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Preface 
 
After returning from my internship in California, I started to realize what an immense 
effect the car has on the society. Never have I seen a society that revolves around the car 
so much, as the American. Almost everybody owned a car, and uses it to get anywhere. 
Biking is rare, and in the suburbs you can find streets with no sidewalks. One out two 
commercials on TV is about cars, the gasoline is relatively cheap and second hand prices 
are very low. Over here in the Netherlands the car also plays an important role in the 
everyday life. For me as well, as a car enthusiast and owner of a classic car. 
When the Dutch Society for Nature and Environment challenged the three technical 
universities of the Netherlands to each design their own sustainable car for the future, I 
accepted this challenge with pleasure. Although I realized that organizing the 
contribution for Eindhoven would cost more time and energy than a regular assignment 
for a master’s thesis would, I was still determined to do this. 
In the end it appeared not to be feasible for all three universities to submit their own 
entry, and instead of a competition a collaboration was born. This would even take more 
time and energy because of the meetings throughout the country. 
Still, after completing this assignment, and presenting the c,mm,n vehicle at the 
AutoRAI, I am glad I accepted this challenge. 
Besides, I gained a lot of more insight in the complexity of the mobility issue in all its 
aspects. In the huge energy and money flows that revolve in the current traffic system, 
but also in those needed to change to another system. 
Thanks Bram Veenhuizen, for trusting me with this graduation assignment, even 
although we both weren’t quite sure of what we started, and where this would take us. 
Thanks also Willem Jan van Grondelle, for challenging us on behalf of the Society for 
Nature and Environment, and thanks to the other members of the c,mm,n team for the 
joyful collaboration.  
 
But above all I would like to thank my parents for giving me the opportunity to do this 
study and having the confidence in me that I would successfully finish it one day, and my 
brother for sometimes giving me exactly the right support at times when I was about to 
quit. Off course I would like to thank the Dupkes, for all the necessary nonsense and 
good times and for the delay in my study (just kidding) and Guus for starting the classic 
car hobby and the great internship in the States, things I wouldn’t have done so easily on 
my own. 
Sure enough, lots of thanks go out to everybody else who supported me in whatever way 
during my study. 
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Abstract 
 
The department of Mechanical Engineering of Eindhoven University of Technology has 
been challenged by the Dutch Society for Nature and Environment to contribute at a 
design for a sustainable car for the future. This challenge has been accepted, and a power 
train and suspension have been designed. 
This report deals with the realization of the power train. 
The report can be divided into two main parts, the first part deals with the realization of 
the project. The establishment of the project group, the subdivision of the car in various 
different components and the extensive literature study are discussed. Also the 
considerations made and final decisions are dealt with. 
In the second part of this report the topology is optimized for component size and fuel 
consumption using a computer routine. The models made for this computer routine and 
the results from simulations are discussed, accompanied by possible points for 
improvement. 
This results in the proposal for a drive train for future automobile applications, optimized 
for energy consumption. 
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Samenvatting 
 
De faculteit Werktuigbouwkunde van de Technische Universiteit Eindhoven is 
uitgedaagd door de Stichting Natuur en Milieu om een bijdrage te leveren aan het 
ontwerp van een duurzame auto voor de toekomst. Deze uitdaging is aangenomen, en een 
aandrijflijn en een wielophanging zijn ontworpen. 
In dit verslag wordt de totstandkoming van de aandrijflijn besproken. 
Het verslag is op te delen in twee stukken. In het eerste deel wordt behandeld hoe het 
project is aangepakt. Het opzetten van de project groep, het opdelen van de auto in 
diverse verschillende componenten en het uitgebreide literatuuronderzoek worden 
besproken. Ook worden de gemaakte afwegingen en de uiteindelijke keuze’s behandeld. 
In het tweede deel van dit verslag worden de gemaakte keuze’s geoptimaliseerd voor 
componentgrootte en brandstofverbruik middels een computerroutine. De totstandkoming 
van de gebruikte modellen en de resultaten van de optimalisatie worden besproken, 
evenals eventuele verbeterpunten. 
Het resultaat is een naar energiegebruik geoptimaliseerde aandrijflijn als oplossing voor 
toekomstige auto’s. 
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Chapter 1: Scope of the project 
 

1.1 A challenge by SNM 

 
Introduction 
In August 2005, the Foundation for Nature and Environment (“Stichting Natuur en 
Milieu”, SNM) approached the Technische Universiteit Eindhoven (TU/e) to see if there 
was any interest in a challenge to design the “Car of the Future”.  
This challenge had to be a competition between the three technical universities of the 
Netherlands, (Eindhoven, Delft and Twente) each delivering their own vision on what 
they believed to be the Car of the Future. 
 
The challenge was formulated as follows: 
 

“Design an appealing sustainable mobility solution for the near future, with the same 

functions as the current car, in order to create market demand for these vehicles, which 

will encourage the car industry to speed up the development of sustainable mobility 

solutions”. 

 
For a non-governmental organization, concerned with the protection of nature and 
environment, this is an unusual step to take. SNM, however, gained insight that the car, 
as a mobility item, has become an inextricable part of our community.  
So, they decided, with the car here to stay, the next best thing is to try to make the general 
public more conscious, and use the public to create more demand for sustainable vehicles 
from the automobile industry. The goal of this challenge for the universities was to show 
solutions that would appeal to the public, and show that sustainable technology doesn’t 
necessarily has to be “boring”.  
 
The first step was to create a team to work on this challenge. The involved parties are 
discussed below. 
 
TU/e 
In Eindhoven, the Automotive Engineering Science, at the department of Mechanical 
Engineering, was challenged by SNM.  
At first, it was tried to approach this challenge as an inter-faculty project. Other faculties 
have been contacted, but none had the ability to participate. Industrial Design, Electrical 
Engineering and Chemical Engineering showed no interest in the project, or didn’t have 
any students available for a graduate project.  
This would mean it would be a strictly mechanical engineering project. 
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3TU 
After a short inquiry at the other universities, it proved to be better to combine the efforts 
of the three technical universities (3TU) instead of competing with each other, since the 
expertise is divided over all three the universities. From now on, the challenge was 
proposed to the 3TU, and tasks were divided. 
 
 
DHV 
Keywords in the assignment were clean, quiet and lean. The quantification of these 
elements proved to be more complex and problematic than assumed, and took a while. 
For this, SNM turned to DHV for help. This consultancy and engineering office wrote a 
report [37] gaining an insight in today’s available technologies and expectations for the 
near future. This office also supports SNM with the structure and organization of the Car 
of the Future project, and provides help with more technical issues. 
 
AutoRAI 
The results of this challenge will be presented at the bi-annual international car show, 
“the AutoRAI” held at the Amsterdam RAI from March, 27th until April, 9th, 2007. 
For this, the AutoRAI committee will provide a stand at a premium location, and 
financial support. 
 
Soon enough, every university had multiple students working on the assignment, 
gathering at the office of SNM in Utrecht every two weeks. 
Besides these meetings, every month a meeting with the complete work group is held, 
including representatives from all participating parties, such as the 3TU, the AutoRAI, 
SNM and DHV.  
 

1.2 Structure of the organization 

 
Introduction 
As mentioned above, the communication and collaboration of the different involved 
parties takes place at different levels. In short, there are three different levels. 
 
Work group. 
On the first, and most important level, are the students. On average, every university has 
at least three students working on the project. In Eindhoven and Delft mostly graduate 
students working on their master’s, in Twente undergraduate students working on their 
bachelor’s. 
The students have bi-weekly meetings, located in Utrecht. In the beginning, these 
meetings were necessary to avoid any misunderstandings in the choice for the different 
components, and to get a good picture of our final goal. 
Later on in the project, these meetings were necessary to keep the communication on a 
proper level. It proved to be useful to know the current state of the deliverables on the 
other universities.  
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TU/e students work on the power train and suspension of the vehicle, TUD students on 
the vision and branding, and the interior and exterior design, and students from the UT 
work on the communication between the car and driver, and between the car and the 
infrastructure. Also a broader vision for the future in 2020 is created at the UT, in 
extension of [61] 
 
On the same level, but later in time, the planning, finance and communication group is 
found. In this group, the RAI and SNM work together to assure the deliverance of an 
entry for the AutoRAI, and the publicity that it deserves. 
 
Project management. 
One level higher, the meetings between the students, the student advisors, SNM and 
DHV can be found. These meetings were held monthly. At these meetings, special 
attention was paid to the overall progress, the work done by the students, and the 
communication between the students and the top level. 
 
Steering committee. 
The top level contains the representatives of the three universities, SNM, DHV, and the 
AutoRAI. At this level, the financial part, contracts, incentives and distribution of work 
load and rights are discussed. Usually, this also happens monthly. 
An expert group with representatives of outside parties is formed to monitor the process. 
 

Figure 1.2 : Organization structure 

 
 
With the organization set, it can be seen that the particular assignment for the TU/e has 
shifted from designing a future mobility concept to designing a power train for this 
vehicle.  
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1.3 Context and vision for 2020. 
 
Introduction 
To develop a car for the near future, it is necessary to know more about the context this 
car will be found in. 
A new methodology for design has been developed by the TUD [51], “Vision in Product 
design”. This methodology is applied by J. Lammers, and the work group, to create a 
context for the car in 2020. 
First, the meaning and function of the car in the current society is determined in several 
meetings. This leads towards a context of the current car.  
Then, several meetings were held, with the same core group and a variety of experts, 
where it was tried to establish what this context would be in the future.  
From this new context, a more common vision statement could be deducted, trying to 
capture the general feeling about the meaning and function of the product. This vision is 
used to answer questions about the product characteristics and functionality, leading 
towards a choice for the principles (technical solutions) placed within a package and a 
design theme. All upcoming design considerations can be judged with this vision. 
See also [63]. 
 
“Controlled Networked Society” 
The vision can be divided into three different parts. These parts are described by 
keywords.  
The first keyword is “controlled networked society”. It is believed that the society of the 
future will consist of clusters on every level, social and physical. [61] 
On the physical level, people tend to live in one cluster, and work and shop in another. 
Geographically, all the shopping will be located on one site, all the leisure activities on 
another, and so on. But not only that. It is also believed that the elderly will come to live 
in a separate cluster from the youngsters, and that the rich will separate themselves from 
the poor. Furthermore, on the social level, it can be seen that on the internet and in the 
media, clusters will consist of people with the same interest, and social class. Mobility is 
the key to move between all these clusters, in the network. Moving between these clusters 
will be happening spread out over the entire day, the same goes for moving between the 
levels. Switching between family life and working will happen more frequently on one 
day, more on demand.  
The car will have a very important role in this. It provides the mobility to move from 
cluster to cluster and from level to level.  
This will result in high speed and perhaps long distance traveling from one cluster to 
another, but low speed and short distance traveling within the cluster.  
 
“Economizing Sustainability”. 
The second keyword is “economizing sustainability”. From the above, it can easily be 
seen that it is expected that in the future, there will be an increase in number of 
transportations, and that the car will play a major role in this. 
This will result in an increasing demand in energy, and in the use of our natural 
resources.  
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From simple economics it is known that an increase in demand and a decrease in 
availability leads towards an increase in cost price. If the natural resources become more 
expensive, it will become more interesting to invest in new technologies that use less of 
these resources. 
This is (extra) stimulated by governments, through subsidizing the development, and 
purchase of ‘green’ technologies.  
Last, but not least, there is an increase in public awareness, which leads to an increase in 
the demand for sustainable technologies. 
As a result, it has become financially interesting for companies to invest in sustainable 
techniques, hence “economizing sustainability”.  
It is very likely that in the near future, this trend will be continued, making sustainable 
technologies an important industrial factor. It will not only be environmental conscious to 
invest in sustainable technologies, but also wise from an economical point of view. 
 
“The Icon Car” 
The last keyword that is used to describe the vision for the future is “the icon car”. 
It was seen that the car is not only an object used for transportation, but also as a 
statement. It can not be denied, that every car tells something about its owner, and every 
car owner tries to say something with the car they own.  
The first two keywords have the tendency to deteriorate the iconic picture of the car. If 
only looked at these keywords, one might think that in the future, the car has to become 
two things: sustainable and only used for transportation. A car is more than that. It also 
has a communication function. It is not to be expected that this function will change soon, 
if ever. But it can be expected that the message itself will change. 
Nowadays, the car has this image of ‘providing freedom’. Large, and sporty vehicles 
show off freedom of speed and direction, and are sold with images of empty mountain 
roads, or rough terrain, without limitations on where to go, and with what speed to go 
there. Small city vehicles also have this ‘freedom image’, freedom of parking and 
movement within the small and crowded urban areas.  
This freedom of movement is slowly becoming an obsolete picture. In the near future, the 
roads will be so crowded, that freedom of movement is no longer available for anybody.  
Clever solutions for transportation will become more important. Showing of your clever 
solution will become the new message. The car will remain an icon, but this time as a 
statement of the owner’s cleverness. 
This is also important to show the audience at the a motor show such as the AutoRAI, 
that a sustainable car of the future, doesn’t necessarily has to be “boring”. That the iconic 
function of the car will still remain. 
 
Sustainable Development 
In the description of the vision, the word ‘sustainable’ is found a number of times.  
It is clear that the used technology will have to be sustainable in development.  
Sustainable in this respect is determined by the Brundtland definition: [97] 
 
“Sustainable Development is a development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs. It contains within 
it two key concepts: 
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1. The concept of 'needs', in particular the essential needs of the world's poor, to which 
overriding priority should be given. 
2. The idea of limitations imposed by the state of technology and social organization on 
the environment's ability to meet present and future needs.  

The objective of sustainability is a political goal, based on ethical elements such as the 
notion that all people living now and in the future have equal rights.”. 

The choice for technology of the different components is strongly influenced by this 
definition, since some solutions will be locally clean and might look sustainable at first 
sight, but after a deeper look into the long-term effects might prove not to be as 
sustainable in development as desirable. 
 
Statement 
Based upon this vision, a mission statement was formulated. This mission statement is 
used to explain the scope of this project to the team and the public: 
 

“We want to empower and educate people to give them more control over their mobility 

by creating a community that supports people to develop, use and display their skills.” 

[62] 

 
Figure 1.2 : c,mm,n branding 

 
Using this statement and vision, the new mobility solution, taking over the function of the 
current car, can be designed.  
 
This report deals with a part of this assignment, the design of a power train for the “Car 
of the Future”, the c,mm,n vehicle. For this part a problem statement was formulated: 
 

“Design a sustainable power train for future passenger car applications, based upon 

reasonable outlooks and known technology, and optimize this power train for size and 

energy consumption”. 

 
To make a good comparative assessment, a comprehensive literature study is necessary. 
The results from this study can be found in Chapter 2. In Chapter 3, these results are 
compared, and a selection for the power train topology is made. This topology is 
analyzed and optimized in Chapter 4. For this optimization, a program is written, which 
can also be found in Chapter 4. A final analysis of the results is made in Chapter 5. 
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Chapter 2: Technology review 
 

2.1 Literature study 

 
The current automobile is roughly constructed in the same way by all manufacturers for 
the past century. Almost all of them have four wheels with rubber tires, at least two of 
these wheels are connected with a drive shaft to a gear box, and this gear box is 
connected with a rigid shaft to an internal combustion engine, or in some rare cases to an 
electric machine. 
On the inside, seats for at least two adults can be found, one steering wheel, an 
accelerator pedal, a brake pedal and a gear selector. Even the layout of the instrumental 
panel is roughly the same in all automobiles, as is the space for luggage and seating 
arrangement. 
Automobiles are always immediately recognizable as an automobile. 
 
The c,mm,n vehicle, as proposed in Chapter 1,  is not meant to be designed as a 
development of the current automobile. A completely new car is designed, based upon 
the vision. (See Chapter 1) 
First, it is determined what the functions of ‘the car’ are nowadays. Then, it is established 
what the functions of ‘the car’ will be in the future.  
This is done using methodological design [84] and the Delft VIP method.[51] 
Knowing what functions will have to be fulfilled, it is explored what technologies for 
these functions are available, and what will probably be available in the near future. 
Only the most interesting and promising technologies are explored more intensely in the 
appendices, to limit the extent of this literature study. 
 
Based on this literature study, the components for the power train are chosen.  
This is done in Chapter 3. 
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2.2 The ‘Car’ explored. 

 
‘The car’ has functions on multiple levels. It is not only a mean of transportation, it is a 
part of the society.  
This also implies that it is possible to consider the car from different points of view. It is 
important to realize that in this report, ‘the car’ is divided into different parts based on 
technical considerations, not on social or economical points of view. [84] 
 
On the top level, the car can be found as the total mobility concept as a part of the social 
– economical system. On the technical installation level, this can be split into all the 
traffic (and subsystems) caused by cars, and the complete manufacturing industry. 
It is at the level of combined machines, that the car as object can be found.  
 

Figure 2.1 : Social - economical system, Technical installation and Combined machines 

levels for the car as mobility concept. 

 
The manufacturing and recycling part is very important for the total sustainability of the 
final product, but the different manufacturing possibilities are not researched, to limit the 
extent of this report. It is taken into account when decisions for the different parts at the 
component level. 
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The Combined machine ‘car’ can be divided into separate machines, which is done at the 
machine level. At this level, the decisions are also taken which different machines will be 
researched by each university.  
In general, the machines can be divided into a design part and an engineering part. The 
design part will be developed at the Technical University of Delft and the engineering 
part at Eindhoven University of Technology. 
The combined machine ‘infrastructure’ is also divided into separate machines, which can 
be grouped together as ‘communication’, ‘lay-out’, ‘physical structure’ and ‘fuel supply’. 
The University of Twente will research the ‘Communication’ aspects. 
Again, remind that all divisions are made upon technical considerations, not on social or 
economical grounds. 

Figure 2.2 : Combined machines, machines and component levels of the current car as 

object. 
 

Figure 2.3 : Combined machines and machine levels of the infrastructure. 
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For all the subdivisions at all the levels, technical, social and economical requirements 
can be determined.  
 
In this diagram, the machine level is not the lowest level. The “power train” can be 
subdivided into different components. If the current car is looked upon, this division can 
be made as follows: A primary mover can be identified, a fuel storage, a transmission, 
and road-load device. This components are chosen in the past, to fulfill certain functions, 
necessary for operation of the vehicle. Starting from scratch, it could be that this 
component division as previously made, has become obsolete.  
This means the functions of the power train will have to be identified. 
The following demands will at least have to be fulfilled; 
The car: 
 

- Must be ready for transportation of a person from door to door at all times 
- Must have a useful driving range 
- Must have enough space to carry two adults and their luggage 

 
These three demands are used to describe the function of a power train as: 
 

- Receive energy from the outside, store this, and use this energy eventually to 
propel the vehicle if required. 

 
To do this, on a lower level, three functions for the components can be subscribed: 
 

- Bringing energy from the outside world on board the vehicle, 
- Storing energy on board for independency. 
- Converting energy from stored to its final stage of free thermal energy. 

 
This can be summarized in the following scheme: 
 

 
 

Figure 2.4 : Energy flow complete process 

 
A survey has been done to make an inventory of all the relevant technologies available 
for bringing energy on board, storage on board, and converting potential energy into 
movement of the vehicle. It proved to be impossible to list all the possibilities, but it can 
be said that the following research covers the range to a large extent. 
 
First, all the ways to bring energy on board are discussed, then the ways to store energy 
and as last the energy converters.  
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2.3 Function: Bringing energy on board. 

 
Energy can be transferred from the outside world onto the vehicle in various manners. 
In general, five possible different methods for energy transfer can be distinguished: 
 

- Force exchange 
- Material exchange 
- Electron exchange 
- Photon exchange 
- Heat exchange 
 

Force exchange is applying a direct force to the vehicle, this can be done continuously, or 
intermittent. By material exchange, the vehicle is loaded with a material that contains 
potential energy, which can be released by an energy converter on board the vehicle. 
Electron and photon exchange both can be done continuously or intermittent. Heat 
exchange needs contact with the vehicle, and can only be done intermittent. 
For all the intermittent energy transfer methods, an energy buffer on board the vehicle is 
necessary, to provide the power for the periods of time in between the energy exchanges. 

2.3.1 Force exchange. 

In force exchange, a direct force is applied to the vehicle. This force can be used directly 
by the vehicle for propulsion, or stored on board for later use. If the energy is stored, the 
exchange can happen on an intermittent base. 
 
Intermittent  
A force is directly applied to the energy buffer, and the energy buffer is capable of slowly 
releasing this energy on demand. 
Intermittent force exchange can be done by contact between the vehicle and the station 
applying the force, or without contact 
Examples of intermittent contact force exchange are loading a spring, a flywheel, or a 
pressure vessel with pressurized gasses.  
An example of intermittent non-contact force exchange is loading a flywheel using a 
rotating magnet. 
 
Continuous  
Continuous force exchange does not always include direct contact. A division can be 
made between the contact type and the non-contact type force exchanges. 
In case of the continuous force exchange type vehicles, the vehicle is not able to move 
without the energy transfer. 
- With contact type continuous force exchange, a direct contact between the vehicle and 
another material is established. 
Examples of contact type continuous force exchanges are cable cars, where the vehicles 
are hooked to a cable, and dragged forward, or land yachts, where the wind drags the 
vehicle by pushing the sails.  
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- With non-contact type continuous force exchange, a force is transferred to the vehicle 
without mechanical contact.  
An example of non contact type continuous force exchange is magnetic levitation, where 
a magnetic force elevates and propels the vehicles. 
 
Summarizing: 
Force exchange 

- Intermittent 
o Apply contact force  (Load spring, flywheel or pressure 

vessel) 
o Apply non-contact force  (Load flywheel with magnet) 

- Continuous 
o Apply contact force  (Cable car, sail) 
o Apply non-contact force  (MagLev) 

2.3.2 Material exchange. 

Materials containing energy that can be converted by the energy converter, are 
transferred from the outside world on to the vehicle. Energy converters are discussed in 
paragraph 2.5. 
Material transfer is always done on intermittent base.  
 
In general, there are four methods to transfer energy as material. Materials can be 
transferred as material only, in gaseous state, liquid state or solid state. But it also 
possible to transfer the material with the complete storage container.  
Materials that are transferred as energy exchange, are usually denoted as fuels. 
The World Encyclopaedia gives the following definition for fuel:  
“Substance that is burned or otherwise modified to produce energy, usually in the form of 
heat.” [99] 
The different fuels are briefly discussed below, the storage containers are discussed in 
2.4. 

2.3.2.1. (Non-)fossil hydrocarbons. 

Hydrocarbons are molecules, where the chemical main structure is made of carbon and 
hydrogen atoms. In some occasions, changing this chemical structure by having the 
material reacting with another material, causes a difference in the energy content. Only 
hydrocarbons with a positive change in energy content large enough to be used, are 
considered a fuel.  
Hydrocarbons can be found in solid, liquid and gaseous state. 
At the moment, almost all passenger cars use liquid hydrocarbon fuels. In the 
Netherlands, gasoline, diesel and LPG cover 99,94% of the total passenger car fleet as 
energy source [16] 
Other hydrocarbons considered are natural gas (methane), ethanol, methanol, kerosene, 
and some fuel blends; aqueous fuels,  p-series fuels and hytane. 
Crude oil is the base material for most hydrocarbons. Refinery processes are used to 
make fossil crude oil appropriate for use as a fuel. These hydrocarbons are called fossil 
fuels.  
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Since fossil crude oil is not inexhaustible, other ways of manufacturing hydrocarbons are 
gaining popularity, such as creating oil and its derivatives from biomass. These 
hydrocarbons are called bio-fuels. 
Although these bio-fuels also produce local pollution when combusted, this local 
pollution is compensated since the CO2 resulting from the combustion is used for the 
photosynthesis process in the growing crops. The global pollution from bio-fuels is 
therefore lower compared to fossil fuels. Bio-ethanol and bio-diesel are popular examples 
of bio-fuels. 
Fuel blends are also developed, to combine the advantages of two fuels, and to extent the 
lifetime of the crude oil supply. Aqueous fuels, are fossil fuels blended with water, to 
lower the combustion temperature and NOx-emissions, and to decrease the fossil fuel 
consumption. P-series fuels are blends of natural gas, (bio-)ethanol and (bio-)additives, 
decreasing the fossil fuel consumption, and increasing the bio-fuel consumption. Hytane 
is a blend of natural gas and hydrogen, decreasing the fossil fuel consumption and 
increasing the hydrogen consumption. 
For a more detailed look into hydrocarbons, see Attachment A1. 
 
Hydrogen 
Hydrogen can be used the same way as hydrocarbons. Hydrogen can hardly be found in 
nature, only in rare situations such as a geyser on Iceland. If hydrogen is used for mass 
transportation, all the hydrogen will have to be produced. Numerous studies are ongoing 
how to provide these amounts of hydrogen. It is possible to create hydrogen from fossil 
hydrocarbons, but electrolysis of water is also an option. For all the production processes 
of hydrogen, the origin of the energy used is decisive for the total sustainability of the 
hydrogen. 
 
Nuclear fission fuels. 
Uranium and plutonium are fuels for nuclear fission. In some experimental vehicles, 
nuclear fission is done on board.  
More information about nuclear energy can be found in the Attachment A2. 

2.3.2.2. Complete energy storage systems. 

It is also possible to exchange the complete energy storage system in order to supply the 
vehicle with energy. The energy storage system is engineered in such a way, that the 
storage containers can be replaced by charged containers when they are empty. Instead of 
refilling them with fuels on board, they are refilled in a plant. 
 
Summarizing: 
Material exchange 

- Intermittent 
o Transferring solids    (wood, coal) 
o Transferring liquids    (gasoline, diesel) 
o Transferring gasses    (CNG, hydrogen)  
o Transferring storage systems   (complete tanks) 
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2.3.3. Electron exchange 

Transferring energy onto the vehicle by electricity can be done continuously and 
intermittent.  
Continuous means the vehicle will need physical contact with the power grid at all times, 
intermittent means that during a certain period of time, when the vehicle is connected to 
the power grid, the energy buffer on board the vehicle is charged.  
An example of continuous electron exchange is a trolley rail.  
An example of intermittent electron exchange is charging the vehicle by plugging in to 
the electricity grid.  
More information about electricity can be found in Attachment A3. 
 
Summarizing: 
Electron exchange 

- Intermittent    (Charging) 
- Continuous    (Trolley) 

2.3.4. Photon exchange 

It is possible to transfer energy by emitting photons. The photons will hit a photo-voltaic 
material, which will generate electricity.  
Solar power is a good example of this transfer method. Due to the nature of sunshine, an 
energy buffer is necessary, and this energy transfer method can be considered 
intermittent. 
In theory, it would be possible to construct an infrastructure with photon emitting 
devices, to power vehicles. This would be a continuous type photon exchange method. If 
an energy buffer is added to the vehicle, the photon exchange could be intermittent again. 
 
Summarizing: 
Photon exchange 

- Intermittent    (Solar, charging stations) 
- Continuous    (Photon emitters) 

2.3.5. Heat exchange 

Thermal energy can be exchanged by conduction, convection or radiation.  
Conduction: It is possible to connect a heater device, and heat up, or cool down, an on 
board stored material. This heater could be an electric heater, but also another material 
that is guided in a flow, transferring the heat through a conductive wall to the on board 
material. 
Convection: It is also possible to exchange a material which has a temperature difference 
with the surrounding. A material flow brings the material on board, possibly removing 
old material from the vehicle at the same time. The energy density depends on the 
specific heat content of the material used. Commonly used materials are water (as ice or 
as steam) or molten salts. 
Radiation: Energy can be transferred as light. This could be done intermittent, using light 
from the sun, or light emitted at charging points, but also continuous by some kind of 
adapted infrastructure, where light is emitted along the road side. The wavelengths of the 
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light can heat up the receiving material, using the energy from the waves to vibrate the 
material. 
 
Summarizing: 
Heat exchange 

- Intermittent 
o Conduction    (Heater device) 
o Convection    (Material exchange) 
o Radiation    (Solar power) 

- Continuous 
o Radiation    (Light emitters) 
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Figure 2.5 : Energy transfer methods 
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2.4 Function: Storing energy on board. 

 
Some of the energy transfer methods are of an intermittent type. These methods need to 
store energy on board the vehicle for the periods of time when no energy is transferred. 
Below is a survey of the methods available for on board energy storage. 
Depending on the transfer type, the energy is brought on board in a certain state. If the 
force exchange method is used, energy is brought on board as mechanical energy. For 
material exchange, this can be thermal energy and chemical energy. In case of electron 
and photon exchange, the energy comes as electricity. And finally, when using heat 
transfer, the energy state is thermal. 
Immediately after being transferred to the vehicle, the state of energy can be changed. For 
this, converters are available, which are dealt with in paragraph 2.5.  
 
For every state of energy, different storage devices can be used.  
Mechanical storage for mechanical energy (2.4.1), chemical storage for chemical energy 
(2.4.2) and thermal energy (2.4.4) and electrical storage for electricity (2.4.3). 
Keep in mind that for a vehicle to have a proper range of movement without refueling, 
the amount of energy stored must be in the order of several hundreds of kWhs1.  

2.4.1 Mechanical storage  

For storing the mechanical energy on board a vehicle, only a few solutions seem to be 
available; using the inertia of a rotating flywheel, using the power of a loaded spring, or 
the power provided by the pressure from a compressed gas. 
The energy stored in a loaded spring depends on the stiffness of the material used and the 
length of the compression of the spring. The energy density varies between 0.08 – 0.2 
[Wh/kg], or 0.3 – 0.7 [kJ/kg]. [8] 
A flywheel has an energy density of approximately 50 [Wh/kg] or 180 [kJ/kg]. [34] and 
can unload is inertia into an electric machine, or through a gear box directly to the 
wheels. 
Compressed gasses can be used in combination with a pump and accumulator. [69] [98] 
The piston and crankshaft in the pump will convert the pressure flow into a rotational 
movement, which can be used to propel the vehicle. If this process is reversed, an 
accumulator can be used to store the by the pump pressurized fluids or gasses.   

2.4.2 Chemical storage.  

The material brought on board using a material exchange energy transfer method can be 
stored using a chemical storage method.  
These methods are be divided by the state of the material at normalized temperature and 
pressure of the surrounding. 
 
 
 

                                                 
1 As a benchmark, current vehicles carry about 50 liters of gasoline, which roughly equals an 
energy content of 430 [kWh]. 
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2.4.2.1 Liquids 

For liquids, a  storage container is sufficient, sometimes with additional shell thickness 
for extra strength under extreme conditions, such as crashes. 

2.4.2.2 Gasses 

For gasses, more solutions exist. Gasses can be pressurized or cooled, to increase the 
energy density of the gas.  
 
Pressurized 
Most gasses are stored under pressure, in a pressurized vessel. LPG can be stored under 
relatively low pressures, while CNG, air and hydrogen demand for higher pressures due 
to their very low volumetric energy density. 
The higher the pressure, the more expensive and heavy the storage vessel is, and the more 
energy is lost in the process of pressurizing the gas, and in transferring it onto the vehicle. 
The benefit of higher pressures is the larger amount of energy that can be stored in the 
same volume. The maximum for hydrogen according to Ford [52] lies around 1000 bar, 
higher pressures will not result in a higher density for the complete system. 
 
Liquefied 
Another solution for dealing with the low volumetric energy density issue, is cooling the 
gasses to liquid state. For hydrogen, this means keeping the fuel cooled to 20K, while for 
natural gas it comes down to cooling it to 110K.  
Cooling natural gas to its liquid state is currently only done for transportation purposes, 
not for storage on board passenger car vehicles. Liquefying hydrogen on the other end, is 
a serious consideration for automobile manufacturers and suppliers.  
This difference is mainly due to the fact that both gasses have to be purified before 
cooling. Hydrogen always has to be purified before use in any application, but natural gas 
is allowed to contain alien substances for most applications. Treatment of natural gas to 
purify it is an additional action, only necessary for storage. The benefit of the higher 
storage density is outdone by the energy loss of the purification process. 
 For the liquid hydrogen storage, special containers are developed, with walls made of 
special materials that have a very low heat conduction. 
Still, boil off is the major issue concerning this storage technique. 
 
Chemical 
Energy carriers in gaseous state can in some cases be bound to other materials in order to 
store them on the vehicle. This will result in an increase in energy density.  
Research in this field is directed mostly towards hydrogen solutions. 
This is called solid storage.  
 
More information about the different type of solutions for gaseous energy carriers, 
explained by using hydrogen storage as an example, can be found in the Attachment A4 
 
 
 
 



 28 

2.4.2.3 Solids 

The chemicals brought on board can also be in solid state. Uranium, the fuel for nuclear 
power plants, is a solid, but also woodchips and charcoal are solid materials. 
The non-radiant, non-toxic solid materials can easily be stored and transported, without 
further explanation. 
The radiant and toxic solid energy carriers, i.e. in the scope of this report; uranium and 
plutonium, need special storage containers. The walls need to protect the direct 
environment for the emitted radiation. This makes this a very heavy and complex storage 
system, not really suitable for mobile applications such as a passenger vehicle. 

2.4.3 Electrical storage 

No matter what the energy carrier of choice is, there will always be an electrical flow on 
board the vehicle. This implies that an energy buffer for electrical energy is always 
necessary. 
The methods for storing electrical energy can roughly be divided into to separate paths; 
batteries and capacitors.  
A battery stores energy in a chemical form, while the capacitor stores it in electrostatic 
form. [17] 
Both use plates made of metal, but in the battery the electricity is used to create charged 
ions using a redox-reaction, while in the capacitor the electricity is stored as an 
electrostatic field on the surface of the plates.  
Since the battery is based on a chemical reaction, the charging speed is limited by the 
reaction rate. A super-, or ultra-capacitor can store the same amount of energy in a 
shorter period, but has a lower energy density.  
 
More information about batteries and supercapacitors can be found in the Attachment A5. 

2.4.4 Heat storage 

Thermal energy, or heat, can be stored in a material and brought on board, or the heat is 
conducted on board and stored in a material that is already on board. For both solutions, 
the storage method is the same as for energy brought on board by material exchange. 
Commonly used materials for this type of storage are steam and molten salts. 
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Figure 2.6 : Energy Storage Methods 
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2.5 Function: Converting energy. 

 

Above, the possibilities to transfer and store energy for mobile applications are discussed. 
In short, there are four states in which energy can be stored, being mechanical, chemical, 
thermal and electrical. Propulsion of the vehicle is done by energy in mechanical state. 
That implies that one or more energy converters are necessary in order to convert the 
state of energy. 

2.5.1 Identification 

First, all physical processes for converting energy are identified. From these processes, 
the most suitable, with the most potential, are named in the table below. Other conversion 
methods exist, but are not mentioned to limit the extent of this research. 

Electrical Mechanical Chemical Thermal

Electrical - Magnetism Redox reaction Resistance

Mechanical Magnetism - - Friction

Chemical Redox reaction - - Exotherm reaction

Thermal - Expansion Endotherm reaction -

Table 2.1 : Energy conversions processes 

 
Then, examples of devices using these physical phenomena are searched and explored. 
For instance, the “mechanical – electrical” conversion can be done using magnetism, and 
a good example of a device using this principle is an electric machine. Again, other 
solutions exist, but seem less suitable for applications in this particular case. 
Some machines use combinations of physical processes, such as the internal combustion 
engine. In this case, chemical energy is converted to thermal energy using an exothermal 
reaction (combustion) and this thermal energy is converted into mechanical energy via 
expansion of gasses. 
 
It is interesting to mention that the energy necessary for vehicle propulsion is converted 
into thermal energy by friction. This friction is mainly caused by the roll- and drag 
resistance during driving, but also caused internally during the use of energy converters. 
This means that in the end all the energy transferred to the vehicle is always converted 
into thermal energy. 
 
Using the same table, but replacing the physical processes by existing energy converters, 
the different types of energy converters are easily identified.  
 

Electrical Mechanical Chemical Thernal

Electrical converter electric machine battery heater 

Mechanical electric machine gear box - friction

Chemical fuel cell combustion engine reformer combustion engine

Thermal - turbine - heat exchanger

 
Table 2.2. : Examples of solutions for energy conversions 
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Of course, all converters have losses, which is usually thermal energy. 
Also, as can be seen, in some occasions, two conversions are combined and represented 
as one, as is the case for the chemical – thermal – mechanical conversion, shown as 
chemical – mechanical representation: combustion engine. 
More conversion technologies are available, and also combinations of different 
converters, creating a chain of conversions. 
 
Below, some the different types of conversions are briefly discussed, and the technical 
solutions to perform these conversions. Not all conversions need further discussion, the 
most obvious types of conversions are not discussed. Also, some of the examples for the 
converters are explained more detailed in the attachments. These converters are looked 
into more detailed, since they are more promising. 

2.5.2. Energy conversion types 

Electrical � Mechanical 
Changing energy from the electrical state to mechanical state can be done using 
magnetism, as is done in electric machines. Running the current through a coiled wire 
will create a magnetic force, which can be used to move metal parts. 
Attachment A6 deals with electric machines. 
 
Electrical � Chemical 
Some chemicals can perform a reaction with each other if energy in electrical state is 
added. Conducting electricity through the chemicals will result in a redox-reaction, which 
can also be reversed, in which case energy is released again in electrical state. 
Batteries work on this principle. These are also categorized in part dealing with the 
energy storage solutions. 
More on batteries can be found in Attachment A5. 
 
Electrical � Thermal 
Electricity run through an electrical resistance will generate heat. Usually, this is 
unwanted, but very common. Bad connectors in the electrical wiring can melt and causes 
fire this way. It can be thought of solutions where this is desired behavior of electricity. 
For example, the created energy can be used to power a heat engine by heating up gasses, 
or warm up the interior or fuel cell at cold start. 
This energy conversion is very efficient, and therefore not to be neglected. 
 
Mechanical � Electrical 
Moving magnetic conductive parts, such as magnets or pieces of metal, past electric 
current conductive coils, will create an electric current in the coil, and a drag force on the 
moving parts. This way, it is possible to convert mechanical energy into electricity. In 
vehicle applications, this is useful for generating electricity on board.  
 
Mechanical � Mechanical 
Mechanical energy can come in different shapes, which can all be converted into the 
mechanical energy of the vehicle. 
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This can be done with a gearbox, to adjust speed and torque so they match with the 
required values at the wheels, but also with pumps, or discharging pressure vessels.  
Two types of pumps are available, direct pumps, or piston engines, and indirect pumps. 
In the direct, piston engine system, the high pressure gas is directly released in a chamber 
with a piston. This piston is connected to a shaft and the expansion of the gas will cause 
this piston to move, thus rotating the shaft. 
Due to losses in the drive train from friction and play, this process is not fully reversible. 
Usually, if this type of engine is used for brake energy recuperation, it is done in a hybrid 
configuration, where this engine is combined with an electric machine that generates 
electricity that can be stored in a electric energy buffer. This is easier to construct, and 
also has a higher efficiency. [69] 
The indirect, or hydraulic pump/accumulator system, uses two pressurized vessels, which 
contain pressurized nitrogen, and a hydraulic fluid, separated by a plunger. The 
pressurized nitrogen will apply a force to the plunger, which will cause the hydraulic 
fluid to move out of the vessel, into the other vessel. This moving fluid can propel a 
pump, and this pump delivers mechanical energy. [98] 
This process can also be reversed, so energy recuperation is possible. The pressure is then 
stored in the accumulator. 
 
Chemical � Electrical 
Above is mentioned that in batteries, the conversion between these two states can be 
reversed. In other words, combining two chemical can lead to a redox-reaction in which 
new chemicals and electricity are created. The problem is, that this reaction ends as soon 
as all the material has reacted. In a fuel cell, this is solved by having the chemicals flow 
through the reactor and leading away the produced material, which is the main difference 
with batteries.  
More on fuel cells can be found in Attachment A9.  
 
Chemical � Mechanical 
The energy stored in chemicals can be released in various manners. From combustion, 
heat can be generated, and this thermal energy can be used to expand gasses, which in 
turn will apply force on the walls of the combustion chamber, thus creating mechanical 
energy. This is in very short how an internal combustion engine works. More on internal 
combustion engines can be found in Attachment A7.  
Another way is nuclear power, using a fusion or a fission process, creating thermal 
energy. Again, this energy is used to expand a gas, which can be used to apply force on a 
turbine blade, thus creating mechanical energy.  
Turbines are explained in Attachment A8 
Nuclear power plants are discussed in Attachment A2. 
 
Thermal � Mechanical 
Thermal energy can be used to expand gasses. These gasses can in turn be used to apply 
force on, for example, a turbine blade. The rotational movement of this turbine can be 
used by electrical machines to generate electricity. The same expanding gasses can also 
be used in piston engines,  again creating rotational movement (of the crankshaft). The 
Watt steam engine and the Sterling engine are good examples. 
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Thermal � Thermal 
A material flow can be created by applying thermal energy to one side of a heat 
exchanger. The expansion of the material due to the heating, or the shrinking of the 
material due to cooling, will change the volume and create a mass flow. This mass flow 
can also be apply force on a rotor, creating mechanical energy. 
 
The different energy converters can also be used in chain, in order to create a complete 
drive train. 
This chain needs at least to include a mechanical energy state, which is used for 
propelling the vehicle. This energy state is always followed by the final conversion into 
friction, due to roll and air resistance. 
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Chapter 3: Topology selection 
 

3.1 Introduction 

 
The Society for Nature and Environment challenged the three technical universities of the 
Netherlands to develop a ‘clean, quiet and lean’ Car of the Future, called c,mm,n vehicle.  
In Chapter 1, the vision and context for the c,mm,n vehicle are sketched. In Chapter 2, an 
inventory is made of available technologies for the propulsion of such a vehicle. 
The vision and context from Chapter 1, combined with the demands of the Society for 
Nature and Environment and technical requirements, will create a list of criteria for the 
power train.  
Based upon these criteria, choices are made, and a final topology for the power train is 
designed. This is the approach as used in [84].  

3.2 Topology 

 
For all three functions in the energy flow, requirements can be listed. The functions were 
distinguished earlier in Chapter 2, and are energy transfer, storage and conversion.  

3.2.1. First function: Energy transfer. 

It can be seen in Chapter 2, that there are five types of energy transfer. 
These are force exchange, heat exchange, material exchange, electron exchange and 
photon exchange. 
The energy transfer methods at least have to comply with the following demands:  
 

- Must at least be as energy efficient over the total process of transfer as the current 
refueling of automobiles, 

- Must not cause a massive change in infrastructure, including storage and 
distribution,  

- Must enable to move the vehicle in any direction over land, unlimited by 
infrastructure, 

- Must enable the vehicle to move at all times, regardless of the time of day, or the 
weather conditions, 

- Must transfer the energy in an acceptable period of time, competitive with current 
refueling of automobiles, 

- Must have an understandable user interface for the all users. 
 
The various types of energy transfer methods are rated from -- (very negative) to ++ 
(very positive) for these assessment criterion, from a sustainable point of view. A “o” is 
denoted if not enough information is available to give a rating, or if the rating is 
depending on to many different factors.  
The ratings are based on reasonable outlooks and predictions for the near future, and are 
strongly influenced by the progress in technology. New developments, unforeseen 
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breakthroughs and other unpredictable factors can make the current ratings obsolete. 
Although being based upon thorough research, the ratings leave room for discussion.  
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Table 3.1 : Comparisons of energy transfer methods 
 
From this table, some conclusions can be drawn. 
Two transfer methods have only one negative score. These are intermittent material 
exchange and intermittent heat exchange using convection. Both are judged negative on 
the criteria for energy efficiency due to the energy loss in the material supply and 
removal necessary for these transfer methods. Negative grades on this aspect are also 
scored by continuous photon exchange and continuous heat exchange using radiation. 
This is due the low energy efficiency of the transfer method itself.  
 
One of the decisive criteria is the rating for the effects on the infrastructure. This rating is 
decisive for two reasons.  
Firstly, the impact both financial and in material of a (large scale) change in 
infrastructure is undesirable, and in case of the financial part, not realistic. Adapting the 
infrastructure to a new kind of energy transfer is costly in energy, space, material and 
money. For instance, intermittent electron exchange is often proposed, using charging 
stations at every home. Not only would this cause a parking issue, also the construction, 
maintenance and replacement of the charge points requires money, material and energy. 
Secondly, it is believed that the acceptance of the public will be lower if a completely 
new infrastructure is proposed, as would be the case for, for example, all the force 
exchange methods. 
All energy transfer methods with negative scores on these criteria are abandoned.  
  



 37 

For the same reason, the public acceptance, any concessions to the freedom of movement, 
making the vehicle dependent on the infrastructure are unacceptable. This is therefore the 
second decisive criterion.  
Continuous energy exchange methods requires the vehicle to stay on the used 
infrastructure at all times, thus restricting the freedom of movement to the roads or tracks. 
A construction can be developed, in which the vehicle will move on its own power after 
leaving the track, using an energy buffer. This would still introduce the need for a new 
infrastructure. As has been decided before, solutions requiring big alterations of the 
current, existing road infrastructure are abandoned.  
This leaves only the intermittent energy exchange methods as possible solutions. 
 
Weather conditions should not be of influence on the availability of the vehicle, except of 
course for extreme weather. Wind, or sunlight, are to unreliable to assure availability of 
the vehicle at all times. The possibility to use an energy buffer makes this criterion non-
decisive.  
 
The time and user interface of the actual energy transfer process are considered to be of 
less importance. Continuous energy transfer score positive grades on this criteria, since 
the energy necessary for movement is instantaneously provided to the vehicle. For 
intermittent energy exchange methods, the time that the vehicle needs to be connected to 
the energy exchanger is decisive in the grading.  
Currently, refueling a passenger car is done in minutes. In this period of time, roughly 
450 [kWh] is transferred. (See 2.4) [19] With the designed vehicle being more energy 
efficient, and the accepted transfer time being slightly longer, it is assumed that 150 
[kWh/min] is an acceptable transfer rate. To achieve this with, for example, intermittent 
electron exchange, is hardly possible.  
 
Solar power, used in radiation intermittent heat exchange and intermittent photon 
exchange, scores high marks on all criteria, except for weather dependency and time 
dependency. This is due the dependency for daylight.  
An energy buffer can be installed, solving this dependency.  
Bright daylight has an energy density of 1000 [W/m2], or 1 [m2/kW] in the Netherlands. 
[85] For the NEDC, a light weight vehicle needs 3,2 [kW] [47], or 3,2 [m2] of 100% 
efficient photo-voltaic cells. With the sun being at an angle with the surface in the 
Netherlands, and PV-cells not being able to convert the incoming energy without any 
losses, a larger surface area is at least necessary. This energy transfer method is only 
realistic if used in combination with another energy transfer method.  
 
Intermittent material exchange and intermittent heat exchange using convection are the 
remaining solutions as energy exchange method. 
Next, the associated storage methods are evaluated. 
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3.2.2. Second function: Energy storage. 

The energy storage system: 
- Must have a high energy density, in the order of [kWh/kg],  
- Must have an as high as possible storage energy efficiency, 
- Must be safe for the occupants and the surroundings at all times, 
- Must be available, or promising enough, for commercial use in the near future, 

being the year 2020, 
- Must have an energy release rate high enough to match the vehicle’s energy 

consumption of 3,2 [kW] average for the NEDC, 
- Must not impose a larger load in waste material on the environment compared to 

current systems. 
 
The low energy density storage systems that are found at the heat and force exchange / 
mechanical storage section, are not favored. Their low volumetric and mass energy 
density would result in vehicles with a high mass, and a large storage volume for the 
energy buffer. The amount of energy necessary for propulsion can be lowered the easiest 
be lowering the vehicle mass and volume. Therefore, a large and heavy energy storage 
system has to be avoided as much as possible. As maximum, the storage system is 
allowed to be half the total weight of the vehicle. With the vehicle weighing in the order 
of hundreds of kilograms, and the total amount of energy that has to be stored on board 
being in the order hundreds of [kWh], the mass specific energy density has to be in the 
order of 1 [kWh/kg] or higher. 
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Table 3.2 : Comparison of energy storage methods 
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To keep the vehicle weight as low as possible, the energy density of the storage method is 
a decisive criterion. Chemical storage using gasses and liquids, and electrical storage 
methods score positive grades on this criterion.  
 
In the previous section, intermittent material exchange and intermittent heat exchange 
using convection were selected as favorable energy transfer methods. For these energy 
transfer methods, material storage is the preferred storage method. If electric storage is 
used, an energy converter is necessary to store the transferred energy, introducing losses 
and limiting the energy transfer rate. 
 
The materials used for storage and transfer can be divided in fossil and non-fossil, and are 
usually called ‘fuels’.  
In various reports, fuel pathways are compared. Different types of analysis exist. The 
energy use of a vehicle can be divided in a well-to-tank path (WTT), and a tank-to-wheel 
path (TTW). Both paths together form the total energy use. This is called well-to-wheel 
(WTW). For this comparison, only WTW-analysis are considered. 
Based on these reports, the following table is constructed. 
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local GHG ++ ++ ++ -- -- -- -- - - -- -- - -- -- -- ++

global GHG + + + -- -- - - - - + - - + -- -- ++

energy efficiency [MJ/MJ] + + + ++ ++ - - ++ ++ -- - -- -- + + -

renewable ++ ++ ++ -- -- ++ ++ -- - - -- - + -- -- --

gravimetric energy density ++ ++ ++ + + + + + + - - - + + + ++
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Table 3.3 : Fuel comparison table [Attachment A1] 
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Figure 3.1 : Energy efficiency of complete fuel chain (WTW)  [50] 

 

 
 

Figure 3.2 : WTW total energy use of hydrogen production options [Btu/mi], [14] 
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From reports [14][20][41][50][53], and table 3.3, it can be concluded that compressed 
hydrogen, created from natural gas, is a preferable solution.  
It has a high gravimetric energy density, is locally clean and has one of the highest 
energy efficiencies of the compared fuel pathways. 
In the future, hydrogen should be created from renewable sources, such as wind power or 
solar power. It is beyond the scope of this report to investigate the possible solutions and 
alternatives. It is sufficient to conclude that a renewable solution for hydrogen creation is 
preferred and possible.  
 

3.2.3. Third function: Energy conversion. 

Possible converters for hydrogen are piston engines, turbines and fuel cells. 
An important goal of this assignment was to reduce the emission of GHG. The largest 
reduction of local GHG emission by vehicles can be achieved by using hydrogen as fuel.  
If hydrogen is used as a fuel for combustion, the high temperature allows the nitrogen and 
oxygen from the air to react. This causes unfavorable NOx emissions. In the case of 
internal combustion engines, this problem can be solved by either fitting an exhaust gas 
after treatment unit such as a NOx-catalytic converter, or by increasing the air –fuel ratio 
to 2 or higher. The latter will also improve the efficiency of the ICE. In turbines, such 
high lambda values are not possible. Lowering the emissions of NOx can be achieved by 
blending the hydrogen with a fossil fuel, such as natural gas. [18]  
Since we want to reduce the emission of GHG as much as possible, and also try to save 
on the use of fossil fuels, blending hydrogen with natural gas is not a very favorable 
solution, as can be seen in the WTW reports as well. [14][20][41][50][53][64][80]  
Both ICE and FC operate on pure hydrogen, the turbine needs additional natural gas. 
After combustion of hydrogen in an ICE, NOx emissions occur, which is not favorable. 
Since the turbine combusts a combination of hydrogen and natural gas, CO and CO2 are 
produced in the process. 
 
Looking at the efficiency of the energy converters, it can be seen that the PEM FC can 
have an efficiency of 65% or higher, while the ICE has an efficiency of approximately 
38% and the turbine can get up to 58%. The PEM FC has the highest efficiency, which is 
reached if running at partial load. The ICE and turbine both have to operate at full load to 
reach the highest possible efficiency. In a drive cycle, and in everyday driving, the power 
train is usually operated at partial load, only needing the peak performance for 
accelerating, or short periods of time of the total operating time. 
 
With the energy converter being used in mobile application for personal transport, noise 
production can be a problem. Constant noise production can be found annoying for 
passengers, and dynamic noise production can also be a comfort related issue. All sounds 
can be isolated, but isolation is additional material, which is additional weight, and cost 
for the manufacturer. The actual process inside a fuel cell is quiet, but the air compressor 
pump and other subsystems introduce noises. Still, the amount of sound produced by a 
fuel cell system is less compared to an ICE or a turbine. The sound produced by an ICE, 
is sometimes found to be attractive as well, making this a subjective criterion. 
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PEM FC ICE Turbine

Works with hydrogen? ++ ++ -

Local GHG emission? ++ + --

Efficiency? ++ - +

Noise? ++ +/- -
 

Table 3.4 : Hydrogen energy converters. 

 
The two remaining solutions for providing propulsion energy to the Car of the Future are 
internal combustion engines and fuel cell technology. The choice between these two 
technologies has to be made based upon other arguments. 

3.3 Choice between FC and ICE 

 
Appeal 
The c,mm,n vehicle will be presented at an international motorshow in the Netherlands, 
called AutoRAI.  
The goal of the Society for Nature and Environment, the initiator, was to appeal the 
audience in order to draw attention to new, ‘green’ technologies, and create a market 
demand for these solutions.[46] 
There are many ways to appeal to an audience. The audience of a motorshow is usually 
appealed by either luxury cars, or sports vehicles.  
The people who like sports vehicles, would like the noise and roar of an internal 
combustion engine, while people who like luxury would like to have the quietest car 
possible.  
This is a traditional view on cars, which might change in the near future. By introducing 
prototypes of sports cars that use full electric propulsion, car manufacturers try to alter 
the general publics view. For example, Peugeot (PSA) introduced their fuel cell 
technology in a sporty coupe-cabriolet, the 207 epure.  
The Society for Nature and Environment prefers the car of the future to be clean, quiet 
and lean, and therefore tries to appeal to the part of the audience that likes quiet cars.  
 
Fuel transition roadmap 
As said before, hydrogen turns out to be the best fuel option for the future. This is agreed 
upon by many car manufacturers and even major oil companies. Reshaping the entire fuel 
infrastructure to a hydrogen based fuel economy is not done overnight. 
Fuel transition paths are sketched [shell], which show a gradual transition from fossil 
fuels, to bio-fuels, synthetic fuels and finally hydrogen. During such a transition, multi-
fuel vehicles are necessary. At this moment, the first multi-fuel vehicles are commercially 
available, such as the Ford C-Max and Volvo V50 Flexifuel. [90] 
After completing this transition, multi-fuel vehicles are not necessary anymore. The 
higher efficiency of fuel cell vehicles will be of more importance than the ability to work 
on multiple fuels.  
 
Modularity 
Two different technology paths can be followed, fuel cell technology and internal 
combustion engine technology. Both are equally relevant.  
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Internal combustion engines for their emotional, sporty appeal, and fuel path transition, 
fuel cell technology for their quietness, luxury appeal and high fuel efficiency. 
In the scope of this project, Open Source design plays a major role. The public should be 
able to design, or assemble, their own vehicle. Participation in the design process by the 
buyer should create more awareness, and more involvement. 
In respect to this view, it is tried to leave the option for power source open, and the 
choice for the buyer/constructor. 
A solution is found in developing both power trains, within the same space on the 
chassis. The complete power house can thus be switched, according to the customers 
wishes.  
 

 
Figure 3.3 : Modularity [61] 

 
Decision 
It has been decided that both paths of technology will be followed, presenting two 
different solutions to the audience, which will be interchangeable.  
This report from here on continues in the direction of the fuel cell power train, [77] 
continues research in the direction of a multi fuel internal combustion engine, supported 
by electric machines.  
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3.4 Fuel Cell path. 

 
Introduction 
In the previous section it is explained that this report will deal about an electric machine 
driven vehicle, using fuel cells working on hydrogen to power the electric machines.  
This paragraph will go into more detail about this power train set-up.  
The type of fuel cell system will be chosen, the hydrogen storage system, the additional 
subsystems necessary will be sketched. 
Furthermore, the different sizes of the components will be determined. 

3.4.1 Storage 

The storage of hydrogen on board a vehicle is bounded by rules and laws, like every 
other fuel. Safety is an important issue, especially since hydrogen is scentless, and highly 
flammable. [27]  
As can be seen in the attachment, hydrogen can be stored in cooled, liquid state, in 
pressurized gaseous state and contained in solids. For all the components of this vehicle, 
our client asks for the most sustainable technology. The most important demand on the 
hydrogen storage system therefore is not the specific energy density, but also the energy 
consumption during storage and production of both the fuel and the storage system.  
The metal-hydrides used for solid storage become chemical waste when they are 
depleted, due to the metals used. [65] These metals and ceramics can be remanufactured, 
but this is an energy extensive process. With our client being the Dutch Society for 
Nature and Environment, the use of heavy metals is not desired.  
The liquid storage may have a higher energy density compared to pressurized storage, but 
the loss due to “boil-off” is high, and it takes more energy to bring hydrogen into a liquid 
state. [14][20][41][80] 
According to multiple reports, the most sustainable way to store hydrogen for mobile 
applications is pressurized storage, using a 700 [bar] pressure. [20][64] 
 
For presentation at the motorshow, an estimated guess for the size of the fuel tanks was 
expected. A look at the performance numbers of the current, experimental, fuel cell 
vehicles, shows that a number of 1 [kg] of hydrogen per 100 [km] is realistic nowadays.  
 

- Ford Focus Hydrogen:  4      kg / 300 km =   75 km/kg [94] 
- Honda FCX:    3,75 kg / 420 km = 112 km/kg [54]  
- GM HydroGen3  4,6   kg / 400 km =   87 km/kg [44] 
- VW Touran HyMotion 2,6   kg / 180 km =   70 km/kg [66] 
 

An driving distance of 600 [km] has to be achieved, to be able to compete with modern 
gasoline vehicles.  
 

- Opel Astra 1.6 16V 2005;  driving range  = 620 km [Autoweek] 
- VW Golf 1.6 16V 2005;  driving range  =  560 km [Autoweek] 
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With the low mass, and aerodynamic shape of the designed vehicle, combined with the 
use of an energy efficient power train, an reduction in fuel consumption can be expected.  
It is decided that approximately 4 [kg] of hydrogen should be stored on board the vehicle. 
The mass density of hydrogen at 700 [bar] is 3,9 [kg] / 100 [dm3], as can be seen in 
Attachment A4 : Hydrogen Storage. The storage tanks therefore at least need to have a 
size of 100 [dm3]. 

3.4.2 Fuel Cell stack type 

Criteria 
The hydrogen will be converted into electricity using a fuel cell. A fuel cell for mobile 
applications has to meet certain criteria. Besides the technical criteria, in the scope of this 
project criteria about sustainability will also have to be taken into consideration. 
A list of used criteria is;  

- An energy efficiency as high as possible, 
- No toxic materials are used, 
- Survive over 275,000 power demand fluctuations without significant performance 

loss [65], 
- Survive over 30,000 start-stop cycles, [65] 
- Survive over 5,000 hours of runtime, [30] 

These general requirements put demands on the separate parts of the fuel cell and on the 
working principle. 
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Electrolyte Solid Liquid Solid Liquid Liquid Liquid

Working temperature Low High High Low Low High

Efficiency 50-65 40-45 35-60 50-70 35-45 40-60

Power response ++ - - + + -

Amount of start ups ++ + - - + -

Lifetime ++ + ++ ++ + -

Toxicity electrolyte ++ + + -- -- --

Shock resistance ++ ++ - + + +

Fuel cell types

 
Table 3.5 : Comparison of hydrogen fuel cell types 

 
Furthermore, the fuel cell should be safe when in use. 
Obviously, the fuel cell system of choice should never be a hazard to the passengers of 
the vehicle, or to the environment. Consequently, the system should never get too hot on 
the outside, emit any radiation, or contain materials that can be harmful for humans to be 
around. The fuel also has to be safe to an acceptable [27] level. 
 
Safe in case of an accident. 
It is clear that the fuel cell system has to remain safe even in case of an accident. Of 
course the components can cause harm just by their physical properties, but the fuel cell 
system itself should not form an additional potential danger. 
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For the cell this means that the electrolyte should not be liquid, acid or toxic, and that the 
cell preferably should not catch fire easily, nor should it be made out of burnable 
materials. 
For the working principle this means that if the controller unit is disabled, the system 
should not uncontrollable or unstoppable continue working and that the fuel should not 
be very flammable.  
The fuel storage tank should not tear apart easily, explode or be dangerous in any other 
way. 
 
High energy efficiency.  
Producing fuels takes energy. To achieve the highest driving range and get the best fuel 
economy, the fuel cell system should have the highest efficiency possible. But, the 
production of the stack should also not put to much pressure on the environment, by 
using materials that consume a lot of energy to produce and dispose of.  
 
 
Types of fuel cell stacks. 
Looking at the criteria, it can be concluded that a good choice for a mobile application 
would be a fuel cell system with a dry electrolyte (safety) and a low operating 
temperature (quick start-up and power demand response). 
 
From literature study it can be seen that there are only three types of fuel cells that feature 
a dry electrolyte. 
First option has to be the PEM FC (Polymer Electrolyte Membrane Fuel Cell), which is 
also the most common used type of fuel cell in mobile applications nowadays.  The PEM 
is very suitable for these applications, since it also features a dry electrolyte, but mainly 
because it operates at a relatively low temperature, between 335 and 375 [K]. 
Second option is the SOFC (Solid Oxide Fuel Cell), favorable for its dry electrolyte, 
cheap materials and high resistance to poisoning with CO.  
The last option is the ZAFC (Zinc Air Fuel Cell). The main advantages are again the dry 
electrolyte, but also the use of zinc as fuel instead of hydrogen. The anode is made of 
zinc and can be replaced relatively quickly. This type has a closed hydrogen system, 
which protects it from the risks of poisoning with CO from the air, since no air is let into 
the system.  
 
Since the SOFC works at higher temperatures, has a brittle dry electrolyte, and is not very 
resistance to a large number of start-stops, this type turns out not to be very suitable for 
mobile applications. 
The ZAFC also has a high working temperature, but is not brittle. Its performance and 
resistance to the start-stops, power demand fluctuations and total runtime are still in test 
phase. The ZAFC will produce massive amounts of zinc-oxide if it would be used for 
mass transportation. This zinc-oxide will have to be remanufactured, which is energy 
extensive. The efficiency of ZAFC is low, compared to the PEM FC. 
 
 It can be concluded that the PEMFC is the best option for a sustainable, mobile, future. 
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3.4.3 Fuel cell stack size 

To determine the size of the fuel cell roughly, as an educated guess for the upcoming 
motorshow, a Matlab® file is used to calculate the maximum power necessary for 
completing the SFTP - US06 Highway cycle. [26]  
Using the specifications of the c,mm,n vehicle [86], 50 [kW] was the maximum power 
requirement at the wheels. 
The acceleration time from 0 to 100 [kph] can be estimated using [47] 
 

max

2

0
0

P

mv
t v≈          (3.1) 

 
Giving an estimated 0 – 100 [kph] time of 13,1 [s]. Compared to the current Dutch 
market leader, the Opel Astra 1.6 16V (2004), which has a 0 – 100 [kph] acceleration 
performance of 12,3 [s], this seems acceptable by the major audience. 
 
This maximum power has been calculated as the power that the wheels will have to 
deliver to the tarmac. The efficiency of electric machines in their maximum power output 
point is estimated to be 90%.  
The power demand of the electric machines will be approximately 56 [kW] at maximum. 
Together with an estimate of 3 [kW] of electrical load for auxiliaries such as air 
conditioning2, the electrical power load is 59 [kW]. 
A power train with a 60 [kW] electric output should be enough. 
 

3.5 Energy buffer. 

 
Since electric machines propel the vehicle, minor adaptations can make energy 
recuperation possible, but a PEM fuel cell cannot work in reverse.  
The recovered energy from the electric machines must be stored in a different device.  
The same energy buffer can also assist the fuel cell at maximum power demand, and store 
the excess power from the fuel cell. This power excess occurs when the vehicle energy 
demand is lower than the energy produced by the fuel cell while running at idle. 
 
An electric energy buffer for mobile applications has to meet the following demands.  

- High (dis-)charge rate. 
Absorbing and releasing energy has to be done within a short period, to allow for 
high power levels, making it possible to cope with dynamic driving behavior. 

- Long lifetime. This means it has to be able to withstand at least as many charge – 
discharge cycles as a car has accelerations and decelerations during its lifetime . 
For passenger cars, this is approximately 275,000 accelerating – decelerating 
cycles. [65] It seems reasonable to assume that the energy buffer at least has to 
meet this requirement. 

 

                                                 
2 Estimate based on current electrical load (4 – 6 [kW] [10]) and an expected improvement in energy 
efficient techniques. 
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For this project, the new, unreleased, Toshiba Super Batteries seem like the best solution. 
[91] Unfortunately, there is not much reliable information available about this battery. 
So, for further simulations and specifications, super capacitors are chosen.  
Super capacitors have the highest specific energy density, and have a very high 
(dis)charge rate. 
Also the expected life time is very long, which makes this technology favorable over 
batteries, since less waste will be produced. 
SC technology is considered to be a very promising technology, with a good outlook for 
the future for the power and energy density. 
 

3.6 FC – SC hybrid 

 
Component size 
The total maximum energy that will have to be delivered by the combined power systems 
in the vehicle is 59 [kW]. Converters between the fuel cell and the super capacitors will 
cost energy, and the electric grid inside the car will also cause some losses. 
It therefore makes sense to choose the designed maximum of the fuel cell system and the 
super capacitor pack at 60 [kW]. 
During a drive cycle, the average power demand is lower than the maximum power 
demand. Most of the time, a low power demand for maintaining speed is required. 
The average power demand for the c,mm,n vehicle at the NEDC is 5.7 [kW] and the 
average power demand for completing the SFTP US06 highway cycle is 16.4 [kW]. 
The maximum output of the fuel cell is chosen slightly higher, so overall it will always be 
able to charge the super capacitor pack. 
The SC pack is of course also charged during energy recuperation modes, or braking. 
Since a fuel cell, if switched on, is always delivering idle power, this power can and will 
also be used to charge the SC during stand still periods in the drive cycles. 
Based on these considerations, a fuel cell stack size of 30 [kW] and a super capacitor 
pack of 30 [kW] are chosen. 
Simulations (see Chapter 4) will have be made to validate these dimensions. 
 
Lay out 
For converting the electricity to movement, electric machines were chosen. Multiple 
design configurations are possible: 

- One central machine, and two (front, A1, rear A2) or four (A3) powered wheels, 
- Two machines, each powering one wheel, placed on the chassis (B) or in the 

wheels (C), front wheel driven (B1 and C1) or rear wheel driven (B2 and C2) 
- Two machines, each powering one set of wheels (D) 
- Three machines on chassis, two powering one wheel (front E1b and rear E2b) and 

one powering the other set of wheels. 
- Three machines, two in wheel (front E1b, rear E2b) and one powering the other 

two wheels  
- Four machines, each powering one wheel, placed on the chassis (F) or in the 

wheels (G), or two in wheel and two on chassis (in wheel at the front H1 and at 
the rear H2) 
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number of motors location front rear all

one on chassis A1 A2 A3

two (one per wheel) on chassis B1 B2

in wheel C1 C2

two (one per axis) on chassis D

three two on chassis E1a E2a

two in wheel E1b E2b

four on chassis F

in wheel G

two in wheel H1 H2

powered wheels

 
 

Table 3.6 : Locations and types for electro motors 

 

The first choice that has to be made, is between a two wheel powered configuration, and 
a four wheel powered configuration. 
Although is an ongoing discussion, in general four wheel driven configurations are said 
to give the better vehicle dynamics. 
The traction forces are divided over all four wheels, resulting in less torque per wheel. 
The vehicle stability systems will have the possibility of distributing the power to the 
wheel with the most grip in slippery conditions. In extreme conditions, the handling of 
four wheel powered vehicles will remain neutral, and more predictable. 
It is also of benefit for the energy recuperation, reclaiming power at all four the wheels. 
No brake energy will be lost. 
Driving all four the wheels is more complex in design and energy management compared 
to two wheels, and will also cost more materials, resulting in a higher cost price. 
 
Now the choice has to be made between configurations D to H. 
Drive shafts, universal joints, differentials, and gear sets all consume power due friction 
losses.  
In wheel motors eliminate the need for all these parts, but add mass to the wheel, 
resulting in high un-damped mass, and thereby lower comfort for the passengers. 
 
On chassis motors need space on the chassis, reducing interior volume and reducing the 
flexibility of the set-up, due to the rigid shafts. 
Benefits are the lower un-damped mass of the wheels, and the lower maintenance 
necessary. It might also be considered to mount small machines, and a gear box. 
This gear box will introduce energy losses, and cost volume. A separate gear box is not 
very sustainable, since more parts will be necessary, and more maintenance and wear will 
occur.  
 
The benefits of in wheel motors, and the desire to power all four the wheels, leave option 
G as solution.  
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As a part of the Car of the Future-project, a student of Eindhoven University of 
Technology is developing a new type of active suspension, using less energy compared to 
known active suspensions.[86] 
This newly developed technology will reduce the influence of the un-damped mass at the 
comfort, enabling the use of in wheel motors without the drawbacks. 
 
From literature study [attachment electric machines] it was already clear that permanent 
magnet synchronous direct current (PM- synchronous DC) electric machines are the best 
choice for propulsion of vehicles, the placement of the electric machines inside the 
wheels supports this choice. 
 
“Modularity” is one of the keywords in the vision of c,mm,n [61]. This can be found back 
in the ease by which the electric machines can be replaced by new, more efficient, or 
more powerful ones. It can be also be found back in the freedom of position of parts on 
the platform, since no volume is taken by electric machines or shafts. The complete 
propulsion system is working ‘by-wire’, i.e. no fixed connections exist between the 
various parts, besides the suspension, mounting the wheels to the chassis. 
This is especially true when using the outer rotor type. 
 
It is clear that option F, four small outer rotor synchronous DC electric machines inside 
the wheels of the vehicle is the best choice for the c,mm,n vehicle. 
 
The size of these PM- synchronous DC in wheel motors is determined by the required 
power output. Previous, it is stated that 60 [kW] is the maximum total energy demand. 
The maximum torque demand is 308 [Nm] for the NEDC and 1048 [Nm] for the SFTP 
US06. 
Per wheel, 15 [kW] has to be delivered as maximum performance, and 262 [Nm].  
Electric machines can shortly deliver up to twice the nominal power [83], 7,5 [kW] 
electric machines are sufficient. To save lifetime, and to have some reserve for 
compensating if one wheel cannot distribute all its power to the tarmac, the electric 
machines are specified at 10 [kW] nominal power each. 
In wheel motors with these specifications are already available. [72] 
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3.7 Conclusion 

 
For storage, a 700 [bar] pressurized hydrogen tank is used.  
For energy conversion, a hybrid system of a 30 [kW] polymer electrolyte membrane fuel 
cell system combined with a 30 [kW] super capacitor pack is used. 
The propulsion power comes from four 10 [kW] in wheel permanent magnet outer rotor 
electric machines. 
Between the various components, dc/dc converters are necessary. 
 

 
Figure 3.4 : Lay-out vehicle 

 
The power train is more complex, some parts need additional research and development. 
For cooling, a cooling system will have to be designed. The oxygen for the fuel cell 
system must come from the air, and the produced water and other waste product will have 
to be disposed in the air. An air circulation system has to be designed for this purpose.  
All these systems will have to be managed by a centralized computer unit (CPU). 
 
The complete power train for the c,mm,n vehicle is hereby defined. 
The sizes of the components can be further optimized. For this, the next chapter will 
discuss a programming tool, called Dynamic Programming. 
 
 



 52 



 53 

Chapter 4: Dynamic Programming 
 

 

4.1 Power management 

 
The power train of the c,mm,n vehicle, as presented in the previous chapters, features a 
30 kW PEM fuel cell stack (FC) and a 30 kW supercapacitor pack (SC), powering all 
four wheels, using four in wheel electric machines. 
An energy management strategy is necessary to decide the used power source, and the 
power demand at each power source. 
The FC can charge the SC, and the SC can also be charged by the regenerative braking 
mode. 
Multiple modes can be distinguished: 
 

- The power demand can be delivered by the FC alone 
- The power demand can be delivered by the SC alone 
- The power demand can be delivered by the FC and SC combined 
- The FC can deliver the demanded power and charge the SC at the same time. 

 
If the FC and SC are both delivering power, the ratio can be optimized, and if the FC is 
delivering power and is charging the SC, the charge rate can be optimized. 
The amount of power a SC is capable of delivering, is dependent on its charge.  
 
The complete optimization problem is dependent on the state of charge of the SC. 
The change in charge determines the amount of power the SC delivers or receives, and 
thus the amount of power the FC has to deliver. Optimization problems like these can be 
solved using Dynamic Programming. [58] In this chapter, the dynamic programming of 
the power train of a FC-SC hybrid vehicle is addressed, using the c,mm,n vehicle as an 
example. The used Matlab-files can be found in the attached CD-Rom and are briefly 
discussed in  Attachment A10. 
 

4.2 Dynamic Programming  

 
The hydrogen consumption has to be minimized. This is done by optimizing the state of 
charge of the SC. The state of charge depends on the amount of power delivered by the 
FC, and the amount of power requested by the vehicle. The vehicle needs power for 
driving, and for the auxiliaries. During braking, power can be recuperated by the electric 
machines, which can be used to charge the SC. This problem can be represented as a 
dynamic optimization problem, where is the system is described by: 
 

( ) ( ) ( )( )ttutxftx ,,=&         (4.1) 
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This system has to be controlled, such that the cost criterion is minimized. 
The cost criterion for controlling the optimization problem is the cumulative fuel 
consumption, expressed as: 
 

( ) ( )( )∫
nt

dtttutxm
0

,,&         (4.2) 

 
The constraints are: 
 

( ) ( )( ) ( ) ( )( ) 0,,,0,, =≤ ttutxttutx ϕφ       (4.3) 

 
x(t) represents the state variable, being the energy storage level, and u(t) represents the 
control variable, which is the power from the super capacitor, expressed as the current 
flow. The constraints that apply to this problem are given by the power available from the 
fuel cell (Pfc), the electrical load from the electric machines (Pemg) and the current (I) and 
charge (Q) of the super capacitor: 
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      (4.4) 

The charge Q of the super capacitor at the end of the cycle should be the same as at the 
begin of the cycle, so no power is obtained from the super capacitor during the cycle. 
 

( ) ( )∫ ==
n

n

t
t

dttItQ
0

0
0         (4.5) 

 
In dynamic programming, for a fixed time step, typically one second, the power request 
of the vehicle is calculated for the complete drive cycle, and all the possible changes in 
the state of charge of the SC. This means Dynamic Programming can only be used if 
upfront the power request by the vehicle for every second of the drive cycle is known, 
and the end time is finite. The possible changes in state of charge for this second are 
dependent on the state of charge of the previous second, so a starting point has to be 
chosen. The change in state of charge gives the power delivered or consumed by the SC, 
and as a consequence, the power demand at the FC. For every state of charge, the lowest 
cost to get there is stored, and afterwards the path of the lowest cost is traced back.  
This will result in calculation of the path of lowest power demand at the FC for this drive 
cycle, and thus the lowest possible fuel consumption for this drive cycle. This is 
considered to be the optimal solution.  
It is now also possible to change component sizes, in order to find an optimal in fuel 
consumption. This is done in 4.3.3. 
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4.3 Models. 

4.3.1 Vehicle 

For every second of the drive cycle, the power demand of every component of the power 
train has to be known. In order to fully understand this power train, and all its 
components, a model of the vehicle and the involved power paths is made. 
 

 
Figure 4.1 : Power flow vehicle 
 
This model uses a so-called ‘backwards power flow’.  

- The power demand of the drive cycle is calculated according to the vehicle 
specifications, expressed in torque (T_rl) and speed (w_rl) 

- Using a model of the electric machines, the electric power demand is calculated 
(P_emg)  

- The auxiliary power is added (P_board) 
- A change in state of charge of the SC is chosen, which will result in a certain 

power demand or delivery (Psc). 
- The total power request at the FC system is calculated (P_temp) and compared to 

the idle power of the fuel cell. 
- From this comparison, the amount of power as hydrogen mass flow necessary for 

the fuel cell to deliver this power is found. (Ph2) 
 

Every possible change in the charge level of the SC will result in a different energy 
consumption of the FC. The lowest solution is stored.  
For more information about the working principle of Dynamic Programming, see [58]. 
 
For all the components, separate models are made, using Matlab® Simulink. 
These models are based on the models used in the QSS-toolbox, developed by the Swiss 
Federal Institute of Technology (ETH) in Zurich. [47][48] and on physical models. 

4.3.2 Drive Cycle 

After loading all the vehicle parameters, such as weight, size and roll- and drag-
resistances, the power and torque required to complete the loaded drive cycle is 
calculated, using the vehicle formulas [47]: 
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( ) ( ) wt RtFtT =          (4.6) 

 

( ) ( ) ( )tvtFtP t=         (4.7) 

 

With Rw  the wheel radius, and ( )tFt  the total force of the vehicle calculated using: 

 

( ) ( ) ( ) ( ) ( ) ( )tFtFtFtFtFtF dgraccairt ++++=      (4.8) 

 

With ( )tFair  the force applied by air drag; 

 

( ) ( )tvcAtF dfairair

2

2

1
ρ=        (4.9) 

 

Where airρ  is the air density [kg/m3] at sea level and atmospheric pressure, fA the frontal 

surface area [m2] of the vehicle, and dc the air drag coefficient [-]. 

 

In (4.6), ( )tFacc  are the inertia forces during accelerations; 

 

( ) ( )tv
dt

d
mtF vacc =         (4.10) 

 

( )tFr  is the drag force from roll resistance; 
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With 
rc the roll resistance coefficient [-] and α the gradient of the slope [°] 

( )tFg
 is the gravity force when driving on a slope; 

 

( ) ( )αsingmtF vg =         (4.12) 

 

And ( )tFd  is the drag force caused by the inertia of the wheels (and in-wheel motors); 

 

( ) ( )tv
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w

d 2

4
=         (4.13) 

 

The wheel inertia wJ  is calculated by  
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2

2

1
www RmJ =         (4.14) 

4.3.3 Electric machines 

The torque required at the wheels and the speed as prescribed by the drive cycle are used 
as inputs for the model of the electric machines. A look-up table is used, adapted from the 
Advisor file for the Auxilec Thomson 32 kW (continuous), permanent magnet 
motor/controller, and modified to the specifications of the in wheel motors. 
The motor speed map is divided by a constant to match the maximum rpm of the wheels, 
and the torque is multiplied with the same value to keep the power output equal. 
In this file, a continuous power demand is included, describing the power demand from 
the power electronics controlling the electric machine. 
From these inputs, the electric power demand of the in wheel motors is given as output. 
The positive values of this power demand are divided by the ac/dc converter, and the 
negative values are multiplied by the same converter efficiency. 

4.3.4 Super capacitor 

Two models of the SC are made. The first to calculate the maximum and minimum 
charge levels possible for the SC over the drive cycle, the second to create a grid with all 
possible values for the power delivered or consumed by the SC, depending on the charge 
Q and current I 
 
Charge limits calculation 
From the power required by the electric machines and the auxiliaries required power, the 
minimum power demand at the super capacitor can be calculated. It is assumed that the 
fuel cell is at least running at idle during the complete drive cycle. This power output can 
be subtracted of the minimal load of the drive line. The result is the minimal power 
available for (dis)charging the SC.  
The maximum power available for (dis)charging the SC, is calculated by subtracting the 
drive train and auxiliary load from the maximum power output of the FC. 
 
At the start of the drive cycle, the charge is at the initial level. Every next step in time, the 
new charge level can be calculated by adding the current current times the time to the 
previous charge. 
  
A simplified scheme of the electric circuit of a super capacitor can be found in figure 4.2. 

 
Figure 4.2 : Electric circuit super capacitor. 
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Using discrete time t=k∆t, the new charge Q(k) can be calculated from the previous 
charge Q(k-1) and P(k) by: 
 

( ) ( ) ( ) tkIkQkQ ∆+−= 1        (4.15) 

 
With: 
 

( ) ( ) ( )kUkPkI =         (4.16) 

 

( )
( )

( )kIR
C

kQ
kU SC

SC

−= ,       (4.17) 

 
Substituting I(k) from (4.15) in (4.17) gives: 
 

( )
( )

( ) ( ) 02 =+− SC
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C
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kU       (4.18) 

 
This can be solved for U(k) [47]: 
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     (4.19) 

 
Using this equation and the right sizes for the components, the charge should decrease 
during the drive cycle if the minimum available power is used, and should increase if the 
maximum available power is used. From the minimum and maximum available power, 
the minimum and maximum charge is calculated, using (4.15) to (4.19).  
These charge levels form boundaries for the dynamic programming later on. 
First, from the maximum power, the charge is calculated until the maximum charge level 
is reached. Once the maximum charge is reached, the charge is kept at that level. Then, in 
a second calculation, the charge is calculated backwards starting at the last second, using 
the minimal available power, until the maximum level is reached again. This is done to 
make sure the charge ends at the same level as it begins with. 
The same calculations are made for the minimal charge level, thus creating the 
boundaries for the dynamic programming. 
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Figure 4.3 : Power and charge limits for a 30 kW SC, NEDC cycle, 30 kW 5% Idle FC 

 
Power grid calculation. 
From the current range and the charge range, a grid can be constructed with the power 
delivered or taken by the SC for all possible charges and currents. 
The values for the grid size are picked such that they match with the step size of the DP 
program. All values for Q and I  now match the indices of the matrix. This will make 
interpolation unnecessary and reduce calculation time of the routine. Using current as 
input instead of power, and calculating the power output instead of current as is done in 
(4.15) to (4.19), different formulas apply. First, the internal voltage is calculated as a 
result of the charge and current: 
 

( ) ( ) sc

sc

NESRtI
C

tQ
tU 
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       (4.20) 

 
Where ESR is the Equivalent Series Resistance, the replacement resistance for the 
supercapacitor stack series, and Nsc is the number of capacitors in series. 
 
Then, the output power can be calculated using: 
 

( ) ( ) ( )tUtItP =         (4.21) 

 
And is stored in the power grid matrix. 



 60 

Also, the new charge level is calculated. If this new charge is outside the boundaries, this 
step in current is considered infeasible, and the corresponding matrix points for the power 
grid matrix are changed into “Not a Number”.  

4.3.5. The fuel cell model 

For modeling the fuel cell system, a look-up table is made. (Figure 4.4). From literature 
[23] a surface current density of maximal 6000 [A/m2] for the PEM FC stack is chosen. 

 
Figure 4.4 : 30 kW PEM FC model 

 
From this look-up table, using the current density IFC  as input, the cell voltage v(k) can 
be found. The current density IFC inside the fuel cell is calculated using an iterative 
process (4.22). This iteration is necessary to include the dynamic behavior of the air 
compressor.    
 

( )
( )

( ) FCFC

Intern
FC

AkV

kP
kI

1−
=        (4.22) 

 

With AFC  the total active surface area of the fuel cell and InternP  calculated from: 

 

( ) ( )1−+= kPPkP compaskIntern        (4.23) 

 

askP  is the constant power asked at the fuel cell for that time step Pask(t), and Pcomp is the 

power demand of the air compressor. The cell voltage v(k) multiplied by the number of 

cells NFC gives the total fuel cell voltage ( )kVFC
, which is used as input for the iteration.  

 

( ) ( ) FCFC NkvkV =         (4.24) 

 
The cell voltage is divided by the theoretical ideal cell voltage, resulting in the efficiency 
of the fuel cell. 
 

( ) ( ) thFC Vkvk =η         (4.25) 
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This efficiency is used to calculate the power output for this time step PFC(t) = PFC(k) of 
the fuel cell after finishing the iteration, which is the equivalent for the fuel consumption, 
 

( ) ( ) ( )kkPkP FCernFC ηint=        (4.26) 

 

The power consumption of the air compressor compP  is used to calculate the compressor 

losses, necessary for (4.23), using: 
 

( ) ( ) compFCcomp CkPkP =        (4.27) 

 
With Ccomp the constant compressor losses [-], calculated by: 
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      (4.28) 

 
The factor ½ comes from the ratio O2:H2 in the reaction, and the factor 21/100 from the 

percentage of oxygen in the air. 
2_0 HH is the lower heating value of hydrogen, 

airM is the 

molecular weight, Iair is the air-hydrogen ratio, 
EMη is the compressor’s electromotor 

efficiency and the enthalpy difference 
airh∆  is calculated using (4.29). 
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In this formula, 
airpC _ is the specific heat of the air, 

airκ  is the isentropic efficiency of air 

and Tair the air temperature. 
cη is the air compression efficiency and 

cΠ the air 

compression ratio.  
Since changing the output of a fuel cell is a dynamic process, and the power demand for 
the air compressor follows the power demand and the increase in hydrogen input, this 
calculation is done in an iterative process. Simulations have been done to determine the 
number of iterations for the power output to stabilize. 
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Figure 4.5 : Number of iterations 

 
From this, 20 iteration steps were considered to be enough for further simulations.  

 
Figure 4.6 : 30 kW PEM FC Model. 
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In the dynamic programming program the power demanded at the fuel cell system is 
compared to the idle power of the fuel cell. The highest value is used for fuel 
consumption calculation. In the DP routine this will result in no fuel advantage to the 
states where the SC is delivering more power, thus ignoring these states. 

4.3.6. Complete system 

An initializing file is used to load all variables into the Matlab workspace. First, all 
physical properties are initialized. Next, the specifications of all vehicle power train 
components are calculated and specified. In this file, it is on purpose made easy to change 
the parameters of the components, for quick variations. 
After loading the drive cycle and calculating the boundaries for input and state as 
described above, the complete system is defined. 

4.3.7. Dynamic Programming Script 

For the DP program, the Q and I values are normalized, and rounded to make a clean fit. 
The normalized and rounded values are stored as input ‘x’ and state ‘u’. 
In the DP, for every second, a value from the range for x is taken, starting from the 
minimum value for that time step, up to the maximum value for that time step. 
For this x value, the u is varied between the minimum and maximum. 
This x and u determine the output power of the supercapacitor pack. This power is 
subtracted from the total power demand using the following equation: 
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      (4.30) 

 

With ( )tPtemp  the temporary power demand at the fuel cell stack. This temporary power 

demand is compared with the maximum and idle power of the fuel cell stack. For 
crossing the maximum, a large penalty in fuel consumption is given. If the temporary 
power demand is lower than the idle power, the idle power demand is used as input for 
the fuel consumption look up table. 
 

( )
( )
( )
( )

( )
( )
( )

( )
5

max

max

102 ⋅







=

=

=

→

→

→

≥

<

≤

<= tP

P

tP

tP

tP

P

P

P

tP

tP

tP

PtP temp

idle

fc

fc

fc

fc

fc

idle

temp

temp

temp

idlefc
    (4.31) 

 
The look up table from 4.3.5 is used to determine the fuel consumption of the fuel cell at 
the calculated power demand. If the power demand is outside this look up table, a penalty 
value is used, to show a significant spike in the fuel consumption. Due to this peak in fuel 
consumption, this point will never be considered an optimal solution. 
 
The new fuel consumption for this input is compared with the fuel consumption of the 
previous input. The value of the input is only stored if the resulting fuel consumption is 
lower, compared to the previous input value.  



 64 

After finishing the DP, the initial value for the state used as starting point for tracing back 
the optimal path is the same as the value for the state at the start of the evaluation. This 
way, the charge at the end of the drive cycle is the same as at the beginning. 
Otherwise, it would be necessary to compensate the fuel consumption value for the 
energy used from the SC, complicating the comparison of the fuel consumption numbers. 
 
For this x, the u with the lowest cost in the previous time step was stored, so this number 
is subtracted from the x value, giving the x value of the previous time step. 
Again, at this x value, the u value with the lowest cost has been stored. Using this 
method, all values with the lowest cost for the complete drive cycle can be traced back. 
For all time steps, it is now known what the optimal u is. 
Recalculating the according steps to current, for every time step the current drawn from 
the SC is known, together with the resulting charge of the SC. 
From this, the power from the SC is known at every time step. 
Taking the power demand of the drive train, and using (4.30) and (4.31), the FC power 
and fuel consumption values are known. 
This leads to the optimal solution and minimal fuel consumption possible for the given 
vehicle at the given drive cycle. 
 
For the DP, the routine from [58] is used, but rewriting it to adapt it to the fuel cell – 
super capacitor configuration encountered some problems.  
First of all, the input and state are different. In [58], the battery pack power Ps has been 
used for input u. For the state x Es was used, representing the energy still present in the 
battery pack. In the model used in this report, the input u has been defined to be I, the 
current at the super capacitor, while the state x was defined as Q, the charge left in the 
super capacitor. This meant both the boundaries and the super capacitor model had to be 
written such, that the current and charge together would give a power output, while the 
boundaries are defined in charge and current. 
Secondly, the original file was created for an internal combustion engine – electric 
machine hybrid. The boundaries for that routine were rpm-dependent. The FC-SC hybrid 
is energy optimization problem is not rpm dependent. The upper and lower power band 
for charging the battery pack in [58], were not limited by the drive cycle, but by the 
maximum current of the battery pack. The power available for charging the super 
capacitor in the model presented in this report is limited by the drive cycle. 
Also, a model had to be made for the SC, since the power output of the battery pack in 
[58] is assumed to linear dependent on the current. For a SC this assumption doesn’t 
hold, due to the internal capacitor. 
 
The next step is to vary in component size, in order to find the optimal component size.  
Having found these, it should possible to define a control strategy for the fuel cell – super 
capacitor hybrid power train. [4] 
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4.4 Validation 

4.4.1 Benchmark 

First, a benchmark is set, to see the decrease in fuel cell consumption after hybridization. 
As a benchmark, the vehicle is simulated without the SC, using only the FC for the 
electric power demand of the power train. No brake energy recuperation, and no storage 
of the excess idle energy from the fuel cell are used.  
This resulted in an energy consumption of 10,69 MJ for the NEDC and 14,53 MJ for the 
US06 (using a 60 kW, 5% Idle PEM FC). 
In figure 4.7 the hydrogen consumption of the fuel cell stack (P H2) and the power 
demand at the stack are plotted. The lower efficiency at higher loads can now easily be 
seen. 

 
Figure 4.7: 60 kW 5% Idle FC Only NEDC cycle 

 

To validate the used DP program, simplified drive cycles are used.  
The first drive cycle is a constant speed. For this drive cycle, the power consumption of 
the vehicle is calculated by hand and by DP, and these figures are compared. 
The second drive cycle has a speed increase, and is used to check the power split 
behavior.  

4.4.2 Constant speed validation 

As drive cycle, a constant speed of 72 [kph] for 100 [s] is chosen. 
Since the power consumption of such a drive cycle is low, compared to the maximum 
possible power output of the vehicle, it is expected that the fuel cell will run at partial 
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load, and the super capacitor is not used, since use of the SC would introduce losses in 
the system. 
The used drive train has a 20 kW fuel cell, with 5% idle power, and a 20 kW super 
capacitor. This is done to make sure the range of the available power for the super 
capacitor is large enough. 
 
First, the power consumption is calculated by hand. 

Using (4.6) to (4.14), the necessary force for propulsion, ( )tFt , is 194 [N]. 

For this, the mass of the vehicle is calculated to be 774 [kg], using (4.32) to (4.34) 
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The torque request at the electric machines ( )tTw  is 14.57 [Nm] per wheel. 
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From the look up table for the electric machines, it can be seen that the power 
consumption for each wheel at every second for this drive cycle is 1.9714 [kW] 
The power request at the fuel cell for all the four wheels and the board power 
consumption is 9.2310 [kW], from: 
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With ( ) 0=tPSC  for every second. 

The hydrogen consumption expressed as power demand from the fuel cell is 14.813 
[kW], from the look up table for the fuel cell power. 
This would mean an energy consumption of 1.4813 [MJ] for the complete cycle. 
 
Using the DP, the calculated energy consumption is 1.4813 [MJ], as expected. 
Also, as can be seen in figure 4.7, the super capacitor is not used. Using the super 
capacitor would introduce losses, and is therefore avoided. 
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Figure 4.9 : Constant speed validation, 20 kW FC,5% idle, 20  kW SC 

4.4.3 Speed increase. 

As second validation, it is checked to see whether the super capacitor assists during a 
sudden speed (power demand) increase. 
For this, a drive cycle is constructed with a small load for the first part of the cycle, 
followed by a sudden increase to a higher speed, which is then maintained for a while, 
until the end of the cycle. 
The small load is modeled as a constant speed of 5 [m/s] for 60 [s], the second part is an 
acceleration with 1 [m/s2] to 15 [m/s], and the third and last part is a constant speed of 15 
[m/s] for another 50 [s]. 
This sudden increase in speed, will result in a sudden increase in power demand, where 
the super capacitor should assist. For this, the super capacitor should be charged in the 
first part of the drive cycle, when the load is small, in order to keep the average efficiency 
as high as possible. 
The highest load from the power train, at the end of the speed increase, is 16 [kW], while 
the load in the first part is 1.4 [kW] and in the last part 5.2 [kW].  
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Figure 4.10 : Speed increase, 10 kW 5% idle fuel cell, 10 kW super capacitor. 

 
The third graph in the figure shows the super capacitor power. 
It can clearly be seen that the super capacitor accepts charge in the first part of the cycle. 
Also, the power demand during the acceleration part of the cycle is almost completely 
covered by the super capacitor, keeping the fuel cell at partial load. From figures it shows 
that the fuel cell is maintained at the same power output level as much as possible.  
The results of this simulation are completely as expected. 

4.4.4 Step size 

The step size in current and charge for the cost matrix as used in the DP, is 10 [A] and 10 
[C]. The maximum current is between 200 and 300 [A], dependent on the super capacitor 
size. The minimum and maximum charge in this model is between 6250 [C] and 11250 
[C]. Consequently, the cost matrix has a size of approximately 500 by 50. This limits the 
number of solutions for the optimization.  
It can be expected, that a larger grid size would result in lower fuel consumption, since 
the optimal solution can be calculated more precisely. 
To verify the accuracy of the solutions when using a step size of 10 [A] for the discharge, 
a larger grid is constructed, using a step size of 1 [A], and smaller grids are constructed, 
using step sizes of 25 [A] and 100 [A]. The results can be found in table 4.1 
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  NEDC FC40SC40 FC50SC30 

Stepsize dQ and dI 
Computational 
time [min] Result [MJ] Percentage Result [MJ] Percentage 

10 90 8,6154 100% 8,5678 100% 

25 10 8,8093 102,25% 8,9560 104,53% 

100 2 9,6612 112,14% 9,7972 114,35% 

      

  US06 FC40SC40 FC50SC30 

Stepsize dQ and dI 
Computational 
time [min] Result [MJ] Percentage Result [MJ] Percentage 

1 3600 12,1786 99,96% 11,8942 99,92% 

10 45 12,1829 100% 11,9035 100% 

25 5 12,2070 100,20% 11,9513 100,40% 

100 1 12,6043 103,46% 12,2928 103,27% 

 

Table 4.1 : Simulation results, varying step sizes 

 
The difference in calculated fuel consumption for this increased grid size with step size 1 
is 0.04 - 0.08% compared with the smaller grid with step size 10, for the SFTP - US 06 
calculations. The calculation time is 80 times as long. This is also the reason that the 
NEDC cycle is not calculated using a step size of 1. 
Not only are the results from the dynamic programming meant to look for an optimum, 
instead of finding an exact value, the difference in results is also acceptable small. 
Larger values for the step size are also considered. A step size of 25 would result in a grid 
of 200 by 20, reducing the calculation time to 10 minutes for the NEDC cycle and 5 
minutes for the US06, but also giving less accurate results by 0.2 to 0.4 % for the US06 
and 2.3 to 4.5% for the NEDC. A step size of 100 reduces the simulation time even 
further, to less then a minute for the US06 and less then two minutes for the NEDC, but 
also increases the difference in calculated fuel consumption to over 14% for the NEDC.  
 
For searching for a general direction for power train component sizes, a step size of 25 
can be used. If this DP model is used as benchmark for constructing a rule based 
controller, based upon the power distribution of the components during an optimal cycle, 
a step size of 10 is advisable. 
All simulations in this report are done using a step size of 10. 
 

4.5 Optimal component size 

 
The DP routine is used to determining the optimal component size for the fuel cell and 
super capacitors. 
In 3.4.2 it is decided that the combined electrical output of the fuel cell and the super 
capacitor should at least be 60 [kW]. It is also considered in 3.4.4. that the fuel cell and 
super capacitor both should have a size of 30 [kW] each. Since a fuel cell has a higher 
efficiency at partial load, a large fuel cell should reduce the hydrogen consumption. 
Unfortunately, increasing the fuel cell size will also result in an increased weight.  
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The vehicle weight without super capacitor or fuel cell is considered to be 650 [kg]. The 
combined weight of the 30 [kW] super capacitor and 30 [kW] fuel cell is 170 [kg]. It is 
obvious that an increase in power train weight will have a large effect on the total vehicle 
weight, and therefore on the whole vehicle energy consumption in a drive cycle. 
From this, it does not need further explanation that an optimum can be found in the size 
of the components, where the reduction in fuel consumption is in optimum with the 
vehicle weight. Heavier components will lead to an increase in fuel consumption, even 
more than what is compensated by the higher efficiency of the fuel cell system, or by the 
larger storage capacity of the super capacitor pack. To find the optimal solution, 
simulations with different sizes are done. Some calculations could not be done since the 
combined power output was not sufficient enough to complete the cycle. Other 
combinations of fuel cell and super capacitor sizes were not possible since the idle power 
of the fuel cell was so high, that the value for the minimal state of charge of the super 
capacitor exceeded the maximum state of charge during the cycle. To solve this, power 
from the fuel cell should be wasted, which would never lead to an optimal solution. 
 

 
Figure 4.11 :  Charge limits.  

 
The results from the variation in fuel cell and super capacitor stack sizes, are plotted for 
the NEDC and the SFTP-US06 cycle. In the NEDC, it can clearly be seen that an 
optimum is reached. Before this optimum, the fuel consumption decreases, due to the 
lower load at the fuel cell. As can be seen in the fuel cell model (figure 4.6), the lower the 
partial load, the higher the efficiency of the fuel cell system becomes. By increasing the 
fuel cell size, the relative load decreases. By increase the super capacitor size, more 
power can be delivered by the super capacitor, making it possible to reduce load at the 
fuel cell. After this optimum, the fuel consumption increases again, due to weight 
increase of the vehicle, and the matching increase in power demand. 
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Figure 4.12 : Fuel consumption [MJ] for the NEDC 

 

 

NEDC             

        FC       
SC 20 30 40 45 50 60 

30            - 8,7332 8,6084 8,5734 8,5678 8,6593 

40 8,9636 8,7152 8,6154 8,6077 8,6288 8,7199 

50 8,9690 8,7221 8,6341 8,6247 8,6506 8,7622 

 
Table 4.2 : Simulation results  for fuel consumption [MJ] 

 
Figure 4.13 : Fuel consumption [MJ] for the SFTP-US06 cycle. 

 

US06                 
        FC       
SC 20 30 40 45 50 60 70 80 

30            - 12,6359 12,1352 11,9998 11,9035 11,7844 11,7718 11,8151 

40 13,6835  12,6287 12,1829 12,0579 11,9599 11,8308 11,7467 11,7177 

50 13,8121 12,6261 12,2065 12,0946 12,0109 11,8892 11,8063           -  

 

Table 4.3 : Simulation results  for fuel consumption [MJ] 

 
The average power demand for the SFTP-US06 cycle is also higher, therefore it is not 
surprising that a larger fuel cell will give better results. 
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4.6 Results  

 
Since comparison of fuel consumption in the European Union is done by the NEDC 
results, it can be seen that the 50 kW fuel cell stack, in combination with a 30 kW super 
capacitor package, gives the optimal result. 
The fuel consumption for this combination is calculated at 8.57 [MJ] for the NEDC. 
Compared to the benchmark set by the 60 [kW] FC-only fuel consumption of 10.69 [MJ], 
this results in a reduction of 19.8 [%].  
For the SFTP-US06 cycle a fuel consumption reduction of 18.1 [%] has been achieved 
(11.90 [MJ] instead of 14.53 [MJ]). 
For comparing the total efficiency of the drive line, the total energy consumption from 
the road-load and the total energy demand as hydrogen are compared. The total energy 
demand from road-load for the 60 [kW] FC-only drive train is 5.2 [MJ], while the energy 
consumption of the FC is 10.7 [MJ] resulting in an drive train efficiency of 48.4 [%]. 
For the 50 [kW] FC – 30 [kW] SC hybrid, the total road-load energy demand is 5.2 [MJ] 
and the total energy consumption is 8.57 [MJ], so the energy efficiency of the proposed 
hybrid power train is 60.7 [%]. 

4.7 Discussion  

 
From the variation in component sizes, it can be seen that for the NEDC, a 50 [kW] FC – 
30 [kW] SC combination has to lowest fuel consumption. 
(Table 4.2.) 
 

 
Figure 4.14 : Results optimal solution for NEDC 
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In figure 4.14, it is clear to see that the fuel cell is working at partial load as much as 
possible, having the super capacitor eliminating most of the peaks, especially for the first 
three ECE cycles.  
In the meanwhile, the fuel cell is also charging the super capacitor, having it fully 
charged for the higher power requests later in time in the cycle. For all power requests 
over 15.6 [kW], the super capacitor is used as assistant, which can also be seen in the 
picture below (figure 4.15). At 15.6 [kW], the efficiency is 65.3 [%].  
Below this percentage, it appears to be to inefficient to use the fuel cell to deliver more 
power, but it is more efficient to use the super capacitor as power assistant. 

 
Figure 4.15 : Power split between FC and SC 

 

In this figure, it is also visible that for a number of occasions, the fuel cell is producing 
more power than necessary, in order to charge the super capacitor. This can be seen in 
upper left quadrant, where the fuel cell is producing more than idle power (2,5 [kW]), 
while the power request from the drive line is negative, due to energy recuperation. 
 
The charge behavior of the super capacitor remains the same for other combinations of 
fuel cell and super capacitor size. The main cause is the relatively high power demand at 
the last part of the drive cycle, where assistance of the super capacitor is required. 
The super capacitor has to be fully charged before this peak, to be able to give as much 
power assistance as possible. By this, the power request at the fuel cell is kept as low as 
possible, in order to keep the efficiency as high as possible. 
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Figure 4.16 : Variation in SC size and FC size. 

 
During evaluation of the models, an error in the used super capacitor model was found. 
The energy content appeared not to be related to the power of the SC. The minimum and 
maximum charge are calculated using a constant value for the capacity. This value should 
have been recalculated depending on the number of capacitors in series. This is 
overlooked due to the input model of the QSS model, which is working with the number 
of super capacitors mounted in parallel. This mistake limits the ability of the DP routine 
in the use of the super capacitor as assistant. For larger super capacitors, more energy 
could have been stored, and more energy would have been available for use. This would 
have decreased the load on the fuel cell, probably lower the total fuel consumption. 
A new SC model has to be made to solve this problem, and showing more realistic results 
for the total fuel consumption. 
It is expected that the optimal component size will be different, and that for larger super 
capacitors the total fuel consumption will be lower. 
 

4.8 Conclusion 

 
An optimization tool is written for a super capacitor – fuel cell hybrid, and is validated to 
give realistic results. For the in the previous chapter proposed vehicle, the optimal 
component size for the NEDC is found to be 50 [kW] for the fuel cell stack and 30[kW] 
for the super capacitor stack. Using these values the value for the optimal fuel 
consumption is calculated. 
This results in an increase in total power train energy efficiency from 48.4 [%] to 60.7 
[%] for the NEDC. The energy consumption is decreased with 19.8 [%]. 
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Chapter 5: Discussion and concluding remarks 
 

5.1 Introduction 

 
In this final chapter, the previous chapters are analyzed. In the first section it is discussed 
whether the objectives of this thesis are met. 
The second section discusses what the weaknesses of the respective chapters are and 
provides some recommendations for improvements. 

5.2 Objective discussion 

 
For convenience, the challenge from the Dutch Society for Nature and Environment 
(SNM) from Chapter 1 is repeated: 
 

“Design an appealing sustainable mobility solution for the near future, with the same 

functions as the current car, in order to create market demand for these vehicles, which 

will encourage the car industry to speed up the development of sustainable mobility 

solutions”. 

 
At this point, the encouraging effect of this project at the car industry cannot be seen. It is 
questionable if this ever will be visible. What is visible is the enthusiasm of the audience 
at the motorshow where this vehicle was presented, and the questions that arise from this 
audience. This effect is still visible, since the project continues on the Internet. [86] 
From a technical point of view, it is hard to determine whether a design is appealing. The 
vehicle as presented is capable of delivering the same performances as the cars people 
buy nowadays. At least it offers a good alternative, since no functionality is lost. 
 
The mission statement of the project has been formulated as follows: 
 
“We want to empower and educate people to give them more control over their mobility 

by creating a community that supports people to develop, use and display their skills.” 

 
The mentioned community has been created, currently being a forum on the Internet [86]. 
The growth of this community is unpredictable. Whether people are empowered and 
educated is beyond the scope of this report. Information about the development of this 
vehicle is open for the public, and available for those interested in developing, using and 
displaying their skills.  
 
Finally, the problem statement is looked upon: 
 
“Design a sustainable power train for future passenger car applications, based upon 

reasonable outlooks and known technology, and optimize this power train for size and 

energy consumption”. 
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As can be seen, the design choices had to be made based upon reasonable outlooks and 
known technology. This calls for an extensive literature study. In Chapter 2, the 
passenger car and its functions have been analyzed and subdivided. For all components, 
literature has been studied extensively, focusing mainly on power train solutions. The 
connections between the various components have been shown, and the different 
possibilities have been categorized.   
Three functions for the power train have been identified, being transferring energy on 
board the vehicle, storing energy and converting energy. In Chapter 3, demands are listed 
for these functions and are judged by the knowledge gathered during the literature study. 
Intermittent material exchange methods complied with most of these requirements (See 
Table 3.1). Pressurized hydrogen refilling has been chosen as exchange method since this 
technique looked the most promising and for energy storage, pressurized hydrogen again 
is meeting most of the requirements, although storing a liquid material would have been 
preferable. (See Table 3.2) 
The possibility to create hydrogen in a renewable way was decisive. 
A PEM FC has been chosen for the first energy conversion of hydrogen to electricity. 
This type fuel cell complied with all the requirements. It is quiet and locally clean, two 
major demands from SNM, and has a high energy efficiency at partial load, making it 
possible to fulfill the last requirement of SNM, a lean vehicle. 
For conversion from the electricity to mechanical energy, electric machines are used. The 
ability of these machines to recuperate energy is of additional value to the lean vehicle 
demand, while they are also quiet again. For this energy recuperation, and as a buffer for 
the fuel cell output, an electric storage had to be installed.  
The storage method of choice is a super capacitor. New, yet unavailable super batteries 
announced by Toshiba were preferred, but not enough information was available. The 
reasonable outlook demand could not be met. Super capacitors were second choice, due 
to their low energy content, but since more reliable information was available, they were 
preferred above the super batteries. 
Looking at the total delivered solution, and reflecting on the problem statement, a 
sustainable power train is offered, meeting all requirements. The energy consumption and 
power train component sizes are optimized, using a DP routine. This results in a drive 
train existing of a 50 [kW] PEM fuel cell, assisted by a 30 [kW] super capacitor stack. 
 

5.3 Recommendations and final conclusions 

 
Chapter 2 
In Chapter 2, the literature study is discussed. 
This overview is never complete. New technologies and improvements of known 
technologies outdate the presented information by the day. Furthermore, it is virtually 
impossible to cover all the technologies from all over the world for the areas as described. 
In this chapter, it is tried to keep the subdivisions as general as possible, without being to 
global. If new technologies develop, they can be included in the division graphs 
seamlessly. To keep the extent of the research at an acceptable level, a selection of the 
information is presented in the attachments. This information is selected based on the 
importance of the information for the continuation of the report. The depth of the 
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research was also limited to a certain extent. Gained insight from more extensive research 
might change certain decisions made in Chapter 3. 
 
Chapter 3 
In Chapter 3, the explored technologies are assigned. Such a comparative assignment 
always leaves room for discussion. Most of the grades are related to technical issues and 
can be expressed in qualitative numbers, but some decisions are made on more subjective 
grounds, especially if it comes to more comfort related issues, such as noise and ease of 
use. For criteria assessing complex issues such as sustainability, various reports have 
been used to obtain a complete as possible picture of the subject.  
Some of the objective assignments are based upon estimations since information on the 
judged technology is hardly or not at all available.  
Other assignments are made based upon estimates of progress in technology and targets 
set by the governments and industry, which are always unsure. 
 
Chapter 4 
The models used in Chapter 4 are using discrete time. The dynamic effects are 
approximated by quasistatic models. The speeds and accelerations are assumed to be 
constant if the time steps are small enough. This assumption holds, since the processes 
are slow enough, but the dynamic effects of the air compressor for the fuel cell for 
instance, have to be approximated. Furthermore, for the DP routine look-up tables are 
created. The interpolation in these look-up tables introduces some inaccuracies.  
Also, an error has been found in the model for the super capacitor. Due to this error, the 
minimum and maximum charge remains constant for all super capacitor power sizes. 
This error should be fixed. It is expected that with this improved model, the optimal 
component size will be different, and that for larger super capacitors the total fuel 
consumption will be lower. 
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List of symbols 
 
Af   Frontal area      [m2] 
AFC   Active surface area fuel cell    [m2] 
Ccomp   Constant compressor losses    [-] 
cd   Air drag coefficient     [-] 
Cp_air   Specific heat air     [J/(mol.K)] 
cr   Rolling resistance coefficient    [-] 
CSC   Super capacitor capacity    [F] 
ESR   Equivalent super capacitor resistance   [Ohm] 
Facc   Acceleration force     [N] 
Fair   Air resistance force     [N] 
Fd   Wheel inertia drag force    [N] 
Fg   Gravitational force     [N] 
Fr   Rolling resistance force    [N] 
Ft   Drag force       [N] 
g   Gravity      [m/s2] 
H0_H2   Lower heating value hydrogen   [J/kmol] 
I   Current      [A] 
Iair   Air-hydrogen ratio     [-] 
IFC   Current density     [A/m2] 
Jw   Wheel inertia      [kg.m2]  
Mair   Molecular weight air     [kg/kmol] 
mempty   Mass empty vehicle     [kg] 
mFC   Mass fuel cell system     [kg] 
mSC   Mass super capacitor system    [kg] 
msubsystems  Mass subsystems super capacitor   [kg] 
mv   Vehicle mass      [kg] 
NFC   Number of fuel cells in stack    [-] 
NSC   Number of super capacitors in series   [-] 
Nwheels   Number of powered wheels    [-]  
P   Power       [W] 
Pask   Power demand at fuel cell    [W]   
Pboard   Auxiliary power     [W] 
Pcomp   Power demand from fuel cell air compressor  [W] 
PEM   Electric machine power    [W] 
Pemg   Electric machine power    [W] 
Pfc max   Maximum power fuel cell    [W] 
Pfc   Fuel cell power delivery    [W] 
Pidle   Idle power fuel cell     [W] 
Pintern   Internal power fuel cell    [W] 
Pmax   Maximum power     [kW] 
Psc max   Maximum power super capacitor   [W] 
PSC   Super capacitor power    [W] 
Ptemp   Power request at fuel cell    [W] 
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Q   Charge       [C] 
RSC   Super capacitor resistance    [Ohm] 
Rw   Wheel radius      [m] 
T   Torque       [Nm] 
t0    Estimated acceleration time    [s] 
Tair   Air temperature     [K] 
Tw   Wheel torque      [Nm] 
U   Voltage      [V] 
v   Cell voltage       [V] 
v   Vehicle speed      [m/s] 
v0   Vehicle speed      [m/s] 
VFC   Internal voltage fuel cell    [V] 
α   Slope gradient      [ °] 
∆hair   Enthalpy difference     [J] 
ηc   Air compressor efficiency    [-] 
ηDC   DC – DC converter efficiency   [-] 
ηEM   Compressor electromotor efficiency   [-] 
ηFC   Fuel cell efficiency      [-] 
κair   Air isentropic efficiency    [-] 
Πc   Air compression ratio     [-] 
ρair   Air density      [kg/m3] 
ρFC   Power density fuel cell    [W/kg] 
ρSC   Power density super capacitor    [W/kg] 
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Attachments 

A1 : Hydrocarbon fuels. 

 

Gasoline 

Gasoline is worldwide the most common fuel for passenger cars at the moment. It is used 
in internal combustion engines, where it needs a spark for ignition. Gasoline is produced 
from crude oil, in a refinery plant. It can be stored and transported on room temperature 
and atmospheric pressure, the losses due vaporization are minimal. Gasoline is a blend of 
several different flammable liquids. The properties of this fuel are classified using 
different systems, and have to comply with different rules in different parts of the world. 
Roughly, it can be said that these rules describe the ease of self-ignition, the amount of 
ethanol in the mixture, and the amount of other, atmosphere pollution materials, such as 
sulphur and lead.  
 
Benefits: 
+ Existing very good and highly developed infrastructure 
+ Known technology 
+ Low soot pollution (compared to diesel) 
+ Can be transported at atmospheric pressure and temperature 
+ High volumetric energy density  
 
Drawbacks: 
- Dependency on crude oil 
- Not renewable 
- GHG emissions after combustion 
 
Diesel 

The second most used fuel for passenger cars worldwide is diesel. It is the most used fuel 
for commercial vehicles. Usually, diesel is used in internal combustion engines, in which 
it is self igniting, due to the pressure and temperature inside the combustion chamber. 
Diesel is also liquid at atmospheric pressure and room temperature, but the composition 
of the blend has to be changed for use at low surrounding temperatures, to prevent 
solidification. Diesels can be made from crude oil, but also synthetic or from biomass.  
The production of diesel from renewable resources can be done in three ways. The first is 
compressing vegetables to extract the oil. These vegetables can be rapeseed, sunflowers, 
soybeans, and all sorts of other oil-rich crops. This oil is called bio-diesel or PPO (pure 
plant oil) and requires engine modifications. The second option is to gasify more woody 
biomass, and synthetically process these gasses to liquid. This is called BTL (biomass to 
liquid). The last possibility is to process natural gasses to diesel-like liquids. This is 
called GTL (gas to liquid) and both last fuels are called FT (Fisher-Tropsch)  
FT diesels burn leaner and cleaner than diesel from fossil fuel sources. The major 
concern is the amount of agricultural land that is necessary to grow enough crops or 
woods to fuel the entire society. B100 is 100% biodiesel, B20 is 20% biodiesel and 80% 
petroleum diesel. Up to 5% can be used without any problems, 20% is comparable with 
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#2 diesel (summer diesel)  Biodiesel (B20) is locally available at pump stations in the 
USA. The production of these diesels is very energy consuming, compared to the refinery 
of crude oil. Diesel has to meet different specifications worldwide, and for different 
applications, different diesels are blended. The most important rules diesel has to comply 
to specify the amount of sulphuric acid, and the ease of self-ignition.  
 
Benefits: 
+ Existing very good and highly developed infrastructure 
+ Known technology 
+ Can be transported at atmospheric pressure and temperature 
+ High volumetric energy density 
+ Can be produced using renewable energy 
 
Drawbacks: 
- High soot pollution (compared to other hydrocarbons) 
- Dependency on crude oil 
- GHG emissions after combustion 
 
Natural Gas 

In the USA, and several other countries, CNG, or compressed natural gas, is gaining 
popularity. As the name implies, natural gas can be found in nature, in gas fields. But it 
can also be produced from biomass.  It does need some treatment, and has to be stored 
and transported under pressure or at low temperatures. Natural gas can be used in fuel 
cells and in internal combustion engines. The main component of natural gas is methane. 
For storage and transportation, natural gas in usually liquefied for bulk transportation, by 
cooling it to low temperatures (110K) and pressurizing it at low pressures (1.5 – 10 bar) 
[31] Storage on board the vehicle typically happens at high pressures (200 – 250 bar) and 
room temperature, since isolating for temperature is far more complicated and expensive 
compared to a pressure vessel. Natural gas needs spark ignition, when used for an internal 
combustion engine. 
 
Benefits: 
+ Not crude oil dependent 
+ Known technology 
+ Less polluting compared to gasoline 
+ Large reserves worldwide 
+ Can be manufactured using renewable energy 
 
Drawbacks: 
- GHG emissions after combustion 
- GHG emissions after use in fuel cell 
- Not renewable if from natural resources 
- Energy loss in transport and storage 
- Large energy loss in reformation for use in fuel cell 
- Low volumetric energy density 
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LPG 

LPG, or liquefied petrol gas, is a blend of propane and butane. This is popular in Europe 
for automotive applications, and used in India and some other developing countries for 
household applications. LPG can be used as fuel in spark ignited internal combustion 
engines. At low outside temperatures, the ratio between the amount of propane and 
butane is altered. LPG is always stored and transported under (low) pressure, but no 
additional cooling is necessary.  
 
Benefits: 
+ Known technology 
+ Less emissions compared to gasoline 
+ Waste product from hydro-cracking 
+ Can be manufactured using renewable energy 
 
Drawbacks: 
- GHG emissions after combustion 
- Not renewable if from natural resources 
- Energy loss in transport and storage 
- Low volumetric energy density 
 
Ethanol 

Ethanol is a fuel suitable for spark ignited internal combustion engine, and for use in a 
fuel cell (DEFC). 
Usually, for internal combustion engine applications, ethanol is blended with gasoline, to 
compensate for the low energy density, and different viscosity.  
Low level blends, up to 10% volumetric (E10), can be used without any problems in 
almost all passenger cars that are designed for working on gasoline. In Europe, all 
gasoline is already blended up to 5% with ethanol, in the USA, E10 is common in major 
cities. This is done to increase the octane and improving air quality.  
Higher level blends, like E85, can only be used in so-called flexi-fuel vehicles. The 
engine needs some adaptations to be able to work with this fuel. Ford, Saab and Volvo 
are selling cars that have factory warranty while able to run on these higher level blends. 
In Brazil, E85 is promoted by the government and heavily subsidized.  
Ethanol can be produced by fermenting and distilling starch crops that have been 
converted into simple sugars, or from cellulose based biomass like wood. The latter is 
called bio-ethanol.  
Ethanol can be stored and transported under normal conditions. 
 
Benefits as a fuel for ICE: 
+ Known technology 
+ CO2 emissions are compensated by growth biomass 
+ Can be manufactured using renewable energy 
+ Can be transported and stored under normal conditions 
+ No dependency on crude oil (if E100) 
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Drawbacks as a fuel for ICE: 
- Dependency on crude oil (all blends) 
- Lower energy density compared to fossil fuels 
- Engine modifications necessary 
- Need for vast areas of fertile soil for biomass 
- GHG emission after combustion 
 
Benefits for FC applications 
+ High volumetric energy density 
+ No need for special storage or transport 
+ Can be manufactured using renewable energy 
+ Carbon emissions are compensated by grown of biomass 
+ No dependency on crude oil  
 
Drawbacks for FC applications 
- Very low efficiency direct ethanol fuel cell 
- Long start-up time DEFC 
- Barely developed technology (DEFC) 
- Losses in reformer, if reformed to hydrogen for other types of FC 
- GHG emissions after reaction in fuel cell 
 
Methanol 

Methanol is a fuel suitable for use in spark ignited internal combustion engines. It can 
also be used as a base material for producing hydrogen for FC applications, or used 
directly in a fuel cell (DMFC) Unblended methanol can be used for combustion, but 
usually it is blended with gasoline. M85 is 85% volumetric methanol and 15% gasoline 
and is used in some flexi fuel vehicles. In fuel cell applications, methanol can be used to 
reform into hydrogen for hydrogen based fuel cells. It can also be used as a direct fuel for 
fuel cells. Liquid methanol is highly toxic, so special measures have to be taken for 
transportation and storage, but it can be stored and transported under normal pressure and 
temperature. 
 
Benefits as a fuel for ICE: 
+ No dependency on crude oil 
+ Known technology 
+ Can be stored and transported under normal conditions 
+ Can be manufactured using renewable energy 
+ CO2 emissions are compensated during grow biomass 
 
Drawbacks as a fuel for ICE: 
- GHG emissions after combustion 
- Other toxic particles in emissions after combustion 
- Lower energy density if compared to fossil fuels 
- Engine modifications necessary 
- Need for vast areas of fertile soil for biomass 
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Benefits as a fuel for FC: 
+ No dependency on crude oil 
+ Can be stored and transported under normal conditions 
+ Can be manufactured using renewable energy 
+ CO2 emissions are compensated during grow biomass 
 
Drawbacks for use as fuel for FC: 
- Low efficiency DMFC 
- Unproven technology DMFC 
- Losses in reformer if reformed to hydrogen 
- Need for vast agricultural area for biomass 
- GHG emissions after combustion 
 
 
Kerosene 

In the early days of the combustion engine, all sorts of fuels where examined for their 
feasibility. Kerosene was one of them. The first diesel engines weren’t running on diesel, 
but on this paraffin based fuel. Later on, diesel proved to be easier to self ignite, and 
cheaper to produce. Nowadays, mostly jet turbine engines are running on kerosene. This 
can also be seen in the names for the latest specifications the fuel has to comply to, Jet 
A(1) and JP-8(+100), where JP stands for Jet Propellant. Kerosene is toxic, and its vapor 
can cause health issues. This results in certain demands for storage and transportation, but 
it can be stored and transported at standard pressure and temperature. 
 
Benefits: 
+ High flash point 
+ High energy density 
+ Known technology 
+ Can be transported and stored under normal conditions 
 
Drawbacks: 
- Toxic 
- More expensive to manufacture 
- Based on crude, fossil oil 
- Toxic waste products after combustion 
- GHG emissions after combustion 
 
Aqueous fuels 

The high combustion temperature of hydrocarbon fuels, also causes the nitrogen and the 
oxygen in the air to react and form the pollutant nitro-oxide (NOx). This is a well known, 
but unwanted side effect, usually solved by mounting a catalytic converter in the exhaust.  
An other solution is adding water to the fuel, thus creating so-called aqueous fuels. These 
fuels can be used in spark ignited internal combustion engines, using special spark plugs. 
The water works as coolant during the combustion process, and prevents the formation of 
nitro-oxides. It also lowers the energy density, which demands for a higher fuel mass 
flow. 
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Benefits: 
+ Lower GHG emissions, especially NOx  
+ Can be manufactured using renewable sources, if bio fuels are used 
 
Drawbacks: 
- Very early stage of development 
- Lower volumetric energy density 
- Unknown long term results 
- No official specifications, or quality control 
- GHG emissions after combustion 
- Crude oil dependent, if fossil fuels are used 
 
P-series fuels 

Natural gas liquids (pentane and higher), blended with ethanol and a bio-mass derivative 
(methyltetrahydrofuran, MeTHF) are called p-series fuels. 
These fuels are designed for combustion in a spark ignited internal combustion engine, 
and can be stored and transported under normal conditions. They can be manufactured 
using renewable resources and produce less polluting emissions then common fossil 
fuels. Flexi fuel vehicles can operate on these fuels without any adaptations.   
The properties are in general comparable to common liquid fossil fuels, so P-Series fuels 
can be transported and stored under normal conditions. 
 
Benefits: 
+ Can be produced using renewable sources 
+ Can be stored and transported under normal conditions 
+ No dependency on crude fossil oil 
+ Less pollutant than gasoline and diesel 
 
Drawbacks: 
- Under development 
- GHG emissions after combustion 
- Needs modified internal combustion engines 
 
Hydrogen 

In fact, hydrogen is not really a hydrocarbon, since the molecule structure doesn’t contain 
carbon atoms. Hydrogen can be combusted using an internal combustion engine, and it 
can also be used as a fuel for a number of fuel cell types. 
Hydrogen is gaseous under normal conditions, and has a very low volumetric energy 
density. It needs to be stored pressurized under very high pressures or cooled at very low 
temperatures. Another option for storage is a chemical solution, see also Attachment A4: 
Hydrogen Storage. 
Pure hydrogen can hardly be found in nature. It can be found in some underwater deep 
ocean wells, and in one well in Iceland. The hydrogen in use in the industry today, is 
produced from natural gas (see above; Natural Gas), or from other fossil hydrocarbons. 
Hydrogen can also be produced by electrolysis of water. The source of the electricity 
determines the sustainability of this process (see also Attachment A3) 
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If hydrogen is used as a fuel for FC applications, the resulting gas is pure water and some 
particles from the fuel cell membrane. 
If hydrogen is used as fuel for combustion in an internal combustion engine, the resulting 
gas is pure water (H2O), but also nitro-oxide (NOx) and CO2 from the lubrication system. 
Hydrogen used for FC applications needs to be very pure, i.e. no contamination with 
other particles, for this will shorten the expected life span of the fuel cell stack 
significant. 
 
Benefits: 
+ Can be manufactured using renewable energy 
+ No local GHG emissions 
+ No dependency on crude oil 
+ Very high gravimetric energy density 
 
Drawbacks: 
- Needs special storage and transportation 
- High energy loss during storage and transportation 
- Currently manufactured using fossil fuels 
- Very low volumetric energy density 
- Needs modification ICE 
- Relatively new technology (FC and ICE) 
 
Hytane 

To get lower NOx-levels after combustion, and as an attempt to solve the storage and 
transportation issues of hydrogen, natural gas can be blend with hydrogen. This mixture 
is called Hytane, or sometimes HCNG. Hytane can only be used in modified spark 
ignited internal combustion engines. The most common ratio is 20% hydrogen and 80% 
natural gas by volume. 30% volumetric H2 is the maximum [70] 
This mixture can be stored at lower pressures than hydrogen, and has a higher volumetric 
energy density. Combustion of Hytane will result in the emission of green house gas 
(GHG) particles. 
 
Benefits: 
+ Storage and transportation is easier than pure hydrogen 
+ Less natural gas is necessary 
+ Can be manufactured using renewable energy 
+ Known technology 
 
Drawbacks: 
- Cannot be stored and transported under normal conditions 
- Engine modifications necessary 
- Dependency on fossil resources (both hydrogen and natural gas) 
- GHG emissions after combustion 
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energy density 

(Wh/kg)

mass density 

(kg/m^3) direct GHG?

molecule 

structure

hydrocarbons

gasoline 12000 720 CO, CO2, NOx, HC C5-C12

diesel 11900 820 - 950 CO, CO2, NOx, HC C12H26

FT Diesel 12200-13000 770 soot, NOx

Bio-diesel 10200-11000 880 soot, NOx

natural gas 11-13000 0.833 CO, CO2, NOx, HC CH4

LPG 12700 2.20 - 2.67 CO, CO2, NOx, HC C3H8/C4H10

Ethanol 7500 800 CO, CO2, NOx, HC C2H5OH

Methanol 5470 790 CO, CO2, NOx, HC CH3OH

Aqueous fuel variable 750 - 950 CO, CO2, HC

P-series variable 800 - 950 CO, CO2, NOx, HC

Kerosene, Jet-A(1) 11950 810 CO, CO2, NOx, HC C12-C15

Kerosene, JP-8(+100) 11950 810 CO, CO2, NOx, HC C12-C15

Hytane 8400 0.73 CO, CO2, NOx, HC C12H18N2O

hydrogen H2

1 bar, 273K 33000 0,09 NOx 
1)

350 bar, 273K 33000 23 NOx 
1)

700 bar, 273K 33000 39 NOx 
1)

1 bar, 20 K 33000 71 NOx 
1)

6 bar, 273K, solid storage 33000 100 NOx 
1)

All densities at T = 273K and p = p0, unless otherwise noted
1) 

H2ICE only  
 
Table A1.1: hydrocarbons data sheet 
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A2 : Nuclear power 

 
Uranium and plutonium 

Although not the same materials, uranium and plutonium are both fuels for nuclear power 
plants and both have more or less the same advantages and disadvantages. 
In the scope of this research, they can be considered the same. 
 
Properties 
The physical properties are comparable on a large scale. 
For this research, the properties of uranium were taken as benchmark. 
Uranium has an energy density of 40.000.000 [Wh/kg] and a mass density of 18700 
[kg/m3]. 
 
Storage 
The solid material can be transported and stored at normal conditions. However, the 
radiation emitted by this material, is very strong. It needs to be transported and stored 
under special circumstances and with every caution possible. Strong isolation is 
necessary to protect the environment. In case of an accident, the storage for this material 
must be safe at all times. This demands for a heavy and large storage tank. 
 
Process 
The nuclear fuel is used for fission or fusion, (usually fission), both physical phenomena 
generating heat. This heat can be used as energy source for various applications. In a 
typical power plant it is used in a turbine, generating motion. This motion is usually used 
as input for an electric machine, as generator for electricity. 
In automobile applications, this turbine can also directly be used for propulsion. 
 
No car manufacturer is seriously looking into this power source as a possibility for 
passenger car applications.  
In the fifties of the previous century Ford Motor Company showed a concept for a 
nuclear powered car [36] and NASA is currently researching nuclear power for aviation 
applications [55]. 
The technology for stationary applications is well-known, the outlooks for mobile 
automotive applications are not very promising.  
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Figure 2.7 : 1957 Ford Nucleon, a nuclear powered passenger car [36] 

 
Nuclear power has some benefits, such as a very high energy density, no dependency on 
crude oil, no GHG emissions in the whole chain, and the use of well known technology. 
The major drawbacks, and the main reasons for SNM to reject nuclear power as an 
energy source are the radiation issues, the highly polluting chemical waste material and 
the safety issues.  
Uranium and plutonium are also fossil chemicals, and the use of fossil fuels has been 
found to be undesirable.  
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A3 : Electricity 

 
To transfer energy from the outside onto a vehicle, electricity can be used. 
This transfer can happen continuously, or intermittent. 
Intermittent means charging an energy buffer, after which the vehicle can move around 
autonomously for a certain period of time, until the energy buffer is depleted. 
Continuously means that the vehicle is connected to the grid at all times. This can be 
done by a contact wire of some kind. No on board energy buffer is necessary.  
For all passenger cars to be connected to the electricity grid at all times, a massive change 
in infrastructure is necessary. 
 
Differences can be made in how electricity is produced. 
All electricity has to be generated somewhere, and it is this method of generating that 
determines the sustainability of electricity as an energy carrier.  
Then, the method of storing the electricity on board of the vehicle also contributes in the 
whole sustainability of the system, but this subject is to be looked upon in 2.3.3, Electron 
Exchange. Electricity for charging passenger cars can come from the grid, or can be 
generated on location. On site production of electricity in general uses the same 
techniques as the large plants for grid production, but on a smaller, local scale. In 
addition, some local techniques may also occur, since the electricity can be generated in 
numerous manners. 
For the scope of this report, only large scale production methods are considered, also 
called grid power. There is a large range of possibilities for generating grid power. The 
most obvious distinction can be made between renewable sources and exhausting 
sources. Again, taking a deeper look into the various production methods goes beyond 
the scope of this research. It is considered to be sufficient to be aware of the complexity 
of the material, especially if it comes to sustainability of grid power worldwide.  
 
Renewable 

Solar power, wind power, hydro power are all examples of renewable sources. If these 
sources are used for generating grid power, the energy used by the vehicle can be 
considered to be sustainable, and eco-friendly. It goes beyond the scope of this research 
to discuss the most eco-friendly method, or to discuss just how eco-friendly windmills or 
solar power cells are. To simplify things, it is assumed that using renewable energy 
sources is sustainable, and to be preferred over non-renewable energy sources. 
 
Non-renewable 

Nowadays, by far the most grid power around the world is generated using fossil fuels or 
other depleting sources, about two-third of the total. [39] Nuclear power and hydropower 
share the second place, which makes hydropower the largest renewable energy source for 
the electric grid, covering almost one-sixth of the total power demand. This implies that 
nowadays more than 80% of the energy generated globally for grid power comes from 
non-renewable energy sources. This should be kept in mind, when electricity as a energy 
source for passenger vehicles is considered. 
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A4 : Gas storage 

 
Materials can be in three phases, gaseous, liquid and solid. In gaseous state, the 
gravimetric density is usually very low. Hence, the volumetric energy density is also very 
low. Storing these materials are therefore problematic. Solutions for this problem exist, 
and are dealt with below, using hydrogen as an example. 
 
Hydrogen has a very high energy density, 33000 Wh/kg, but a very low mass density, 
0.090 kg/m3 (at p = pn, and T = 273K)  
To increase the density, according to physics two options are available. Either increase 
the pressure, or lower the temperature. This means carrying a pressurized vessel on 
board, or a cooled storage tank. Recently, a third option is introduced by chemists, 
bonding the hydrogen to another material. This can be done by absorption, storing the 
hydrogen within the molecule structure of the storage material, or adsorption, where the 
hydrogen is bond to the surface of the storage material.  
 
Physics approach 

Pressurized storage 

If hydrogen is stored under pressure, the gravimetric density increases. The industry has 
two standards in use. First is 350 bar (or 5000 PSI in the USA) and the second is 700 bar 
(10000 PSI). The 350 bar system is in use in certain prototype vehicles, the 700 bar 
system is still under development. 
Storing hydrogen under pressure has some advantages and some drawbacks. To start with 
the advantages;  

- After compressing the hydrogen to the desired pressure, no more energy is 
necessary to keep the gas at this pressure.  

- Refilling the storage tank can be done in a short period of time, since the flow will 
be large at high pressure. 

- The pressurized vessels can be made to be very safe, even in case of an accident. 
- Known technology. 
- High mass density of the complete system, since not so much additional systems 

are required, it is a passive storage. 
But there are also some drawbacks.  

- It is energy intensive to compress hydrogen to the desired pressures. 
- The efficiency of storage is low, due to the “boil-off” losses. The hydrogen tries 

to expand to its natural volume. 
- While refueling, to hydrogen heats up, this also reduces the efficiency. 

According to the ideal gas law, the mass of compressed hydrogen should be 2.8 kg/ 100 
liters at 350 bar and room temperature, and this should be twice as much after doubling 
the pressure. But hydrogen is not an ideal gas. After experiments it is shown that 
hydrogen has a mass density of 2.3 kg/ 100 liters at 350 bar and 3.9 kg/ 100 liters at 700 
bar. [52] 
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Liquefied storage. 
If hydrogen is cooled down to -253 degrees C, it goes from gaseous state to liquid state, 
thus increasing a lot in mass density. As a liquid, hydrogen has a mass density of 71 
kg/m3 [3] A storage tank of 100 liters would contain 7.1 kg, or 234.3 kWh of energy. 
Although storing hydrogen in liquid state is very safe, it is very energy consuming to 
keep the tank at this low temperature. Keeping hydrogen liquid also requires a very 
complex temperature management system. Cooling the hydrogen down a few more 
degrees can turn it into solid state, letting the temperature raise a couple of degrees can 
turn it into gaseous state. Because the temperature always raises during refilling, 
refueling takes a while. To keep assure that the hydrogen stays liquid, it is also stored at a 
slightly raised pressure, 5 bar. The pressure relief valve of storage tanks opens at 8 bar. 
The latest storage tank made by Linde [64] weighs 90 kg and can carry 120 liters of 
liquid hydrogen. Cooling down the hydrogen from room temperature to -253 degrees C 
will at least take 1.11 kWh/kg, from a thermodynamic point of view.  
 

Q = m*cp*∆T          (A4.1) 
 
The actual process of cooling the hydrogen will of course be more energy consuming, 
since this will never be done at a hundred percent efficiency. 
If take all the losses of boil-off and transport are into account, it is clear that liquid 
storage is far from ideal.[20][41] 
 
Chemist solution. 

Solid storage. 

A relatively new solution for the storage problem is solid storage. The hydrogen is either 
absorbed or adsorbed in another material, or bound by a chemical reaction.  
The American Department of Energy has set goals for the industry to meet, to prove that 
this is a viable technology. [29] 
 
Adsorption 

The hydrogen is bound to the surface of carbon or zeolites. Using nano-tubes, a large 
surface can be created. On this large surface a lot of hydrogen molecules can be stored, 
thereby creating a large energy density of the storage material. 
The attach the hydrogen to the surface of the storage material, it is necessary to cool the 
material down to 77K. To detach the hydrogen again it is required to apply heat. This 
process is therefore very energy intensive, and not reversible.  
 
Absorption 

In absorption storage, the hydrogen is stored in a material by means of trapping it inside 
the material structure of the storage material. This storage material is usually a simple 
metal hydride. The hydrogen is stored inside the molecule structure, but without a 
chemical reaction. It is physically trapped. This can be done by applying pressure, and 
the hydrogen needs to be forced out of the material by means of pressure as well. Again, 
this is a non reversible process, which makes it not favorable for large scale storage. It 
effects the efficiency in a very negative way.  
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Chemical reaction 

In order for the storage method to be reversible, a ∆p or ∆T must be enough to store the 
hydrogen and to extract it again. This means that ∆G0 has to be zero, since  
∆G0 = ∆H0 - T∆S0 

∆S0
H2 = 130 J/mol 

So T∆S = 298*130 = 40 kJ/mol 
So the ∆H0 of the metal-hydride has to be 40 kJ/mol as well, in order to make the 
complete equation zero again. 
Some complex metal-hydrides are capable of reaching this number, but the most 
promising material appears to be NaAlH4, which has a ∆HR of 57 kJ/mol. So some 
energy has to be added to extract the hydrogen from the storage tanks.  
Since the reaction in the PEM FC also releases heat, the necessary heat for the extraction 
of hydrogen from the storage tanks can be detracted from this source. 
 
Metal-hydrides for storing the hydrogen on-board looks like a very promising 
technology, and several companies are seriously investing money in research and 
development activities. 
Most metal-hydrides are solids, but some are blended with a liquid, to become a slurry, 
which is easier to pump. Promising results can be found in the research activities at 
Lithium Hydride Slurry [68] 
 
 The advantages of metal-hydrides over pressure storage and liquid storage are: 

- safe storage, since low pressures (6 bar max)  and low temperatures (400 K) are 
used, 

- safe storage, no leaking hydrogen after a crash or tank rupture, 
- storing and extracting doesn’t take as much energy as the similar amount takes 

using liquid or pressurized technology, 
- flexible shape of storage tank, 
- high storage density 

Of course, there are also some disadvantages. The main issues are: 
- unproven technology, 
- heat production during refilling, 
- expensive and complex technology 
- the low releasing pressure causes the need for an expensive hydrogen pump to 

move the hydrogen through the system. 
- After use, the metal-hydrides become chemical waste 
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A5 : Batteries and Super Capacitors. 

 
For storage of electricity, two methods are available; batteries and capacitors.  
Batteries store electricity using a chemical reaction, while capacitors store electricity as 
an electrostatic field. [17] 
 
Battery 

Basically, all batteries are based on the same working principle. The cathode and anode 
are both made of metals that, if submerged in a liquid acid, will exchange ions in a redox-
reaction, when an electric current is applied on the electrodes. This reaction will be 
reversed if the electric circuit is closed. 
The materials used for the cathode and anode can be almost everything that will perform 
a redox-reaction, but only for a limited number of metals the reaction can be reversed. 
The choice for the used material is usually based on the energy density, reaction rate and 
cost price.  
Popular battery types are Lead Acid, Alkaline, Nickel Metal Hydride, Nickel Cadmium, 
Lithium Ion and Lithium Polymer Ion batteries. 
For vehicle applications, the Lead Acid and Alkaline batteries are hardly used anymore, 
due to their low specific energy mass density of 30 – 50 Wh/kg. [13] 
 
NiMH and NiCd. 

Currently, car manufacturers, like Toyota [92] favor the nickel metal hydride-, NiMH, 
battery for its low cost price and reliable performance. 
 

 
Figure A5.1 : Toyota Prius II NiMH battery pack, picture Answers.com 

 
The cathode and anode of this type of battery are made of intermetallic compounds. 
Intermetallic compounds are made of rare earth materials, like vanadium, zirconium and 
others. The electrolyte is made of KOH (potassium hydroxide). The Ni-ion moves from 
the cathode to the anode, thus allowing electrons to travel through the electric circuit, by 
changing the state of charge of the cathode and anode. 
Less favored, but also sometimes used, are nickel cadmium- (NiCd) batteries. 
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The cathode is made of NiOH and the anode is made of CdOH. The OH-ion moves 
through the electrolyte, which is made of alkaline material.  
The NiCd is cheaper then NiMH and has a lower self-discharge rate, but the NiMH has a 
higher energy density, and is therefore usually preferred. 
The energy density of a NiMH battery varies between 60 – 120 Wh/kg., with a power 
density between 200 – 1000 W/kg. [24][59] 
 
Lithium-Ion 

In a Lithium-Ion battery the cathode is made of LiNiO2, LiCoO2 or LiMO2 and the anode 
is made of LiC. The Lithium-ions move through the LiPF6 electrolyte.  
Lithium Ion batteries can have an energy density of 90 – 135 Wh/kg and a power density  
of 200 – 350 W/kg. [40][87].  
Li-Ion batteries are gaining popularity for vehicle applications, but are not commercially 
used due to the high cost price. In smaller electronic equipment Li-Ion batteries can be 
found. Prototypes are introduced using Li-Ion battery packs, like the GM Chevrolet Volt. 
[45] 

 
Figure A5.2 : Chevrolet Volt NAIAS 2007 Prototype, picture GM. 

 
 
Lithium Ion Polymer. 

The latest development is a Lithium-Ion Polymer battery, which has a denser package 
then Lithium-Ion batteries. In a Lithium-Ion Polymer battery, the electrolyte is replaced 
by a polymer film that separates the cathode and anode, but also allows for a denser 
package and better conductibility.  
Li-Ion Polymer battery can have an energy density of 150 – 200 Wh/kg and a power 
density up to 1.5 kW/kg.  
Toshiba announced the launch of a new type that will charge to 80% of its maximum 
capacity in only three minutes and will have an extremely high power density. [91] 
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Super-Capacitor 
In a super-, or ultra-capacitor, the electrical energy is stored as a electrostatic field on the 
surface of the cathode and anode plates. The distance between the plates is very small, 
allowing the electrons to go from one plate to another. A dielectric material prevents 
them of moving from one plate to the opposing freely. 
Super-capacitors have a high capacity, but deliver a low voltage. Therefore, they will 
have to be used in series. Power electronics are necessary to protect the individual 
capacitors against over-charging. This makes the total system very complex, with a low 
energy density. The capacitor itself already has a specific energy of just over 20 kWh/m3, 
an energy density of 3 to 5 Wh/kg and a power density of 1 – 1,5 kW/kg for the complete 
pack. [67][83]  
The energy is stored on the surface of the porous carbon plates. In order to increase this 
surface, new materials are developed. Especially new carbon nano-tubes look promising. 
[21] [89] 
The electrolyte is usually aqueous, but new organic electrolytes are also available, which 
will give better performances, but are also more expensive. 
Super-capacitors can work in a large temperature range and are able to handle an almost 
unlimited number of cycles. [88] 
The major drawbacks are the low energy density and the low specific energy.  
[13] 
 
 

 
Figure A5.3 : Maxwell Super Capacitor pack. 
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A6 : Electric Machines. 

 
Electric machines come in two different types, AC machines and DC machines. 
As the name already tells, these are distinguished by the type of input current. 
 
AC  

This type works on alternating current, and can be divided into two sub-types, based upon 
their working principle.  
These sub-types are called induction motors and synchronous motors. Both sub-types are 
briefly explained below.  
 
- Induction or asynchronous machine: The stator is the primary coil, which generate a 
magnetic field as a consequence of the alternating current. This magnetic field causes the 
rotor to move. The rotor is the secondary coil, and the movement through the magnetic 
field from the stator generates a magnetic field through this coil by induction.  
- Synchronous machine: Both the rotor and stator have a coil, and on both sides a 
magnetic field is generated. These fields lock up and rotate in the same direction.  
A special type of synchronous motors are the permanent-magnet (pm) synchronous 
motors. Instead of coils, the rotor has permanent magnets. This makes these motors 
brushless, which is an advantage in maintenance and durability.  
PM-synchronous motors can also be divided into three major sub-categories. 
 

- A rotor with surface mounted magnets and  a conventional stator, 
- A rotor with surface mounted magnets and an air-gap stator, and 
- A rotor with internal mounted magnets. 
 

Another common variation is the reluctance synchronous motor. In this variation the coils 
are wound in such a manner around the rotor, that they amplify themselves, and a direct 
current or permanent magnets or not necessary anymore. This motor starts as an 
induction motor, but locks into synchronous speed at operation. 
 
The speed of the rotation of the AC electro motors is depended on the frequency of the 
AC. For induction motors slip speed is possible. For synchronous motors the rotational 
speed is independent of the work load. [7] 
 
DC 

DC electro motors work on direct current. On the stator side, the coils are fed with this 
direct current, generating a magnetic field. The rotor coils receive a switching electrical 
current through brushes and a commutator. The changes in direction of the current create 
a changing magnetic field, which moves the rotor. 
DC motors can also be divided into different types, based upon their working principle. 
In general, there are four different types; shunt-wound, series-wound, compound-wound 
and permanent-magnet. 
The shunt-wound motor has a field winding which is connected in parallel to the 
armature winding.  
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The series-wound motor has a field winding which is connected in series to the armature 
winding. The compound-wound motor has two field windings, one in parallel to the 
armature winding and one in series to the armature winding. 
The permanent-magnet motor has permanent magnets on the rotor instead of coils. This 
also makes this type of DC motor brushless, which is a big advantage in terms of 
maintenance and lifetime. The coils on the armature side are controlled by power 
electronics, or by adjustable-frequency invertors. These adjustable-frequency invertors 
are called adjustable speed drives, and are basically invertors with a variable frequency 
for the AC. These so-called pm-synchronous motors are basically the same as AC pm-
synchronous motors, only the origin of the alternating current is different. 
PM-synchronous motors are commonly used for mobile applications.  
 
The size of electric machines is determined by the specified amount of torque. 
This can be explained by the working principle of electric machines. 
When in use as a motor, the coils inside the machine will cause movement of the rotor by 
the magnetic forces that are generated by conducting an electric current through the coils.  
Strongly simplified, it can be said that the torque of the electric motor depends on the 
current through the coil, the length of the coil and the magnetic induction of the coil 
material.  
 

( ) lIBF ⋅×=          (A6.1) 

 
The magnetic induction of a coil depends on the magnetic permeability of the material, 
the amount of turns, the current and the length of the coil. 
 

l
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B 0µ=          (A6.2) 

 
In order to increase the torque, it is necessary to either increase the current, or the length 
of the coil. If the current is increased, the surface area of the used wire must also be 
increased to prevent melting of the wire, since the power that is lost in the wire (as heat) 
is quadratic depended of the current through the wire. 
 

RIP *2=          (A6.3) 
 
To increase the torque of the electro motor, the coil length and size has to be increased. 
This means that for higher torque motors, the outside dimensions will also increase. The 
rule of thumb is that the total volume of the rotor and stator of an electro motor depends 
on the amount of torque that is required. 
 

sr VV ≅          (A6.4) 
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The rotor volume equals the stator volume, and is determined by the specified torque 
divided by twice the average surface force density fe, which is machine dependent. [83] 
 
PM-synchronous DC electric machines can be designed as an inner rotor type, and an 
outer rotor type. The outer rotor type can use the space inside the rotor to contain the 
power electronics. As can be seen above, a larger radius r will result in a larger volume, 
and thus in a higher specified torque output. The outer rotor type designs require more 
maintenance, and are more complicated to build.  
Usually, the rim of the wheel is used as outside rotor, with the magnets directly attached 
to it, as can be seen in this picture: 
 

 
 

Figure A6.1 : Mitsubishi MIEV [71] 

 
The inner rotor design is more compact, and easier to manufacture, but requires on 
chassis space for storage of the power electronics, and will deliver less torque due to the 
smaller radius. 

 
 
Figure A6.2 : Electric Machines 
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A7 : Internal Combustion Engines 

 

The major primary mover for passenger vehicles at this moment is the internal 
combustion engine. Lots and lots of research has been done to make this concept as 
efficient as possible.  
Below a brief overview of the major technologies and concepts is given. 
A lot of different ways to divide them are possible: by combustion cycle type, by 
combustion chamber type, by combustion chamber orientation and by fuel type. 
 

Since the ICE is based on combustion, which is a non-reversible process, the engines 
cannot be used to recuperate energy to the energy buffer where the fuel came from. 
Of course, one or more electric machines can be installed, to use for energy recuperation. 
 

Combustion cycle type 

2-stroke: 

The fuel mixture combusts and the raise in pressure forces the piston to move 
downwards. While moving downwards, the piston opens a channel through which new 
fuel mixture is allowed to flow into the combustion chamber. This mixture is forced to 
flow into the chamber because it is being compressed in the crankcase under the piston. 
While flowing into the chamber, the fresh mixture forces the used fumes to leave into the 
exhaust.  
When the piston is moving upwards again, it is compressing the fuel mixture in the 
combustion chamber and the under-pressure in the crankcase is drawing in a new fuel 
mixture. 
The combustion can be triggered by a spark (gasoline) or by compression (diesel) 
Every cycle takes only two strokes of the piston, hence the name 2-stroke. 
Two-strokes are built in single and multi-cylinders configuration. 
 
4-stroke: 

The fuel mixture combusts and the raise in pressure forces the piston to move 
downwards. When moving upwards again, the used fumes are forced out of the 
combustion chamber into the exhaust. The downward stroke is used to draw in a new, 
fresh fuel mixture and this is compressed in the following upwards stroke, after which the 
compressed gasses combust and the cycle starts over again. The cycle takes four strokes 
of the piston to complete, so it is called the 4-stroke cycle. 
 
The combustion can be triggered by a spark (Otto-cycle, SI, spark ignited) or by 
combustion (Diesel-cycle, CI, compression ignited). 
 
Variations: 
The Otto-cycle started with a very simple engine, but in an attempt to improve fuel 
economy, all kinds of modifications are made. Following is a brief discussion of some of 
the possibilities and strategies used. 
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Atkinson/Miller 
Because a different length for the intake and exhaust stroke compared to the power and 
compression stroke is interesting in terms of efficiency, a lot of research in the field of 
engine development is focused on creating this. 
The Atkinson-cycle is using a connecting lever between the piston rod and the camshaft, 
thus allowing more fuel-air mixture to be drawn into the chamber. 
Miller introduced a similar cycle, but this worked with changing the valve-timing instead 
of a additional lever to change the stroke.  
 
VCR 
Even better results can be obtained by varying the complete compression ratio with the 
rpm. Variable Compression Ratio (VCR) engines are developed by different companies 
and researchers, but none ever made it to production stadium because of the increased 
complexity and number of moving parts. [33][57] 
 
Valve-timing and valve-lift 
Instead of changing the complete compression ratio, a lot of modern engine 
manufacturers have developed engines with an adjustable valve-timing and/or valve-lift. 
The used technologies are for example electromechanical valve-lifters, changing cams or 
switching cam followers.  

 
Orientation. 
Another way to classify four stroke engines could be the different orientations of the 
cylinders with respect to each other, like Boxer, Line or V-shaped engines.  
- Line: All the pistons are located in a single line, all next to each other. More than six 
cylinders in-line is seldom applied, because this is a very space consuming configuration. 
Four cylinders is the most common. 

 
Figure A7.1 : Four cylinder in-line engine [11] 

 
- V-shaped: Two line blocks are mounted with an angle between them and a single, 
central crankshaft. The angle between the blocks can vary between 15° (VW VR) and 
180°. 90° is the most common. 
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Figure A7.2 : Six cylinder V-shaped engine [11] 

 
- Boxer: A boxer engine is not a V-shaped engine with an angle of 180°. In a V-shaped 
engine, the two opposite cylinders have connected rods at the crankshaft. In a boxer 
engine, all cylinders have their own position at the crankshaft, shifted from the opposite, 
like a line engine.  

 
Figure A7.3 : Four cylinder boxer engine [11] 

 
Each configuration has its own advantages and disadvantages. Theoretically, if they all 
have the some bore and stroke, the specific output power and torque should be the same. 
 
Another orientation variation is the Gnome, where the cylinders revolve around one out-
of-the-center crankshaft. The first half of the first round the fuel is let in and during 
second half of the first round it is compressed, the first half of the second round the 
mixture is ignited and expands and the second half of the second round the exhaust fumes 
are forced out. This is still a Otto-cycle, but the intake valves are located inside the piston 
heads.  
This is of course always a multi-cylinder configuration. 
 
Non-intermittent: 

The combustion cycle of the above mentioned types are characterized by the intermitting 
movement of the piston. The movement of the piston stops at top-dead and bottom-dead 
center. There are other cycles, where the piston makes a continuous movement.  
One of the best known is the Wankel rotary engine. 
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The combustion process itself in terms of thermodynamics, is still the Otto-cycle. The 
piston in this particular engine-type is a triangular rotor. In short one side of the triangle 
is compressing the fuel mixture, on one side the mixture is combusting and thus 
expanding and the third side is letting the used fumes out and the fresh fuel mixture in.  
Recently a new variation of non-intermitting engines has been published, this latest 
variation is called the Quasi-Turbine. It has an oval-shaped central chamber, and four 
segments rotating dividing this chamber into four, where in each room a stage or stroke 
of the combustion cycle is represented. This engine type looks a lot like the Wankel 
engine, but where the Wankel has a rigid rotor with three sides, this engine has four 
segments connected to each other. These segments can rotate around a connecting joint. 
In combination with the special oval shape of the central chamber the movement of the 
segments gives the compression and expansion 
 
CEM 

An exotic engine set-up is the CEM. In this engine not only the cylinders revolve around 
the crankshaft, the pistons are moving with respect to the crankshaft as well.  
This principle is in use for water pumps and has been proven to work. The concept as an 
engine has been tested as a prototype and has recently been working for five minutes.[76] 
 
More engine configurations are possible, and researched, but at the time of publication of 
this report, none of those looked viable enough to be considered in this literature study. 
 
Spark ignition engines can be made to work on almost every fuel, from bio-ethanol to 
gasoline, natural gas, LPG, hydrogen and so on.  
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Figure A7.4 : Internal Combustion Engines by cycle 

 
 
Sources: [56][79]  
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A8 : Turbines 

 
Thermal energy can be used to expand gasses. This expansion can be used to force a 
propeller into motion. The shaft connected to this propeller will rotate. The rotation 
movement of this shaft, and its torque, can be used to rotate another blade. The thermal 
energy can come from various processes, like combustion, or nuclear reactions. 
 
Turboprop 

If the driven propeller is used to apply force on air as thrust, i.e. with an conventional 
propeller, this is called a turboprop. 
 

 
 

Figure A8.1 : Turboprop 

 
Turbofan 

If the driven propeller is used to apply force on air in order to push it through the turbine, 
i.e. in front of the combustion chamber, this is called a turbofan. 
 

 
Figure A8.2 : Turbofan 
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Turbojet 

If the driven propeller is used to apply force on air in order to suck it through the turbine, 
i.e. after the combustion chamber, this is called a turbojet. 
 

 
Figure A8.3 : Turbojet 

 
The gasflow, forced through the turbine, can in its turn also rotate a blade, and this rotor 
can be connected to a drive shaft, that drives the wheels. In this situation it is not the 
thrust applied on the air that directly propels the vehicle, but the outgoing shaft of this 
turbine engine. Since this provides the possibility of after treatment of the burnt gasses, 
this option is very suitable for passenger car vehicle applications.  
Chrysler did some research with engines like these in the late fifties. [95] 
 

 
 

Figure A8.4 : Chrysler passenger car turbine engine 
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Fuel 

Turbines usually work with Jet fuel. The latest standards are Jet-A1 and JP-8(+100). 
Some turbines work with diesel fuel, and research is performed in the field of turbines 
working with natural gas or hydrogen. [18] 

 
Figure A8.5 : Turbines 

 
Source: [74]
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A9 : Fuel Cells. 
 

Basics 

A fuel cell is a device which reforms a fuel to other materials using a continuous 
chemical process and thereby generates usable electricity.  
In a fuel cell, energy that is stored as a chemical is transformed into electricity. 
 
The fuel can be almost everything that can perform a redox-reaction.  
The redox-reaction itself happens in a closed environment, called the fuel cell. Multiple 
cells connected in series are called a stack. The different types of fuel cells are kept apart 
by the chemicals that are used as fuel. For every application and situation a different fuel 
cell type is favorable. Each separate fuel cells exists out of a cathode, an anode and 
electrolyte. The anode and cathode are plates of electric conductive material, the 
electrolyte is capable of conducting ions. The mixed fuel gasses are led past the anode, 
the molecules are separated into ions and electrons, the charged ions are conducted 
through the electrolyte to the cathode and the electrons are conducted through the anode, 
through the electrical system, to the cathode. At the cathode side, the ions and electrons 
come together and form new molecules. The current of electrons through the system is 
determined by the amount of fuel fed into the cell, the voltage is determined by the 
redox-reaction. 
 
A fuel cell is also generally used as the name of the complete system, which includes the 
stack (package of cells where the chemical reaction takes place), the fuel supply system 
(fuel storage, air pumps), the waste system for the formed water, heat and used air, the 
CPU and the electro motor [73]  
 
The most popular types of fuel cells work on hydrogen as fuel, but there are also types 
that make use of methanol, ethanol, or zinc. More fuels are possible, as long as they are 
able to perform a redox-reaction. Although redox-reaction are technically reversible, 
none of the current fuel cells are able to use the brake recovery energy to recuperate 
energy. This is due to the complexity of the process, where it is of the utmost importance 
to remove the reaction product. Some research is done to investigate the possibility of a 
reversible fuel cell. [32] 
 
Fuel cells can be divided into two general classes, fuel cells with a solid electrolyte and 
fuel cells with a liquid electrolyte. A solid electrolyte can be found in the Polymer 
Exchange Membrane (PEM) FC, the Solid Oxide (SO) FC and the Zinc Air (ZA) FC.  
Liquid electrolyte can be found in the Alkaline (A) FC, the Phosphoric Acid (PA) FC, the 
Direct Methanol (DM) FC, and the Molten Carbonate (MC) FC. 
 
Another division can be made looking at the working temperature of these fuel cells. 
Low temperature fuel cells operate at temperatures up to 400 [K]. High temperature fuel 
cells operate at significantly higher temperatures. 
This influences the start up time and the efficiency, amongst others. 
Low temperature fuel cells are the PEMFC, AFC, PAFC and DMFC.  
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The sustainability of fuel cells is determined by two factors, the materials and production 
method of the fuel cell system, and the material and production method of the fuel. 
Low temperature fuel cells often need a catalyst, which is often a precious metal, such as 
platinum. The fuel cells that use hydrocarbons as fuel, produce carbondioxide as waste 
product, and usually work at higher temperatures.   
 
Since almost every REDOX reaction can be used to create a fuel cell, many more types 
of fuel cells can be found, each in different stadium of development. These fuel cells are 
not all looked upon, in order to limit the extend of this research. Examples: [1][49][75] 
 

SOFC 

The electrolyte used in a SOFC is a solid ceramic, that will only let oxide-ions pass 
through. The oxygen enters the cell at the cathode-side, and the hydrogen enters at the 
anode-side. The oxygen molecule then splits into two oxide-ions after receiving two 
electrons from the cathode. The charged ions then pass through the ceramic electrolyte to 
the anode, where they react with hydrogen molecules to water molecules and two 
electrons. These electrons go through the electric circuit to the cathode, where in turn 
they will react with an oxygen molecule.  

 
Figure A9.1 : Solid Oxide Fuel Cell (schematic) 

 

Anode reaction: −− +⇒+ eOHOH 22

2

2  

Cathode reaction: −− ⇒+ 2

2 22 OeO  

Overall reaction: OHOH 222 22 ⇒+  
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The working temperature is above 1275 K. This will cause a relatively long start-up time, 
a lag at sudden power demand and the need for a good thermal isolation. However, new 
developments are going on in order to bring down the temperature necessary for 
operation. These types of fuel cells are called IT-SOFCs, Intermediate Temperature-Solid 
Oxide Fuel Cells and LT-SOFCs, Low Temperature-Solid Oxide Fuel Cells. [6] 
IT-SOFCs can be categorized in two types: 

- anode supported , 925 – 1125 K, 
- metal supported, 925 – 1125 K,  

LT-SOFCs only have one field of research at this point: 
- metal supported, 725 – 825 K. 

 
Depending on the working temperature the efficiency of solid oxide fuel cells varies 
between the 35 to 60%. Power demand changes have a negative influence on the 
expected lifetime of the stack. Also, the electrolyte is made of brittle material. [12] 
Therefore, the SOFC is used mainly in stationary applications, such as large power 
plants. However, while in a mobile application this might not be the ideal system to 
power the vehicle, it can be used to power the less dynamic auxiliaries. [25] [73] 
 
ZAFC 

Zinc Air Fuel Cells are sometimes considered to be batteries instead of fuel cells. This is 
the only fuel cell to use a metal as fuel. This metal, zinc, is also used as the electrolyte. At 
the cathode-side, oxygen and water molecules combined with electrons form hydroxide 
ions. These ions react at the anode-side with the zinc atoms to zinc-oxide and water 
molecules. The flow of the electrolyte removes the waste zinc-oxide and provides fresh 
zinc for the reaction. 

 
Figure A9.2 : Zinc Air Fuel Cell (schematic) 
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Anode reaction:  −− ++⇒+ eZnOOHOHZn 22 2  

Cathode reaction: −− ⇒++ OHeOHO 442 22  

Overall reaction: ZnOOZn 22 2 ⇒+   

 
The working temperature is 975 K. This is called a high temperature fuel cell. 
Due to the high working temperature, and solid reaction of zinc with oxygen, the 
efficiency is said to be high (by the developing companies), at least over 45%. 
[38][60][78] Zinc and zinc-oxide do not need special storage. The fuel, and the waste 
material, can both be stored at room temperature and pressure, and are not toxic.  
The electrolyte is made of liquid material, the cathode and anode are solid and not brittle. 
The response to sudden power demand is relatively slow, since it depends on the 
throughput of zinc.  
 
AFC 

The alkaline fuel cell (AFC) is the oldest type of fuel cell. The development of this type 
of fuel cell is mainly done by NASA, for aerospace purposes. [27] 
 
Hydrogen is used as fuel, and is reacting with oxygen from the air in order to create water 
and electricity. First, the oxygen has to be distracted from the air, the pure oxygen then is 
fed into the fuel cell stack at the cathode side, where it reacts with the water molecules 
from the electrolyte and electrons from the circuit to hydroxyl ions. These hydroxyl ions 
migrate to the anode, where they react with the hydrogen molecules to water molecules 
and electrons.  

 
Figure A9.3 : Alkaline Fuel Cell (schematic) 
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Anode reaction:  −− +⇒+ eOHOHH 4442 22  

Cathode reaction: −− ⇒++ OHeOHO 442 22  

Overall reaction: OHOH 222 22 ⇒+  

 
The working temperature can be between 375 – 525 K (high temperature AFC) or 
between 300 – 350 K (low temperature AFC). 
Depending on the working temperature, the efficiency varies between 50 to 70%. 
The electrolyte is liquid potassium hydroxide, which is very poisonous, and also very 
sensitive to poisoning with CO from the air. The used oxygen from the air therefore has 
to be very purified, to prevent any contamination. 
Due to the toxic electrolyte, this type of fuel cell is mostly used in stationary applications.  
Response to sudden power demand depends solely on the reaction time of the flow 
change of hydrogen. 
 
PAFC 

The Phosphoric Acid Fuel Cell has a liquid phosphoric acid as electrolyte. The cathode 
and anode are made of porous carbon, in combination with platinum. The platinum is 
necessary as catalyst. 
 
Hydrogen is the fuel, which is led through at the anode side. Inside the anode, the 
hydrogen molecules split into hydrogen ions and electrons. The electrons go through the 
electric circuit, the hydrogen ions go through the electrolyte to the cathode, where they 
react with oxygen from the air to water molecules. 

 
Figure A9.4 : Phosphoric Acid Fuel Cell (schematic) 
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Anode reaction:  +− +⇒ HeH 442 2  

Cathode reaction: OHOeH 22 244 ⇒++ −+  

Overall reaction: OHOH 222 22 ⇒+  

 
The working temperature is 475 K, and is the reason for the need of catalyst material in 
the cathode and anode. The electrical efficiency is 37 to 42 %, due to the low 
temperature. If the generated heat is used in a heat exchanger, the total efficiency can be 
up to 85%. [22] As electrolyte, liquid phosphoric acid is used. This is very toxic, but not 
sensitive for poisoning. The response to sudden power demand depends on the speed of 
change in the flow of hydrogen. This type of fuel cell is mostly used in stationary 
applications, since the electrolyte is made of hazardous material. 
 
DMFC 
DMFC stands for Direct Methanol Fuel Cell. As the name implies, this fuel cell type uses 
methanol directly as fuel. It is also possible to use methanol as a fuel for fuel cells 
working on hydrogen, but it is necessary to use a reformer to reform the methanol into 
hydrogen. In this case, the methanol is used directly as fuel. This technology is relatively 
new, and still in an early stage of development. 
 
At the anode side, the methanol enters the cell, mixed with steam. The water molecules 
and methanol molecules react to electrons, carbon dioxide and hydrogen ions. The 
hydrogen ions migrate through the electrolyte to the cathode side, the electrons go 
through the electrical circuit. At the cathode, the hydrogen ions react with oxygen from 
the air and the electrons, thus creating water molecules. 

 
Figure A9.5 : Direct Methanol Fuel Cell (schematic) 
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Anode reaction:  −+ ++⇒+ eHCOOHOHCH 66223  

Cathode reaction: OHOeH 22 244 ⇒++ −+  

Overall reaction: OHCOOOHCH 2223 4232 +⇒+  

 
The working temperature of this fuel cell type is 325 – 400 K. Due to this low working 
temperature, a catalyst material is necessary. The cathode and anode therefore contain 
Platinum embedded in the porous carbon material. The electrolyte is a non-toxic, liquid, 
polymer.  
Methanol does not need special storage, it can be stored and transported at room 
temperature and pressure. It is toxic, and can be hazardous for the environment. The 
storage compartment does need special precautions to secure the safety. 
The efficiency is 35 – 40% , which is higher in comparison with using methanol as a fuel 
for internal combustion engines. [22] 
 
 
MCFC 
Molten Carbonate Fuel Cells use a liquid alkali-carbonate as electrolyte, which is 
contained in a porous ceramic matrix. The cathode and anode are both made of non-
precious metals.  
 

 
Figure A9.6  : Molten Carbonate Fuel Cell 
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Anode reaction:  −−
++⇒+ eCOOHCOH 222

2

32  

Cathode reaction: 
−− ⇒++

2

322 242 COeOCO  

Overall reaction: OHOH 222 22 ⇒+  

 

The working temperature molten carbonate fuel cells is approximately 925 K. As a result 
of this high temperature, no catalytic material is necessary, and the fuel cell is not very 
sensitive to poisoning. The electric efficiency is 40 to 60%, and if the generated heat is 
used in a heat exchanger, the total efficiency can reach 85%. [27] The mixture of salt 
alkali’s that is the electrolyte, is very hazardous for humans, so the fuel cell stack should 
be isolated very carefully. The ceramic material that contains the electrolyte and 
separates the cathode and anode, is very brittle, making the MCFC not very suitable for 
mobile applications. The high working temperature causes a slow response at sudden 
changes in power demand, and a long start up time. This type of fuel cell is intended for 
static loads, such as large scale power plants. 
 
PEM FC 
The PEMFC is currently favored by the major car manufacturers. Therefore, this system 
has been looked at a little bit deeper, and is discussed more extensive. A Proton 
Exchange, or Polymer Electrolyte, Membrane Fuel Cell, has a solid electrolyte made of a 
special membrane which must be humid with water to conduct hydrogen ions, also called 
protons. At the anode side, hydrogen molecules are led into the cell, where they split up 
into protons and electrons. The electrons provide the current for the electric load, the 
protons are conducted through the membrane towards the cathode, where they react with 
the electrons and the oxygen from the air to water molecules. 

 
Figure A9.7 : Proton Exchange Membrane Fuel Cell  
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Anode reaction:  +− +⇒ HeH 442 2  

Cathode reaction: OHOeH 22 244 ⇒++ −+  

Overall reaction: OHOH 222 22 ⇒+  

 
Liquid water is necessary to conduct the protons through the polymer electrolyte 
membrane separating the cathode and anode. Therefore, the temperature of this system is 
not allowed to exceed the gasification temperature of water, being 100 degrees C, 373 K, 
at atmospheric pressure. This low temperature allows the fuel cell to be easily poisoned 
by CO from the atmosphere (or the impurity of the hydrogen) and also causes the need 
for the cathode and anode to contain platinum or another expensive material as catalyst. 
Another problem is the high complexity of the temperature control and the control for the 
amount of water in the system. The residual water from the chemical process has to be 
transported out the system as waste material, while enough water has to remain to prevent 
the electrolyte membrane from drying out. The chemical process inside the fuel cell 
generates heat, leading towards another issue; cooling has to be applied to prevent the 
water in the system from boiling.  
The big advantage of the low temperature is the lack of the need for thermal isolation, 
and its safety for its passengers. The response of this system on sudden power demand is 
high, and the start-up time low. 
 
In order to get the maximum efficiency out of the PEM FC and improve the performance, 
two main fields of research can be distinguished, being the use of the waste heat and the 
improvement of the lifetime.  
The third main field of research focuses on lowering the cost price of a PEM FC. 
 
- Waste heat 
Currently, none of the PEM FC’s used in mobile applications makes use of the heat that 
is generated during the chemical process that is creating the electrical energy. This heat 
contains between the 20 and 40% of the total energy created in the chemical reaction. In 
some stationary applications, where this heat is used, the efficiency can raise from 50% 
(only electrical) to 85% (combined). It can certainly be valuable to see if the heat at a 
mobile application can be used as well.  
This can be done by using a turbo-compressor, a heat-exchanger or a heat pump. At this 
moment, the heat is only used for heating the passenger compartment. 
 
- Lifetime  
The target lifetime of a fuel cell is 5,000 hours. [30] 
This lifetime depends on the platinum activity and the co-poisoning of the catalyst. 
The activity of the platinum in the cathode and anode diminishes with every start-stop –
cycle and with every accelerating cycle (0.6V – 0.9V). The same cycles shorten the 
lifetime by poisoning the cathode and anode material with CO. This CO from the air fills 
the gaps that are in the porous material of the cathode and anode.  
To extent life time, the amount of start-stops is minimized by keeping the fuel cell 
running at idle power during operation of the vehicle. Idle power is usually 10% of the 
maximum output.  
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The loss of platinum performance. 
During an hour approximately 55 accelerating cycles are made [65], so in its complete 
lifetime 275,000 of these cycles are made.  
The estimated number of start-stop cycles is 30,000. During the start-stop, the voltage 
potential can go up to 1.2V. The total 1.2V time during all these start-stop-cycles is 
approximately 100 hours. 
The target is a 40% loss of catalytic performance after the expected life-time. 
 
Another concern is the sensibility of the cathode and anode of being poisoned with CO.  
This can be solved by increasing the temperature at which the process takes place, but 
this is not favorable since this will also increase the start-up time and decrease the 
response time to power demand. The membrane is usually made of Nafion® (DuPont) 
[35] or imidazole, which has to stay immersed in liquid water to be conductive. This also 
limits the operating temperature of the fuel cell to below 100 degrees C, at room pressure. 
A new material is in development (triazole) which can operate in dry conditions as well. 
[43] The current material used for the cathode and anode is Yittria-Stabilized Zirconia 
(YSZ) or Lanthanum Gallate. Using other materials for the cathode and anode can also 
solve the sensitivity for co-problem. These other materials demand for more catalytic 
materials, while there is just a lot of research being done in order to reduce the amount of 
these expensive materials. So this is contra-productive. The solution that’s in use at this 
moment exists of filtration of the ingoing air and hydrogen. The hydrogen has to be 
extremely pure, which makes it relatively expensive. New filter types, or other ways for 
filtering the air should solve the contamination problem. 
 
-Cost price. 
According to the Department of Energy (DOE), the cost price of a PEM FC stack is 
$108/kW [41], based on mass production in large (500,000 pc/yr) quantities. The current, 
handmade units are $3,000/kW on average. The target is to be competitive with the ICE, 
which means that the FC should cost $30/kW in 2015. To achieve this target, cheaper 
materials and less of the expensive materials should be used.  
In order to reduce the amount of used platinum from 0.6 mg/cm2 to 0.2 mg/cm2 to 
achieve the cost price target, the chemical activity of the platinum has to be three times 
higher. [65]. The cost price of the used polymer membrane will go down if it is made in 
higher quantities. The same goes for the other components of the fuel cell system. 
At this moment all the fuel cells are still unique, handmade products. The answer the 
larger demand the production will have to be automated, which will also lower the cost 
price. 
 
- Voltage 
Theory shows that the voltage of the redox-reaction of hydrogen and oxygen has a 
potential of 1,48 V, under ideal conditions. At 298 K and atmospheric pressure, this 
voltage is 1,23 V. The temperature and pressure inside a fuel cell stack are not ideal, 
therefore the maximum output voltage of a PEM stack is lower, approximately 1,0 V 
[5][15] If the voltage becomes too low, the polarity of the fuel cell might reverse. Care 
has to be obtained at all times. 
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The low working temperature, the solid electrolyte, the high efficiency, the relatively 
cheap, non-toxic, non-hazardous materials, all make the PEMFC perfectly suitable for 
mobile applications. 
 
Sources: 
[5][15][27][65][82][93] 
 

 
 

Figure A9.8 : Fuel Cell types 
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A10 : Matlab-models 

 
Matlab models, as included on CD-ROM. These Matlab models are used to calculate the 
total energy consumption of a fuel cell – super capacitor hybrid vehicle. The component 
sizes can be varied by the user, and the drive cycle is necessary as input.  
Dynamic programming is used to calculate the path of the lowest costs, using the super 
capacitor charge as state x and the current as input u.  
 
A10.1 P_drive_cycle 
Used to calculate road-load from the drive cycle as loaded by the initiating file A10.9 and 
the vehicle parameters as submitted in A10.10 to A10.12. 
 
A10.2 P_emotor 
Used to calculate the electric power at the in-wheel motors, based on the parameters from 
A10.3. 
 
A10.3 MC_PM32evs_mod 
Adapted Advisor file for the Auxilec Thomson 32 kW (continuous), permanent magnet 
motor/controller [Advisor], modified to the specifications of the in wheel motors. 
The motor speed map is divided by six to match the maximum rpm of the wheels, and the 
torque is multiplied with the same value to keep the power output equal. 
 

A10.4 P_SC_minv 
Used to calculate the lower bound of the super capacitor charge. The necessary power 
input is calculated in A10.9. 
 

A10.5 P_SC_maxv 
Used to calculate the upper bound of the super capacitor charge. The necessary power 
input is calculated in A10.9. 
 

A10.6 P_SC_grid_mesh 
Calculates the super capacitor power grid. In this grid, all matrix indices are equal to 
values for the state and input, making this normalized matrix suitable for look up without 
interpolation. For every state and input, the output power is computed and stored in this 
matrix. 
 

A10.7 P_FC 
Calculates the hydrogen consumption expressed as power consumption based on the 
requested power at the fuel cell stack. Includes a fuel cell model adapted from the QSS 
toolbox. Iterates thirty times to stabilize the cell voltage.  
 
A10.8 P_FC_grid_mesh 
Generates a vector using A10.7 for power request values evenly distributed in forty steps 
between zero and maximum output power of the fuel cell. This prevents the need for the 
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computational expensive iterations of A10.7 for every power request at the fuel cell. 
Instead, interpolation can be used, which is quicker. 
 
A10.9 DP_set 
Initiating file, setting all the variables necessary for the dynamic programming routine of  
A10.13. Lets the user choose the desired drive cycle, loads all the vehicle and component 
parameters from A10.10 to A10.12, calculates the road-load and the according electric 
power from the electric machines using A10.1 and A10.2, sets the boundaries for the 
super capacitor charge and current using A10.4 and A10.5. Loads the grids of A10.6 and 
A10.8 for saving computational time. 
 
A10.10 Init_props 
Sets basic physical properties. 
 
A10.11 Init_comp 
Calculates the component properties using A10.10 and the input of the user. 
 
A10.12 Ini_veh 
Calculates the vehicle properties using A10.10 and A10.11. 
 
A10.13 DP_run 
Dynamic programming routine. Uses all the variables as set by A10.9. Normalizes the 
boundaries, and creates empty matrices used for storage of the calculated values.  
The dynamic programming routine calculates for every step in time the possible power 
consumptions of the fuel cell, by varying the input u for all at that time possible states x. 
The u resulting in the lowest fuel consumption is stored. 
The second part of the routine starts at the initial value for x and uses the stored u values 
to trace the route of the lowest cost back. The charge level of the super capacitor, the 
super capacitor power, the fuel cell power and the drive cycle power request are plotted, 
and the total fuel consumption in [MJ] is displayed. 
 
A10.14 P_FC_only 
This file is used to calculate the fuel consumption if all the components remain the same, 
but no energy recuperation or buffering takes place. All the drive train power 
consumption is provided only by the fuel cell system. Used to set a benchmark.  
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Notes 
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