lifetime assumptions for the vehicles in the design set primarily influences the total cost of 

ownership plotted against service life in Figure 74.  The slope of the linear relationship between 

total cost and length of vehicle ownership is dictated by the annual fuel and maintenance costs.  

Fuel cell vehicles have lower total costs than electric vehicles for short periods of ownership due to 

the high cost of hydrogen fuel in the US 2010v scenario. Over the long run, the higher fuel costs for 

fuel cell vehicles drive their cost of ownership up.  The slope of the EV curve is shallower than the 

other hybrid designs due to the assumption that maintenance costs are lower for EV‟s, and the fact 

that annual energy cost is substantially lower due to the modest price of electricity relative to liquid 

fuels. 
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Figure 74: The slope of the linear relationship between service life and total cost of vehicle 

ownership is dictated by annual fuel and maintenance costs, and is shallower for EV’s which have 

lower annual energy costs 

 6.2 Multi-criteria Assessment 

The general motivation for performing MCDA was introduced in Chapter 5, and results were 
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criteria weightings which translate directly into the most robust options.   
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tendency of stakeholders to provide „non-polarized‟ responses, and make conservative purchase 

decisions (very few muscle or luxury cars are sold relative to mid-sized sedans) the figure shows 

how „middle of the road‟ choices are weighted marginally higher in the stakeholder sets by double 

counting stakeholders with mid-level preferences. It should be noted that in reality not all the 

possible profiles are equally probable and therefore this method is not representative of the general 

public, but experiments with more realistic and complicated preference distributions did not show 

much variation from the results obtained with this more simplistic (and hence more streamlined) 

approach.  Two-level preferences are evaluated at (0.9, 0.1), three level at (0.9, 0.5, 0.001), and five 

level at (0.9, 0.7, 0.5, 0.3, 0.1).  In other words, for two levels every possible combination of eight 

criteria weighted at 0.1 and 0.9 are combined resulting in 256 stakeholder profiles. The difference 

between the 2, 3, and 5 level preferences on results will be explored later in this chapter.  

  

Figure 75: Histograms showing the number of stakeholders with each preference level for each 

criterion for the 2, 3, and 5 preference level cases (from left) 
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national medal count at the 2010 winter Olympic Games was calculated by the New York Times 

(Thomas L. Saaty 2010), that is, 4, 2 and 1 points for the first, second and third place cars, 

respectively. This process is shown schematically below in Figure 76. 
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Figure 76: ‘Medal count’ combinatorial approach to ranking technologies for a broad range of 

stakeholders 

 

The scores across all N=256 stakeholder profiles were summed for each design to obtain a measure 

of how robustly the vehicle performed over the possible all preference profiles, according to 

Equation 47 where if the technology for stakeholder preference i was ranked first, then IsGoldi = 1, 

and so forth. 

              (47) 

The second method, called the „winner takes all‟ method, considers only the top-ranked vehicle. 

This approach more accurately represents how decisions are made in the real world, but has 

shortcomings when dealing with ties.  When a set contains two (or more) vehicles with similar or 

identical characteristics for any criteria, then this scoring method presents an elevated risk of 

inconclusive results due to the inability to sort the ranking matrix.  In these situations, the algorithm 

selects designs in order of their appearance in the set. Fortunately, ties occur very rarely and usually 

only observed when performing sensitivity analysis such as that described later in this chapter.  

Nevertheless, to handle this eventuality a randomization procedure was built into the MCDA 

algorithm, and its effects are discussed in Section 6.2.6. 
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  6.2.1 Sensitivity to stakeholder preference 

To examine the sensitivity of the top design to changes in stakeholder criteria preferences, the 

preferences for lower CO2 and NOx emissions were increased as preference weightings for higher 

acceleration and top-speed were decreased, while the remaining four criteria preferences were held 

constant at a nominal value of 0.2. The current technology vehicle design set US2010v was used for 

all of the following analyses.  Figure 77 shows how the top selected vehicle acceleration time is as 

sensitive to environmental as to performance preferences, with biodiesel options being selected 

exclusively due to their low lifecycle CO2 emissions and relatively good performance in parallel 

hybrids. As environmental preference increases, engine displacement decreases.  Conversely, 

performance preference increases as displacement increases which is expected. All of the top 

vehicle designs are parallel biodiesel vehicles of various displacements demonstrating the 

robustness of this technology for US2010 vehicle assumptions. 

 

 

Figure 77: Sensitivity of design choice to environmental and performance preference, quantified by 

vehicle acceleration time 
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The effect of varying the same environmental preferences against purchase and total cost 

preferences is shown in Figure 78. As the preference for low cost increases with constant low 

environmental preference, fuel consumption is greatest when a large displacement biodiesel mild 

hybrid design is selected. For low environmental and cost criteria weights, small displacement 

parallel models are selected. For all cost and environment preferences, however, biodiesel hybrids 

are selected, signifying their robustness across these stakeholder preferences. 

 

 

Figure 78: Sensitivity of design choice to environment and cost preference, quantified by lifecycle 

CO2 emissions 

  6.2.2 Fuel price 

The extent to which transportation fuel price influences stakeholder preference for the various 

technology options is of interest in the context of resource shortages and rising oil price. This 

subsection investigates how changing fuel price influences stakeholder preference for technology 

options over baseline.  The two-level stakeholder method used for the following analysis and the 
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baseline is the US 2010v assumption set. The fuel prices shown in Table 22 show how conventional 

fossil fuel price (gasoline and diesel) was assumed to increase at a rate of 50% over the previous 

value for the sensitivity analysis.  The final scenario, Fossil_4 represents roughly four times current 

fuel prices. 

 

Table 22: Conventional fuel price variation to analyze sensitivity of MDCA ‘top choice’ results 

 Fuel Fossil_1 Fossil_2 Fossil_3 Fossil_4 

Gasoline (2010 $/L) 0.93 1.40 2.10 3.15 

Diesel (2010 $/L) 0.97 1.45 2.18 3.27 

E-85 (2010 $/L) 0.49 0.49 0.49 0.49 

B-100 (2010 $/L) 0.34 0.34 0.34 0.34 

Hydrogen (2010 $/kg) 9.00 9.00 9.00 9.00 

CNG (2010 $/kg) 1.66 2.49 3.73 5.60 

Electricity (2010 $/kWh) 0.10 0.10 0.10 0.10 

 

 The MCDA histogram shown in Figure 79 represents the number of technologies selected as top 

designs for each scenario using the „winner takes all‟ approach. The only influence that increasing 

the fossil fuel prices has is to increase the number of biodiesel vehicles chosen at the expense of 

diesel options. The hybridization architecture changes as well, with slightly more series hybrids 

being selected in the Fossil_4 case than with the lower fossil fuel price levels.  
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Figure 79: Increasing conventional fuel price has limited impact on the design set, besides reducing 

the number of designs which for which diesel is the top fuel selected 

 

The dominance of biodiesel is clear throughout the design set, due in part to the field-to-pump 

sequestration of CO2, but also due to the low pump price assumption. Table 23 shows how the 

sensitivity to biofuel price is tested by doubling the pump price for each scenario iteration and 

ending with a price 16 times higher than baseline. 

 

Table 23: Increase in biofuel pump price, resulting in 16 times increase over baseline for Bio_4 

 Fuel Bio_1 Bio_2 Bio_3 Bio_4 

Gasoline ($/L) 0.62 0.62 0.62 0.62 

Diesel ($/L) 0.65 0.65 0.65 0.65 

E-85 ($/L) 0.99 1.98 3.95 7.90 

B-100 ($/L) 0.69 1.37 2.74 5.49 

Hydrogen ($/kg) 9.00 9.00 9.00 9.00 

CNG ($/kg) 1.11 1.11 1.11 1.11 

Electricity ($/kWh) 0.10 0.10 0.10 0.10 
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The results of increasing biofuel price on the top selected design for six technology options for the 

four scenarios are shown in Figure 80.  Biodiesel loses share to diesel primarily, although CNG is 

selected for the highest biofuel price level. Another intuitive result is that as biofuel price increases 

there is a tendency for more efficient series hybrids with higher hybridization ratios to be selected at 

the expense of less efficient parallel hybrid vehicles.  This result has implications for the analysis 

presented in the previous chapter that showed parallel hybrids being the most robust technologies. 

 

Figure 80: As biofuel price increases the share of diesel and efficient series vehicles selected as top 

design increases for US 2010v assumptions 
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be, and because of the large number of proposed primary energy sources that can be used for its 

production it is likely that there will be persistent geographic differences in hydrogen fuel price.  To 
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Table 24: Halving hydrogen price from baseline with each scenario results in hydrogen fuel price 

roughly at parity with current fossil fuel prices on an energy basis 

 Fuel H2_1 H2_2 H2_3 

Gasoline (2010 $/L) 0.62 0.62 0.62 

Diesel (2010 $/L) 0.65 0.65 0.65 

E-85 (2010 $/L) 0.49 0.49 0.49 

B-100 (2010 $/L) 0.34 0.34 0.34 

Hydrogen (2010 $/kg) 4.50 2.25 1.13 

CNG (2010 $/kg) 1.11 1.11 1.11 

Electricity (2010 $/kWh) 0.10 0.10 0.10 

 

The results of this sensitivity analysis in Figure 81 show clearly how reducing hydrogen fuel price 

alone is insufficient as a driver to the adoption of hydrogen as a fuel, even in combustion engines.  

 

Figure 81: Reducing hydrogen price to parity with current fossil fuel price does not spur the 

introduction of hydrogen fuel as a winning technology option 
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USD/L, E-85 costs $8/L, and B-100 costs $5.50/L.  Despite these dramatic increases in the prices of 

both the fuels that are most often represented in the top design spot, Figure 82 shows that these 

fuels still represent the majority of fuels selected.  As previously observed, however, there is a 

tendency towards more efficient series hybrid powertrain technology. 

 

Figure 82: Even with dramatic increases in both biofuel and conventional fossil fuel price, 

biodiesel remains the most popular fuel, although there is a tendency towards efficiency as price 

rises 

 

Electricity price sensitivity was not performed because EV‟s were not selected in any of the 

sensitivity cases because of their shortcomings in various cost and range criteria. Factors driving the 

adoption of EV‟s will be discussed in more detail at the end of this chapter in the discussion of 

technology performance. 
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future transportation technologies. 
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Full Set Analysis 

This section uses the US 2010v and 2035 renewable input assumptions as a baselines, and presents 

the effect that changing fuel cell and battery cost assumptions shown in Table 25 have on 

technologies chosen using the „winner takes all‟ approach. 

 

Table 25: The scaling slope for the lithium ion and NiMH battery technologies are halved with each 

scenario 

 Technology cost BC1 BC2 BC3 

Li Ion 'slope' ($/kWh) 218.2 109.1 54.6 

Ni MH 'slope' ($/kWh) 6.5 3.3 1.6 

Fuel cell cost ($/kW) 112.0 112.0 112.0 

 

The effect of reducing battery technology cost for present baseline technology is shown in Figure 

83, and for future baseline technology in Figure 84.  Neither figure shows any significant variation 

as a result of the reduction in battery cost.  In fact, with the lowest cost the number of low capacity 

batteries actually increases. This leads to the conclusion that battery cost alone has a marginal 

influence on the technology chosen. As an aside, the analysis in Chapter 5 assumes a more dramatic 

reduction in battery cost than the sensitivity analysis we have performed here, and the results 

presented in Chapter 5 do not reflect any influence of battery technology cost on the technology 

chosen. This influence of battery cost on purchase and total cost criteria is overshadowed by other 

criteria which are barriers to advanced vehicle adoption such as performance and driving range.  

This result contradicts observed market behaviour relating to the importance of purchase cost above 

other costs, and highlights a limitation of the MCDA sensitivity method presented here.  It is useful 

for evaluating the sensitivity of rational actors to technology performance but not for simulating real 

market adoption of advanced technology. 
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Figure 83: The effect of battery cost variation for a design set using 2010 baseline scenario 

assumptions 

 

Figure 84: The effect of battery cost variation for a design set using 2035 baseline scenario 

assumptions 

 

If the sensitivity analysis performed on battery technology cost showed marginal variation, then the 
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shows how dramatic the cost reduction applied to fuel cell technologies is assumed to be, with fuel 

cells reaching a final cost over 200 times lower than current technology costs, and well below the 

specific cost of internal combustion engine technology today (Haruki Tsuchiya & Osamu 

Kobayashi 2004). 

 

Table 26: The cost of fuel cell technology is halved for each scenario moving from baseline 

  FC1 FC2 FC3 

Li Ion 'slope' ($/kWh) 436.4 436.4 436.4 

Ni MH 'slope' ($/kWh) 13.0 13.0 13.0 

Fuel cell cost ($/kW) 56.0 28.0 14.0 

 

The fact is that, despite very aggressive (and unrealistic) fuel cell cost assumptions, fuel cell 

technologies still do not appear as top designs for any of the 256 stakeholders in Figure 85 and 

Figure 86. This is a testimony to how only improving performance for two criteria cannot drive a 

technology to be selected above incumbent technologies with much stronger performance over 

several criteria. 
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Figure 85: The effect of fuel cell cost variation for a design set using 2010 baseline scenario 

assumptions 

 

Figure 86: The effect of fuel cell cost variation for a design set using 2035 baseline scenario 

assumptions 

 ‘Set of Three’ Method 
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Table 27: Assumed vehicle performance characteristics for the ‘set of three’ consisting of an all-

electric vehicle, a fuel cell vehicle, and an internal combustion engine vehicle 

 

 

The normalized performance characteristics of the vehicles in the „three vehicle set‟ are shown in  

Figure 87, which shows the normalization performed according to the method described by 

Equation 47. 

 

Figure 87: ‘Set of Three’ technology characterization using relative normalization 
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of wide-spread adoption of EV‟s is to be achieved, the cost of Li battery pack technology must 

reach $52/kWh.  It is important to note that all-electric vehicles may find useful niche adoption with 

a much higher specific battery cost, but this experiment was performed to investigate the broader 

adoption target.  It is also interesting that the fuel cell vehicle was selected from the start as being 

preferred to the ICE vehicle, suggesting that this technology could be competitive should the 

technology costs assumed in the Table 27 be achieved. The results of the analysis presented in the 

previous section showed that biofuel parallel hybrid vehicles are chosen before fuel cell designs. 

This highlights the importance of other designs in a set (or in a market) on the attractiveness of a 

particular technology. 

 

 

Figure 88: For a broad range of stakeholders to accept battery electric vehicle technology, lithium 

ion pack costs must achieve $52/kWh after 22 cost reduction iterations 
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  6.2.4 Technology Performance 

The „set of three‟ method was applied again to investigate what battery energy density would be 

required for EV‟s to achieve higher acceptance than internal combustion engine vehicles.  The 

method used is quite simple: range is increased at constant battery weight and specific battery cost. 

This leads to the to the „implied battery cost‟ of 34 $/kWh plotted in Figure 89 because range, not 

battery size, is varied while keeping battery size and cost constant.  The fact that this implied energy 

cost is actually lower than the cost calculated by varying battery technology cost is because 

lowering the cost acts on two criteria simultaneously, whereas increasing energy density was 

assumed to only result in increased range.  Figure 89 shows that an energy density of 493 Wh/kg 

must be achieved before battery technology selections converge with ICE vehicle technology.   

 

 

Figure 89: EV’s converge with ICEV scores at an energy density of almost 500 Wh/kg, which 

results in an implied battery cost of 34 $/kWh 
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A summary of this analysis is that the gravimetric energy density of batteries must increase by a 

factor of 4 to be competitive with internal combustion engine vehicles. This figure agrees with 

many technical targets which have been set for advanced hybrid batteries (Steven G. Chalk & James 

F. Miller 2006). 

  6.2.5 Well-to-tank Emissions 

The well-to-tank CO2 emissions of the various transportation fuels are the last input assumptions for 

which a detailed sensitivity analysis of the MCA results was deemed to be necessary. This was due 

to the high level of uncertainty and inherent variability associated with these assumptions, together 

with how often the emissions criterion is used as an argument for or against a particular technology. 

The first fuel to be studied is also the most controversial.  Biofuels have well-to-tank (or field-to-

tank, or desert-to-tank) emissions factor numbers which vary wildly through the LCA literature 

depending on how boundaries are drawn. Ethanol is often studied in North America, and its 

lifecycle performance depends strongly on how „dried distiller‟s grain with soluables‟ is accounted 

for (Tiffany Groode 2008). Biodiesel fuel is given more attention in Europe due to historical 

differences in fleet composition (Joint Research Center 2007). The lifecycle CO2 values in Table 28 

were chosen arbitrarily to cover a broad spectrum, yet to remain within plausible limits. The 

discussion in Appendix C compares the energy chain assumptions made in this work to various 

other notable studies. 

Table 28: Sensitivity analysis of input assumptions for biofuel well-to-tank emissions 

  CO2_1 CO2_2 CO2_3 CO2_4 

Gasoline (g/kg) 681.89 681.89 681.89 681.89 

Diesel  (g/kg) 628.16 628.16 628.16 628.16 

E-85 (g/kg) 8.14 303.02 308.14 603.02 

B-100  (g/kg) -1145.42 -145.42 854.58 1854.58 

Hydrogen  (g/kg) 12456.55 12456.55 12456.55 12456.55 

CNG  (g/kg) 512.43 512.43 512.43 512.43 

Electricity (g/kWh) 727.02 727.02 727.02 727.02 
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The result of increasing biofuel CO2 emissions are shown in Figure 90.  Diesel fuel replaces the B-

100 fuel as its well-to-tank emissions increase with a high degree of fungibility.  It is remarkable 

how sensitive biodiesel fuel proves to be to CO2 emissions, which contrasts strongly against the 

limited impact technology cost had on design choice.  This is because the main advantage biodiesel 

has over diesel is its low carbon content. When this advantage is removed, biodiesel is replaced 

with diesel. 

 

Figure 90: Increasing biofuel CO2 emissions results in increased adoption of diesel fuel 

 

To test the dominance of B-100 in the future sets arbitrary reductions are applied to the lifecycle 

emissions of hydrogen and electricity. Table 29 shows the sensitivity analysis inputs used to test the 
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keeping biofuels at high emissions levels.   
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Table 29: Hydrogen and electricity fuel cycle emissions are reduced with high biofuel CO2 values 

 Fuel CO2_5 CO2_6 CO2_7 CO2_8 

Gasoline (g/kg) 681.89 681.89 681.89 681.89 

Diesel  (g/kg) 628.16 628.16 628.16 628.16 

E-85 (g/kg) 308.14 308.14 308.14 308.14 

B-100  (g/kg) 854.58 854.58 854.58 854.58 

Hydrogen  (g/kg) 9356.55 6256.55 3156.55 56.55 

CNG  (g/kg) 512.43 512.43 512.43 512.43 

Electricity (g/kWh) 557.02 387.02 217.02 47.02 

The top design histogram results shown in Figure 91 indicate that the selection of electricity and 

hydrogen vehicles is insensitive to dramatic reductions in fuel cycle emissions.  While a large-scale 

selection of alternatives based on changing one input assumption would not be expected, it is 

surprising that neither all-electric nor fuel cell vehicles are selected in even marginal ways for these 

input assumptions.  Diesel, parallel-hybrid vehicles with larger batteries dominate the design set.   

 

Figure 91: Reducing H2 and electric vehicle fuel cycle emissions alone does not result in their 

selection for heterogeneous stakeholder preference profiles 
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 6.2.6 Examining Conditions which lead to Fuel cell and All-electric Vehicles 

The previous sections have explored the effect of varying important model input assumptions on the 

composition of the top MCDA choices for two-level stakeholder sets.  This section investigates how 

extreme values for various input assumptions result in hydrogen fuel cell and all-electric vehicles 

being selected by the majority of stakeholders in an illustrative way.   

The input assumptions which must be made to see if fuel cells and electric vehicles appear in the 

broad stakeholder top designs are extreme.  A series of eight sets of input assumptions are 

composed, and the resulting average indicator scores are shown in Figure 92.  An „indicator score‟ 

is simply the unweighted average of the normalized technology performance indicators for a subset 

of vehicle designs.  The sensitivity analysis histogram results in Figure 93 show hydrogen fuel cells 

being adopted in large numbers by stakeholder scenario FC4.  To achieve these adoption rates, 

however, the following assumptions had to be progressively applied: 

 FC1: Internal combustion technologies are 10x more expensive, 

 FC2: Fossil fuels and electricity have 10x more lifecycle emissions, while hydrogen lifecycle 

emissions fall to photovoltaic electricity/hydrolysis levels (50 g/kg), 

 FC3: Fuel cell costs are 10x lower, 

 FC4: And finally, passenger volume for fuel cell vehicles is best in class (i.e. no large 

hydrogen storage tanks). 

Every one of these assumptions is unrealistic, which serves to illustrate how far from the top of the 

rankings fuel cell vehicles are in the set.  What is illustrated in Figure 94, however, is that all-

electric vehicles are even further down in the rankings.  In order for electric vehicles to achieve 

some measure of representation in the 2-level stakeholder rankings, similarly unrealistic 

assumptions were required for the technology input characteristics, including: 

 EV1: Internal combustion technologies are 10x more expensive, 

 EV2: Fossil fuels and hydrogen have 10x more lifecycle emissions, while electricity 

lifecycle emissions fall to photovoltaic electricity levels (20 g/kg), 

 EV3: Battery costs are 1000x lower, and finally, 

 EV4: Passenger volume for all-electric vehicles is best in class. 
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Figure 92: With input assumptions progressively set to extreme values, the average indicator values 

for fuel cell and electric vehicles ultimately rise above those of the rest of the vehicles in the design 

set 

 

Figure 93: Extreme input assumptions leading to the adoption of fuel cell vehicles 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
M

ea
n

 I
n

d
ic

a
to

r 
S

co
re

 FCV 

EV 

Rest of set 

Gasoline Diesel E-85 B-100 H2 CNG elec.
0

50

100

150

200

250
Fuel

None Mild Series Parallel
0

100

200

300
Hybridization

EV Otto Diesel Fuel cell
0

50

100

150

200

250
Engine

No engine <2L <3L <4L
0

50

100

150

200

250
Displacement

No motor <70kW <110kW <200kW
0

50

100

150

200

250
Motor Power

No batt. <30Ah <60Ah <200Ah
0

100

200

300
Battery Charge

 

 

Ex-FC
1

Ex-FC
2

Ex-FC
3

Ex-FC
4



151 

 

 

Figure 94: Even more extreme input assumptions leading to the adoption of all-electric vehicles 
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store would make this offer, it is likely that a consumer would decline based on the large cost 

relative to the alternative (spend $0).  If a car salesman were to offer the DVD player as an option 

when buying a new vehicle, the choice would look much different. In this case, the relative 

difference is small (less than 4% of an average vehicle cost) and the consumer would consider this 

choice to be less drastic relative to the alternative (spend only $21000).  The disadvantage of the 

full-scale normalization method is that the $700 cost is treated as the same in both cases. 

The „Set of three‟ example is used to visualize the difference in normalization methods shown in 

Figure 95. Comparing this figure to Figure 87 it is obvious that the „Full-range‟ normalization 

results in much greater differences among technology performance for most indicators.  By 

amplifying the difference between technologies in the set using this method of normalization the 

results are typically made more sensitive to changes in stakeholder preference.  This can be a useful 

when calculating observed preference from a data set consisting of very similar options, but can 

complicate sensitivity analysis.  The appropriate method of normalization must be found 

heuristically by analyzing the results of analysis performed using both methods and judging which 

method results more logical results.  For example, the „Set of three‟ results are insensitive to the 

method of normalization selected, but with larger vehicle sets the results are impacted by the way in 

which indicator values are normalized and therefore expert judgement is required.  

 

Figure 95: ‘Set of Three’ technology characterization using full-range normalization 
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  6.2.8 MCDA algorithm sensitivity 

This section investigates the sensitivity of the multi-criteria assessment methods that have been 

applied in this work.  In the first subsection, the decision to primarily model decision makers using 

two levels of criteria preference throughout the vehicle technology sensitivity analysis is examined 

and justified. Next, the effect that the tuning parameter α has on the results is quantified and its real-

world significance is explained.  In the third subsection the influence of design set symmetry is 

discussed in the context of dealing with very similar technologies in the design set.  Finally, all of 

these properties of the MCDA methods are used to explain the challenges that new technologies 

face in being selected over incumbent technologies. 

Stakeholder Preference Levels 

In order to investigate the influence that technology performance has on the multi-criteria analysis 

results, it is important to have a set of representative stakeholders. A simple example illustrates this 

need: if a stakeholder preference profile that puts a significant weight on performance and cost 

while giving environment and utility a low weight is used, then improvements to environmentally 

focused technologies such as fuel cell or battery electric vehicles may not be revealed in the 

sensitivity analysis.  To cover the full range of stakeholder preference profiles the 2, 3 and 5 

weighting level sets counted in Figure 75 were developed. To generate these preference levels, 

every possible combination of each preference over eight criteria were generated, resulting in 256 

(2
8
), 6561 (3

8
), and 390625 (5

8
) stakeholders for the multi-criteria analysis.  This section will 

contrast these three approaches, and justify the decision to primarily use the 2-level approach to 

analyze MCDA sensitivity to technology performance assumptions. 

In an ideal situation, preference profiles for every automobile consumer on the planet would be 

gathered to use as inputs to the MCDA algorithm in an attempt to capture the robustness of 

technology option selection to input assumptions.  In reality, time and resource constraints restrict 

this analysis to stylized sets of representative generic stakeholders like those described in the 

introduction to Section 6.2.  And even with stylized sets, computation time limits how detailed the 

stakeholder sets may be to enable sensitivity analysis to be performed in a practical amount of time.  

For example, the 5 level stakeholder group takes 6 hours using parallelized code and 4 processors to 
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solve one set of 556 vehicles, and results in an output file that is 4 GB in size.  Even the three-level 

group requires 8 minutes to solve, which doesn‟t seem significant, but quickly becomes 

unmanageable when considering the several thousand sensitivity runs required for the design set 

symmetry analysis alone.  It is fortuitous to find that the 2-level approach gives approximately the 

same results as the two more resource-intensive methods as shown in Figure 96.  The „winner takes 

all‟ approach is robust for all three grouping levels, with the design „444‟ selected as the top design 

for each (not surprisingly, it is a small-displacement biodiesel parallel hybrid).  
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Figure 96: Comparison of two (top), three (middle), and five (bottom) stakeholder preference levels 

for US 2010v 
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From examining the distribution of the number of times a design is picked as the „top design‟ in 

Figure 96 it becomes clear that the „medal count‟ method may be subject to variations between 

these methods.  This is confirmed by examining the designs with the top scores shown in the figure 

that illustrate that while the first place design is consistent, the second and third place winners 

change for each level of stakeholder preference.  The fact that there is limited variation when it 

comes to the designs that are chosen by the different methods is reassuring when justifying the 

choice of method.  As well, the choice of methods does not affect the overall best design regardless 

of methods, leading to the conclusion that the computationally cheap 2-level method can be 

effectively used to perform the technology input sensitivity analysis. 

MCDA Algorithm Tuning Parameter α 

The characteristic equations for the POA algorithm were introduced in Chapter 5. Equations 40 and 

41 which define the beta factor are of critical importance to the understanding of this algorithm.  

The beta factor asymmetrically amplifies the difference between the criteria values.  If a criteria 

indicator is „weak‟, i.e. has a low normalized value, the difference will be amplified to a greater 

degree.  The mechanics of this algorithm are described in more detail by (Warren Schenler et al. 

2009). The goal of this section is rather to illustrate the impact that changing β(x) values have on 

the preferred technologies, and to provide some justification for the choice of α=10 used in this 

work. This implies that the ratio of the worst performer in the set to the best is 10, and hence the 

worst performer will have its difference amplified by a factor of 10 more than the best performer.  

This can be thought of as an analogy to the marginal effectiveness factors discussed in Chapter 4.  

The worse the criteria performance is, the more of an impact it has on the stakeholder decision, 

which justifies the constraint that α > 1.   

The results presented in Figure 97 for two-level society preferences are based on the „US2010v‟ 

scenario, and illustrate how as the alpha factor increases from 5 to 2.3·10
32

 the top design selected 

by the MCA algorithm according to the „top ranked‟ method varies in the high 300 to 450 range, 

before stabilizing at 345.  The „margin‟ of selection, plotted in red on the figure, indicates the 

number of times the winning design was selected as the top design throughout the stakeholder set, 

and gives an indication how stable the winning design is in its position.  At alpha values higher than 
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those plotted, design 345 is consistently selected 64 times as the top design. This indicates that as 

alpha increases past a (high) threshold value, additional increases are incapable of changing the 

most often selected best performer in the set, as is expected. It would be unreasonable to assume 

that continuously amplifying the difference between strong and weak performers would result in 

continuously changing results by considering the finite valuation of criteria performance by real-

world decision makers.  When expanding the difference between technologies, at a certain point one 

technology looks good and there are none others left. Figure 98 shows how the dij values for the 

most often chosen top design, all top designs, and the worst designs develop with increasing values 

of α.  It reinforces the conclusion that was reached from looking at the most often selected top 

vehicle, and upon close inspection we see how a constant (and very small) separation exists 

between the average dij for the most selected design and for all designs. It is interesting to note that 

the most often selected design doesn‟t necessarily have to be the design with the lowest (best) dij 

value.  This is purely a function of how often a design reflects the „average' societal preferences. 

 

Figure 97: Sensitivity of top design to α for US 2010v vehicles 
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Figure 98: Ranking values for increasing Alpha 
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Table 30: A small, symmetrical design set, with each design winning for one criterion 

Design 

Acceleration 

Time 

Top 

speed Range 

GHG 

emissions 

Health related 

emissions 

Passenger 

capacity 

Purchase 

Cost 

Operating 

Cost 

1 0.1 0.1 0.1 1 1 0.1 1 1 

2 1 1 0.1 1 1 0.1 1 1 

3 1 0.1 1 1 1 0.1 1 1 

4 1 0.1 0.1 0.1 1 0.1 1 1 

5 1 0.1 0.1 1 0.1 0.1 1 1 

6 1 0.1 0.1 1 1 1 1 1 

7 1 0.1 0.1 1 1 0.1 0.1 1 

8 1 0.1 0.1 1 1 0.1 1 0.1 

 

After implementing a randomization of the indicator matrix and running the MCDA algorithm 100 

times the distribution of winning designs shown in Figure 99 is observed.  The position of the mean 

number of wins for each design reflects how the dij is calculated. The designs that have low winning 

indicator values (acceleration, emissions etc.) win more often, and have a higher win distribution, 

than designs with high winning indicator values (top speed, range etc.).  This means that there are 

more often ties between these technologies, and reflects that they are harder to differentiate due to 

the amplification effect of the alpha variable. 
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Figure 99: For the small symmetrical design set, the number of winning designs selected by the 2-

level preference stakeholders for 100 repetitions of the randomized MCDA procedure show that the 

‘smallest best’ designs win more often, and have a greater variation 

 

To investigate this effect in more detail, the set shown in Table 31 was developed, which shows that 

the winning indicator value for all designs with „low is best‟ variables is increased from 0.1 to 0.5.  

The result of another 100 MCDA algorithm runs is shown in Figure 100. 

Table 31: A small, symmetrical design set, with each design winning for one criterion but with ‘low 
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Design 

Acceleration 

Time 

Top 

speed Range 
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emissions 

Health related 

emissions 

Passenger 

capacity 
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Cost 

Operating 

Cost 

1 0.5 0.1 0.1 1 1 0.1 1 1 
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5 1 0.1 0.1 1 0.5 0.1 1 1 

6 1 0.1 0.1 1 1 1 1 1 

7 1 0.1 0.1 1 1 0.1 0.5 1 

8 1 0.1 0.1 1 1 0.1 1 0.5 
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For increased values of the „lowest wins‟ indicators, the „highest wins‟ designs now show an 

increased number of wins, and variability, also indicative of the difficulty in differentiating between 

designs during the „sort‟ phase that the „lowest wins‟ vehicles previously suffered.  This confirms 

that the issue lies with excessive ties between vehicles, as each wins for one criterion. How is the 

algorithm expected to pick an absolute best vehicle? 

 

Figure 100: For the small symmetrical design set with higher ‘low wins’ values, the number of 

winning designs selected by the 2-level preference stakeholders for 100 repetitions of the 

randomized MCDA procedure show that the ‘smallest best’ designs win more often, 
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Table 32: A small, symmetrical design set, with each design winning for one criterion, with slight 

variations between designs 

Design 

Acceleration 

Time 

Top 

speed Range 

GHG 

emissions 

Health related 

emissions 

Passenger 

capacity 

Purchase 

Cost 

Operating 

Cost 

1 0.1 0.1 0.1 1 1 0.1 1 1 

2 0.99 1 0.1 1 1 0.1 1 1 

3 1 0.11 1 1 1 0.1 1 1 

4 1 0.1 0.12 0.1 1 0.1 1 1 

5 1 0.1 0.1 0.98 0.1 0.1 1 1 

6 1 0.1 0.1 1 0.97 1 1 1 

7 1 0.1 0.1 1 1 0.13 0.1 1 

8 1 0.1 0.1 1 1 0.1 0.96 0.1 

The dramatic results of this slight variation in set design are seen in Figure 101, which shows that 

there are now clear winners in the design set.  The technology option ranking in order of preference 

shown in the figure is 8, 5, 7, 4, 1, 6, 3, 2, as reflected by the number of times a design was chosen 

by stakeholders from the 2-level preference set. 

 

Figure 101: The result of running the MCDA algorithm 100 times shows that when slight variations 

exist between technologies, clear preferences for certain designs are shown for 2-level stakeholder 

preferences 
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Broad technology acceptance 

The analysis in Section 6.2.6 showed that alternatives such as fuel cell and all-electric vehicles need 

to reach technology performance levels which are better than conventional vehicles to be selected 

using the broad societal stakeholder MCDA approach. In other words, when a technology option 

reaches a performance level for a specific criterion that makes it competitive for that criteria with 

the winning technology, marginal increases over that criteria level have limited effect on its 

attractiveness to stakeholders.  In economic terms, the marginal utility for the technology for the 

criteria is zero, and additional effort has no effect. Figure 102 illustrates this for a hypothetical 

design set consisting of 30 „New‟ technologies and 3 „Incumbent‟ technologies shown in Table 33 

where performance is measured as the mean value of all normalized criteria indicators.  For 

scenarios 5 to 9, Top speed, Acceleration, Range, and Passenger capacity are progressively set to 

„best in class‟ values. The average new technology score lags the best technology score as a result 

of the pattern of technology improvement highlighted in red in the table.  The result of this analysis 

shows that in order to be selected more often than incumbent technologies, new technologies must 

perform the same as or better than incumbents. 
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Table 33: Baseline technology performance indicators for ‘New’ (Designs 1-30) and ‘Incumbent’ 

(31-33 blue shaded) technologies 

Design 

Acceleration 

Time 

Top 

speed Range 

GHG 

emissions 

Health 

related 

emissions 

Passenger 

capacity 

Purchase 

Cost 

Operating 

Cost 

1 0.7 0.4 0.5 1 0.5 0.7 1 0.9 

2 0.7 0.4 0.5 0.9 0.5 0.7 1 0.9 

3 0.7 0.4 0.5 0.8 0.5 0.7 1 0.9 

4 0.7 0.4 0.5 0.7 0.5 0.7 1 0.9 

5 0.7 0.4 0.5 0.6 0.5 0.7 1 0.9 

6 0.7 0.4 0.5 0.5 0.5 0.7 1 0.9 

7 0.7 0.4 0.5 0.4 0.5 0.7 1 0.9 

8 0.7 0.4 0.5 0.3 0.5 0.7 1 0.9 

9 0.7 0.4 0.5 0.2 0.5 0.7 1 0.9 

10 0.7 0.4 0.5 0.1 0.5 0.7 1 0.9 

11 0.7 0.4 0.5 0.1 0.4 0.7 1 0.9 

12 0.7 0.4 0.5 0.1 0.3 0.7 1 0.9 

13 0.7 0.4 0.5 0.1 0.2 0.7 1 0.9 

14 0.7 0.4 0.5 0.1 0.1 0.7 1 0.9 

15 0.7 0.4 0.5 0.1 0.01 0.7 0.9 0.9 

16 0.7 0.4 0.5 0.1 0.01 0.7 0.8 0.9 

17 0.7 0.4 0.5 0.1 0.01 0.7 0.7 0.9 

18 0.7 0.4 0.5 0.1 0.01 0.7 0.6 0.9 

19 0.7 0.4 0.5 0.1 0.01 0.7 0.5 0.9 

20 0.7 0.4 0.5 0.1 0.01 0.7 0.4 0.9 

21 0.7 0.4 0.5 0.1 0.01 0.7 0.3 0.9 

22 0.7 0.4 0.5 0.1 0.01 0.7 0.2 0.9 

23 0.7 0.4 0.5 0.1 0.01 0.7 0.1 0.9 

24 0.7 0.4 0.5 0.1 0.01 0.7 0.1 0.8 

25 0.7 0.4 0.5 0.1 0.01 0.7 0.1 0.7 
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Design 

Acceleration 

Time 

Top 

speed Range 

GHG 

emissions 

Health 

related 

emissions 

Passenger 

capacity 

Purchase 

Cost 

Operating 

Cost 

26 0.7 0.4 0.5 0.1 0.01 0.7 0.1 0.6 

27 0.7 0.4 0.5 0.1 0.01 0.7 0.1 0.5 

28 0.7 0.4 0.5 0.1 0.01 0.7 0.1 0.4 

29 0.7 0.4 0.5 0.1 0.01 0.7 0.1 0.3 

30 0.7 0.4 0.5 0.1 0.01 0.7 0.1 0.2 

31 0.2 1 1 0.9 0.1 1 0.1 0.1 

32 0.2 0.9 0.9 0.1 0.1 0.9 0.2 0.2 

33 0.1 1 1 0.1 0.5 1 0.1 0.1 

 

 

Figure 102: New technology must reach performance levels exceeding incumbent technology to be 

accepted by a broad group of stakeholders 
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Adoption of new technologies only begins after scenario 6, where range and top speed for new 

technologies are already set at „best in class‟ levels.  The new technologies only surpass incumbents 

in terms of their acceptance once acceleration is set to best in class, which corresponds to the first 

time that the performance score for the new technologies surpasses the average incumbent 

technology performance score. 

 6.3 Multi-criteria Analysis Sensitivity Tool 

Building on the concepts in Section 6.2.3, a tool was designed and implemented to allow users to 

test the effect that their input assumptions have on the frequency of specific technology selection 

using the „set of 3‟ method. This section is taken directly from the user‟s manual for that tool, and 

outlines the purpose of the tool, as well as instructions for its installation and key features. 

Multi-Criteria Decision Analysis Sensitivity Tool 

This document is intended as a user‟s guide for the beta release of PSI‟s „Multi-Criteria Decision 

Analysis Sensitivity Tool‟. It was written for scientific users with an understanding of automotive 

technology analysis and multi-criteria decision analysis (Makowski, Granat & Ogryczak 2009).  

The major question that is addressed with this tool is: 

“How must transportation technology perform compared with a small set of alternatives to be 

selected by a set of stakeholders with every possible preference level?” 

This question is at the root of many policy decisions, and is answered by varying preferences for 

various cost, environment, performance, and utility criteria and observing which technologies are 

selected most frequently by stakeholders.  The stakeholders in this set were generated from every 

combination of preferences at two preference levels (hence 256 stakeholders) shown in Figure 76. 

Quick Start 

 Register an account at multicriteria-analysis.com  

 Download „mcda_sensitivityv1.2.exe‟ and „MCRInstaller.exe‟ from http://multicriteria-

analysis.com/MCDAsensitivity, 
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 Install the MATLAB runtime engine using the MCRInstaller according to the installation 

instructions.  You do not need to install the .NET framework, 

 Run mcda_sensitivityv1.2.exe from any directory, 

 Click „Calculate‟ to see the result of a multi-criteria decision analysis performed for broad 

set of stakeholders choosing between three designs, 

 Vary the eight criteria indicators to see the effect the general effect of small and large 

changes in technology performance, 

 Select „EVBatt_start‟ from the “Technology Assumptions” menu and click „Calculate‟ to 

see the baseline battery cost assumptions with the vehicles defined as either electric (EV), 

fuel cell (FCV), and internal combustion (ICEV), 

 Select „EVBatt_end‟ and click „Calculate‟ to see how reducing battery cost leads to EV‟s 

achieving a better score than ICEV‟s, 

 Experiment with various technology performance indicators to see how the broad set of 

stakeholders responds to selecting various technologies (e.g. increase technology cost and 

decrease emissions). 

The technology score is calculated using Equation 47, which is modeled after the Olympic medal 

tally system used by the New York Times (Thomas L. Saaty 2010) and awards more points to 

technologies selected as first by each of the N stakeholders and therefore reflects reality in 

rewarding those technologies deemed „the best‟. 

Using the Tool 

The Tool allows the analysis of the eight criteria shown in Table 27.  These criteria can either be 

treated as generic criteria, or assigned values specific to a given technology.  When learning about 

the tool it is often useful to vary one criterion at a time to see the effect of varying individual criteria 

in opposite directions. 

Sample Results 

The influence of CO2 reduction and total cost increase which may result from a synthetic fuel 

burned in a standard powertrain can be examined as shown in Figure 103. 
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Figure 103: Sensitivity analysis for a hypothetical low-CO2, expensive synthetic fuel 

Summary 

This tool is useful for performing „what-if‟ analysis to examine the sensitivity of technology 

performance over a broad and constant range of stakeholder preferences.  This sensitivity analysis 

should be augmented by detailed technological potential analysis, as has been performed here 

(Alexander Wokaun & Erik Wilhelm 2011). 
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7. Conclusions, Recommendations, and Outlook 

The main contributions of this thesis to the state of knowledge in transportation technology analysis 

are summarized in this section. Section 7.1 answers the six questions posed at the beginning of this 

thesis.  Section 7.2 summarizes some of the ways that this work can inform policy. Section 7.3 

discusses areas for further investigation and raises several points which were not able to be covered 

in detail in the scope of this work but are nevertheless important. Finally, Section 7.4 summarized 

the main conclusions, how the stated goal of evaluating the role of hydrogen in transportation was 

achieved, and provides an outlook for future directions that this work can take. 

 7.1 Scientific questions answered  

1. How do the vehicles using the advanced technologies which are being considered for 

improving current and future personal transportation modes perform relative to one 

another over various stakeholder criteria? 

The trade-off analysis in Chapter 4 presented the performance of the technologies in the design set 

for several important stakeholder criteria.  Although electric vehicles are very efficient on a tank-to-

wheels basis, they can emit the same amount CO2 as conventional vehicles depending on the carbon 

intensity of the electricity grid where they are charged.  All-electric vehicles are also handicapped 

by low driving range and high cost due to the current state of battery technology.  Fuel cell vehicles 

do not have the range limitations suffered by EV‟s, but due suffer from similarly high costs.  

Biodiesel parallel hybrid vehicles are Pareto-optimal for several pairs of stakeholder criteria, such 

as acceleration and CO2 emissions, whereas non-hybrids and mild hybrids dominate for cost and 

total cost criteria. 

2. In which ways does reducing vehicle weight together with implementing advanced 

hybrid powertrains affect performance for target criteria? 

Although lighter vehicles always use less energy, vehicles with less efficient powertrains are more 

sensitive to changes in vehicle weight.  Considering the costs of lightweighting and hybridization, 

lightweighting technology should be preferentially applied to non-hybrids before hybrids, and 

should only be performed if the cost of lightweighting is below a specific threshold.    

3. Which fuel options appear promising, and what are their sensitivities to primary energy 

source? 
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Biodiesel holds great promise based on the way that it combines the high energy density of liquid 

fuels with the potential for carbon neutrality.  This result is highly dependent on feedstock, and 

neglects other social issues associated with biofuels such as competition between food and energy 

crops leading to increasing food prices or the effects of land-use change which would occur due to 

widespread biofuel production.  The environmental performance of both electricity and hydrogen is 

extremely dependent on primary energy source, and therefore these energy vectors are promising in 

some geographic regions (such as Switzerland due to its nuclear and hydro primary energy) and not 

in others (where coal is heavily used for primary energy). 

4. What role can hydrogen play as a transportation energy vector? 

Hydrogen fuel cell vehicles offer performance, utility, and safety comparable to conventional 

vehicles, and potentially offer much lower emissions depending on their source of primary energy.  

The cost of the technology, and more importantly the cost of fuel, was shown to be an issue 

impeding the introduction of these vehicles.  If hydrogen produced using renewable or nuclear 

primary energy can be introduced as a transportation fuel at a reasonable cost, and aggressive goals 

for cost reduction are met, fuel cell vehicles have great potential as alternatives to internal 

combustion vehicles. 

5. What can multi-criteria decision analysis tell us about the robustness of specific 

technology options? 

Multi-criteria analysis provided further evidence that biodiesel parallel hybrids are robust 

technology options based on their frequent selection for various stakeholder preference levels.  For 

stakeholders concerned only with CO2 emissions, parallel biofuel vehicles with present technology 

performance are attractive. If fuel price increases, more efficient series hybrids become more 

attractive (assuming consumers make decisions based on reasonable discount rates). Fuel cell 

vehicles are a promising technology for future renewable scenarios if cost targets can be met. 

Assuming battery technology can also achieve cost reduction targets, stakeholders who are only 

concerned with total cost of ownership should consider all-electric vehicles. 

6. How sensitive are these results to model input assumptions? 

Based on a method that represents the attractiveness of various technologies to a broad range of 

stakeholders, it was shown that advanced technologies need to attain performance similar to or 

better than incumbent technologies to be accepted.  Fuel cost and primary energy assumptions are 
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more effective levers than vehicle technology cost for driving this change for rational stakeholders.  

In practice, vehicle cost is still more likely to receive high stakeholder weights and therefore be a 

dominant criterion. 

 7.2 Policy Recommendations 

Several thesis results have implications for government policy and industry strategy.  

1. Lightweighting technology should be applied until the marginal cost of reducing vehicle 

weight reaches a specific threshold, or else powertrain efficiency measures (e.g. 

hybridization) should be used. Implementing both technologies simultaneously may only be 

optimal for a small degree of vehicle lightweighting depending on marginal cost functions, 

2. Biofuel parallel hybrid vehicles appear to be very robust alternatives, but the fuel production 

process must be very carefully designed when considering large-scale implementation, 

3. Fuel cell vehicles are more competitive with incumbent technology than all-electric vehicles 

are for range and fuelling time criteria, and offer similar CO2 advantages to EVs. The 

success of fuel cell vehicles at achieving market share depends on cost reduction, whereas 

all-electric vehicles require cost reduction as well as significant battery technology 

breakthroughs in energy density and charging speed. 

The original analysis of lightweighting and powertrain efficiency technology results in a counter-

intuitive result which can be used to assist in strategically planning technology implementation.  

Although the arguments for biodiesel parallel hybrids agree with other research findings (H. Huo et 

al. 2008), the analysis methods developed in this thesis are novel and unique. 

 7.3 Discussion of study boundaries and extension opportunities 

This section explores areas for building on this work and highlights areas where care must be taken 

in interpreting results.  First and foremost among them is the method used to evaluate the lifecycle 

impacts of the various alternatives. Due to the lack of a single comprehensive, consistent database 

for all environmental indicators, an attempt was made to combine the US-centric GREET database 

with the European ecoinvent database.  While sufficient for an initial study, this approach is sub-
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optimal. Significant developments in lifecycle inventories for advanced mobility in the European 

context have been made in the context of the THELMA (TecHnology-centered Electric Mobility 

Assessment) project which can and should be used to update the models input assumptions. 

The dominance of biofuels is only valid if broader social issues such as land use change and food 

price increases are ignored.  As such, these vehicle designs may present an effective mid-term 

mitigation option until land use constraints are reached. In any case, a more detailed analysis is 

warranted to examine this conclusion. 

The broad stakeholder robustness analysis methodology does not provide results which can be used 

to examine market acceptance.  It is only useful for evaluating which performance levels must be 

achieved for different technology options to be equally attractive to a broad range of rational 

stakeholders. To examine minimum performance levels for advanced technology in a way that is 

more directly transferable to policy recommendation, it is necessary to expand these methods to 

provide a more thorough representation of societal stakeholders.  For an analysis of the dynamics of 

consumer behaviour concerning alternative powertrain technologies, please refer to (Alexander 

Wokaun & Erik Wilhelm 2011).  Also, the survey methods employed in this thesis are not suitable 

for inferences about broader populations due to the limited demographic of the respondants. 

One stakeholder criteria which was modeled, but not discussed in this thesis is fuelling time. 

Conventional vehicles using liquid fuels „charge‟ at a rate of roughly 10MW over 3 minutes, which 

translates to a drivable distance of 200 km/filling minute.  Electric vehicles, on the other hand, are 

currently limited to a maximum of roughly 60 kW, which translates to a drivable distance of about 5 

km/filling minute.  Neglecting the quantity of batteries which would need to be carried on-board 

and only considering charging time, to transfer enough energy into an average electric vehicle to 

travel 625 km (standard for most liquid fuel vehicles) in 10 minutes, one would have to charge at a 

rate of over 700 kW.  Assuming a battery voltage of 500V, this means that the required current 

would be over 1500A, and likely to be possible only with very complicated high power bus 

technology or by performing battery swapping.  For the charging time criterion, vehicles with 

gaseous fuels are slightly disadvantaged relative to liquid fuel vehicles. The difference may be 

approximately a doubling of charging time, but certainly not 40 times slower, as is the case for all-
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electric vehicles. These are initial thoughts that can be incorporated into future investigations of this 

technology. 

The analysis of plug-in series hybrids should be extended to include charge-depleting modes in 

order to understand how driver behaviour influences the performance of these vehicles. The 

assumption that plug-in hybrids would be operated in a charge-neutral way simplified the analysis 

of these vehicles by removing the need to assume usage profiles, but missed characterizing series 

hybrids as truly „plug-in‟ vehicles.  As well, the lower part-load losses for diesel vehicles due to the 

lack of manifold throttling should be more explicitly modelled. 

There are several interesting questions with regards to the trade-off between battery life and fuel 

consumption which are of concern to both industry and consumer stakeholders that could be 

answered with the dynamic programming approach developed in this thesis, but for which there 

unfortunately was not time.  Considering the battery „state-of-health‟ as an additional state variable 

would add depth to the simulation methodology and bring the heuristic design set closer to how real 

vehicle designs are evaluated. 

The influence of driving cycle on the results generated in this thesis was discussed very briefly at 

the end of Chapter 3, and this aspect of the work certainly deserves more attention. Although it is 

only possible to compare technologies on a fair basis if one cycle is used consistently throughout 

the analysis, it may be that the NEDC favours some designs over others, and that there is a better 

cycle which could be selected.  

Vehicle safety was treated in a very cursory way in this thesis, and deserves much more discussion 

due to its importance to stakeholders.  The perceived safety of advanced powertrains using gaseous 

fuels could be compared with actual safety performance to compose safety indicators. The effect of 

increased powertrain weight due to hybridization on safety may also result in interesting research 

questions. 

The THELMA project which builds on the structures developed in this thesis should address these 

points to provide an un-biased and comprehensive analysis of the potential of various advanced 

transportation technologies.  The project‟s web space can be found at http://thelma-emobility.net 
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and Work Package 2: Vehicle Simulation and Powertrain Assessment will continue expanding the 

results of this thesis. The interface with the Work Package 1, which deals with comprehensive 

lifecycle assessment of advanced vehicles, is particularly promising for further developing the 

models presented in this thesis. 

 7.4 Summary of Conclusions and Outlook 

This work has explored a broad range of questions relating to the performance characteristics of 

current and future light-duty vehicle technologies, as well as probing how stakeholder preferences 

affect technology choice.  The heuristic design methods which were developed to perform this 

analysis are novel, and represent a significant contribution to the state of the art in technology 

analysis.  The accessibility of the results of this thesis was increased by placing the majority of the 

algorithms which were developed and data which was collected online so that stakeholders can use 

their own assumptions about the potential of the various technologies (http://multicriteria-

analysis.com).  It is hoped that this work will prove to be useful in finding the least-cost path to a 

sustainable transportation energy system, as well as forming the basis for further transportation 

research. 

The following list summarizes the main results of each chapter in the thesis, reflecting the breadth 

of analysis performed: 

 A comprehensive review of current and future estimates of transportation technology cost, 

performance, environment, and utility characteristics was performed (Chapter 2), 

 A unique heuristic design method for vehicle technology analysis was developed, which 

allows options to be evaluated in an organized way by generating a virtual vehicle fleet with 

clearly stated assumptions (Chapter 3), 

 Optimal hybrid control using dynamic deterministic programming was applied to ensure a 

fair comparison of advanced powertrain technologies under changing component sizes and 

configurations (Chapter 3), 

 An analysis of the costs and benefits of hybridization showed that adding hybrid 

components increases performance while simultaneously reducing vehicle environmental 
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impact, but significant costs are incurred which may not be recovered over the vehicle‟s 

lifetime with current fuel price and vehicle use assumptions  (Chapter 4), 

 An evaluation of lifecycle emissions for hydrogen and electric vehicles showed that the 

primary energy resource mix is decisive in evaluating the effectiveness of these powertrains 

for reducing the environmental impact of vehicles, a result which is consistent with other 

notable studies (Chapter 4), 

 It was found that lightweighting technology is best applied to non-hybrid vehicles, and 

should be applied to its maximum potential or not at all, and the threshold between „all or 

nothing‟ is very sensitive to the marginal cost of lightweighting (Chapter 4), 

 Parallel biodiesel vehicles were shown to be a robust technology choice for „real world‟ 

stakeholders whose preferences were derived from three independent surveys (Chapter 5), 

 Non-driver survey respondents indicated a greater preference for environmental 

technologies and less concern for cost than survey respondents who are regular drivers did 

(Chapter 5), 

 Multi-criteria decision analysis results for stated survey and observed market preferences 

were compared to simultaneously validate the multi-criteria decision analysis algorithm and 

the virtual design set (Chapter 5), 

 The robustness of biofuel parallel hybrids was investigated and shown to hold over various 

sensitivity scenarios, although with increasing fuel cost more efficient series architectures 

began to become more attractive (Chapter 6), 

 Technology cost was shown to be a less effective lever at promoting technology change than 

fuel cost or lifecycle emissions, assuming rational stakeholders at all preference levels 

(Chapter 6), 

 For environmentally benign fuel cell and all-electric vehicles to achieve widespread 

adoption they must be able to compete with current internal combustion engine vehicle 

technology on more than just a cost basis; they must also offer similar performance and 

utility characteristics (Chapter 6). 

In addition to this analysis, two original software tools and one hardware/software real-time 

preference analysis tool were created within the framework of this thesis. These tools have been 
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invaluable in communicating the analysis results in a way that is clear for stakeholders because they 

allow them the flexibility to adjust assumptions and to quickly see the results of these variations. 

The outlook focuses on the THELMA project, which shall continue building on the algorithms and 

databases developed in this thesis.  The expansion of this work should proceed in several ways.  

Firstly, the effect of various utility factors for plug-in hybrid vehicles on fuel consumption should 

be analyzed to evaluate the quality of the charge-neutrality assumption.  Secondly, the method of 

modeling compression ignition combustion engines should be evaluated.  Thirdly, the rank stability 

of the multi-criteria analysis methods should be further investigated in an analytical way.  Finally, 

the web-tools should be expanded and developed further to ensure that the potential which software 

holds for helping analysts, industry strategists, and policy makers, to make informed decisions is 

realized. 
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Appendix 

Appendix A: Exchange Rate and Inflation Assumptions 

 

Source: (US Bureau of Economic Analysis 2008) 

$       1.00  USD 

 €       0.64  Euro 

 CHF 0.88  CHF 

 

Source: (X-ratest.com 2008) 
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Appendix B: Fuel price before tax  

    2010     2035     

US Unit Low High Source  Low High Source  

Gasoline $/L 0.52 0.62 1 1.15 1.38 7 

Diesel $/L 0.54 0.65 1 1.20 1.44 7 

E-85 $/L 0.41 0.49 2 0.91 1.10 2 

B-100 $/L 0.16 0.34 4 0.34 0.72 4 

Hydrogen $/kg 0.79 9.00 6 1.77 20.00 6 

CNG $/kg 0.40 1.11 6 0.90 2.46 6 

Electricity $/kWh 0.09 0.10 8 0.15 0.16 8 

EU               

Gasoline €/L 1.20 1.44 1 1.55 1.86 7 

Diesel €/L 1.05 1.26 1 1.36 1.63 7 

E-85 €/L 0.84 0.97 3 1.09 1.25 3 

B-100 €/L 1.01 1.22 5 1.31 1.57 5 

Hydrogen €/kg 0.53 6.00 6 1.18 13.33 6 

CNG €/kg 0.8 1.1 6 1.81 2.48 6 

Electricity €/kWh 0.11 0.15 9 0.13 0.18 9 

Switzerland               

Gasoline CHF/L 1.06 1.27 1 1.84 2.21 7 

Diesel CHF/L 1.12 1.35 1 1.96 2.35 7 

E-85 CHF/L 1.20 1.44 3 1.44 1.73 3 

B-100 CHF/L 1.52 1.82 5 1.96 2.35 5 

Hydrogen CHF/kg 0.79 9.00 6 1.77 20.00 6 

CNG CHF/kg 1.48 1.88 6 3.34 4.25 6 

Electricity CHF/kWh 0.15 0.18 10 0.21 0.27 10 
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Sources: 

1. (AA Irland 2009) 

2. (E85Prices.com 2009) 

3. (Korridor.se 2009) 

4. (Anthony Radich 2004) 

5. (cleanairnet.org 2006) 

6. (Altfuelprices.com 2008) 

7. (US EIA 2010) 

8. (US EIA 2008) 

9. (Swivel.com 2008) 

10. (EKZ 2009) 
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Appendix C: Detailed Lifecycle Model Inputs 

These representative vehicles used from the GREET model (ANL 2009) are listed in the table 

header as the „GREET vehicle‟.  The fuel cycle emission factors are taken from the JRC study for 

the European and Swiss cases (Joint Research Center 2007). 

On-road emissions for US vehicles in 2010 and 2035 based on the GREET 1.8c and 2.7 models: 

GREET vehicle: 

Gasoline 

Vehicle: CG 

and RFG 

CIDI 

Vehicle: 

Convention

al and LS 

Diesel 

EtOH 

FFV: E85, 

Corn 

CIDI 

Vehicle: 

BD100 

Soyabean 

FCV: 

G.H2 

Dedica

ted 

CNGV 

Electric 

Vehicle 

US 2010 

Gasoline 

(g/kg) 

Diesel 

(g/kg) 

E-85  

(g/kg) 

Biodiesel  

(g/kg) 

Hydroge

n  (g/kg) 

CNG  

(g/kg) 

Electricity 

(g/kWh) 

Exhaust VOC 1.47 0.87 0.94 0.77 0.00 1.18 0.0000 

Evaporative 

VOC 0.036 0.000 0.031 0.000 0.000 0.018 0.0000 

CO 31.42 5.35 21.20 4.69 0.00 32.39 0.0000 

NOx 1.18 1.40 0.50 1.23 0.00 1.22 0.0000 

Exhaust PM10 0.23 0.28 0.15 0.24 1.08 0.23 0.0000 

Brake and Tire 

Wear PM10 0.0128 0.0128 0.0128 0.0128 0.0128 

0.012

8 0.0128 

Exhaust PM2.5 0.12 0.15 0.08 0.13 0.38 0.12 0.0000 

Brake and Tire 

Wear PM2.5 0.0046 0.0046 0.0046 0.0046 0.0046 

0.004

6 0.0046 

CH4 0.12 0.03 0.08 0.02 0.00 1.26 0.0000 

N2O 0.10 0.12 0.07 0.10 0.00 0.10 0.0000 

US 2035               

Exhaust VOC 1.12 0.23 0.69 0.20 0.00 1.39 0.0000 

Evaporative 

VOC 0.036 0.000 0.031 0.000 0.000 0.018 0.0000 
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CO 33.29 6.71 22.45 5.88 0.00 44.41 0.0000 

NOx 0.74 1.02 0.50 0.89 0.00 0.99 0.0000 

Exhaust PM10 0.30 0.36 0.20 0.32 1.66 0.40 0.0060 

Brake and Tire 

Wear PM10 0.0128 0.0128 0.0128 0.0128 0.0128 

0.012

8 0.0128 

Exhaust PM2.5 0.16 0.20 0.10 0.17 0.59 0.21 0.0021 

Brake and Tire 

Wear PM2.5 0.0046 0.0046 0.0046 0.0046 0.0046 

0.004

6 0.0046 

CH4 0.044 0.033 0.030 0.029 0.000 0.590 0.0000 

N2O 0.13 0.15 0.09 0.13 0.00 0.17 0.0000 

      *2020 NOx  *2020 NOx  *2020 NOx  

Fuel cycle (well-to-pump) emissions for various fuels and criteria emissions using GREET 1.8c and 

2.7 models, several PSI LEA publications (see footnotes) as well as the JRC study: 

Unit   (g/kg)    (g/kg)    (g/kg)    (g/kg)    (g/kg)    (g/kg)    (g/kWh)  

US 2010 Gasoline Diesel E-85 Biodiesel H2 CNG Electricity 

 VOC  1.11 0.32 1.39 3.82 1.40 0.29 0.06 

 CO  0.58 0.51 1.02 0.91 3.33 0.45 0.19 

 NOx  1.93 1.73 3.02 2.17 8.16 1.37 0.77 

 PM10  0.45 0.35 1.31 0.34 4.32 0.40 0.98 

 PM2.5  0.17 0.14 0.43 0.18 2.20 0.12 0.26 

 CH4  4.41 4.24 3.03 1.54 40.95 11.02 0.98 

 N2O  0.05 0.01 0.85 0.38 0.06 0.01 0.01 

 CO2  681.89 628.16 -291.86 -2145.42 12456.55 512.43 727.02 

 US 2035 Baseline              

 VOC  1.18 0.31 1.38 3.59 1.28 0.28 0.05 

 CO  0.60 0.48 0.82 0.12 3.08 0.41 0.20 

 NOx  1.52 1.23 2.33 0.61 5.44 0.87 0.47 

 PM10  0.49 0.30 1.21 0.20 3.80 0.35 0.85 



192 

 

 PM2.5  0.18 0.12 0.38 0.07 2.05 0.10 0.22 

 CH4  4.75 4.36 3.00 1.48 38.51 10.97 0.84 

 N2O  0.12 0.01 0.79 0.38 0.07 0.01 0.02 

 CO2  710.17 712.29 -337.56 -2177.47 11536.67 471.26 620.27 

 US 2035 Renewable              

 VOC  1.18 0.31 1.03 3.59 0 0.28 0.00 

 CO  0.60 0.48 1.33 0.12 0 0.40 0.00 

 NOx  1.51 1.23 2.61 0.60 0 0.85 0.01 

 PM10  0.49 0.30 0.47 0.20 0 0.35 0.00 

 PM2.5  0.176 0.117 0.176 0.066 0.00 0.100 0.001 

 CH4  4.74 4.35 0.98 1.47 2.4 10.93 0.01 

 N2O  0.12 0.01 0.33 0.38 0 0.01 0.00 

 CO2  704.16 708.18 -1302.69 -2183.97 1020 458.30 3.60 

 EU 2010                

 CH4  0.00 0.00 2.14 2.27 27.6 10 0.29 

 N2O  0.00 0.00 0.43 2.99 0.12 0.00 0.005 

 CO2  531.25 610.60 -660.51 -1316.91 11916 460 510
1
 

 EU 2035 Baseline              

 CH4  0.00 0.00 2.11 2.18 25.96 9.95 0.25 

 N2O  0.00 0.00 0.40 3.00 0.15 0.00 0.01 

 CO2  570.40 683.31 -763.93 -1338.84 11036.03 423.0472 510
1
 

 EU 2035 Renewable              

 CH4  0.00 0.00 0.27 0 2.4 6.5 0.44 

 N2O  0.00 0.00 0 1.3608 0 0.00 0.001 

 CO2  531.25 610.6 -1674.91 -2307.16 1020 275 390
1
 

 CH 2010                

 NOx  2.56 2.26  -   -  4.01 1.167  -  

 PM10  0.173 0.138  -   -  4.79 0.048  -  

 PM2.5  0.211 0.165  -   -  1.88 0.032  -  
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 CH4  0.00 0.00 2.14 2.27 0.00 0.00 0.29 

 N2O  0.00 0.00 0.43 2.99 0.00 0.00 0.005 

 CO2  698 503 -660.51 -1316.91 1230 358.28 120.8 

 CH 2035 Baseline              

 CH4  0.00 0.00 2.11 2.18 25.96 9.95 0.25 

 N2O  0.00 0.00 0.40 3.00 0.15 0.00 0.01 

 CO2  570.40 683.31 -763.93 -1338.84 11036.03 423.05 103.06 

 CH 2035 Renewable              

 CH4  0.00 0.00 0.27 0 2.4 6.5 0.44 

 N2O  0.00 0.00 0 1.36 0 0.00 0.001 

 CO2  531.25 610.6 -1674.91 -2307.16 1020 275 26.7 

1
(Laboratory for Energy Systems Analysis 2003) 

2
 (Andrew Simons et al. 2008) – average of the Gas Turbine Combined Cycle (GTCC) emissions 

for four European countries 

The literature contains a broad range of cost and emissions calculation for various technologies.  

Significant uncertainty exists not only about current technology potential, but also about what this 

technology will cost and how it will perform in the future.  This table summarizes results from five 

prominent studies and compares them to the results in this thesis: 

 

This work 1 2 3 This work 1 2 3 4 5

Non-hybrid Gasoline 11116 14000 23392 19600 234 320 239 277 160 328

Non-hybrid Diesel 11634 - - 24500 205 - - 148 152 266

Non-hybrid E-85 11116 - - - 173 - - - 225 -

Non-hybrid Bio-diesel 11634 - - - 103 - - - 180 69

Non-hybrid CNG 14593 - - - 166 - - - - 250

Series hybrid Gasoline 25901 23000 50183 23900 165 150 95 109 - -

Parallel hybrid Gasoline 21392 17000 28773 21500 177 250 174 109 145 266

Parallel hybrid Diesel 21845 - - - 161 - - - 126 234

FCV Hydrogen 35303 - - 23200 125 - - 119 89 141

EV Electricity 39528 - - 29800 140 - - 143 - -

Study

1 EPRI, 2002

2 NREL, 2006

3 Kromer and Heywood, 2008

4 JRC, 2007

5 GM, 2005

Purchase cost (In Study Currency) Carbon dioxide emissions (g/km)
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It is clear that although different absolute values are calculated in the other studies, this work is 

consistent in the relative magnitude of the various vehicle technology and fuel combinations. 
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Appendix D: Control strategy descriptions and sample code 

The power provided by the primary energy source (ICE, fuel cell) and secondary energy source 

(battery/motor) are split according to various control strategies. 
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Heuristic design generator 

This MATLAB function builds the virtual vehicle set according to heuristic design rules: 

function [output]=HVM_setgen_1_01(in,e_check) 

  

%-------------------------------------------------------------------- 

% Heuristic vehicle design generator 1.1 

% *** Reduced code based on desgen 3_05 specific to heuristic analysis*** 

% Function: Generates a set of vehicle powertrain architectures from 

%           heuristic rules, and  

% Inputs: 

% 1. in.exog - number of exogenous choices in vector format. EG: 

% in.exog=[1 1 4 4 4 3];   

% in.heur - a series of heuristic rules to determine design options 

%     in.heur.fuel_eng - fuels associated with chemical energy converters 

%     in.heur.displ.hyb - displacement associated with hybridization 

%     in.heur.displ.eng - displacement associated with  chemical energy converters (CEC) 

%     in.heur.fcp_eng - fuel cell power associated with CEC 

%     in.heur.battp_hyb - battery power associated with hybridization 

%     in.heur.batten_hyb  - battery energy associated with hybridization 

%     in.heur.battp_eng - battery power associated with CEC 

%     in.heur.batten_eng  - battery energy associated with CEC 

% Refer to HVM_heuristicAnalysis_XXYY for more detail 

% 2. e_check - flag to perform error checking on heuristically designed 

% set, 0 = do not check heuristics 

% 

% Outputs: 

% 

% 1. design set - refer to criteria.xls for a description of the output 

% data structure 

%  

% Copyright Erik Wilhelm  Nov 5, 2010- 

%-------------------------------------------------------------------- 

  

 

if(~exist('e_check','var')) %automatically check for errors 

    e_check=1; 

end 

  

  

%% Generate Exogenous Choice Vector 

for i=1:length(in.exog) %loop through all dimensions of exogenous choices 

    sngexog=repmat(eye(in.exog(i)),prod(in.exog(i+1:length(in.exog))),1); %duplicate the identity 

matrix according to #dup = prod(i+1) 

    sngexog=fliplr(sortrows(sngexog)); %order the matrix  

    sngexog=repmat(sngexog,prod(in.exog(1:i-1)),1); %duplicate the single exogenous option 

according to how many tiles are remaining 

    if(i==1) 

        exogopts=sngexog; 
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    else 

        exogopts=horzcat(exogopts,sngexog); 

    end 

end 

fprintf(['\tComposing vehicle set with ' int2str(size(exogopts,1)) ' exogenous designs.\n']) 

  

  

%% Add Exogenous Options According to Heuristics 

%determine where options start/end based on exogenous inputs (also serves 

%as the index for various engine/hyb technologies 

class_start=1; 

class_end=in.exog(1); 

mark_start=in.exog(1)+1; 

mark_end=in.exog(1)+in.exog(2); 

eng_start=sum(in.exog(1:2))+1; 

eng_end=sum(in.exog(1:2))+in.exog(3); 

hyb_start=sum(in.exog(1:3))+1; 

hyb_end=sum(in.exog(1:3))+in.exog(4); 

body_start=sum(in.exog(1:4))+1; 

body_end=sum(in.exog(1:4))+in.exog(5); 

safety_start=sum(in.exog(1:5))+1; 

safety_end=sum(in.exog(1:5))+in.exog(6); 

fc_ind=eng_end; %marks where the fuel cell option is 

  

%calculate indexes for performing exogenous heuristic removals 

hyb_inds=[hyb_start hyb_start+1 hyb_start+3]; 

  

%remove some non-possible results from the Exogenous set 

rem=0; 

for i=1:size(exogopts,1) 

    if(exogopts(i-rem,eng_start)==1&&exogopts(i-rem,hyb_start)~=1) %no CEC, must be no-hybrid 

        exogopts(i-rem,:)=[]; 

        rem=rem+1; 

    end 

end 

fprintf(['\tRemoved ' int2str(rem) ' non-hybrid designs without Chemical Energy Converters 

(CEC).\n']) 

rem=0; 

for i=1:size(exogopts,1) 

    if(exogopts(i-rem,fc_ind)==1&&(exogopts(i-rem,hyb_inds(1))==1||exogopts(i-

rem,hyb_inds(2))==1||exogopts(i-rem,hyb_inds(3))==1)) %fuel cell, must be series hybrid 

        exogopts(i-rem,:)=[]; 

        rem=rem+1; 

    end 

end 

fprintf(['\tRemoved ' int2str(rem) ' fuel cell designs which were not series hybrids.\n']) 

  

  

%% Generate Endogenous Choice Vector Based on Heuristic Rule Matrix 
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endogopts=[]; 

for j=1:size(exogopts,1) 

    fuel_vec=exogopts(j,eng_start:eng_end)*in.heur.fuel_eng; %generate fuel options based on 

engine heuristics 

    [fuel_insert]=endopt_insert(fuel_vec); 

  

    disp_vec_hyb=exogopts(j,hyb_start:hyb_end)*in.heur.displ_hyb; %generate displacement 

options based on hybrid heuristics 

    disp_vec_eng=exogopts(j,eng_start:eng_end)*in.heur.displ_eng; %generate displacement options 

based on engine heuristics 

    disp_vec_hyb_eng=disp_vec_hyb.*disp_vec_eng; 

    [disp_hyb_eng_insert]=endopt_insert(disp_vec_hyb_eng); 

  

    fcp_vec_eng=exogopts(j,eng_start:eng_end)*in.heur.fcp_eng; %generate fuel cell power options 

based on engine heuristics 

    [fcp_eng_insert]=endopt_insert(fcp_vec_eng); 

     

    battp_vec_hyb=exogopts(j,hyb_start:hyb_end)*in.heur.battp_hyb; %generate battery power 

options based on hybrid heuristics 

    battp_vec_eng=exogopts(j,eng_start:eng_end)*in.heur.battp_eng; %generate  battery power 

options based on engine heuristics 

    battp_vec_hyb=battp_vec_hyb.*battp_vec_eng; 

    [battp_hyb_insert]=endopt_insert(battp_vec_hyb); 

     

    batten_vec_hyb=exogopts(j,hyb_start:hyb_end)*in.heur.batten_hyb; %generate battery energy 

options based on hybrid heuristics 

    batten_vec_eng=exogopts(j,eng_start:eng_end)*in.heur.batten_eng; %generate  battery energy 

options based on engine heuristics 

    batten_vec_hyb=batten_vec_hyb.*batten_vec_eng; 

    [batten_hyb_insert]=endopt_insert(batten_vec_hyb); 

     

    if(sum(battp_vec_hyb.*[1     0     0     0     0     0     0     0])==1) %case where battery power is 

called for 

        battchem_vec_battp=[1 0 0]; %generate battery chemistry options based on battery power 

heuristics - no chemistry  

    else 

        battchem_vec_battp=[0 1 1]; %generate battery chemistry options based on battery power 

heuristics - NiMH and Li-ion chemistry 

    end 

    [battchem_battp_insert]=endopt_insert(battchem_vec_battp); 

  

    if(sum(disp_vec_hyb_eng.*[1     0     0     0     0     0     0     0    0   0   0   0   0   0])==1) %case 

where ICE is present 

        iceimp_vec_disp=[1 0 0 0]; %generate ICE efficiency options based on battery power 

heuristics - no engine, no options 

    else 

        iceimp_vec_disp=[0 1 1 1]; %generate ICE efficiency options based on battery power 

heuristics - engine, 3 options 

    end 

    [iceimp_disp_insert]=endopt_insert(iceimp_vec_disp); 
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    %Fill endogenous options matrix for a single design iteration 

    

set_size=size(disp_hyb_eng_insert,1)*size(fuel_insert,1)*size(fcp_eng_insert,1)*size(battp_hyb_in

sert,1)*size(batten_hyb_insert,1)*size(battchem_battp_insert,1); 

     

    %define the number of replicates for each technology option category 

    iceimp_rep=1; 

    battchem_rep=size(iceimp_disp_insert,1); 

    batten_rep=size(battchem_battp_insert,1); 

    battp_rep=size(batten_hyb_insert,1)*batten_rep; 

    fcp_rep=size(battp_hyb_insert,1)*battp_rep; 

    displ_rep=size(fcp_eng_insert,1)*fcp_rep; 

    fuel_rep=set_size/size(fuel_insert,1); 

     

    insert_fuel=repmat(fuel_insert,fuel_rep,1); %fuel option input formatting 

    insert_fuel=sortrows(insert_fuel); 

    insert_fuel=repmat(insert_fuel,set_size/size(fuel_insert,1)/fuel_rep,1); 

     

    insert_displ=repmat(disp_hyb_eng_insert,displ_rep,1); %displacement option input formatting 

    insert_displ=sortrows(insert_displ); 

    insert_displ=repmat(insert_displ,set_size/size(disp_hyb_eng_insert,1)/displ_rep,1); 

     

    insert_fcp=repmat(fcp_eng_insert,fcp_rep,1); %fuel cell power option input formatting 

    insert_fcp=sortrows(insert_fcp); 

    insert_fcp=repmat(insert_fcp,set_size/size(fcp_eng_insert,1)/fcp_rep,1); 

     

    insert_battp=repmat(battp_hyb_insert,battp_rep,1); %electric path power option input formatting 

    insert_battp=sortrows(insert_battp); 

    insert_battp=repmat(insert_battp,set_size/size(battp_hyb_insert,1)/battp_rep,1); %electric path 

power option input formatting 

     

    insert_batten=repmat(sortrows(batten_hyb_insert),batten_rep,1); %electric path energy option 

input formatting 

    insert_batten=sortrows(insert_batten); 

    insert_batten=repmat(sortrows(insert_batten),set_size/size(batten_hyb_insert,1)/batten_rep,1); 

%electric path energy option input formatting 

     

    insert_battchem=repmat(sortrows(battchem_battp_insert),battchem_rep,1); %electric path 

chemistry option input formatting 

    insert_battchem=sortrows(insert_battchem); 

    

insert_battchem=repmat(sortrows(insert_battchem),set_size/size(battchem_battp_insert,1)/battchem

_rep,1); %electric path chemistry option input formatting 

     

    insert_iceimp=repmat(sortrows(iceimp_disp_insert),iceimp_rep,1); %ICE improvement option 

input formatting 

    insert_iceimp=sortrows(insert_iceimp); 

    insert_iceimp=repmat(sortrows(insert_iceimp),set_size/size(iceimp_disp_insert,1)/iceimp_rep,1); 

%ICE improvement option input formatting 



200 

 

     

    

endogopts_insert=horzcat(repmat(exogopts(j,:),set_size,1),insert_fuel,insert_displ,insert_fcp,insert_

battp,insert_batten,insert_battchem,insert_iceimp); %combine design option blocks 

    endogopts=vertcat(endogopts,endogopts_insert); %add design option block to end of endogopt 

set 

  

end 

fprintf(['\tAdded endogenous options, set of: ' int2str(size(endogopts,1)) ' designs.\n']) 

%% Design Set Generation Error Checking 

  

if(e_check==1) 

    similar=zeros(size(endogopts,1),3); 

    %check to find same rows in matrix 

    ct=0; 

    for j=1:size(endogopts,1) 

        for k=1:size(endogopts,1) 

            if(j~=k) 

                if(isequal(endogopts(j,:),endogopts(k,:))) 

                    a=j; 

                    b=k; 

                    diff=a-b; 

                    %opthyb=endogopts(j,:) 

                    %    keyboard 

                    ct=ct+1; 

                    similar(j,1)=a; 

                    similar(j,2)=b; 

                    similar(j,3)=diff; 

                    break 

                end 

            end 

        end 

    end 

    fprintf(['\tNumber of repeated (erroneous): ' int2str(ct) ' designs.\n']) 

    out.similar=similar; 

else 

    out.similar=NaN; 

end 

  

output.exogset=exogopts; 

output.endogset=endogopts; 
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Appendix E: Driving cycles studied in this work  

All of these test cycles come from (DieselNet 2010b). 

 

NEDC: Main cycle investigated, most results based on this cycle 

 

UDDS: One city and exta-urban section of the test protocol 
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FTP 75: Full Federal Test Protocol 
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Appendix F: Technology characteristics for representative vehicle designs 

 

Please note that several designs sets exist in parallel, and the set which can be found on 

http://multicriteria-analysis.com is likely more current than some of the sets which were used for 

the analysis in this thesis. Powertrain specifications can be explored in detail on this website. 

Best in class

Worst in class

Hybridization: All None None Mild Mild Series Series Series Parallel Parallel EV

Chemical Energy Converter: All Otto Diesel Otto Diesel Otto Diesel Fuel Cell Otto Diesel EV

Weight (kg) 1602 1192 1214 1237 1260 1692 1727 1791 1552 1568 2352

Total power (kW) 167 151 141 154 144 137 137 80 200 184 150

Cost

Purchase (2010 USD) 28278 13607 14417 15059 15869 31098 32112 38151 26540 27248 47045

Operating/Maintenance (2010 USD) 4105 4214 3649 4060 3537 2642 2501 2143 4685 4090 2001

Total cost of ownership (2010 USD) 44667 29512 28416 29689 28904 43309 43624 59418 40126 39675 58311

Performance

0-100 Acceleration time (s) 8.8 8.5 9.4 8.6 9.6 6.7 6.9 12.6 8.2 9.0 15.9

80-120 Acceleration time (s) 4.4 3.4 3.8 3.4 3.8 5.0 5.1 9.3 3.2 3.6 6.3

Top Speed (kph) 257 249 243 251 245 243 243 203 274 267 251

Utility

Range (km) 610 476 614 547 701 1015 1227 423 722 901 163

All-electric range (km) 39 0 0 0 0 86 85 44 23 23 163

Passenger volume (m^3) 2.6 2.61 2.61 2.61 2.61 2.61 2.61 2.52 2.61 2.61 2.61

Environment

Gasoline Equivalent cons. (L/100km) 7.8 13.2 11.8 11.4 10.3 6.5 6.0 4.5 8.7 7.9 2.3

Life cycle CO2 (g/km) 214 411 349 357 306 220 197 165 283 245 191

Life cycle NOx (g/km) 0.21 0.30 0.23 0.27 0.20 0.19 0.16 0.12 0.23 0.18 0.20

Life cycle PM10 (g/km) 0.13 0.21 0.09 0.19 0.09 0.14 0.06 0.02 0.16 0.08 0.02

Hybridization: None None Mild Mild Series Series Series Parallel Parallel EV

Chemical Energy Converter: Otto Diesel Otto Diesel Otto Diesel Fuel Cell Otto Diesel EV

Weight (kg) 1602 1192 1214 1237 1260 1692 1727 1791 1552 1568 2352

Total power (kW) 167 151 141 154 144 137 137 80 200 184 150

Cost

Purchase (2006 USD) 19884 13607 14417 14643 15454 20953 21968 24025 19021 19729 26249

Operating/Maintenance (2010 USD) 6245 6565 5551 6092 5190 3795 3474 5207 6244 5371 2304

Total cost of ownership (2010 USD) 59611 55672 49865 52058 47305 45963 44412 77907 49871 46515 40881

Performance

0-100 Acceleration time (s) 8.8 8.5 9.4 8.6 9.6 6.7 6.9 12.6 8.2 9.0 15.9

80-120 Acceleration time (s) 4.4 3.4 3.8 3.4 3.8 5.0 5.1 9.3 3.2 3.6 6.3

Top Speed (kph) 257 249 243 251 245 243 243 203 274 267 251

Utility

Range (km) 610 476 614 547 701 1015 1227 423 722 901 163

All-electric range (km) 39 0 0 0 0 86 85 44 23 23 163

Passenger volume (m^3) 2.6 2.61 2.61 2.61 2.61 2.61 2.61 2.52 2.61 2.61 2.61

Environment

Gasoline Equivalent cons. (L/100km) 7.8 13.2 11.8 11.4 10.3 6.5 6.0 4.5 8.7 7.9 2.3

Life cycle CO2 (g/km) 142 414 358 360 313 221 201 29 285 251 43

Life cycle NOx (g/km) 0.13 0.25 0.17 0.22 0.16 0.16 0.13 0.02 0.19 0.14 0.05

Life cycle PM10 (g/km) 0.10 0.22 0.05 0.20 0.05 0.14 0.03 0.00 0.17 0.04 0.00

2010 US compact (1.1-1.9L) steel passenger vehicles

2035 (renewable fuel) US compact (1.1-1.9L) steel passenger vehicles
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Appendix G: Assumptions applied for the diminishing marginal returns study 

In order to apply Equations 34 and 35 the following assumptions needed to be made to derive the 

coefficients. The MVEG-95 driving cycle was used to generate the cycle-dependent coefficients. 

Yearly km driven: 12000 km 

Fuel price: $2/L 

Base vehicle cost: $20000 

Vehicle lifetime: 12 years 

Gasoline specific energy: 42500 kJ/kg 

Gasoline density: 750 g/L 

Loss coefficients: Af=1.9 m
2
, cd=0.37, cr=0.012 

Base vehicle weight: 2100kg 

Base powertrain efficiency: 11% 
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Appendix H: Survey details 

Survey response statistics 

 

 

Representative preference responses 

Low daily km aggregate preference results 

 

Software Queried Viewed Completed Distributed (est.) % response

Survey 1 surveymonkey PSI colleagues + external network 92 77 200 39%

Survey 2a 2ask PSI colleagues 74 33 50 66%

Survey 2b 2ask PSI colleagues + external network 147 94 250 38%

Survey 3 2ask Automotive industry experts 10 8 20 40%

Totals: 323 212 520
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High daily km aggregate preference results 
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Averaged Survey 1 Responses 

 Un-scaled (0-5 selections for criteria questions), un-shaded criteria are used in MCDA 
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