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PREFACE  
When I started my PhD studies, in October 2003, I was full of expectations, not only 
about the five years ahead of me but also about the technology in focus of my studies. 
During the years I have learnt that the more you study, the more you understand that 
there is no answer. You become more confused, but on a higher level.  

When I started my research journey my goal was to find the role for hydrogen and fuel 
cells in a future sustainable energy system. During the year of courses taken within the 
Energy Systems Programme I had a chance to look at the technology of fuel cells from a 
different perspective and that, in combination with a widened systems perspective, gave 
me a realistic view on fuel cells and hydrogen. I also grew to understand that with all 
uncertainties about the future a study such as the one I first planned would soon be out 
of date. 

After the courses I was offered to work with a European fuel cell bus demonstration 
project; Clean Urban Transport for Europe (CUTE), as part of the team responsible for 
work package 4, evaluating the operation of the buses under different climate conditions. 
The CUTE project was a great opportunity to work with fuel cell technology and 
hydrogen as fuel in real applications, and to acquire experience from working in a large 
international project. The project continued until May 2006, and while the project ended 
the work with writing scientific articles on the subject continued. 

In May 2007 I was offered to work with another demonstration project, concerning a 
stationary fuel cell system situated in the information centre GlashusEtt in Hammarby 
Sjöstad. The project concerned another type of fuel cell with another kind of fuel. I had 
to re-evaluate my first ideas of the goal of my studies. The inclusion of a fuel cell in the 
stationary sector, and biogas as a fuel, broadened my study. 

What you hold in your hand is the resulting work of my PhD studies. It is a combination 
of the experiences from participating in the demonstration projects and the widened 
sight, given to us in the courses within the Energy Systems Programme. The objective is 
to touch upon the subject from different angles, which is why also two broader studies 
and studies on acceptance and hydrogen production are included in the work. It is more 
of an assessment of the first steps to commercialisation for fuel cells than an assessment 
of future use. 

  I 



Bringing fuel cells to reality and reality to fuel cells 

 

 

 

  

II 



  Abstract 

 
BRINGING FUEL CELLS TO REALITY 

AND REALITY TO FUEL CELLS 

- A SYSTEMS PERSPECTIVE ON THE USE OF FUEL CELLS 

Maria Saxe 

Department of Chemical Engineering and Technology, Division of Energy Processes 

KTH - Royal Institute of Technology, Stockholm, Sweden 

 
ABSTRACT 
With growing awareness of global warming and fear of political instability caused by oil 
depletion, the need for a society with a sustainable energy system has been brought to the 
fore. A promising technology often mentioned as a key component in such a system is 
the fuel cell technology, i.e. the energy conversion technology in focus in this thesis. The 
hopes and expectations on fuel cells are high and sometimes unrealistically positive. 
However, as an emerging technology, much remains to be proven and the proper use of 
the technology in terms of suitable applications, integration with society and extent of 
use is still under debate. This thesis is a contribution to the debate, presenting results 
from two fuel cell demonstration projects, looking into the introduction of fuel cells on 
the market, discussing the prospects and concerns for the near-term future and 
commenting on the potential use in a future sustainable energy system.  

Bringing fuel cells to reality implies finding near-term niche applications and markets 
where fuel cell systems may be competitive. In a sense fuel cells are already a reality as 
they have been demonstrated in various applications world-wide. However, in many of 
the envisioned applications fuel cells are far from being competitive and sometimes also 
the environmental benefit of using fuel cells in a given application may be questioned. 
Bringing reality to fuel cells implies emphasising the need for realistic expectations and 
pointing out that the first markets have to be based on the currently available technology 
and not the visions of what fuel cells could be in the future. 

The results from the demonstration projects show that further development and research 
on especially the durability for fuel cell systems is crucial and a general recommendation 
is to design the systems for high reliability and durability rather than striving towards 
higher energy efficiencies. When sufficient reliability and durability are achieved, fuel cell 
systems may be introduced in niche markets where the added values presented by the 
technology compensate for the initial high cost.  

LANGUAGE: English 

KEYWORDS: Assessment, CUTE, Demonstration projects, Emerging technology, 
Evaluation, Fuel cell buses, Fuel cell systems, Fuel cells, Hype, Interdisciplinary, Niche 
markets, PEM, Radical technologies, SOFC, Strategic niche markets, Sustainability   
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SAMMANFATTNING 
TITEL: Att föra visionen om bränsleceller till verklighet, och verklighet till visionen om 
bränsleceller - Ett systemperspektiv på användningen av bränsleceller 
Med ökande medvetenhet om klimatförändringar och oro för den politiska instabilitet 
som kan uppkomma på grund av oljebrist har behovet av ett samhälle med ett hållbart 
energisystem förts fram. En lovande teknik som ofta nämns som en nyckelkomponent i 
ett sådant energisystem är bränsleceller, dvs tekniken i fokus i denna avhandling. 
Förväntningarna och förhoppningarna på bränslecellstekniken är höga och ibland 
orealistiskt positiva. Bränsleceller är dock fortfarande en teknik under framväxt och 
mycket återstår att bevisa. Den rätta användningen av tekniken i form av rätt 
applikationer, integration med samhället och hur utbredd användningen skall vara, 
debatteras fortfarande. Denna avhandling bidrar till den debatten genom att, presentera 
resultat från två demonstrationsprojekt, titta på introduktionen av tekniken på 
marknaden, diskutera möjligheter och utmaningar i en närliggade framtid samt 
kommentera den eventuella användningen i ett framtida hållbart energisystem.       

Att föra visionen till verklighet innebär att hitta möjliga nischapplikationer och 
marknader där bränsleceller kan vara konkurrenskraftiga. I viss mån är användningen av 
bränsleceller redan verklighet, eftersom de förnärvarande testas i flertalet applikationer 
världen över. I många av de föreslagna applikationerna är dock bränsleceller långt ifrån 
konkurrenskraftiga, och ibland är även den miljömässiga fördelen av att använda 
bränsleceller möjlig att ifrågasätta. Att föra verklighet till visionen innebär att understryka 
behovet av realistiska förväntningar och peka på att de första marknaderna måste vara 
baserade på den nuvarande tekniken och inte på vad man tror att tekniken kan prestera i 
framtiden. 

Resultaten från demonstrationsprojekten visar att fortsatt utveckling och forskning 
speciellt angående livslängd är väsentligt för bränslecellssystemen, och generella 
rekommendationer är att utforma systemen för hög tillförlitlighet och livslängd snarare 
än högre effektivitet. När tillräcklig tillförlitlighet och livslängd uppnås, kan 
bränslecellssystemen introduceras i nischmarknader, där de mervärden som tekniken 
innebär kan kompensera för den initialt högre kostnaden. 

SPRÅK: Engelska 
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1. INTRODUCTION 
Energy availability and use have been the prerequisites for economic development, and 
constitute a basis of every day life, as we know it, in the industrialised countries. Recently 
however, problems with the extensive use of our limited fossil energy resources have 
emerged. With growing awareness and fear of global warming and political instability 
caused by resource depletion the need for a sustainable energy system has been 
emphasised. 

A promising technology mentioned in many reports (IEA, 2007a; European 
Commission, 2007) as a key component in a sustainable energy system is the fuel cell 
technology. Most recent is the publication Energy Technology Perspectives, from the 
International Energy Agency (IEA) in which fuel cell technology is pointed out as one of 
the key energy technologies for climate change mitigation (IEA, 2008). The hopes and 
expectations on fuel cells are high and sometimes unrealistically positive (Hultman & 
Saxe, 2005). However, as an emerging technology, much remains to be proven. The 
proper use of the technology in terms of suitable applications, integration with society 
and extent of use is still under debate. 

It is sometimes assumed that the success of a technology is decided merely by the 
technical performance. However, it is important to include also other aspects such as 
economy, policy and acceptance, which all influence the development of the technology. 
Before introduction it is also important to properly benchmark the technology against 
the competing technologies, something which is not always done when it comes to fuel 
cell systems. This thesis is an attempt to include several of these aspects and will 
hopefully widen the perspectives on the use of fuel cells. 

Bringing fuel cells to reality implies finding near-term niche applications and markets 
where fuel cell systems bring added-values and may be competitive. In a sense, fuel cells 
are already a reality. They have been used in the Apollo space program and are currently 
being demonstrated in various applications world-wide. In many of the envisioned 
applications of fuel cells they are however far from being competitive and sometimes 
also the environmental benefit of using fuel cells may be questioned. Bringing reality to 
fuel cells implies bringing realistic expectations, by pointing out that these first markets 
have to be based on the currently available technology and not the visions of what fuel 
cells might be in the future. 
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1.1 Aim and scope of the thesis 

The aim of this thesis is twofold: to explore the possibilities for introducing fuel cells on 
the market and to give a balanced picture of the potential use of fuel cell systems. This 
includes arguing for realistic expectations on the use of fuel cells, in the near-term future 
as well as in a future sustainable energy system. The perspective presented is based on the 
author’s experiences from participating in demonstration projects in combination with 
influences from the interdisciplinary research school Energy Systems Programme, 
resulting in a critical assessment of the technology. The papers included in the thesis 
touch upon the subject from different angles, chosen to enlighten important aspects of 
the fuel cell technology and its introduction. The thesis complements rather than 
summarises the papers appended. 

The thesis mainly concerns the use of fuel cell systems in vehicles, for residential-scale 
combined heat and power and as part of an electrical energy-storage system. Other 
applications and sectors are only briefly mentioned. In addition, the focus is on fuel cell 
systems based on the technologies evaluated in the demonstration projects, i.e. proton 
exchange membrane (PEM) fuel cells and solid oxide fuel cells (SOFC). 

1.2 Research context 

The research project on which this thesis is based was performed under auspices of the 
Energy Systems Programme at the division of Energy Processes, and within two external 
projects. The research has inevitably been affected by this framework of contexts. 
Therefore a short description of each research environment is presented. 

The Energy Systems Programme 
The Energy Systems Programme is an interdisciplinary research school where researchers 
in technology and social sciences work together. The courses and seminars as well as the 
environment built up by the participants of this programme have deeply affected the 
content of this thesis and this influence is also to some extent visible in the papers.  

The division of Energy Processes 
At the division of Energy Processes at the Department of Chemical Engineering and 
Technology, KTH, the focus is on energy systems analysis and several technologies for a 
sustainable energy system are covered. With this approach the division complements 
colleagues, working on a more detailed level, with both technical system aspects as well 
as a wider energy systems perspective. The combination of studies on energy systems 
with different technologies in focus, and the close connection to the Energy Systems 
Programme has created a rare research environment, where debating and questioning the 
benefits and drawbacks of technology are encouraged and other aspects of technology 
and innovations, such as acceptance and attitudes, are elucidated. Papers V-VII are 
typical products of this research environment. 

The involvement in external projects 
Three out of the seven papers (papers I-III) presented in this thesis are based on work 
performed within the demonstration project Clean Urban Transport for Europe 
(CUTE). The CUTE project was a large international demonstration project coordinated 
by Daimler (formerly DaimlerChrysler), with 27 fuel cell buses running in nine European 
cities. Due to the scale of the project also local project-groups were formed in each city. 
The Stockholm project group was perceived as one of the most ambitious and 
enthusiastic local projects. The Stockholm CUTE project was coordinated by the City of 
Stockholm and involved Stockholm Public Transport (SL), the bus operator Busslink and 
the utility company Fortum. KTH was involved in the project via Busslink, as 
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responsible for evaluating the operation under different climate conditions. However, 
due to the evaluators’ interest, the assessment came to include the entire energy system 
of the buses as well as attitudes towards the new technology and fuel. This was possible 
thanks to the open and creative project group in Stockholm, and the supportive project 
coordinators at Daimler. 

The GlashusEtt project concerned evaluation of a high-temperaturefuel cell system 
powered by biogas. The project was a small national project with a core-group of four 
active participants. The project was coordinated by Grontmij and involved, besides two 
divisions at KTH, ABB - Corporate Research. 

Both the CUTE project and the GlashusEtt project were, so-called, third-party 
evaluations of the technology and hence not all data or details of the system were 
available for the evaluators. Therefore, good relations to and close collaboration with the 
providers of the systems were prerequisites for the evaluation. Daimler and Ballard were 
the suppliers in the CUTE project, and Acumentrics was the supplier in the GlashusEtt 
project. 

1.3 Methodology 

The work in this thesis has not been performed using a single method, but rather many 
methods and one methodology. The methodology is created by a combination of 
technology-initiated and problem-initiated assessment, as defined by Lee and Bereando 
(1981). The technology assessed is fuel cell systems and the problem to be solved is how 
to attain a sustainable energy system. The work has been done with a systems perspective 
in mind using different perspectives, tools and methods in different papers.  

A systems perspective 
Historically, the systems theory sprung from the need to address complex systems as 
more than just the sum of their components (Ingelstam, 2002). The classical systems 
theory was however intended to theoretically formulate general rules for various systems, 
independent of whether the system was technical, socio-technical or social. In this thesis 
the term systems perspective is used, not to be confused with the classical systems 
theory. The systems perspective should be understood as a methodology framework, 
much like the description of technology assessment presented by Lee and Bereando 
(1981). Systems perspective as used in this thesis, means completing the overall picture, 
i.e. enlightening perspectives previously not studied, using the right tools for the right 
question and reporting as transparently as possible, to enable the sharing of results and 
the process leading to the results. 

The methods & methodology used 
The work presented in papers I-IV is technology assessments based on third-party 
evaluations performed in the demonstration projects. The technical evaluations of the 
systems (papers I & IV) are made by analysing data from general operation and tests 
performed. Due to the pre-commercial state of the technology, and competition in the 
area, all details of the fuel cell systems were not available.  

An iterative approach was used for the analyses, i.e. while analysing the data any 
abnormal or interesting findings have been further investigated. The evaluation of the 
CUTE buses focused on the entire energy system in the vehicle more than on the fuel 
cell system specifically, and the efficiencies of the energy system and some subsystems 
were evaluated under different operating conditions. The evaluation of the system in 
GlashusEtt was more focused on the fuel cell system performance. The papers 
concerning attitudes towards the fuel cell buses and hydrogen as a fuel (papers II & III) 
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represent a widened systems perspective and elucidate a critical aspect in technology 
introduction, i.e. stakeholders’ attitude towards the new technology. Descriptive statistics 
have been used in both papers. Paper III also includes a statistical analysis of the 
differences between the two survey results. 

The papers concerning the future energy system (papers V & VI) are mainly based on 
literature reviews and basic calculations. In these papers, the system studied is the entire 
energy system, although the focus is on subsectors of it. 

The paper on hydrogen production, paper VII, is based on thermodynamic and 
economic calculations. Being the first publication, this paper represents the initial idea of 
investigating different application areas and fuel production pathways. It also symbolises 
the need for a widened systems perspective where the necessity for energy efficient, and 
in other ways sustainable, fuel production is emphasised.  

1.4 Thesis outline 

After this introduction, chapter 2 starts with a description of the background to the 
research project. This section includes a discussion about why a sustainable energy 
system is required and how such an energy system could be achieved.  

Chapter 3 presents a short description of the fuel cell technology, fuel cell systems and 
their possible fuels. This section also contains descriptions of the two fuel cells systems 
evaluated in the appended papers. 

In chapter 4 the task of bringing fuel cells to reality is explored in light of the experiences 
from the demonstration projects and theories concerning emergence of innovative 
technologies.  

The potential role of fuel cells in the future is discussed in chapter 5, starting with an 
assessment of near-term prospects and concerns, guided by the question of where and 
how fuel cells should be used in the near-term future. The second part of the chapter 
includes a discussion of the potential role of fuel cells in a future sustainable energy 
system.  

Specific conclusions from the appended papers as well as general conclusions and 
recommendations are presented in chapter 6. 
 

Bringing fuel cells to reality 
 

The role of fuel cells in the future 

Fuel cell bus demonstration project 
 

Fuel cell competition in the future 

Paper I – technical evaluation 
 Paper V – comparative study 

Attitudes towards fuel cells & hydrogen
 

Fuel cells in the near-term future? 

Papers II & III – evaluation of attitudes  Paper VI – strategies for 2025 
Fuel cell for combined heat and power  

 

Electrolytic hydrogen production 

Paper IV – technical evaluation  Paper VII – exploring synergy 
potentials 
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2. BACKGROUND AND MOTIVATION 
Energy has for a long time been an important element of society and easily available 
energy resources have been a key prerequisite for industrialisation. With the oil crises and 
awakening environmental concerns in the 1970s, the use of our limited fossil resources 
was increasingly perceived as problematic. The problems are today considered to concern 
not only resources and environment but also economy (Stern, 2006). Many agree that 
sustainable development and a future sustainable society are required but the meaning of 
the proclamation differs; there is still a distance between strong ecological concerns and 
strong economic focus. Whatever the outcome of this discussion, a sustainable energy 
system is of vital importance.  

In this chapter, the growing awareness of the need for sustainability, the problems with 
the present energy systems and important aspects of a sustainable energy system are 
discussed. All these aspects represent the background and motivation for the work 
performed. In addition, backgrounds to the two demonstration projects are given.  

2.1 The growing awareness of the need for sustainability 

After more than a century of industrialisation, the environmental damage caused by 
human activities started to show, and in the 1960s and 1970s concerns about the 
environment increased. An important contribution to, and driving force of, the increased 
environmental awareness was the book Silent spring by Rachel Carson, published in 1962, 
which reflects on the effects of different chemicals on the environment, animals and 
humans. The increased environmental awareness resulted in increased research efforts. 
This in combination with the emergence of systems dynamics modelling (Ingelstam, 
2002) lead to numerous forecasts predicting the potential threats to the environment and 
civilisation. An example is the report Limits to Growth, in which a group of scientists from 
Massachusetts Institute of Technology (MIT) estimated the limits to growth in terms of 
resources, pollution and population. The results showed that the limits would be 
surpassed before the end of the 21st century (Pestel, 1972). The report received 
considerable attention and created a world-wide debate (Ingelstam, 2002). Another 
important development in the late 1960s and early 1970s was that the first pictures of the 
earth from space were taken in the Apollo program. Seeing the earth as a small biosphere 
in the endless space reinforced the metaphor of spaceship earth, the world view used by 
for example Boulding to emphasise that earth is a closed system without unlimited 
reservoirs for extraction, or for pollution (Boulding, 1966).  
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The increasing concern about the environment called for action, and in 1972 the first 
United Nations Conference on the Human Environment was held in Stockholm (UN, 
1972). At this time, the environmental concerns were often local and visible, for example 
emissions caused smog, oil spill caused accidents and even the effect of different 
chemicals on humans and animals were noticeable in the areas where they were used. 
Acidification was the first recognised energy-related problem with large-scale spreading 
of the pollution and effects. Acidification is mainly caused by sulphur dioxide (SO2) and 
nitrogen oxides (NOx) emitted from combustion of fossil fuels, such as oil and coal. 
Since the environmental impact is spread over large areas, international measures were 
needed to handle this problem. Emission control and desulphurisation of fuel have lead 
to lowered concentrations in air and water in Europe and North America. The emissions 
are however still high in other parts of the world (UN, 2007). 

For a long time energy use and economic development, measured as Gross Domestic 
Product (GDP), were considered inseparable. Since energy use is responsible for many 
environmental problems, there was a clear polarisation between the environmentalists 
and the economic development activists1. In 1973, the first oil crisis emerged, and the 
risk of being oil dependent became evident to many countries. Following this awakening, 
many countries started to plan for decreasing their oil dependence. In addition, many 
industrialised countries experienced a decoupling effect, where the economic 
development was strong without energy use increasing correspondingly (see for example 
Kaya (1995)). This decoupling was an indication of the potential of price and policy 
instruments to reduce energy use in developed economies. However, the noted decrease 
in energy intensity, measured as energy per GDP, is not only due to energy efficiency 
measures but also due to change of industrial structure in many developed countries. For 
example, an increasingly large share of the economic development typically consists of 
services instead of products, and heavy industry is increasingly relocated to developing 
countries. Hence, it is difficult to say how much of this progress that is an actual gain in 
efficiency in a global perspective, and how much is a zero-sum game (Hornborg, 2002).  

Sustainable development was the parole under which economy and ecology were 
supposed to unite. The term sustainable development was defined by the Brundtland 
commission (UN, 1987a) as: 

“a process of change in which the exploitation of resources, the direction of investments, the 
orientation of technological development; and institutional change are all in harmony and 
enhance both current and future potential to meet human needs and aspirations.” 
The most widespread definition is however the phrase used in the resolution adopted by 
the General Assembly (UN, 1987b) where sustainable development is reduced to imply: 

“…meeting the needs of the present without compromising the ability of future generations 
to meet their own needs.” 
In the report from the Brundtland commission, Our Common future (UN, 1987a), several 
environmental issues were addressed. For developing countries the main threats 
mentioned were desertification, deforestation and pollution. For industrialised countries, 
the challenges of toxic chemicals, toxic wastes and acidification were pointed out. 
Among environmental impacts which concern all countries, global warming and the 
destruction of the ozone layer were mentioned.  

                                                 
1 Usually referred to as traditional economists. 
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The growing concern about potential global warming caused by greenhouse gases such as 
carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) rapidly became one of the 
main concerns2. Since combustion of fossil fuels is one of the main contributors to 
atmospheric carbon dioxide this issue once again firmly links energy use to negative 
environmental impacts. Due to the uncertainty about consequences and global effects, 
this issue required international collaboration and at the next large conference on 
environment and development, in Rio de Janeiro in 1992, this was one of the main 
topics. During the conference an international environmental treaty, the UN Framework 
Convention on Climate Change (FCCC), was produced which later lead to the Kyoto 
protocol in 1997. The Kyoto protocol, which entered into force on February 16th, 2005, 
commits industrialised countries to stabilise greenhouse gas emissions. 

Recently, global warming has come to dominate the environmental debate. This 
sometimes means that other important sustainability issues such as raw material 
depletion, water shortage and poverty are set aside. It is important that all issues on 
sustainability be addressed in order to avoid sub-optimisations. The chairman of 
Intergovernmental Panel on Climate Change (IPCC), Dr. Rajendra Pachauri, states: 

“If we deal with climate change in isolation from sustainability issues, we are missing the 
larger picture.”     (Pachauri, 2008) 
Today, sustainable development is usually interpreted as a combination of economic, 
social and environmental aspects. At the 2005 World Summit, economic development, 
social development and environmental protection were described as interdependent and 
mutually supporting pillars of sustainable development (UN, 2005). All of these aspects 
need to be addressed when planning for a sustainable energy system. 

2.2 Problems and challenges with today’s energy systems 

The basic physical steps in an energy chain consist of energy resource extraction, energy 
conversion and energy use.  

 

 
Energy use Energy conversion Energy resource extraction 

Of the energy resources traded today, about 80 % (IEA, 2007b) are fossil resources such as 
coal, oil and natural gas. These resources are limited and many argue that within a few 
centuries all fossil resources will be depleted. The first fossil resource anticipated to be 
depleted is oil, followed by natural gas and finally coal, which is estimated to last about 
200 years from now at the present utilisation rate (Olah et al., 2006). Another concern is 
that the main oil resources are concentrated to a geographical area in the Middle East. 
Hence, due to import dependence and resource availability the present energy resources 
cause both economic and political concerns as to security of supply. 

Energy conversion is the way energy resources are transformed into useful energy. Much of 
the energy conversion is today based on combustion of fossil fuels, which emit not only 
carbon dioxide, but also sulphur oxides, nitrogen oxides, hydrocarbons and particles. 
While carbon dioxide is believed to have a global effect through global warming, the 
other emissions cause relatively local environmental impacts, such as acidification, 
eutrophication and health problems. Moreover, many of the conversion technologies in 
use are energy inefficient. For example, much of the electricity used today is produced in 
condensing power plants, with electrical efficiencies of about 30 %. Since the main 
                                                 
2 Greenhouse gases also include several man-made chemicals such as chlorofluorocarbons (CFCs), 
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulphur hexafluoride (SF6). 
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problems with today’s energy system (supplies and emissions) are related to the amount 
of resources extracted and used, energy conversion should be as efficient as possible.  

The energy use is driven by the need to provide services, for example transport work and a 
comfortable indoor climate. Indirectly, the energy used for industrial production is also 
driven by the need for services provided by products. The global energy use increased by 
on average 2 % per year between 1980 and 2005 (EIA, 2007), mainly due to increasing 
development and energy demand in developing countries. Energy use per capita is 
however still low in the developing countries. In 2005, the consumption of primary 
energy resources per capita in North America was almost twice of that in Europe, which 
in turn consumed almost 3 times more than China, and 10 times more than Africa (EIA, 
2007). This unequal energy use is mainly due to differences in living standards, degree of 
industrialisation and consumption habits.  

There are several factors that affect the total use of energy and consequently the 
environmental impact of energy use. The Kaya identity, which was first used and 
presented by Kaya et al. at the Tokyo Conference on Global Environment in 1989, 
describes the changes in carbon dioxide emissions as a product of four driving factors: 
population, economic development, energy intensity and carbon intensity per energy. 
The Kaya identity, as presented by Raupach et al. (2007) and Wagoner and Ausubel 
(2002) may be illustrated by the following equation:  

EnergyGDPPopulation
PopulationEmissions ⋅⋅⋅=

EmissionsEnergyGDP  

Although the original equation is for carbon dioxide emissions, the basic correlations 
hold true for any emission, or any environmental impact, as in the more general 
ImPACT identity presented by Waggoner and Ausubel (2002). The energy intensity is 
affected by technical aspects such as conversion efficiency, as well as economic and 
social aspects affecting the energy demand. The carbon intensity per energy is mainly a 
question of available resources and conversion technologies. 

In many industrialised countries, the energy intensity and the carbon intensity per energy 
have decreased since the 1980s. This has however been counteracted by the strong 
economic development and population growth, causing the global carbon dioxide 
emissions to grow by 1 % per year between 1990 and 1999 (Raupach et al., 2007). In 
addition, the previously noted decarbonisation of the energy system was mainly due to 
the increasing use of nuclear power (Kaya, 1995). Raupach et al. have shown that recently 
the energy intensity, as well as the carbon intensity per energy, have ceased to decrease, 
which has resulted in a radical increase in the carbon dioxide emissions by more than 3 % 
per year between 2000 and 2004.  

Different countries and regions face dissimilar energy-related problems. Examples of 
challenges in different regions are presented in Table 1. The prerequisites in terms of 
natural resources, conversion technologies and available infrastructure are important 
factors. Sweden is an example of a country with a large portion of renewable resources, 
such as hydropower and biomass. Of the commercial energy resources used, over 30 % is 
renewable (Swedish Energy Agency, 2007). The power production is to a large extent 
carbon-dioxide lean, with about 50 % hydropower and 50 % nuclear power. In addition, 
biomass and municipal waste are increasingly used for both heat and power production. 
Regarding energy conversion efficiency, Sweden has the advantage of existing district 
heating networks in many cities, which make large-scale combined heat and power 
production possible. This increases the resource efficiency from around 30 % to about 
80 % (including heat recovery). District heating networks also increase the energy 
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resource flexibility and enable recovery of industrial waste heat. More than 60 % of the 
district heating energy used in Sweden is based on biomass (including waste) and about 
8 % is industrial waste heat (Swedish Energy Agency, 2007). The energy use in the 
transport sector is currently the largest challenge in Sweden. This sector is to a large 
extent oil dependent, and energy use in the sector has been steadily increasing. 

In the developed countries, here represented by the Organisation for Economic Co-
operation and Development (OECD), which consists of 30 industrialised countries3, 
over 90 % of the total energy used is based on fossil resources (EIA, 2007). The power 
production is to a large extent based on old coal-fired power plants with low efficiencies. 
In addition, residential heating is generally distributed, and mainly based on oil and 
natural gas. Moreover, this does not encourage combined heat and power production 
and impedes collective and swift resource exchange. The transport sector in all 
industrialised countries is extensively oil dependent.  

The main problems with the energy systems in parts of the developing countries are the 
lack of commercial energy resources and infrastructure. As a consequence, few have 
access to electricity and transport and much of the basic services such as cooking and 
heating is still provided by biomass collected by hand. Although recognising the need for 
sustainable development, economic development and increased welfare are often 
perceived as the primary goals in the developing countries. China, India and Russia, 
which are rapidly developing countries, account for over 50 % of the primary energy 
consumption in the non-OECD countries in 2005 (EIA, 2007).  
Table 1. Challenges with present energy systems in different regions. 

Challenges for Sweden 

Resources: Oil dependence in the transport sector. 

Conversion: Few in the stationary sector. Electricity is used for 
heating. Road transport is inefficient. 

Use: Excessive use of road transport. Excessive use of 
electricity. 

Challenges for Europe and the OECD 

Resources: Mainly fossil based for transport, heat and power. 

Conversion: Low efficiency. Few combined heat and power plants. 
Few district heating networks. Road transport is 
inefficient. 

Use: Excessive use of road transport.  

Challenges for developing countries 

Resources: Few commercial resources available and few can afford 
commercial resources. Collecting wood takes time! 

Conversion: Old technology. Inefficient use of resources.  

Use: Many do not have access to basic energy services. 

                                                 
3 The 30 member countries of the OECD are: Australia, Austria, Belgium, Canada, Czech Republic, 
Denmark, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Korea, Luxembourg, 
Mexico, the Netherlands, New Zealand, Norway, Poland, Portugal, Slovak Republic, Spain, Sweden, 
Switzerland, Turkey, United Kingdom and the United States (www.oecd.org, August 2008). 
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The energy used in developing countries is to a large extent based on coal. Of the total 
primary energy consumption 40 % was based on coal in 2005, compared to less than 
30 % in the OECD countries (EIA, 2007). Coal is an inexpensive and easily available fuel 
in many countries and as the intensive development requires high energy use, coal is 
increasingly used. The rapid economic development in combination with increasing 
carbon intensity (Raupach et al., 2007) and population constitutes a major threat to 
climate change mitigation. In addition, local emissions and smog are increasingly 
problematic in the growing metropolitan areas of for example China. 

Stabilising energy use and greenhouse gas emissions while letting the developing 
countries reach a decent standard of living implies that the industrialised countries have 
to decrease their energy use, or forcefully decarbonise the energy system. Stabilising 
might however not be enough. Several studies indicate that the carrying capacity of the 
earth is already exceeded (WWF, 2006; Meadows et al., 2004). Meaning that, to reach a 
sustainable society the average ecological footprint4 has to be decreased. It is therefore of 
vital importance that also the resources and technologies used for the growing energy 
demands in developing countries are efficient and carbon-dioxide lean, without in other 
ways compromising the environment or restricting social and economic development5. 
Because of this, the change towards a sustainable energy system has begun, as part of the 
aim to achieve a sustainable society.  

2.3 Towards a sustainable energy system 

As discussed in the previous section the main problems and challenges with today’s 
energy system are: 

• Global and local emissions. 

• Resource depletion and security of supply. 

• Unequal distribution of energy per capita and energy services available. 

To attain a truly sustainable energy system, all these issues have to be addressed. There 
are several possible strategies, and a combination of them will probably be necessary. The 
strategies include: changing energy resources to renewable and sustainable resources, 
improving conversion efficiencies and decreasing total energy demand of industrialised 
countries, by for example changing habits and social structures. 

The potential to change energy resources from fossil resources to renewable resources such 
as biomass, wind and sun are promising. Biomass is a carbon dioxide-neutral resource, 
i.e. not adding to the greenhouse gas emissions, if the area used for growing the biomass 
is re-grown. There are however still some local emissions (NOx and particles) if the 
biomass is combusted. Biomass has the advantage of being a locally available resource in 
many places, enhancing the prospects for greater equity in energy distribution and 
increased security of supply. The biomass potential is on the other hand limited by 
available acreage, yield and ecological potential and there is also a concern, and ongoing 
debate, about competition between food and fuel production. The estimates for the 
future potential of biomass differ widely, but many recent studies come to the conclusion 
that the biomass potential alone is not sufficient for replacing all fossil resources. This is 
                                                 
4 The ecological footprint is a resource management tool that measures how much land and water area a 
human population requires to produce the resources it consumes and to absorb its wastes under prevailing 
technology. Definition from http://www.footprintnetwork.org. 
5 This is a recognised challenge and the Kyoto Protocol includes mechanisms of technology transfer to the 
developed countries to support sustainable energy supply. 
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true also for a biomass-rich country such as Sweden (see paper VI). Wind and solar 
power are increasing rapidly in many countries but still only account for a small part of 
the total energy supply (IEA, 2007b). There are no local or global emissions from the 
operation of wind turbines and photovoltaic systems, but from a life-cycle perspective 
there is still environmental impact from the production of the systems as well as local 
environmental impacts during installation and operation. These power sources are 
intermittent and extensive use might have to be combined with storage technologies for 
load levelling and seasonal energy storage (see paper V). Other proposed strategies to 
avoid carbon dioxide emissions are to increase nuclear power production and add carbon 
dioxide capture and storage to existing coal condensing power plants. Since these 
strategies, besides being questionable as to safety and acceptance involve the limited 
resources coal and uranium, their sustainability may be questioned. However, they may 
play an important role in the transition to a sustainable energy system. To capture carbon 
dioxide is also possible at biomass-fired power plants and has been proposed as a 
strategy to clean the atmosphere. This is an interesting option if storage of carbon 
dioxide may be made safe and sustainable. 

The switch to renewable energy sources does not easily and rapidly solve the problems of 
today’s energy systems, mainly because energy use is excessive and rapidly increasing. To 
reach a sustainable energy system within a foreseeable future, ways of providing required 
services with as little energy resources as possible have to be in focus. One way of 
realising this is to improve the efficiency of the energy conversion. A potential problem with 
increased energy efficiency is the so-called rebound effect. The rebound may be directly 
caused by increased sales of a less expensive product or indirectly caused by increased 
economic growth. A review of studies of the rebound effect preformed by 
Dimitropoulos (2007), has shown results ranging from 15-30 percent of the savings being 
cancelled by the rebound to increased total energy use, i.e. rebound is higher than the 
energy saved (so-called backfire). However, if the increased efficiency is due to or 
combined with higher energy prices the rebound effect might be prevented. Energy 
conversion efficiency is a challenge especially in the transport sector where the 
production of most alternative fuels increases the total energy demand.   

Due to the losses in energy conversion, less energy needed on the demand side, i.e. less 
energy used to provide the services, is the most energy and cost efficient way to reduce the 
environmental impact. Therefore, strategies for decreasing demand for energy services 
should be explored and encouraged. Policy measures such as taxes, fees and other 
economic regulations are important tools, which may reduce excessive use of energy and 
encourage the use of alternative technologies. In the transport sector, fuel price, tolls and 
parking fees may steer the choice of transportation mode, and structural changes in 
society can lower the transportation demand. Strategies for lowering the energy demand 
in the transport sector are presented in paper VI. In the stationary sector, low-energy 
buildings may reduce the demand, and higher prices in combination with increased 
individual and instant measurements might lower the energy use.  

Changing the conversion technology, by for example introducing fuel cell systems, is 
hence only one of several strategies needed, and has to be complemented by increased 
use of renewable resources and decreased energy demand. However, all measures will be 
needed and because of the potentially high energy efficiency and resource flexibility of 
the fuel cell technology, much effort has been put into bringing this technology to the 
market in various applications. Among these efforts are the two demonstration projects 
which were evaluated in the appended papers. 
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2.4 Background to the demonstration projects 

The two demonstration projects, in which the author has participated, have one thing in 
common: the search for conversion technologies with higher efficiency and less 
environmental impact than conventional technologies. Both projects emphasised the 
aspect of sustainable development and the aim of the participation for many stakeholders 
was to obtain experiences of this new technology and prepare for a possible introduction 
of the technology on the market. The main difference was that the CUTE project 
concerned urban buses in the transport sector and the GlashusEtt project was about 
residential-scale combined heat and power. 

Clean Urban Transport for Europe (CUTE)  
The demonstration project Clean Urban Transport for Europe (CUTE) was a large 
international demonstration project. It is so far the largest demonstration project of fuel 
cell buses ever carried out, with 27 buses running in nine European cities. The buses 
were operated for two years in each city, beginning in 2003/2004 and finishing in 
2005/2006. The operation was coordinated by the local authorities and the organisation 
of the project in terms of number of trained bus drivers, fuel infrastructure and operating 
route was individually decided by the participants in each city.  

The indirect aim of the project was to increase the sustainability of the transport sector 
by introducing hydrogen and fuel cells, which if used to a larger extent could reduce the 
global greenhouse effect, improve the quality of the atmosphere and conserve fossil 
resources. The aim of the project was to: 

“…develop and demonstrate an emission-free and low-noise transport system, including 
the accompanying energy infrastructure, which has great potential for reducing the global 
greenhouse effect according to the Kyoto protocol, improving the quality of the atmosphere 
and life in densely populated areas and conserving fossil resources.”  

         (Objectives in project proposal, part B) 
Daimler (formerly DaimlerChrysler), which initiated and coordinated the project, is 
regarded as one of the leaders in developing fuel cell vehicles. Renzi and Crawford (2000) 
even wrote a paper on “DaimlerChrysler’s Venture Into Fuel Cell Technology” indicating 
the importance of the company in the area. Daimler was the first carmaker to initiate 
collaboration with a fuel cell company when they signed an agreement with Ballard in 
1993. They started with the development of a line of fuel cell vehicles (the NECAR) 
already in 1994 (Renzi & Crawford, 2000) and had with the 33 fuel cell buses in the 
CUTE project and the associated projects ECTOS (in Reykjavik/Iceland) and STEP (in 
Perth/Australia) produced half of all existing fuel cell buses in the world by 2003/2004. 

The City of Stockholm and Stockholm Public Transport (SL) have since long been 
proactive in the sustainable transportation area and are involved in several regional, 
national and European projects concerning sustainable transport (Clean Vehicles in 
Stockholm, 2004; SL, 2008). Stockholm Public Transport is among the leaders in the 
world of providing environmentally benign alternatives for transportation. The first 
ethanol buses were introduced already in the middle of the 1980s. Today about 50 biogas 
buses and 400 ethanol buses are operated in the city centre of Stockholm. The 
progressive goal is to have all their buses in the Stockholm County operated on 
renewable fuels by 2025. The participation in the CUTE project was part of this 
commitment but is not the only strategy for sustainable transportation in Stockholm. 
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GlashusEtt in Hammarby Sjöstad 
GlashusEtt is an information centre in the residential area of Hammarby Sjöstad in 
Stockholm. The information centre as well as the entire residential area are part of an 
environmental and ecological city district project, and have been built with tough 
environmental requirements on buildings, technical installations and traffic6. GlashusEtt 
has previously been used as a test-bench house for two different types of PEM fuel cells 
(Hedström et al., 2004). When the residential area was built the intention was to have 2-3 
high-temperature fuel cells providing heat and power for some of the residential 
buildings. However, due to delays in delivery of the fuel cell systems and the difficulties 
in attaining commercial or pre-commercial units, the plans were altered and the project 
with a single SOFC unit in GlashusEtt was a feasible alternative.  

The SOFC was operated on upgraded biogas which was available in the residential area 
for use in gas stoves. The gas is produced in the Henriksdal waste water-treatment plant, 
which also supplies upgraded biogas to vehicles, e.g. the previously mentioned biogas 
buses in Stockholm. 

ABB (formerly ASEA), which is one of the participating organisations in the project 
group, has a long history of working with fuel cells. They started the first research 
programme on fuel cells in Sweden already in 1963, and in the mid-1960s a 200 kW 
prototype system was demonstrated. The system was intended for submarine 
applications but was assessed to be too expensive, and the fuel cell programme at ASEA 
was ended in 1972. By then, one of the driving forces of the fuel cell development had 
moved on to KTH, where the research and development continued. After the 
programme ended, the activity in the fuel cell area was low at ASEA/ABB and did not 
rise again until the mid-1990s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
6 More information about Hammarby Sjöstad may be found at www.hammarbysjostad.se. 
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3. FUEL CELL SYSTEMS 
Fuel cell systems are often proposed as energy converters in a sustainable energy system. 
They are discussed as a replacement of internal combustion engines, steam turbines and 
batteries, and are proposed for use in numerous applications: in vehicles, as small and 
large-scale power plants, as back-up power for buildings, in small electronic devices, etc. 
There are different types of fuel cells and all types are not suitable for all applications, i.e. 
the various technologies present different benefits and drawbacks. In this chapter the 
different types of fuel cells are presented briefly and the components of a fuel cell system 
are described. After that the possible fuels for fuel cells are discussed. This is followed by 
a description of the fuel cell systems and fuels evaluated in the appended papers (papers I 
and IV).  

3.1 Facts and figures 

The heart of a fuel cell system is the fuel cell itself which consists of an electrolyte and 
two electrodes. The electrode where the fuel is supplied is the anode and the other is the 
cathode. The chemical reaction differs between the fuel cell types but the common 
fundamentals are that there are electrochemical reactions between the fuel and a catalyst 
at the anode and that the electrolyte is ion conducting. An example of a hydrogen fuelled 
fuel cell is presented in Figure 1. Each cell produces only small amounts of power, 
limited by the current density (in A/cm2), cell area and operating voltage of the cell. 
Some typical operating voltages and current densities for different fuel cells are given in 
Table 2. Several cells may be stacked together in what is called a fuel cell stack. In the 
most common type of stacks the electrolyte is a membrane and the membrane electrode 
assemblies (MEAs) are connected via bipolar plates. The bipolar plates are designed with 
fuel supply, air supply and cooling channels. Besides that, the bipolar plates also function 
as current collectors in some stacks. Fuel cells may also be tubular with one of the 
electrodes mounted inside the tube and the other mounted outside with the membrane in 
between; which electrode is inside and which is outside varies. Cells with this kind of 
design are also stacked together to achieve higher power output. These stacks typically do 
not have bipolar plates but more simple current collectors so-called interconnects, 
between the cells.  

Fuel cell systems are very modular since the number of cells, and stacks, is decided by the 
required power output from the system. Other common comparative advantages of fuel 
cells, compared to other energy converting technologies, are high electrical efficiency (see 
Table 2) and the potentially high durability, due to few moving parts and the fact that no 
material changes occurs during the process.  
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Figure 1. Illustration of a hydrogen-fuelled fuel cell. The hydrogen is split by the catalyst on the 
anode. The protons then travel through the membrane while the electrons are forced to go 
through an external circuit, producing electricity. At the cathode side the electrons and protons 
meet with oxygen and produce water. The fuel cells are put together in a stack with bipolar plates 
in between, enhancing current collection and supplying fuel and air to the cells.  

Fuel cells are characterised by the type of membrane, the operating temperature and/or 
type of fuel. The alkaline fuel cell (AFC) was used in one of the first fuel cell systems 
built and was developed and used in the Apollo space program in the 1960s. The main 
disadvantage with this type of fuel cell is that it needs hydrogen and oxygen as fuel, since 
carbon dioxide from hydrocarbons, or the air, would react with and dilute the liquid 
potassium hydroxide (KOH) electrolyte. The phosphoric acid fuel cell (PAFC) was the 
technology used in the first pre-commercial fuel cell systems for stationary power 
production. The PAFCs use air as oxidising agent and although the fuel cell needs 
hydrogen the delivered systems are usually equipped with a reformer and gas cleaning 
system, enabling the system to operate on natural gas, biogas or similar fuels. In the 
proton exchange membrane (PEM) fuel cell the electrolyte is an ion-conducting 
membrane. Due to the low operating temperature PEM fuel cell systems have relatively 
short start-up times and are suitable for dynamic operation. That, in combination with a 
high energy density, is why this kind of fuel cell system is especially suitable for use in 
vehicles. Systems with this technology are also envisioned in small stationary systems, 
especially as electrical energy storages. The PEM fuel cells need hydrogen but the fuel 
cell system may, as the PAFC systems, be equipped with a fuel reformer and gas cleaning. 
The main disadvantage for PEM fuel cells is the requirement of the costly and rare metal 
platinum as a catalyst. The direct methanol fuel cell (DMFC) usually has the same kind 
of membrane as the PEM fuel cell but uses other catalysts and a higher load of catalysts 
on the electrodes to be able to operate on methanol. The DMFC systems are primarily 
developed for use in portable applications such as mobile phones and lap top computers, 
but use in cars has also been suggested and tested (Fuel Cell Today, 2007). The solid 
oxide fuel cell (SOFC) and the molten carbonate fuel cell (MCFC) are so-called high-
temperature fuel cells. Thanks to the higher temperature these fuel cells are less sensitive 
to impurities in the fuel and internal reformation of the fuel is possible, hence fuels such 
as natural gas and biogas may be used. In addition, due to the higher temperatures these 
fuel cells do not need platinum as catalyst, a costly part of the catalysts for DMFC and 
PEM fuel cells. For the high-temperature fuel cell systems the thermal stresses while 
starting and stopping the system is a recognised problem. The application areas 
envisioned for these systems are mainly as stationary power (or combined heat and 
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power) plants. The use of SOFC systems as auxiliary power units (APUs) on-board long-
haul trucks is also a potential application. 
Table 2. Fuel cells types and their characteristics based on data from Larminie and Dicks (2003) 
and Staffell et al. (2008). Efficiencies are based on the lower heating value (LHV) of the fuel. 

 AFC  PAFC  PEM DMFC  SOFC  MCFC  

Electrolyte  Alkaline – 
Potassium 
hydroxide  

Phosphoric 
Acid  

 

Polymer 
Membrane 

Polymer 
Membrane 
(Alkaline) 

Ceramic 
membrane 

Molten 
Carbonate 

Mobile ion OH- H+ H+ H+ O2- CO3
2- 

Producing  
water at Anode Cathode Cathode Cathode Anode Anode 

Operating  
temperature 50-200ºC ~220ºC 70-100ºC 20-90ºC 500-

1000ºC ~650ºC 

Current densities 
[A/cm2] 
In voltage interval 
[V] 

 
0.1-0.4 

 
0.85-0.6 

 
0.15-0.4 

 
0.8-0.6 

 
0.4-0.9 

 
0.75-0.6 

 
0.05-0.25  

 
0.5-0.2 

 
0.3-1.0  

 
0.95-0.6 

 
0.1-0.2 

 
0.95-0.75 

Stack Efficiency 
(LHV) 45-60 % 45-65 % 40-70 % 20-45 % 45-75 % 50-65 % 

Typical 
applications  
 & 
power output 

Spacecraft
1-15 kW  

Niche 
vehicles  
20 kW  

Stationary 
200 kW 

Vehicles 
100 kW 

 Stationary 
1-10 kW  
Portables  
< 1.5 kW 

Portables  
< 1.5 kW 
  Vehicles 
100 kW  

Stationary 
5-200 kW  

APUs        
5 kW  

Large 
stationary 
200 kW  

up to     
MW-sizes 

Fuel  Hydrogen Hydrogen Hydrogen Methanol Methane, 
Hydrogen 

Methane, 
Hydrogen 

Besides the most common fuel cells presented in Table 2, there also exist some even less 
mature fuel cell types, currently at research stage. These are, for example, direct ethanol 
fuel cells (DEFC) described by for example Rousseau et al. (2006), other direct liquid fuel 
cells (DLFC) presented by Dimirci (2007) and microbial fuel cells (MFC), see for 
example Rodrigo et al. (2007). All these are interesting alternatives presenting solutions to 
some of the problems of the more common fuel cells, but also new problems and 
challenges.  

Balance-of-plant – Auxiliary equipment  
To function properly, the stack is equipped with a number of auxiliary systems for water 
and heat management, fuel feeding etc. The units of the auxiliary equipment are often 
referred to as the balance-of-plant (BOP). 

All fuel cell systems need some fuel supply. For hydrogen-fuelled fuel cell systems 
where hydrogen is stored in high-pressure tanks (which is often the case in fuel cell 
vehicles) the pressure in the tanks may be used to drive the fuel to the anode with a 
pressure-regulating valve adjusting the pressure on the fuel supply side. This is also true 
for some non-pressurised fuel cell systems connected to gas-supply grids. For the feeding 
of the fuel in other systems, some kind of fan or compressor is needed. Due to water 
balance issues for the fuel cell types where water is produced at the cathode side the fuel 
is sometimes humidified. For PAFC and PEM fuel cells, the MEAs are very sensitive to 
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impurities, especially carbon monoxide. Due to poisoning of the platinum catalysts less 
than 10 ppm of carbon monoxide is accepted by PEM fuel cells and 0.5 % is the limit for 
PAFCs (Larminie & Dicks, 2003). Therefore, the fuel has to be very clean when entering 
the stack and if the fuel supplied to the system is not hydrogen, pre-processing of the 
fuel is necessary. The pre-processing for such a system includes reforming or partial 
oxidation and thorough cleaning of the gas with, for example, pressure swing adsorption 
or water gas shifting. Sulphur is another known poison which might be present in fuels 
such as natural gas or biogas. For SOFCs and MCFCs, the sulphur may cause irreversible 
morphological changes to the nickel catalysts and such a system usually includes a 
sulphur removal system.  

For air supply a compressor or blower is typically utilised. Most terrestrial fuel cell 
systems use air instead of oxygen as oxidising agent. As air holds 21 % oxygen, five times 
more air than oxygen is needed for the chemical reaction. In addition, excess air is 
needed to ensure that the oxygen partial pressure is adequate, i.e. to prevent oxygen 
starvation which might cause inhomogeneous electrical current generation over the cell 
area. The air is sometimes also humidified to keep the water balance in the cell. For high-
temperature fuel cells (SOFC and MCFC) preheating of the air is usually needed. During 
operation this could be solved by heat exchanging the exhaust with the inlet air, or by 
combustion of excess fuel from the anode in the cathode air. 

The chemical reaction of producing electricity in fuel cells is exothermic i.e. heat is 
produced by the process. In addition, ohmic resistance and overpotential in the fuel cell 
cause losses that result in further heat production. Because of this, cooling is needed to 
keep the cells at a good operating temperature and to keep the temperature even 
throughout the stack and cells. Some low-temperature and low-power cells may do 
without forced cooling, using only the air supply as cooling medium. Systems which 
operate at higher power and temperatures need forced cooling, either by excess air, 
additional air cooling loops or water cooling. Water cooling is the least volume-
demanding design and enables efficient heat recovery for combined heat and power, but 
it is not possible to use for SOFCs and MCFCs due to the high operating temperatures. 

The fuel cell stacks delivers low voltages and direct currents (DC) hence some kind of 
power conditioning is usually needed. A DC/DC converter might be used for ramping 
up the voltage to requested voltage levels. If the system is connected to the grid or to a 
synchronic motor, the current also has to be converted to alternating current (AC), 
meaning that a DC/AC inverter is required.  

Some fuel cell systems are hybridised, i.e. the fuel cell is combined with batteries, super 
capacitors or any kind of energy storage. This is mainly done to level the power output 
and to prevent rapid changes in the system balance-of-plant, which may cause instability 
in the heat and water management. Hybridisation is a means to increase the lifetime of a 
system.  
Efficiency measures 

The electrochemical efficiency of the stack, ηcell-st k is defined as:  ac

_  

 

where PDC is the direct current power output from the fuel cell stack. The denominator 
contains the mass flow ( ) and energy content of the fuel input as lower heating value 
(LHV). This efficiency, which is often used, is however only for the stack. Many of the 
auxiliary systems need power to operate and hence lower the efficiency of the system. 
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Therefore not only the electrochemical (cell-stack) efficiency should be calculated but 
also the fuel cell system efficiency, since it is the system, and not only the fuel cell stack, 
which is needed in the foreseen applications. This is emphasised in both paper I and 
paper IV. In the system efficiency, ηsystem: 

_  

 

the power used for the auxiliary systems, Paux, is subtracted from the power output, 
hence the nominator corresponds to the net power out from the system. For a PEM fuel 
cell stack the stack efficiency is typically above 60 % while the system efficiency is closer 
to 40 %. 

If the system is used as a combined heat and power system also the total efficiency may 
be calculated. The total combined heat and power efficiency, ηCHP, is defined as: 

_  

 

and includes the recuperated heat, Q, as an output from the system. For most systems 
the fuel utilisation in the cell is less than 100 % since a certain surplus of hydrogen is 
needed to avoid starvation at the end furthest away from the fuel supply. If no 
recirculation of the fuel is applied this seriously affects the system efficiency, see for 
example Braun et al. (2006). Examples of stack efficiencies and system efficiencies are 
given in section 3.3 and 3.4, where the fuel cell systems evaluated in the appended papers 
I and IV are described. 

3.2 Fuelling fuel cells 

As seen in the previous section the possible fuels vary depending on system 
configuration and technology chosen. The fuels that may be used directly, or with 
conventional fuel processing, in fuel cell systems are hydrogen and methane-rich gases 
such as natural gas, biogas and synthetic gas.  

In a PEM fuel cell, or any system with a fuel cell type which uses platinum as catalyst, the 
fuel fed to the fuel cell has to be carbon monoxide-lean hydrogen. Hydrogen (H2) is not 
an existing resource, but an energy carrier, and has to be produced. Today there are two 
commercial ways of producing hydrogen, either via reforming of natural gas or by 
electrolysis. Reforming is the most common and cost-effective way to produce hydrogen. 
Hydrogen production via reforming of natural gas has an energy efficiency of 80-90 % 
(LHV). Hydrogen may also be produced from reforming of other methane-rich gases 
such as biogas or synthetic gas. Then the energy efficiency is generally somewhat lower. 
Gasification of biomass is increasingly discussed as a feasible option to produce 
hydrogen via synthetic gas. Electrolysis is the fuel cell process reversed, i.e. hydrogen and 
oxygen are produced from water by adding electricity. This process has the advantage of 
producing ‘pure’ hydrogen, i.e. without traces of other chemicals. The use of pure 
hydrogen is beneficial for preventing cell degradation. Electrolysis is a resource-flexible 
production pathway but is more energy demanding than reforming of natural gas. The 
efficiency from power to hydrogen, is 60-75 % (LHV). On top of that, the power 
production would have to be considered to assess the total environmental impact. 
Depending on what electricity production is assumed, renewable, electricity mix in the 
country or marginal power the results of environmental impact assessments of this 
production pathway may be very variable. 

For high-temperature fuel cells, SOFC and MCFC, carbon monoxide is not a poison but 
a fuel and therefore reforming may occur internally in the fuel cell stack, enabling 
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efficient direct use of natural gas or other methane-rich gases. Methane-rich gases may be 
produced via gasification of fossil resources or biomass, via anaerobic digestion in, for 
example, waste water-treatment plants or synthetically from hydrogen and carbon 
dioxide. 

The fuel processing (reforming and cleaning) is often part of the system design for 
stationary fuel cells, enabling direct use of fuels such as natural gas and biogas also for 
the PEM and PAFC systems. Although lowering the total system energy efficiency, the 
additional equipment needed for fuel processing is not a major problem in stationary 
applications. For vehicular use, on the other hand, the additional weight and space 
required for the fuel reforming is unpractical. Therefore, hydrogen is the most common 
fuel in the fuel cell vehicles demonstrated today.  

A major disadvantage with hydrogen is the low volumetric energy density7 making 
storage bulky and distribution difficult, causing much energy to be spent while 
distributing limited amounts of hydrogen energy (Bossel et al., 2005). To reduce energy 
and cost for distribution, the hydrogen should be produced locally, preferably on-site 
where the hydrogen is needed. On-site production is possible with both reforming and 
electrolysis. The low volumetric density of hydrogen is also a challenge in vehicles where 
hydrogen presently is stored at elevated pressures. High pressure storage (350 to 800 
bars) implies that also energy demanding compression is needed. 

Figure 2 illustrates some of the possible fuel production pathways for fuel cell systems. 
Methanol for DMFCs is not included, nor is innovative biochemical production routes 
such as artificial photosynthesis or green algae (for a review of bio-chemical routes see 
Saxena et al. 2008). 

 
Figure 2. Examples of fuel production pathways for hydrogen and methane-rich gas. Adapted 

version of a combination of Figure 1 and Figure 2 in Hydrogen Energy and Fuel Cells – a vision of 
our future (European Commission, 2003). 

                                                 
7 Hydrogen actually has high energy density compared to other fuels (120 MJ/kg) but due to the low 
density (0.085 kg/m3) the volumetric energy density is low (10 MJ/m3). 
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3.3 The fuel cell system in the CUTE buses 

The buses used in the CUTE project were conventional 12-metre Mercedes-Benz Citaro 
buses in which the energy system for propulsion was replaced. The energy system in the 
fuel cell buses consisted of 9 high-pressure hydrogen tanks (350 bars), two fuel cell 
stacks, two large fans for fuel cell cooling, balance-of-plant components, a DC/AC 
inverter and an electric motor (205 kW), all included in Ballard’s fifth generation of 
heavy-duty drive trains, the Hy-205 P5-1 engine. The fuel cell system in the buses was 
based on Ballard’s Mk9 PEM technology and each stack had a rated net power output of 
120 kW. In this design, the fuel cells were water cooled, and both air and fuel were pre-
humidified. A conventional automatic gearbox was mounted onto the electric motor and 
an auxiliary gearbox was mounted at the other end of the motor. The buses were not 
hybridised and the only batteries in the system were the regular start-up batteries. The 
fuel cell system and hydrogen storage were mounted on the roof of the bus, as illustrated 
in Figure 3, for safety and ease of maintenance reasons. 

 
Figure 3. Illustration of the fuel cell system on the fuel cell Citaro buses (Source: Daimler AG) and 

a photo of the fuel cell bus in operation in Stockholm (Photo: Mikael Röhr). 

Important aspects throughout the project were reliability and safety and the aim when 
designing the bus in 2002 was not to realise the perfect urban bus but to demonstrate 
and prove that hydrogen-powered fuel cell buses may function well in daily operation. 
This means that maintainability, reliability and cost were important design parameters, 
implying some special features for the fuel cell system design. For example, many 
conventional components were used in the buses, also for the fuel cell system auxiliaries. 
One example is that all electrically-powered auxiliaries (fuel cell specific as well as 
standard auxiliaries) were operated on the regular 24-volt system and the electricity for 
the 24-volt system was produced via conventional generators. This approach is inefficient 
due to the many conversion steps. Also the air compressor, referred to as supercharger, 
was powered mechanically via the auxiliary gearbox instead of directly by the electricity 
from the fuel cell. This is not a standard solution for a fuel cell system, but enables the 
use of conventional bus auxiliary systems and thereby increases the reliability of the 
system and lowers the cost. The fact that many auxiliary systems are powered via the 
electrical motor makes it important to look at the entire bus as a single energy system, 
since the fuel cell system is integrated with the drive train in the bus.  

One of the reliability measures used for the system was a minimum current limitation set 
on the fuel cells, forcing the fuel cell system to deliver power at all times. At times when 
this power was not needed, when standing still or free-rolling, this power was dumped in 
a resistor. This was done to ease the dynamics of the balance-of-plant, e.g. the heat and 
water management. Another reliability feature was the purge. Purging means venting of 
hydrogen through the anode side of the fuel cell and is a standard procedure for PEM 

 

Air condition

Fuel cell balance 
of plant components

Hydrogen vessels 

Auxiliary components,
mechanically driven

Central electric motor

Automatic gearbox

Fuel cell stacks

Cooling unit,
hydraulic fans

21 

 



Bringing fuel cells to reality and reality to fuel cells 

 

fuel cell systems to remove water, nitrogen and other gases that might be present at the 
anode. The frequency and duration of the purge are matters of system design. Frequent 
purging increases the reliability and durability of the system.  

In Figure 4, the stack and system efficiencies are illustrated for different power outputs. 
The upper curve represents a typical fuel cell stack efficiency which is higher at lower 
loads. The fuel cell system efficiency illustrated by the curve, formed by the dots below, 
shows the impact of the auxiliary systems, and in this case also of the minimum current 
limitation, at low loads. The split into two curves for the system efficiency curve in 
Figure 4 is due to purging. Since the purge is periodical, it only affects the overall 
efficiency during operation a few percent, see paper I.  
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Figure 4. Stack and system efficiencies for the fuel cell system in the CUTE buses. Based on data 

from tests performed in September 2004. 

The fuel cell stack efficiency, ηcell-stack, during operation was on average about 65 % 
(based on LHV), the fuel cell system efficiency, ηsystem, including purge and power dump, 
was on average 38-41 %. The balance-of-plant of the fuel cell system required 20-25 % 
of the fuel cell power output, with the supercharger (air supply) being the major 
consumer, see paper I for more details on the energy system of the buses. 

The aim of the project was also to demonstrate the accompanying energy infrastructure 
of the buses. Of the nine participating cities two used on-site reforming of natural gas, 
four produced hydrogen by electrolysis, and in three cities the hydrogen was bought and 
shipped to the depot by truck (CUTE, 2006). Most cities had the hydrogen stored in gas 
bottles, but in London liquid storage was demonstrated. In Stockholm, the hydrogen was 
produced via electrolysis and electricity from hydropower was bought.  

 
Figure 5. The metaphoric water to water fuel life-cycle, used in the Stockholm CUTE project 

(Source: The City of Stockholm; The Environment and Health Administration, Illustration: Maimi 
Parik). 
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With hydrogen produced from hydropower a nice metaphor of water to water may be 
used for the fuel life-cycle, as illustrated in Figure 5. In addition, insignificant 
environmental impact can be assumed. Even if the electricity mix in Sweden is used for 
calculating the emissions from the hydrogen production the environmental impact is low. 
If the marginal power is used, which is usually considered to be coal condensing power, 
the environmental impact is however much greater. 

An important feature of PEM fuel cells is the cold start ability, meaning the system may 
produce power at temperatures below the optimal operating temperature. Because of this 
the system may start to deliver power quickly. Cold start in the sense start-up from below 
zero degrees was however never tested in the project. The systems were equipped with 
an additional heating loop, which was grid connected when temperatures were low, and 
the temperature in the fuel cell system was never below 5 ºC. This was also a reliability 
measure to avoid damages to the membranes due to the expansion of water when 
freezing. This is however an issue that has to be addressed since cold-start capabilities 
will be required if fuel cell vehicles are to be sold commercially. 

The reliability and durability of the fuel cell systems were higher than expected and the 
expected lifetime of the fuel cell stacks (2000 h) was surpassed in most cities. Concerning 
reliability, mainly auxiliary components, especially the inverter and fuel cell control 
system, were causing problems. The infrastructure was also causing more problems than 
expected, especially the hydrogen compressors. In fact, the infrastructure caused more 
downtime of the busses than the technology in the buses. It should however be noted 
that a contributing factor to the good performance of the buses was a thorough 
maintenance schedule including two full-time maintenance personnel in each city.  

3.4 The fuel cell systems in GlashusEtt 

The SOFC system installed in GlashusEtt is a 5 kW SOFC system from Acumentrics. In 
Figure 6 an illustration of GlashusEtt with the SOFC unit is shown together with photos 
of GlashusEtt and the system.  

 
Figure 6. GlashusEtt and the SOFC system on the 3rd floor (Source: ABB Corporate Research). 

The system consists of 4 fuel cell stacks with 12 cell rows of 6 anode-supported tubular 
cells in each stack. The system includes a sulphur trap, pre-reforming by partial oxidation 
and a heat exchanger for heat recovery. The system is hybridised with four batteries 
acting as load levelling intermediate storage. This design is chosen to lower the stress on 
the fuel cells that might occur due to instability in the balance-of-plant, primarily heat-
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management, caused by rapid dynamics. Cooling of the stack is mainly handled by excess 
cathode air, which is blown into the system from under the stacks. For additional heat 
management, there is an optional blower which feeds air to the middle of the stacks, to 
be used when the cooling from below is insufficient for cooling the upper parts of the 
stack. Due to this design, the lower parts of the stack are warmer than the other parts 
when the air is preheated at low loads and cooler than the rest of the system when the 
system is heat self-sufficient.  

Excess heat is recovered from the exhaust gas via a heat exchanger transferring heat to 
the water and ethylene-glycol mixture in the heating system of the house. The system is 
not grid connected but connected to internal loads in the information centre, of these 
about 2-2.5 kW were constant loads and 0.5-1 kW were varying loads. 

The system in GlashusEtt was operated on upgraded biogas from the Henriksdal waste 
water-treatment plant. The methane concentration in the gas is 97 %, hence closer to 
commercial natural gas composition than raw biogas, where the methane content is 
usually about 60 %. Since SOFC fuel cells have been shown to operate with high 
efficiency also on lower methane contents (Staniforth & Kendall, 1998) it would be more 
energy efficient to use the raw biogas directly in the fuel cell system. The upgrading 
process for the gas requires energy corresponding to about 5 % of its energy content. 
However, due to the availability of upgraded biogas in the residential area this was the 
most practical fuel for the system. Besides the basic components: methane, carbon 
monoxide and nitrogen, the gas also has traces of the odorant THT 
(Tetrahydrothiophene, C4H8S), added for safety reasons, and some contaminants such as 
H2S and siloxanes (siliconoxyidealkanes) on ppm levels (< 0.5 ppm and ~2 ppm, 
respectively). 

Figure 7 shows the stack and system efficiencies at different loads during the dynamic 
tests performed on the system. The decrease in efficiency at lower loads is probably due 
to lower temperature which is known to significantly increase ohmic losses of this kind 
of fuel cells (Larminie & Dicks, 2003). Since the system was operated at loads between 2 
and 3.5 kW, this did not affect the average system efficiency. The fuel is not re-circulated 
and the fuel utilisation was about 65 % during steady state operation. The upper curve in 
Figure 7 illustrates the efficiencies achievable if 100 % fuel utilisation (FU) was possible. 
Re-circulation of the fuel is however more complicated for SOFC systems than for PEM 
systems operated on hydrogen since the anode exhaust gas contains not only un-reacted 
fuel but also many other compounds such as carbon dioxide etc.   
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4. BRINGING FUEL CELLS TO REALITY- REFLECTIONS ON 
PAPERS I-IV 

Fuel cell systems are, despite recent major improvements, still an immature technology in 
the early phases of development (Stumper & Stone, 2008; Hellman & van den Hoed, 
2007). This may be noted by the lack of dominant (prevailing) design, the fact that there 
is a low market demand and few commercial systems. The success of bringing the 
laboratory vision of fuel cells to reality lies not only in the technical aspects but also 
depends on economy, politics and acceptance. Therefore, it is important to be aware of 
public opinion at all stages of the introduction and to create, and maintain, the positive 
attitudes towards the technology. The fate of fuel cells, more than anything, lies in the 
skill of those supporting and introducing the technology to the market (Kemp, 1994) and 
especially their ability to adapt to the market needs. The creation of strategic niche 
markets, and the search for early market niches, is of vital importance. It is also 
important to prevent unrealistic expectations, since too much hype may lead to a 
backlash (Geels, 2005). These aspects are covered in this chapter. 

4.1 From laboratory vision to everyday use 

For a successful introduction of fuel cells on the market the key factors are cost, 
performance and acceptance of all stakeholders. Fuel cell systems are in many 
applications a replacement technology and will have to perform equally well or better 
than present technologies at the same cost to be competitive. Moreover, the 
environmental performance in a life-cycle perspective is an important aspect for 
acceptance. What is needed in terms of performance and cost may be estimated for many 
of the foreseen applications by comparisons to conventional and competing 
technologies. In this section these performance and cost requirements are discussed and 
compared to the results in the demonstration projects.  

Fuel cells in the transport sector 
Fuel cell systems in the transport sector are envisioned to be used in cars, buses, 
motorbikes, scooters etc. The various application areas have different performance 
demands. Important technical performance characteristics for all applications are 
reliability, fuel efficiency and durability (lifetime).  

The fuel cell systems in the CUTE buses, which represent the state-of-the-art 2002, were 
perceived as reliable. In fact, main problems causing down-time of the buses were not 
related to the fuel cell technology but to the auxiliary systems (in particular the inverter) 
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and fuel production facilities (especially the hydrogen compressors). Concerning energy 
efficiency, the power train efficiency for the CUTE buses, which includes losses in the 
inverter and motor, was on average 34-37 %, which is better than the average 20 % 
usually stated for conventional buses, and comparable to average efficiencies of modern 
diesel engines. However, although the drive train efficiency was high, data from the 
operation showed that the implemented reliability measures for the fuel cell system 
severely increased the fuel consumption, and that the fuel consumption of the fuel cell 
bus was higher than for a conventional bus, see paper I. This is however something that 
may be prevented in future bus designs. 

One of the main technical challenges for fuel cell systems in the transport sector is the 
limited lifetime. When the CUTE project ended the PEM fuel cell buses in Stockholm 
had been operated for about 3000 h each, without changing any of the fuel cells. 
Thereafter, the buses continued the operation in the HyFLEET:CUTE project without 
changing the fuel cell systems, but with service performed on the stacks. The service life, 
defined as the time during which service is cost-effective and realistic, is hence more than 
3000 h for these systems. According to Zegers (2006) fuel cell buses need about 40 000 h 
of service life to be commercially viable. This assumed service life for conventional buses 
is however only achieved with regular service and maintenance also on the internal 
combustion engine system, including engine or component replacements. 

For the use of fuel cell systems in vehicles and portable applications, the volumetric and 
gravimetric power density are also important performance aspects and the hydrogen 
storage is a challenge in terms of space and weight needed for an acceptable vehicle range. 
Although storage is a key issue, the size and weight of the fuel cell system itself is also 
important. Targets for volumetric and gravimetric power densities for fuel cell systems in 
vehicles, excluding electric drive and hydrogen storage are set up by the European 
Commission in the Strategic Research Agenda (HFP-SRA, 2005). The targets for 2015 are 
0.67 kW/l and 0.67 kW/kg. The gravimetric power density of the fuel cell system in the 
CUTE project was 0.12 kW/kg8, excluding hydrogen storage but including engine. 

The cost of the fuel cell systems in the CUTE buses was 3333 €/kW9, including electric 
motor and hydrogen storage. According to Zegers (2006) the cost of a fuel cell system for 
buses should not exceed 200-300 €/kW to be competitive, and the corresponding cost 
for systems for cars is about 50 €/kW. The fuel cell system cost is hence still far from the 
cost targets. However, since the fuel cell systems are not mass produced this comparison 
is unfair. There are several studies indicating that the mass-production cost of the present 
fuel cell systems would be around 67 €/kW ($100/kW)10 at an annual production of 
500 000 units (van Dokkum & Dasinger, 2008; Tsuchiya & Kobayashi, 2004; Ahluwalia & 
Wang, 2008).  

In Table 3 the results from the CUTE project in terms of durability, efficiency and cost, 
are compared to conventional technologies and the targets for 2015 set in the Strategic 

                                                 
8 The fuel cell Citaro was about 3 000 kg heavier than a conventional bus. The hydrogen storage was 
composite gas tanks with an estimated 10 % storage capacity, by weight, i.e. 44 kg hydrogen storage weighs 
approximately 440 kg. Subtracting this from the additional weight of 3 000 kg and using the maximum 
power output from the fuel cell system, 2x150 kW, gives a gravimetric power density of 0.12 kW/kg. 
9 The cost of the fuel cell buses in the CUTE project for the participating cities was about 1 250 000 €. A 
regular bus in Sweden costs around 250 000 €, i.e. the additional cost for the fuel cell system was about 
1 000 000 €. With a maximum power output of 300 kW, the cost per kW was about 3333 €/kW. 
10 The current exchange rate from www.x-rates.com is 1.47 €/$ (16th of August 2008), the exchange rate 
used in this thesis is 1.5 €/$.  
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Research Agenda and by the US Department of Energy. It can be seen that the average 
efficiency of the fuel cell systems is close to the targets and comparable or better than 
conventional internal combustion engines, but that durability and cost are still far from 
the targets. It should however be noted that the cost target stated in the Strategic 
Research Agenda is based on the assumption that 150 000 units are produced per year 
and the cost target stated by US DOE (US-DOE, 2007) is assuming that 500 000 units 
are produced.  
Table 3. Results from the CUTE project, here representing the state-of-the-art in 2002, compared 
to 2015 targets (HFP-SRA, 2005; US-DOE, 2007) and conventional technology (Zegers, 2006).  

 Targets for  
FC vehicles 

Targets for 
FC buses 

Results: 
CUTE buses 

Conventional 
urban buses

 SRA US DOE SRA 2002  
Durability [h] 
Service life [h] 

5000 
-- 

5000 
-- 

10 000 
-- 

>3000 
-- 

-- 
40 000 

Electrical 
efficiency [%]  

40 50-60 40 34-37 ~20 

Cost [€/kW] 100  20 100 3333 ~ 200-300 

The economic performance of a vehicle is a combination of the cost of investment and 
the cost of operation and maintenance. Hence, the higher fuel efficiency of fuel cell 
systems may partly compensate for the higher capital cost, if the cost of the fuel is 
comparable. For private cars, with relatively low utilisation rate (20 000 km/year) the cost 
of investment is a major part of the life-cycle cost, generally more than 85 % (Schäfer et 
al., 2006), but for buses or other fleet vehicles which operate several hours per day 
operating cost and maintenance have a higher share of the total cost (Karlström, 2005). In 
both cases the cost of the fuel cell system is important. The cost of a PEM fuel cell 
system is dominated by the cost of the stack. Ahluwalia and Wang (2008) estimated that 
63 % of the system cost is due to the stack and that 77 % of the stack cost is due to the 
electrodes. Platinum cost and load are responsible for much of the electrode cost 
(Ahluwalia & Wang, 2008). The cost and lifetime of the stack are of course 
interdependent. A short lifetime may be compensated for by easily replaceable and non-
expensive stack parts. On the other hand, a high cost may be compensated for by a long 
lifetime. The latter is preferable in order to achieve as low environmental impact as 
possible.   

A life-cycle assessment of a fuel cell stack, performed by Pehnt (2001), showed that the 
environmental impact is dominated by the impacts from the platinum requirements and 
the production of the bipolar plates. Reduction of platinum is hence important for both 
economic and environmental performance. For a fuel cell vehicle however, the main 
environmental impact is related to operation and as a result of the zero-emission 
operation, shifted towards the fuel production. In a life-cycle analysis of a fuel cell vehicle 
(private car) performed by Schäfer et al. (2006) the fuel production was responsible for 
about 80 % of the greenhouse gas emissions. The study assumed on-site hydrogen 
production by reforming of natural gas and included not only fuel production and vehicle 
operation, but also vehicle production and destruction.  

Life-cycle analyses have also been made for the CUTE buses. Faltenbacher and Binder 
(2006), as well as Alley and Pryor (2007), concluded that a Citaro fuel cell bus fuelled with 
hydrogen from steam reforming of natural gas has higher greenhouse gas emissions than 
regular diesel buses. It should however be noted that both studies used the real 
consumption figures for the buses, which are about double the consumption expected of 
an energy optimised bus design. Electrolysis, powered by hydropower, was also analysed 
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by Faltenbacher and Binder. The results showed that a bus with hydrogen from 
electrolysis, powered by hydropower, reduces the greenhouse gas emissions by 75 %. For 
both hydrogen pathways the emissions causing acidification and smog was lower for the 
fuel cell buses. 

Fuel cell systems in the stationary sector 
In the stationary sector, fuel cell systems are envisioned as large-scale power production 
facilities, small-scale combined heat and power plants, back-up power systems and, in 
combination with hydrogen energy storage, as an electrical energy-storage system. While 
the larger systems demonstrated are mainly high-temperature fuel cells (SOFC and 
MCFC), the medium and small systems can also be PAFC or PEM fuel cell systems. In 
this section primarily residential-scale systems are discussed. 

As for the transport sector, important technical performance parameters are reliability, 
lifetime and efficiency. Concerning lifetime, thermal stresses, caused by heating and 
cooling of the system during start-ups and shut-downs, is a crucial issue for high-
temperature fuel cells. Results reported from the Solid State Energy Conversion Alliance 
(SECA) program in the US, indicate that several thousand operating hours, with more 
than fifty starts and stops, are possible for the fuel cells from Acumentrics (Williams et 
al., 2006). In the GlashusEtt project the SOFC system has been operated for 1600 h, 
with seven start-ups and one of the cell rows is already performing below the minimum 
voltage level set in the control system. The system might be possible to operate for some 
more hours if the minimum voltage level is lowered, but this will cause more stress on 
the other cells and increase the probability for failure. This indicates that the lifetime of 
the fuel cell system is just above the 1600 h achieved. Since residential-scale combined 
heat and power is a relatively new market segment, there is no direct indication of what 
the systems have to endure, but if the systems are to be used in private homes 10 years of 
stable operation without major maintenance is not an unrealistic demand. A service life 
of 10 years corresponds to a durability of about 40 000 h, if the system is operated in the 
winter season only. Today the service life is the same as the life time of a system, but if 
the systems were designed for easy maintenance such as replacement of stack parts, the 
service life of the system could be increased. In the Strategic Research Agenda it is 
assumed that a stack lifetime of approximately 10 000 h is enough to enter the residential 
applications market (HFP-SRA, 2005). This might be true for certain niche markets but 
is not likely sufficient for mass-market penetration and acceptance. The US Department 
of Energy’s target for 2011 is 40 000 h (US-DOE, 2007).  

The electrical efficiency and the total efficiency are important for stationary systems. For 
the SOFC system in GlashusEtt the average electrical efficiency, ηsystem, during near 
steady-state operation at 2.8-3.2 kWel was 30-33 %, close to what was expected. The 
combined heat and power efficiency, ηCHP, was however 40-50 % which is lower than 
what is usually stated, see paper IV for more details on the operation. Load-following 
capabilities are also important for residential-scale systems. The dynamics of the SOFC 
system were tested and the tests showed that the maximum power output from the 
system was 3.5 kW. When higher power was requested the cell voltage of some cells were 
reaching the minimum voltage levels set in the control system.   
Stationary installation cost targets are usually not as tough as the ones for vehicles. 
Commercial technologies for large-scale combined heat and power, for example large-
scale gas turbines, cost around 267 €/kW ($400/kW). For residential-scale combined 
heat and power there are currently few commercial units, but the alternatives: small 
internal combustion engines, micro turbines and Stirling engines cost in between 
530 €/kW and 2500 €/kW (Onovwiona & Ugursal, 2006; De Paepe et al., 2006). In the 
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Strategic Research Agenda (HFP-SRA, 2005) the estimated target for 2015, of 
4000 €/kW, is assumed to be low enough to enter the niche markets for residential 
applications. Although this might be true for very specific niches, it is higher than the 
cost of competing technologies and also higher than the cost target suggested by other 
studies (Lipman et al., 2004; Staffell et al., 2008). The US-DOE target for 2011 is more 
aggressive: 500 €/kW ($750/kW). The goal in the SECA program is to develop fuel cells 
capable of being manufactured at 267 €/kW ($400/kW) by 2010 (Williams et al., 2006). 

In Table 4 the results from the GlashusEtt project in terms of durability and efficiency 
are compared to competing technologies and the targets for 2015 set in the Strategic 
Research Agenda and by the US Department of Energy. It may be seen that also for this 
application the average efficiency of the fuel cell system is close to the targets, and 
comparable or better than conventional/competing technologies. Durability and cost are 
however still far from the targets. 
Table 4. Results from the GlashusEtt project compared to 2015 targets (2011 for US DOE targets) 
(HFP-SRA, 2005; US-DOE, 2007) and competing technologies (Zegers, 2006; Onovwiona & 
Ugursal, 2006). 

 Targets for 
stationary systems 

Results: 
GlashusEtt 

Competing 
technologies 

 SRA -Small scale US DOE 2007  
Durability [h] 
Service life [h] 

>10 000 
-- 

40 000 
-- 

>1600 h 
-- 

-- 
Up to 40 000 

Electrical 
efficiency [%]  

34 40 32 20-30 

Cost [€/kW] 4000 500 Classified 250-2500 

Just as for the transport sector, the economic performance is a combination of cost of 
investment, operating cost and maintenance cost. In addition, for combined heat and 
power there is also a potential income from selling excess electricity to the grid. Hence, 
important parameters are the market prices of fuels and electricity. Staffell et al. (2008) 
show that the payback time for a residential fuel cell system operated on natural gas, at a 
fuel cell system cost of 350-625 €/kW, is 2.5 years, and could hence be profitable if the 
lifetime exceeds this. If the lifetime is extended to 5 years, the target cost could be up to 
1050 €/kW. Longer lifetime would however be the preferred option concerning 
sustainability and acceptance of the technology. 

Concerning environmental performance, Pehnt (2008) made a life-cycle analysis of 
residential-scale fuel cell systems (both SOFC and PEM), operated on natural gas, and 
states that less than 1 % of the total global warming potential is caused by the production 
of the power plants. The results from the analysis show that fuel cell systems are 
comparable to the main competitors: Stirling engines and reciprocating engines, 
concerning greenhouse gas emissions. Concerning the emissions causing acidification, the 
fuel cell systems are assessed to perform better than all competitors. Only Stirling engines 
with modern burners could achieve the same low numbers of sulphur dioxide (SO2), 
nitrogen oxides (NOx) and ammonia (NH3) (Pehnt, 2008). Pehnt also showed that all 
residential-scale systems performed as well as a large-scale combined heat and power 
plant, even if the large-scale system is an efficient natural gas combined cycle.  

Fuel cell cost & learning curves 
Cost is difficult to determine for pre-commercial technologies such as fuel cell systems, 
since few systems are commercially available, no manufacturing practice has yet been 
implemented and manufacturing costs are proprietary. Most fuel cell systems are still 
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assembled by hand (Tsuchiya & Kobayashi, 2004; von Helmolt & Eberle, 2007) and the 
cost for research and development has to be, at least partly, covered by the few units 
sold. For example, the Swedish fuel cell company Cellkraft sells their 4 kW S-Series fuel 
cell back-up system (PEM) for 12 000 €/kW but if 30 units are ordered the price drops 
to 3750 €/kW (Cellkraft, 2008). The cost for fuel cells is generally stated to be in between 
3000-5000 €/kW (Romm, 2006; Lipman et al., 2004; Zegers, 2006; Perry & Strayer, 
2006), but figures around 10 000-20 000 €/kW are typically the numbers discussed when 
talking about the applications closest to commercialisation. The latest industry survey 
from Fuel Cell Today indicates that the cost of a 5 kW PEM fuel cell system could be as 
low as 2000 €/kW ($3000 per kW) (Fuel Cell Today, 2008a).  

Usually when discussing cost for emerging technologies, the learning effect and the 
anticipated reduced cost per cumulative installed power or number of units are 
mentioned. There are also several such studies for fuel cells (Tsuchiya & Kobayashi, 
2004; Mattson & Wene, 1997). However, many fuel cell systems are still in what is called 
the fluid state (Hellman & van den Hoed, 2007) which is characterised by the fact that 
there is no dominant design and a high degree of uncertainty in both design and use. It is 
when a dominant design has been found and mass production starts that a technology 
may truly profit from economy of scale (Hall & Kerr, 2003; Kemp, 1994). For PEM and 
SOFC fuel cells there is an agreement on what materials to use for the membrane and 
partly also for the electrodes (Larminie & Dicks, 2003) but the balance-of-plant, for 
example humidification and fuel pre-processing, as well as system design are still open 
issues. For PEM fuel cells the main differences are air supply, humidification system and 
whether the company sells full systems or stacks modules for integration with the buyers’ 
technology. For SOFC systems the main differences are cell design (tubular or planar 
cells), fuel pre-processing and heat management. The scalability of fuel cell systems 
brings cost advantages for mass production since the fuel cell components for large 
systems may be the same as for smaller systems. This is however not true for the 
balance-of-plant components.  

Social aspects 
Public opinion is crucial for the success of a new technology. It may act either as a barrier 
or a catalyst to the introduction (Hall & Kerr, 2003). The social views affect both the 
acceptance of the technology and the political support that a technology receives (Geels, 
2005). The attitudes towards fuel cells, and the perceived risk of systems operated on 
hydrogen in particular, have been a feared barrier to the technology introduction. By now 
several studies, including papers II and III, show that the attitudes towards fuel cell 
technology and hydrogen as fuel are currently not a major obstacle for the introduction. 
By that it is not said that the public or stakeholders will accept and demand the new 
technology, only that they will not oppose it. The studies on willingness-to-pay (WTP) 
for the new technology show diverse results. Possible reasons for this are discussed in 
paper III. Positive or neutral information and encounters, such as riding on a fuel cell 
bus, may help create acceptance for the technology. On the other hand the opposite is 
also true, i.e. negative information has been found to strongly affect attitudes (Zachariah-
Wolff & Hemmes, 2006). Therefore, safety and reliability are important aspects, 
especially during the introduction phase. Acceptance and political support are factors 
which are both affected by the perception of the fuel cell technology as radical or not. A 
radical technology implies radical changes also to the society in terms of infrastructure, 
knowledge requirements, etc. Because of this, radical technologies might need more 
political support and public funding. In the exploring phase this may be achieved by 
strategic niche management. 
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4.2 Strategic niche management  

Political strategies play a key role for all emerging technologies, and especially for the 
development of radical innovations (Hall & Kerr, 2003). Through national policy or 
international agreements, the introduction of a technology may be stimulated by 
subsidies, taxes or regulations. The Kyoto protocol is an example of an international 
agreement which, by its implementation and flexible mechanisms, stimulates the market 
for carbon dioxide-lean and neutral power production. Besides these options, a 
government may also take part in arranging protected spaces for a new technology by 
creating strategic niche markets, for example by supporting demonstration projects. The 
aim of a strategic niche market is to organise settings for learning processes, in which 
stakeholders learn about the design, user preferences, regulation and other aspects (Schot 
& Rip, 1997; Geels, 2005). A demonstration project could be evaluated as to its direct 
environmental impact, but perhaps even more important is the learning processes and 
the potential consequences for the technology development. Demonstration projects 
could be seen as stepping-stones for future developments and an indication of where the 
development should lead according to various stakeholders (Karlström & Sandén, 2004).  

During the years of development of fuel cell systems several demonstration projects have 
been created by co-funding from governments. The CUTE project is one of the biggest, 
in term of cost, number of involved stakeholders, users and countries. The continuation 
project HyFLEET:CUTE is even bigger, involving not only fuel cell buses but also buses 
with hydrogen fuelled internal combustion engines. Other big European projects are 
Zero Regio, where several fuel cell cars are demonstrated, and HyChain where niche 
market vehicles are demonstrated. The GlashusEtt project is a typical example of 
stationary demonstration projects, which are generally smaller projects. Some knowledge 
gained from these projects, which is part of the learning process, is presented here. 

Knowledge gained from the CUTE project 
The CUTE project was initiated by Daimler and co-funded by the European 
Commission and local stakeholders in each country. As presented in paper III the aim of 
the stakeholders was to gain experience of this new technology and the infrastructure 
required. In addition to the experiences gained, the project also created fuel cell and 
hydrogen networks of actors, both locally and on a European level.  

In many countries, the infrastructure, i.e. hydrogen production, storage and local fuelling 
station, was the first of its kind and regulations had to be adopted and permits had to be 
granted. Due to this, all participating countries now have experiences with handling 
safety and regulation issues for fuel cell vehicles and hydrogen fuelling stations.   

The use of the buses in regular service in urban areas made the demonstration project 
reach out to many people, with a great familiarisation effect. Familiarisation is a key 
factor for acceptance (Schulte et al., 2004). Although no study on acceptance was part of 
the CUTE project, several cities performed, or participated in, surveys concerning 
attitudes towards the fuel cell buses in particular and hydrogen as a fuel in general, see 
paper III. 

The focus on reliability and safety in the CUTE project was a major success factor. In 
addition, the lifetime of the fuel cells exceeded expectations, creating a perceived high 
quality of service. The project coordinators emphasised the importance of a careful 
ramp-up of the daily operation, with only two of the three buses operating at the same 
time and less than 8 hours per day. This made early modifications to the system possible, 
with only minor disturbances in operation. When the reliability of the buses was proven, 
the recommended operation hours were increased. 
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Knowledge gained from the GlashusEtt project 
The GlashusEtt project was a small national demonstration project. The project group 
was partly built on a previously established network of actors, which was formed around 
the earlier PEM fuel cell project in GlashusEtt (Hedström et al., 2005). Due to this prior 
project, GlashusEtt had already been granted permits for the use of gaseous fuels and 
fuel cell systems. The system installed was the first residential-scale high-temperature fuel 
cell operated in Sweden, and one of the first SOFC systems operated on upgraded 
biogas. The main knowledge gained from the project was the experience of operating a 
state-of-the-art SOFC system on upgraded biogas. The biogas was supplied from a waste 
water-treatment facility and a potential problem with using biogas from waste water in 
fuel cells was identified, e.g. the existence of siloxanes.  

Although the supplier of the system only guaranteed 1000 h of operation the 
expectations on the system were higher, mainly due to the promising results from the 
SECA program, indicating that similar cells could be operated for up to 10 000 h with 
over 50 thermal load cycles (Williams et al., 2006). So, when the system voltage started to 
drop rapidly after 700 h, the perceived quality of service was low in comparison to 
expectations. Another disappointing fact was that although the system was a 5 kW 
system, only roughly 3 kW output was possible due to balance-of-plant issues. 

The need for strategic niche management has been recognised by, for example, the 
European Commission. In the Seventh Framework Programme several large 
demonstration projects, so-called lighthouse projects, are planned to ease the emergence 
of fuel cell technology. These projects are planned to demonstrate several different fuel 
cell systems, stationary as well as in vehicles, in a few pilot areas or regions. The aim of 
the lighthouse projects is, besides the learning process and network formation, to achieve 
a momentum and to make use of possible synergies. In such projects, it is possible to 
find market niches and co-evolution possibilities, which might be crucial for the success 
of fuel cell system introduction. 
4.3 Market niches 

A technology is usually introduced on the market in niches where the new and non-
traditional characteristics of the technology provide sufficient added value to compensate 
for the high cost and limited traditional performance, experienced in the early stages of a 
product life-cycle (Hellman & van den Hoed, 2007). If the fuel cell technology is 
successfully introduced in a market niche it might diffuse to other niches and then to the 
mainstream market. Fuel cells are still in the exploratory phase, which is technology 
driven, searching for the answer to where fuel cells may and will be used. Niches may 
ease the transition to the market-driven phase (Hellman & van den Hoed, 2007) where 
the market, i.e. users and stakeholders, often find new use for the technology, perhaps 
not originally intended (Agnolucci & McDowall, 2007). Market niches may hence 
facilitate the creation of a market pull for fuel cell systems, and at the same time bring 
income to the stakeholders during the continuing development process. In addition, once 
successful in a niche market the technology may also benefit from indirect network 
externalities, such as increased competence and awareness of the technology, increased 
spare part and infrastructure availability, etc. (Agnolucci & McDowall, 2007).  

A characteristic of a market niche is that the buyer’s willingness-to-pay (WTP) for the 
added value presented by the emerging technology is enough to compensate for the high 
initial cost. Table 5 shows the estimated target costs, corresponding to WTP, in potential 
markets. A market niche where fuel cells are being used is in space applications. 
Although greatly increasing the knowledge and enhancing the technology in terms of 
performance and reliability, the low number of produced systems in this niche is not 
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sufficient to develop mass-production facilities (van Dokkum & Dasinger, 2008). The 
next anticipated market niche, based on the WTP is military applications where low noise 
is an important added value. As may be seen from Table 5 the present cost of PEM fuel 
cells, discussed in section 4.1, is closing in on the WTP for the auxiliary power market. 
This is increasingly noticed in the fuel cell business and Fuel Cell Today report that over 
a dozen telecom companies have tested fuel cell systems as uninterruptable power supply 
(UPS) systems (Fuel Cell Today, 2008b). 
Table 5. Estimated target costs, corresponding to WTP, in niche markets. Based on presentation 
by Jane Dalziel (Hydrogen Corp) at the conference CSBA Day, May 25th, 2004, IVA, Stockholm 
and updated with figures from Zegers (2006), Lipman et al. (2004), Perry & Strayer (2006) and 
Staffell et al. (2008). 

Niche Market WTP [€/kW] Main added value 

Space applications ~ 30 000 High gravimetric density 
R&D equipment ~ 20 000 Early experiences 
Demonstration projects 10 000-20 000 Early experiences and 

company image  
Military applications 3 000-7 000 Low noise  
Auxiliary power /UPSs 1 000-2 000 Low stand-by losses 
Portable applications 500-2 000 Grid independence and 

high volumetric energy 
density 

Combined heat and power 500-1 200 High efficiency and low 
emissions 

Buses 200-300 Zero local emissions and 
resource flexibility 

Cars 50-150 Zero local emissions and 
resource flexibility 

A niche application should also be where the present limitations of the technology do not 
present a major barrier, technically or by lowering acceptance. The present major 
performance limitation for the fuel cell technology is the durability. For PEM fuel cells it 
is mainly the total operating time that affects the durability, while dynamic operation and 
many starts and stops are possible. Hence, a niche application where the system is 
sporadically used is preferred. For SOFC systems the thermal cycling is a critical issue for 
the durability, and for maximum durability the systems should be operated uninterrupted, 
and preferably at a constant load.  

Niche markets may also be created by policy, for example, strict local emission regulation 
might require zero-emission vehicles. Examples are the Californian zero-emission vehicle 
regulation11 (Hall & Kerr, 2003) and the banning of two-stroke engines in many major 
Chinese cities (Hollinshead et al., 2005; Solomon & Banerjee, 2006). Restrictions on 
emissions are also anticipated in the near future for heavy duty trucks at truck stops, 
vehicles at airports as well as for vehicles and boats in harbours, which all are locations 
where the local emissions are posing serious problems. Perhaps later on there will also be 
restrictions for cars in major urban areas. 

 
                                                 
11 More information on the Californian zero-emission vehicle regulation may be found at: 
http://www.arb.ca.gov/msprog/zevprog/zevprog.htm. 
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The strategic niche markets created by demonstration projects are also a kind of market 
niche, where fuel cell systems are increasingly bought. In 2007, over 2000 small-scale 
stationary fuel cell units (Fuel Cell Today, 2008b) and 300 fuel cell cars were introduced 
on this market (Fuel Cell Today, 2008c). In addition, several fuel cell bus demonstration 
projects will start at the end of 2008 and beginning of 2009 in the US, according to the 
plans presented by National Renewable Energy Laboratory (NREL, 2008).  

Karlström and Sandén (2004) suggest that fuel cell demonstration projects should focus 
on applications which represent a potential near-term niche market. Although, an urban 
bus-demonstration project is a good choice for a demonstration project, due to central 
refilling and high visibility, the fuel cell system performance in terms of cost and service 
life is far from that of conventional buses. In addition, the bus-operation business is 
highly cost sensitive (Folkesson, 2008). Urban buses are probably closer to being a 
market niche than cars, but how near-term is hard to estimate. Recent demonstration 
projects with hybridised fuel cell buses have shown large fuel consumption reductions 
compared to conventional buses, which might lead to low cost of operation (Chandler & 
Eudy, 2008). This in combination with high oil prices and the potential near-term policy 
niche market, created by zero-emission regulation, might open up the urban bus niche 
market for fuel cell systems, especially if durability is improved. 

In the stationary sector, small-scale combined heat and power (CHP) systems operated 
on natural gas, city gas or biogas may open up a potentially new market for residential 
CHP. In residential applications, the high electrical efficiency of small-scale fuel cell 
systems is a benefit. The use of existing infrastructure and fuel makes the introduction 
easier. For high-temperature fuel cells, as the SOFC in GlashusEtt, the lack of load 
following and start and stop capabilities are major barriers for this particular market 
niche, indicating that applications where the fuel cells can provide base-load power might 
be a better niche market. A potential near-term niche market for residential-scale CHP is 
at farms where low volume and low quality methane sources may be found. Stricter 
regulations on methane discharge from these sources could increase the incentives for 
investing in a fuel cell system. Another possible niche might be power production in 
combination with VOC handling (Volatile Organic Compound) in industry. An example 
is the fumes-to-fuel system developed by Ford (Ford, 2008), where a fuel cell system in 
combination with innovative VOC destruction turns the emissions to a valuable resource 
(Wherrett & Ryan, 2004). 

4.4 Taking a less radical route 

Radical technologies imply fundamental changes to the society’s socio-technical regime in 
terms of knowledge, organisation, infrastructure, etc. (Hall & Kerr, 2003). Technologies 
that are incremental, as opposed to radical, are based on existing technologies, 
competence and infrastructure and usually have an easier introduction. The leading firms 
in the area usually make good money on this kind of innovation and because of this the 
resistance towards radical innovations among major stakeholder might be high. In 
addition, acceptance among potential buyers of radical technologies might initially be low 
due to high cost, lack of infrastructure and uncertainty about whether the technology will 
reach a breakthrough or not. Hall and Kerr (2003) present an overview of innovation 
dynamics and argue that regarding introduction of a technology:  

“a key to successful environmental innovation [introduction] is to reduce the degree to 
which each stakeholder perceives the technology to be radical”. 
The degree to which the fuel cell technology is perceived as radical depends on several 
factors and differs between the fuel cell types and applications. The modularity of a 
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system is another important aspect of how radical a technology change has to be. Making 
the systems as modular as possible is preferable, especially for replacement technologies. 
Many technologies start off as replacement technologies, before being shaped by and 
shaping the socio-technical regime (Geels, 2005; Hall & Kerr, 2003). 

Fuel cells in the transport sector 
Several studies define fuel cells in the transport sector as radical innovations (Hall & 
Kerr, 2003; van den Hoed, 2005). This is based on the fact that fuel cell systems may 
vanquish internal combustion engines (ICE), and by that make them and all competences 
around them obsolete. To continue, fuel cell systems in vehicles are currently envisioned 
to be powered by hydrogen. Therefore, the introduction in this sector implies 
considerable changes in the society: new competences regarding the fuel and fuel 
infrastructure as well as new safety regulations are needed. Since fuel cells might make 
the essential competences for the car manufacturers and fuel producers obsolete, 
resistance from these industries could be expected. This seems however not to be the 
case. The automotive industry is one of the key stakeholders in research and 
development of fuel cell vehicles. According to van den Hoed (2005), who has studied 
the carmakers efforts in the area, this commitment goes beyond ‘window dressing’, i.e. 
the efforts are not only made to enhance the company image. It is, on the other hand, 
not yet a proper commitment to commercialisation either (van den Hoed, 2005). The 
motive for the carmakers efforts might be that if fuel cell vehicles are introduced the 
main environmental responsibility will be shifted to the fuel producers, a burden which is 
shared between carmakers and fuel producers today. In a status report on fuel cell 
vehicles from 2007 von Helmholt and Eberle (2007), from the division for fuel cell 
activities at General Motors (GM), states that: 

“…fuel cells based on hydrogen could eliminate the vehicle emissions completely and 
ultimately remove the automobile from the environmental debate” 
This is only partly true; local emissions from the vehicle will be zero but the global 
emissions from fuel production might still be high, and there will still be an 
environmental impact from the production of the vehicle.  

Among the present fuel producers (oil corporations) only a few stand out for their 
commitment to hydrogen production (Solomon & Banerjee, 2006). On the other hand 
there is no noticeable resistance either. The fact that fuel cells are not forcefully opposed 
in the transport sector, despite being a radical technology, might be due to the recognised 
urge to find new solutions for transportation with less negative impact on the 
environment. From the fuel producer perspective it could also be a strategic ‘wait and 
see’ approach. Advances in the development of fuel cell vehicles might increase the 
interest, or resistance, from these stakeholders. 

There are some technical ‘trajectories’ (development trends), which might eventually 
make fuel cells in vehicles less radical, for example the development towards more 
electrified vehicles. This electrification of cars is already requiring new competences at 
car manufacturers and repair garages. The more electrified the drive train becomes the 
easier the change to fuel cells as energy converters will be (van Dokkum & Dasinger, 
2008; von Helmolt & Eberle, 2007). For example, the increased production of hybrid 
electric vehicles (HEVs) is beneficial for the electric-drive component market, reducing 
price and increasing availability of electric motors, inverters, etc. (Conte et al., 2004). In 
addition, if the series-hybrid technology becomes widely used, the drive train will be 
highly compatible with a fuel cell system, as in the case of Scania’s series-hybrid buses 
(Folkesson, 2008). The build-up of an infrastructure is however still a radical change for 
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society. On-site generation, by electrolysis or steam reforming, reduces the need for 
distribution infrastructure and makes the infrastructure change less radical. Another 
possibility is to build combined hydrogen and natural gas (biogas) dispensers, such as the 
one in Malmö, Sweden (Ridell, 2005). This would make the investment less dependent 
on hydrogen sales and would probably increase the number of refuelling stations.  

One way to ease the introduction of a technology is to make it as modular as possible, to 
fit existing systems. So far, most fuel cell systems for vehicles have not been modular but 
individually integrated to the car manufacturer’s technology. This strategy requires 
extensive collaboration (Hellman & van der Hoed, 2007) and many joint research efforts 
and field trials have been performed (Stumper & Stone, 2008). With increased volumetric 
and gravimetric power density the possibilities to make fuel cell systems modular 
increase. Examples of this are the GM HydroGen3 system and the UTC PureMotion® 
model that have been successfully packed to fit into the space where the internal 
combustion engine is usually situated (von Helmholt & Eberle, 2007; van Dokkum & 
Dasinger, 2008). The modularity facilitates the use of existing mass production facilities 
and decreases the new competences and investments needed for integration.  

Fuel cells in the stationary sector 
Fuel cell systems for stationary heat and power applications do not need new 
infrastructure in many countries, since the intended fuels, natural gas, biogas and city gas 
may use existing pipelines. In addition, most stationary systems are delivered as modules 
with conventional gas and electricity connections. In the stationary sector, the most 
powerful stakeholders are the utility companies. For large-scale installations new 
competences around fuel cell systems need to be built, but the competence at utility 
companies is not entirely destroyed. Many auxiliary components are conventional 
mechanical and electrical components and many supporting activities such as sales and 
fuel purchase will be the same. In addition, as with the car manufacturers many utility 
companies are involved in the development and demonstration of fuel cell systems. This 
is exemplified by the participation of Fortum in the Stockholm CUTE project, and ABB 
in the GlashusEtt project. Moreover, the end-users will not be affected by an introduction 
of fuel cells in this area. 

The use of residential-scale combined heat and power implies a change in society towards 
distributed and perhaps also privately owned electricity production, which might meet 
resistance from the utility companies. The distributed and privately owned power 
production is however already an established market due to the increasing introduction of 
wind power and photovoltaic systems. Hence, the stationary application for fuel cell 
systems may be considered less radical than the vehicle applications. Consequently, the 
acceptance is probably greater and introduction on the market of such a system would be 
relatively easy and quick provided the performance and cost targets are reached.  

The small stationary fuel cell systems have a possibility to co-evolve with other emerging 
decentralised energy technologies such as wind power and photovoltaic systems. The 
introduction of these systems on the market has, for example, resulted in net metering 
programmes in many countries, which regulate how electricity from distributed power 
plants may be supplied to the net. Lipman et al. (2004) describes some of the possible 
designs of such a programme. The possibility to use the grid as a buffer, in event of 
temporary high or low demands could significantly improve the economy and reliability 
of the fuel cell system.  

The emergence of intermittent energy sources such as wind power and photovoltaic 
systems may also increase the need for electric energy storages that could be a niche 
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application for fuel cell and hydrogen storage systems. There is also an increasing interest 
in self-sufficiency, not only for regions and nations but also companies and individuals 
seem to be attracted by the thought. This interest is noticed by the increasing 
demonstration projects of self-sufficient, grid independent, houses. This development 
could increase the WTP for residential CHP and/or fuel cell and hydrogen storage 
systems. 

4.5 Through the valley of despair?  

“The since long debated and previously with great mystery surrounded fuel cell is now a 
practical reality [..] the use in vehicles seems not too far away”12 

Teknisk tidskrift 1966 
The fuel cell is an old innovation. The electrochemical process was discovered already in 
1839. It was however not until the 1950s that the first real system was built and 
demonstrated. Since then, interest in the technology has grown. In the 1970s and 1980s 
the fuel cell technology was among the alternatives explored after the oil crises. In the 
1980s there was a slight decrease in the interest in fuel cells and alternative fuels in 
general, but with the growing concern for global warming, oil dependency and oil 
depletion the technology has attained renewed interest since the 1990s (Solomon & 
Banerjee, 2006). The interest in fuel cells has increased even more after the year 2000. 
Kajikawa et al. (2007) reported an exponential increase in scientific papers concerning 
fuel cells after 2000. The increased interest was also noticed in the daily newspaper 
Dagens Nyheter and the technical magazine Ny Teknik in Sweden (Hultman & Saxe, 
2005). In Figure 8, a wavelike pattern of the number of articles concerning fuel cells may 
be noticed and the visibility seems to be strongly correlated with demonstration activities. 
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Figure 8. Number of articles containing the word fuel cell* in the daily newspaper Dagens 
Nyheter and the technical magazine NyTeknik. The lines represent the world-wide number of 
fuel cell vehicles introduced and the number of installations of small-scale stationary fuel cell 
systems (10 times the axis value) based on figures from Fuel Cell Today (2008b, 2008c). 

This kind of ups and downs are not uncommon for emerging technologies and have 
been described by Schaeffer and Uyterlinde (1998) as partly caused by the stock market 
phenomenon, indicating the self-reinforcing nature of the interest. For example, if 

                                                 
12 Own translation of a Swedish citation “Den länge omtalade men tidigare med stor mystik omgivna bränslecellen är 
nu en praktiskt brukbar realitet […] utnyttjandet för fordonsdrift synes ej ligga alltför avlägset.”. Found in an article 
published in a Swedish technical magazine; Teknisk tidskrift, nr 18, 1966. 
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important stakeholders invest in the technology, or announce near-term product 
launches, a technology may get more media attention and become more interesting for 
other stakeholders. Daimler and Siemens-Westinghouse are examples of important 
stakeholders, mentioned by Schaeffer and Uyterlinde (1998). Daimler was a forerunner in 
the case of fuel cell vehicles and Siemens-Westinghouse in the case of SOFC systems for 
stationary applications. 

The wavelike pattern in Figure 8 is supposedly merely noise in a so-called hype cycle. A 
hype cycle illustrates the typical pattern of interest for, and visibility of, an emerging 
technology. It demonstrates the process from market over-enthusiasm and hype, through 
a period of disappointment, to a final understanding of the technology’s relevance and 
role in the market. The hype cycles have been used by the information technology-
research and advisory firm Gartner since 1995. A hype cycle consist of five phases 
(Gartner, 2007), which are illustrated in Figure 9.  
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Figure 9. The Gartner hype cycle highlighting the progress and visibility of an emerging 
technology (based on illustrations at www.gartner.com). 

In the first phase, there is a technology trigger which is an event that generates significant 
publicity and interest from various stakeholders. This could be a product launch - as the 
first use of fuel cell systems in the space program in 1960s, a technological breakthrough 
- such as the improvement of the Nafion membrane made public by Ballard in 1986 
(Hall & Kerr, 2003) or a public demonstration like Ballard’s first fuel cell-powered bus in 
1993. After the technological trigger, the exploring phase is initiated. In this phase, the 
expectations on the technology are high and numerous, the activities attract much 
publicity and the technology is highly visible. This phase often leads to over-enthusiasm 
and unrealistic projections; a typical hype is created. A typical feature of hype, according 
to Gartner (2007), that also applies to the fuel cell business, is that only conference 
organisers and magazine publishers are making money on the technology, i.e. no 
producers are yet making profit (PricewaterhouseCoopers, 2007; Hellman & van den 
Hoed, 2007). 

The feeling of over-optimism and hype about the fuel cell business is increased by the 
fact that fuel cells are sometimes pictured as the saviour of all environmental problems. 
This was especially widespread in the beginning of 2000, when few objections were 
raised about fuel production, safety or any other potential problems (Hultman & Saxe, 
2005). For fuel cells there have also been several occasions of unrealistic expectations on 
commercialisation, where the timelines have been pushed into the future (Hollinshead et 
al., 2005). Among those it is worth mentioning the plentiful production targets for 2004-
2005 (Fuel Cell Today, 2006a) announced around the year 2000.  
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In a survey of fuel cell actors in Sweden (Hultman & Saxe, 2005) one of the respondents 
stated:  

“The fuel cell has been 10 years from commercial introduction for 60 years! It will 
probably be 10 years from introduction for another 60 years, at least” 13 

This statement is a typical example of the disappointment that might be the result of 
unrealistic projections and visions. Yeon et al. (2006) state that customers (and other 
stakeholders) that are convinced by hype are often dissatisfied with their experiences and 
that this has a negative effect for the diffusion of the technology to the market in the 
long run. Geels (2005) also warns that too much hype may lead to backlash. It is 
however, as Hellman and van den Hoed (2007) put it: “challenging to create a pull 
without a hype, or to generate interest without unrealistic expectations”.  

The activities during the hype result in some successes, but also many failures, as the 
potential use of the technology is tested, and eventually a peak of inflated expectations is 
reached. Concerning fuel cells the enthusiasm around fuel cell technology seems to have 
cooled down to some extent in recent years (van den Hoed, 2005; Folkesson, 2008). 
Especially since 2005 more and more critical voices have been raised (Hellman & van 
den Hoed, 2007). Among those are, for example, Hammerschlag and Mazza (2005) and 
Bossel et al. (2005). It is likely that the peak is about to be surpassed.  

During the phase of despair and in the uphill slope of enlightening, it is crucial that the 
stakeholders do not lose interest in the technology. With continued funding and efforts 
put into the development, as well as increased efforts at figuring out where and for what 
the technology should be utilised, the trough could be made shallower. According to 
Gartner (2007) “focused experimentation and solid hard work by an increasingly diverse 
range of organisations lead to a true understanding of the technology’s applicability, risks 
and benefits” which is needed for a successful introduction on the market. Co-evolution 
with commercial technologies or other emerging technologies, increased modularity and 
the use of existing production methodologies and tools might ease the development 
process. With enough efforts and successful development the technology may reach the 
plateau of productivity, where the benefits and added values of the technology are 
demonstrated and accepted. 

As emphasised many time in this thesis, there are different types of fuel cells and the 
different types have their own hype curves. For example, the AFC was very popular in 
the 1960s, with applications in the space program and the demonstration projects which 
followed this success. Scheaffer and Uyterlinde (1998) have analysed the interest for fuel 
cells in relation to general interest in energy technologies from the 1960s to the mid 
1990s and analysed also the variations in interest between the different fuel cell types. 
Their analysis shows that, in the scientific papers on fuel cells during the 1960s, AFC was 
the dominant technology. However, difficulties with adapting the technology for 
terrestrial applications decreased the visibility and interest in the AFC technology. Instead 
another fuel cell system, the PAFC system, was developed and introduced on the 
stationary market in the 1980s. Hundreds of systems were installed world-wide, but as 
the systems did not meet the cost-efficiency of competing technologies, they rapidly 
became unfashionable. The interest in SOFC systems started in the mid 1980s and has 
been steadily increasing since then (Scheaffer & Uyterlinde, 1998). Kajikawa et al. (2007) 

                                                 
13 Own translation of a comment from one of the respondents. In Swedish: ”Bränslecellen har varit 10 år 
från kommersiell introduktion i snart 60 år! Förmodligen kommer den att vara 10 år från kommersiell 
introduktion i 60 år till, minst!”  
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have analysed the more recent scientific interest in fuel cells, by citation network analysis 
of the Science Citation Index. In the study the interest is measured by number of 
publications in the area. Their analysis shows that since 2000 the PEM fuel cells have 
received most interest. 

Figure 10 illustrates the hype curves for different technologies. The illustration is based 
on quantitative text analyses performed by Scheaffer and Uyterlinde (1998) and Kajikawa 
et al. (2007), in combination with the author’s own perception of the future. The higher 
visibility for the present technologies, PEM and SOFC, is partly due to the generally 
increased interest in carbon dioxide-lean, and sustainable, energy technologies.  
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Figure 10. Illustration of the hype cycles for different technologies. Based on Scheaffer & 

Uyterlinde (1998), Kajikawa et al. (2007) and the author’s own perception of the future.  

Recently, the PAFC technology has received renewed attention and Fuel Cell Today 
(2006b) report an increase in installed units. This might be an indication that the 
technology is on its way up towards the plateau of productivity. With increasing oil and 
electricity prices the cost-efficiency of the system is increased, which might be one of the 
explanations to the come-back. The PEM fuel cell hype is closely related to the 
application area of vehicles. A probable future is that hybridisation of conventional cars 
will decrease the need for rapid introduction of PEM fuel cell systems in vehicles, and by 
that lower the expectations and visibility of PEM fuel cells. During this period however, 
there are other applications, not as visible, that have emerged and that might be on the 
verge of commercialisation. Although not presenting the potential mass market of cars, 
these niche markets might renew or withhold the interest. Currently, there are many 
expectations on SOFC systems. At least two large orders have been placed recently. One 
is the Dutch company Nuon, which have ordered 50 000 units from Ceramic Fuel Cells, 
to be delivered during a five-year period beginning in 2009. The other is a British firm, 
Centrica (British Gas), which have ordered 35 000 units from Ceres Power, delivered 
over a four-year period (Fuel Cell Today, 2008b). Whether these production orders will 
forcefully push the technology forward, or become another postponed commercialisation 
remains to be seen.  

The different types of fuel cells, as well as the many applications, may help keeping the 
appearance of fuel cells in general high. In addition, the fact that several leading firms are 
already investing in the technology is an indication that there is sufficient interest to 
prevent the technology from sinking into oblivion.  
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5. THE ROLE OF FUEL CELLS IN THE FUTURE - 
REFLECTIONS ON PAPERS V-VII 
The use of fuel cells in the future has almost been taken for granted and fuel cell vehicles 
and hydrogen are repeatedly referred to as the car and fuel of the future (Hultman & 
Saxe, 2005). 

“It is not a question of whether fuel cells will be used in the future it is a question of 
when” 14        Ny Teknik 2002 
As seen in the previous chapter, the fuel cells might not be as close to commercialisation 
as implied by some stakeholders and consequently, the use in a near-term future (until 
~ 2030) might not be wide-spread. However, the near-term use of fuel cell systems 
during the foreseen introduction phase, in for example demonstration projects, will affect 
the future development and use of fuel cells. Therefore, there are both prospect and 
concerns regarding the use of fuel cell systems in the near-term future. The role of fuel 
cell systems in a future sustainable energy system is not possible to predict, as the future 
might hold unknown technology or structural changes in society not foreseen today, 
which could alter the possibilities of fuel cell systems for better or worse. There are, 
however, some features that make fuel cell systems especially suitable as energy 
conversion devices in a future sustainable energy system. In addition, the strengths and 
weaknesses, as well as opportunities and threats, for the future use of fuel cells in a 
sustainable energy system may be pointed out. 

5.1 Prospects and concerns for use of fuel cells in the near-term future  

As discussed in chapter 3, one of the benefits with fuel cell systems is the resource 
flexibility. Although presenting additional possibilities this ability might also present 
some concerns. A question for the near-term use of fuel cell systems is whether or not to 
use fossil fuels. Using fossil resources is usually the most cost-effective route, and could 
help bring fuel cell systems to the market earlier than if only renewable energy sources 
were to be used. On the other hand, there is a risk of technology lock-in, and of losing 
the clean-tech perception of fuel cell systems, if fossil fuels are used (Agnolucci & 
McDowall, 2007). Although many believe that fossil resources will be used in the 
introduction phase of fuel cell systems (Solomon & Banerjee, 2006), many of the present 
                                                 
14 Own translation. In Swedish: “Frågan är inte om framtidens bilar drivs med bränsleceller utan när” published in 
the Swedish technical magazine Ny Teknik, 2002-09-04. 
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demonstration projects emphasise and use hydrogen produced from renewable 
resources. This is exemplified by the use of hydropower for the electrolyser in the 
Stockholm CUTE project and the use of biogas in the GlashusEtt project. 

An opportunity for fuel cell systems in the near-term future is in combination with the 
use of currently unexploited energy resources. These resources are often acquired at low 
or even negative cost. A potential resource is hydrogen produced as by-product at 
chemical industries producing chlorine and caustic soda. Some of this hydrogen is not 
used for other purposes and is hence considered a surplus. The hydrogen surplus in 
Europe has been estimated, by Trümper et al. (2008), to 2-10 billion Nm3 per year, 
corresponding to 25-127 PJ per year. Another potential resource is biogas from digestion 
or gasification of waste. Van herle et al. (2004) estimate the potential of biogas from 
sewage and industrial waste water, farms (livestock and agro-residues) and gasification of 
solid wastes to be 2400 PJ in Europe (estimated for EU-15). The primary energy 
consumption in Europe was about 90 EJ in 2005 (EIA, 2007). In Sweden it is currently 
most cost-effective to upgrade this biogas and sell it as vehicle fuel (Rahm, 2007). This is 
however something that may rapidly change with changes in policy, taxes and subsidies. 

In the near-term future, the competition for the limited renewable resources is causing a 
rivalry between different areas of application. This is especially visible for biomass which, 
besides being a valuable resource in the pulp and paper industry, also may be used in the 
stationary and transport sectors. The use of biomass to replace fossil resources in the 
stationary sector often results in larger greenhouse gas (GHG) reduction and lower total 
energy use than using it for production of transport fuels (Wahlund et al., 2004). Making 
changes in the stationary sector is also often more cost-effective and less risky in terms of 
investments needed, etc.  

The same argument may be used for renewable electricity. Replacing electricity in the 
stationary sector would, in many cases, lead to larger emission reduction than if it was 
used for fuel production. An example of how this systems perspective effects the 
assumed greenhouse gas emissions, for hydrogen produced by electrolysis, is presented 
by Ramesohl and Merten (2006). Ramesohl and Merten argue that although the hydrogen 
is produced by renewable electricity, the difference between the emissions saved by using 
it for vehicular fuel and the possible emissions saved by replacing stationary power 
instead, should be accounted for. Moreover, as the electricity grid and markets are 
expanding it is not sufficient to study a single county as a closed system. The potential of 
exporting renewable electricity to other countries, with an electricity mix with larger 
environmental impact, has to be considered. For the Nordic countries with a large share 
of carbon dioxide-lean electricity this greatly affects the assumed environmental impacts 
from, for example, electrolysis. 

The transport sector is often perceived as the most problematic sector, since few easily 
implemented alternatives exist and almost all alternatives are more energy demanding and 
expensive to produce than gasoline or diesel. In addition, due to the oil dependence in 
the transport sector, security of supply is an important motivation for finding new 
alternatives. Romm (2006) argues that: 

 “it is critical that whatever strategy the world adopts to reduce GHG emissions in the 
vehicle sector does not undermine our efforts to reduce GHG emissions in the electricity 
sector”. 
Therefore, using a systems perspective, including considerations for all energy sectors as 
attempted in paper VI, is needed to avoid sub-optimisations.  
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Fuel cells in the transport sector 
For the use of hydrogen-fuelled fuel cell vehicles in the near-term future, the questions of 
hydrogen production, distribution and infrastructure are vital, and affect both cost and 
environmental impact of the use. On-site production, by electrolysis or small-scale 
natural gas reforming, could minimise the need for distribution and infrastructure. 

Concerning production several well-to-wheel studies have been performed to assess the 
environmental impact of hydrogen production and use, see for example Bauen and Hart 
(2000) or Wang (2002). Hydrogen was also one of the alternative fuels included in the 
well-to-wheel study performed by CONCAWE, EUCAR and the Joint Research Centre 
of the European Commission (CONCAWE et al., 2003). These studies indicate that fuel 
cell vehicles and buses fuelled with hydrogen produced from on-site steam reforming of 
natural gas may lead to lower emissions compared to conventional vehicles (Bauen & 
Hart, 2000). Steam reforming of natural gas is also the most cost-effective way to 
produce hydrogen. There is however a risk of lock-in when it comes to hydrogen 
production from fossil resources. If hydrogen produced by steam reforming of natural 
gas or coal gasification is much less expensive than other production pathways, there is a 
risk that these are the production technologies used, also in the future. The impact of 
electrolysis is mainly dependent on the electricity used, with high emissions and low 
efficiencies if the general electricity mix is used (in many countries) and low emissions if 
renewable electricity is used. As previously discussed, the latter may be disputed when 
accounting for the savings possible in the stationary sector (Ramesohl & Merten, 2006). 
Because of this, it is of vital importance that changes towards sustainability are made also 
for the surrounding energy system. 

Time of introduction is also an important factor when deciding which near-term 
strategies to pursue. Hydrogen is a radically new fuel, requiring new production facilities, 
new infrastructure and new vehicles. This complicates and delays the introduction. In the 
European hydrogen and fuel cell vision document published in 2003 (European 
Commission, 2003) assumptions of the future penetration of fuel cell cars on the 
European market were presented. The assumptions were based on a survey performed 
among experts within the area, which estimated that the market share in 2030 would be 
15 %. Recent interest and development of hybrid electric vehicles has however lowered 
the expectations. Romm (2006) considers it unlikely that fuel cell cars will achieve even 
5 % market penetration by 2030. Hollinshead et al. (2005) estimate the time of the 
introduction phase, defined as until a 10 % market share is reached, to be 15 years for 
fuel cell vehicles. Counting from the delivery of three fuel cell demonstration buses in 
1999, they conclude that fuel cell vehicles will have a 10 % market share in 2014. The 
fuel cell demonstration buses are however pre-commercial prototypes, and so far there 
has been no commercial introduction of fuel cell vehicles on the market. The time 
around 2015 is when many car manufacturers state that commercial vehicles will be 
introduced on the market (Fuel Cell Today 2006b). If that hold true, using the method 
and introduction rate proposed by Hollinshead et al. (2005) would imply that fuel cell 
vehicles will hold a 10 % market share in 2030. However, it still remains to be seen if the 
2015 projections are going to be realised. 

Schäfer et al. (2006) made a 25-year life-cycle and fleet impact assessment and conclude 
that, due to the long introduction time needed for fuel cell vehicles hybridised internal 
combustion engine (ICE) vehicles will have a larger cumulative impact on energy use and 
emissions in a 20-30 years perspective.  
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Ramesohl and Merten (2006) argue that with respect to greenhouse gas emissions, fuel 
cell systems in vehicles do not present any clear advantage in the near-term future. The 
results indicate that “a forced introduction of hydrogen as an alternative transport fuel 
before the year 2050 does not promise any substantial contribution to mitigating GHG 
emissions”, if interaction with the surrounding energy system is taken into account. This 
conclusion is based on the fact that the emission reduction potential in the stationary 
sector is greater than in the transport sector. They conclude that: 

“Whereas hydrogen can play an increasing role in transport after 2030 the most 
important challenge is to exploit short–mid-term potentials of boosting car efficiency.” 
Romm (2006) made an assessment of the car and fuel of the future. Based on a literature 
review and discussions with experts in the area Romm concluded that:  

“The car of the near future is the hybrid gasoline-electric vehicle, because it can reduce 
gasoline consumption and greenhouse gas emissions [by] 30 to 50 %, with no change in 
vehicle class and hence no loss of jobs or compromise on safety or performance. It will likely 
become the dominant vehicle platform by 2020” 

Hybridisation of the drive train is pointed out in both paper I and paper V as a first step 
towards sustainability in the transport sector, and is indeed one of the main technical 
potentials for energy saving in this sector, as shown in paper VI. Moreover, it is an 
available and cost-effective measure. If an increasing share of hybridised vehicles uses 
Diesel engines, instead of Otto engines which are used for gasoline, the efficiency is 
further increased. In addition, if the hybridisation is combined with any of the existing 
alternative fuels, e.g. ethanol, biodiesel or biogas, we have come a long way towards 
decarbonisation and sustainability in the transport sector.  

Because of the potential reductions of fuel consumption by hybridisation it is likely that 
the introduction of fuel cell systems in the transport sector is perceived as less urgent. By 
this, it is not implied that the efforts of bringing fuel cells to reality should cease. In paper 
VI it is shown that in a transport sector solely based on renewable energy sources, all 
measures will be needed since the biomass potential is assessed insufficient to cover 
future energy needs in both the stationary and the transport sectors, even if all vehicles 
are hybrid-electric vehicles. Therefore, alternatives based on renewable electricity, such as 
battery-electric vehicles, fuel cell vehicles or synthetic fuels, are needed. 

Based on the opinion that the near-term option of hybridised vehicles in combination 
with other alternative fuels is a good option, it is assessed that a forced introduction of 
fuel cell systems in cars is neither probable nor desirable in the near-term future. A 
forced introduction on the market, of an immature technology, might also lead to 
decreased acceptance for the technology.  

Much of the discussion so far has concerned the use of fuel cell systems in cars, which is 
the anticipated mass market for fuel cell systems and the area where most money on 
research has been spent. For PEM fuel cell systems in vehicles, the use in private cars will 
most likely not be one of the first markets (Fuel Cell Today, 2006a). Instead fuel cell-
powered bicycles or scooters are pointed out as possible niche markets (Hollinshead et 
al., 2005), due to the high emissions from two-stroke engines and the increasing 
problems with smog in major metropolitan areas.  

Another potential near-term niche market for fuel cell systems in vehicles is the use as 
auxiliary power units (APUs) (Agnolucci, 2007). Both SOFC systems and PEM systems 
are under consideration for this application. Auxiliary power units are used for onboard 
auxiliary equipment, such as entertainment and air conditioning in trucks and leisure 
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vehicles. Due to expected policy incentives to reduce the emissions from idling of heavy-
duty trucks at truck stops this is a potentially large target market. Today, much of the 
energy needed when standing still is produced by keeping the conventional propulsion 
engine idling. In these situations, an APU may improve the electricity generation 
efficiency, reduce the emissions and eliminate noise. To avoid handling and storage of an 
additional fuel, reforming of the currently used diesel fuel is usually preferred. Reforming 
of diesel is however not a conventional technology and successful research in the area is 
crucial for potential use in the near-term future. Baratto and Diwekar (2005) made a life-
cycle assessment of an SOFC system with diesel reformer as APU and concluded that 
several emissions with impact on human health and environment were forcefully 
reduced, if compared to idling the propulsion diesel engine.  

Fuel cell systems in the stationary sector 
As discussed in section 4.4 the stationary applications for fuel cell systems may be 
considered less radical than the vehicle applications and the introduction on the market 
would probably be relatively easy and quick provided the performance and cost targets 
are reached. An advantage of residential-scale systems is that they enable energy efficient 
combined heat and power production without the investment in district heating 
networks. This is of course only possible if natural gas pipelines already exist. 

For stationary fuel cell systems, the use of fossil fuels is both a valuable feature and a 
concern. The added value of using fuel cell systems operated on natural gas in the 
stationary sector is the potentially higher conversion efficiencies and lower emissions, 
compared to conventional technologies (Pehnt, 2008). By that, resources are saved and 
emissions per produced energy quantity are lowered. In the residential combined heat and 
power application, there might however be a resistance towards the continued use of 
fossil fuels and also concerns about future resource availability and cost may be raised. 

A near-term niche market where few environmental concerns may be raised, and the 
prospect for cost-effectiveness is high, is the use of fuel cell systems at facilities with bio-
methane or hydrogen surplus. In these applications the scalability of fuel cell systems 
offers the benefit of high efficiency even for small systems, which is not the case for 
conventional internal combustion engines and gas turbines (Onovwiona & Ugursal, 
2006). Another advantage, for the high and medium-temperature fuel cell systems, is the 
possibility to operate on gas with low methane content with sustained high efficiency 
(Staniforth & Kendall, 1998). For farms, waste water-treatment plants and other 
industries with biogas/methane or hydrogen surplus, fuel cell systems present a possibility 
to produce valuable electricity out of this by-product. The small and medium-size systems 
in combination with small-scale waste water-treatment plants also have the potential to 
electrify the countryside in developing countries where the cost of extending the grid is 
too high or comparably high.  

High and medium-temperature fuel cell systems present the highest energy efficiencies 
and have the advantage of using carbon monoxide as a fuel. It is however also possible to 
use a PEM fuel cell system with an integrated reformer and gas cleaning steps. Most 
installed residential-scale fuel cell systems are in fact PEM fuel cell systems (Fuel Cell 
Today, 2008b). Many of those are assumingly demonstrated as back-up power systems or 
as fuel cell and hydrogen storage systems, for electrical energy storage. 

Back-up power systems is an anticipated near-term niche market for PEM fuel cell 
systems, especially in telecom applications (Perry & Strayer, 2006). The increased concern 
about telecom reliability is partly caused by the reoccurring forceful hurricanes in recent 
years. During these events, the impact on the telecommunication infrastructure affected 
the effectiveness of rescue and recovery efforts (Fuel Cell Today, 2008b). The 
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introduction in this application is not perceived as radical since the use of existing 
infrastructure with pressurised hydrogen in gas bottles is possible, and there is currently 
no dominant technology in that market. In addition, many suppliers now make back-up 
fuel cell systems which are modular, to fit in conventional industrial racks (Perry & 
Strayer, 2006; Cellkraft, 2008). Another factor for the timing of this interest is that the 
cost of fuel cell systems is approaching the willingness-to-pay in this sector, see section 
4.3. Additional tax credits, of the type described by Perry and Strayer (2006), may further 
facilitate the introduction. For operating times of several hours (> 8 h) with relatively low 
average power (< 20 kW) fuel cell systems have a cost advantage over batteries (Perry & 
Strayer, 2006). This is due to the fact that the cost of hydrogen storage is less than the 
cost of energy stored in batteries. Fuel cell systems on the other hand have higher costs if 
high power is required. For successful introduction in this sector, reliability is a key 
factor. As noted in the CUTE project, and pointed out by Perry and Strayer (2006), the 
reliability of fuel cell systems is mainly affected by the auxiliary components, the PEM 
fuel cell technology itself is rather reliable. Therefore, development of reliable auxiliary 
systems, or fuel cell systems with as few auxiliary components as possible, is a key factor 
for success. 

PEM fuel cell and hydrogen storage systems as electrical energy storages have been 
investigated as a near-term niche market and demonstrated on several sites. One example 
is Utsira15 in Norway, which is a remote island where self-sufficiency is required. The 
market for energy storage systems for remote-area power supply has much in common 
with the back-up power market for telecom stations, since the applications generally have 
low power demands, 0.1-10 kW, and require sizeable storage capacities of 1- 100 kWh 
(Dell & Rand, 2001). The cost of such a system is however higher than the cost of a 
back-up power system due to the need of an electrolyser system to recharge the energy 
storage. Because of this, batteries are currently the most cost-effective solution. In 
addition, the potential buyers in this niche market are private persons or small societies 
who are more cost sensitive than economy-intense industries, which are the main 
customers in the back-up power market. 

5.2 The role of fuel cells in a sustainable energy system 

The initial exploration phase of fuel cells has been filled with high expectations on the 
technology. The possibility of the fuel cell technology as a saviour and solution to all 
problems concerning the use of energy is although appealing, not realistic. Nevertheless, 
there are some features that make fuel cell systems especially suitable for a sustainable 
energy system:   

• the potentially high conversion efficiency,  
• the low emissions and 
• the fuel flexibility. 

With these features, fuel cells have the opportunity to solve several of the main problems 
with today’s energy use, described in section 2.2. Nonetheless, fuel cell systems are 
merely energy-conversion devices and all this may only be achieved if sufficient 
renewable energy resources are available. It should be remembered that also the use of 
renewable resources have an impact on the environment, ranging from impact caused by 
the product life-cycle of the technologies used, to local effects where installed. Therefore, 
the use of a conversion technology, such as fuel cells, should be limited to applications 
                                                 
15 More information on the demonstration project on Utsira can be found on the Norsk Hydro ASA 
webpage: www.hydro.com. 
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where they present a clear benefit also in terms of energy efficiency. However, as pointed 
out in paper V, the solution providing the highest efficiency is not necessarily the most 
favourable. Factors such as acceptance, safety and service life also have an impact on the 
overall sustainability of the solution. When the environmental impact of the operation 
decreases, due to high efficiencies and the use of renewable fuels, the production phase 
will have an increasing share of the total impact on the sustainability of the product. 
Because of that, the environmental impact of the full life-cycle of the conversion 
technology should also be considered.  

As seen in previous sections, the use of fuel cell systems is envisioned in several areas 
and the possible fuels and suitable applications vary depending on technology chosen 
and system design. The fuel cell systems also have different competitors in different 
applications. In this chapter, the benefits and drawbacks of the use of fuel cells in a 
sustainable energy system, in relation to some of the competitors, are discussed. In 
addition, for each application area the possible strengths and feared weaknesses of the 
technology as well as the foreseen opportunities and threats caused by external factors 
are explored. This method is inspired by the SWOT analysis (Strengths, Weaknesses, 
Opportunities, Threats) as described by Gray and Larsson (2006), originating from the 
project-management area. In addition to the division between external and internal, a 
division between constructive and destructive has been made. The strengths and 
opportunities are defined as constructive for the potential fuel cell market, and the 
weaknesses and threats are defined as destructive. 

Fuel cells in the transport sector 
The role of fuel cell vehicles in a sustainable transport sector is depending on available 
resources and the development of competing technologies. Renewable resources are 
biomass and renewable electricity. The biomass potential is limited by the ecologically 
sustainable yield per acreage, and available land. Therefore, it is likely that the biomass 
will be insufficient to cover the needs of renewable energy in both the stationary sector 
and the transport sector. The potential for renewable electricity in the long-term 
perspective is huge. Therefore, the prospect of fuels based on renewable electricity is 
good. Besides hydrogen, synthetic fuel such as methane, methanol or di-methyl ether 
(DME) can be produced from renewable electricity by innovative catalytic processes. 
Hydrogen production from electricity is however the only commercially mature process. 

In a sustainable transport sector, the fuel cell vehicles (FCVs) are competing with all kinds 
of internal combustion engine (ICEs) vehicles fuelled with renewable fuels and battery 
electric vehicles (BEVs). Battery electric vehicles and fuel cell vehicles fuelled with 
hydrogen have a common benefit over ICEs, because they are zero-emission vehicles, 
producing no tailpipe emissions. Batteries and fuel cells are also more energy efficient 
than ICEs, especially at low loads. Due to these similarities, BEVs and FCVs were 
compared in different transport applications, in paper V.  

Batteries have the advantage of being even more in-vehicle efficient than fuel cells. So far 
however, the battery electric vehicles have not been successfully introduced on the 
market. Even though most trips performed with vehicles are within the range of what 
battery electric vehicles can handle, as discussed in paper VI, one of the essential issues 
that remain to be addressed is acceptable performance in terms of vehicle range. 
Advantages of fuel cell systems compared to present battery technology is that they have 
a higher gravimetric energy density, and low stand-by losses. The higher gravimetric 
energy density means that FCVs may have longer range, lower weight or a combination of 
both compared to BEVs. As pointed out in paper V, this might be of decisive importance 
for suburban vehicles, since higher average speeds imply higher average power and higher 
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energy demand. The energy density of fuel cell systems powered by hydrogen is however 
still far from the energy density achieved with liquid fuels. Research on new storage 
methods and materials is therefore a key factor for the use of fuel cell systems powered 
by hydrogen in vehicles (Conte et al., 2004). 

Fuel cell systems are, due to their high efficiency at low loads, better suited for urban and 
suburban vehicles than for heavy-duty trucks and long-distance buses. The same applies 
for batteries due to their limited energy capacity. Therefore, the use of these technologies 
as main propulsion technology in heavy-duty vehicles is anticipated to be limited.  

The sustainability of fuel cell systems in the transport sector is also a question of 
hydrogen production, storage and distribution or finding alternative sustainable fuels that 
may be used in the fuel cell system. Methanol is one of the fuels proposed as an energy 
carrier. Methanol could either be used directly in a DMFC or reformed to hydrogen for 
use in PEM fuel cells. The methanol alternative has been thoroughly investigated by 
Olah et al. (2006) and is not further elaborated on in this thesis. Appropriate fuel 
production should be energy efficient and based on renewable resources. All possible 
synergies for minimizing the use of energy, such as heat recovery from the hydrogen 
production proposed in paper VII, should be explored. 

There are several innovative hydrogen production pathways, of which some are 
mentioned in section 3.2. Most hydrogen production pathways are however currently 
energy demanding in a well-to-tank perspective, or requires vast areas for the production 
facilities. Examples of the latter are all biomass alternatives, and innovative alternative 
such as green algae or artificial photosynthesis. Because of this, a change to alternative 
fuels has to be accompanied by both structural and social changes enabling decreased 
transport demand and energy efficiency measures, as emphasised in paper VI. Otherwise 
the energy and land requirement of the transport sector will be immense and hard to 
meet in a sustainable way. Decreased travel demand, and increased use of public 
transport, are of course the preferred options in a sustainable energy system, since 
changing propulsion technology does not decrease the problems of for example 
congestion or particulates from asphalt. 

Table 6 summarises the strengths and weaknesses of PEM fuel cells in vehicle 
applications and also the opportunities and threats for the future. Some of these are 
discussed in previous sections but also applies to the use in a sustainable future. 
Table 6. Summary of the discussed strengths, weaknesses, opportunities and threats for PEM fuel 
cell systems in vehicles in a sustainable energy system. 

 Constructive Destructive 

In
te

rn
al

  

Strengths Weaknesses 

Zero tailpipe emissions 
Resource flexibility 

In-vehicle efficiency 

Low stand-by losses 

Platinum requirements 
Hydrogen requirements 
Investment cost 
Durability 

E
xt

er
n

al
  Opportunities Threats 

Local emission regulation 
Co-evolution with hybrids 
Excessive and cheap grid electricity

Battery development 
Synthetic fuels in HEVs 
The lack of infrastructure 
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Other possible advantages for electric vehicles (FCVs and BEVs) in the future are:  

• the potential use of vehicles for peak power production, as pointed out in 
paper V, and by for example Hollinshead et al. (2005) and Lipman et al. (2004), 

• the vehicle design flexibility and the possibility to switch body style instead of 
vehicle (Hollinshead et al., 2005) and 

• the possibility of digitally-controlled vehicles possible to run together with other 
vehicles in ‘train’ mode, increasing vehicle throughput for congested highways. 
(Hollinshead et al., 2005). 

These possibilities are visions of what could be achieved, and are highly dependent on 
development in society. However, they represent the possibilities available if BEVs 
and/or FCVs are dominating the market in the future. 

Auxiliary power units (APUs) is a market that in some cases will increase the total use of 
energy, since the aim of the product is to provide energy-intensive services in vehicles 
(and boats) that to a large extent previously did not have this opportunity. In that sense, 
APU systems are not sustainable no matter what technology. It is however important to 
make sure that this additional energy required is limited and renewable. Small-scale diesel 
generators, Stirling engines and grid connections at truck stops, camping sites and 
harbours are the main competitors to fuel cell systems in this application. Of these 
alternatives, grid connections seems to be the most viable and sustainable solution. On 
the other hand, APU systems present greater autonomy and perhaps also a greater 
second-hand value of the vehicle if sold to countries with a different electricity standard 
or grid interface. For the application in trucks, the future APU design depends on the 
fuel used for propulsion. Some alternatives, such as methane and methanol, are more 
easily reformed than diesel which enhances the probability of fuel cells as a viable 
alternative. 

Fuel cell systems in the stationary sector 
In a sustainable energy system based on renewable energy sources, natural gas as a source 
is no longer an option. Hence, the potential fuels for the stationary fuel cell systems are 
limited to biogas, synthetic gas or hydrogen. In the case of hydrogen and synthetic fuels 
based on renewable electricity, the energy conversion losses are important to consider. It 
does not make sense using electricity for making the fuel for making electricity in fuel 
cells, except in the case where the fuel is used as a storage medium, discussed later in this 
chapter. 

There are many hopes on biogas for the future energy system, in both the stationary 
sector and the transport sector. Since biogas is mainly produced from sewage, waste water 
and waste, the use of biogas may be regarded as an energy-efficiency improvement of the 
society, recovering energy resources otherwise lost. As previously pointed out, high and 
medium-temperature fuel cells present several advantages compared to the alternatives 
for power production from biogas. The high efficiency for operation on low-methane 
content is the main advantage, enabling high biogas utilisation and up-time of the system. 
The high efficiency for small-scale fuel cell systems make them more suitable for small-
scale CHP than for example gas turbines or diesel generators. 

Thermal gasification of biomass is perceived as a promising technology for combined 
heat and power for the future. The technology of gasification combined with a gas 
turbine has been demonstrated at a few sites. The synthetic gas produced could probably 
be directly used in SOFC systems, with the additional benefit of compatible temperatures 
of the processes. The synthetic gas could also be reformed and used in PEM fuel cell 
systems with somewhat lower efficiency. Synthetic methane may also be produced via 
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catalytic reactions of carbon dioxide with hydrogen. In most cases, for stationary use, it is 
better to use the produced hydrogen directly in a PEM fuel cell system, due to the losses 
in the conversion process. However, since hydrogen is difficult to distribute, a possibility 
could be to produce synthetic methane by renewable electricity which is then feed to the 
existing natural gas pipelines. 

Table 7 summarises the strengths and weaknesses of SOFC fuel cell systems as CHP and 
opportunities and threats for the future.  
Table 7. Summary of the discussed strengths, weaknesses, opportunities and threats for SOFC 
systems as residential-scale combined heat and power generators in a sustainable energy system. 

 Constructive Destructive 

In
te

rn
al

 

Strengths Weaknesses 

Operational with high efficiency at 
low methane content 
High efficiency 
Fuel flexibility  

Investment cost  
Durability (start  & stop) 

E
xt

er
n

al
 

Opportunities  Threats 

Biogas utilisation for CHP  
Gasification of biomass for CHP 
Methane discharge regulations on 
farms, etc. 

Boilers or heat pumps  in 
combination with grid  
Stirling engine  
Micro turbines 
Policies promoting biogas use in 
vehicles 

The SWOT analysis is to some extent also valid for PEM fuel cell systems with reformer 
units. The main difference is that the PEM system does not use carbon monoxide as a 
fuel and can therefore not achieve the high efficiencies at low methane content, possible 
for the SOFC systems. In addition, the reforming step lowers the energy efficiency of the 
system. Nonetheless, PEM fuel cell systems have so far shown better dynamic 
performance and might be the preferred option for residential-scale systems, if SOFC 
systems do not meet the performance targets in terms of start and stop capabilities.  

The application of fuel cells as part of an electrical energy-storage system differs from the 
other applications due to the fact that most competing technologies are more energy 
efficient than the PEM fuel cell and hydrogen storage systems. A review of possible 
electrical energy-storage systems is presented in paper V. For the large-scale storages, 
pumped hydro and compressed air energy storage (CAES) are more energy-efficient and 
cost-effective alternatives. The needed prerequisites for these storage methods are 
however very specific and they are not found in every country or region. In small and 
medium-scale applications, the main competitors are batteries and flow batteries. Flow 
batteries are rechargeable batteries with many similarities to regenerative fuel cells (and 
are also sometimes referred to as that). Added values presented by fuel cell and hydrogen 
storage systems, compared to batteries, are the separation between energy storage and 
power output, and the low stand-by losses. Flow batteries share these advantages with 
fuel cell and hydrogen storage systems. The separation between energy storage and 
power output improves the freedom in design of the system. The energy-to-power ratio 
may hence be optimised for the specific application. In addition, increasing the energy 
during operation is possible by simply adding more fuel to the energy storage. Another 
possible benefit of fuel cell systems and flow batteries, compared to batteries, is the 
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potentially high durability due to the fact that there is no wear of the electrodes caused by 
cycling (Schaber et al., 2004). 

Currently, fuel cell and hydrogen storage systems have higher volumetric energy density 
than the other alternatives (figures are presented in paper V). As previously pointed out, 
fuel cell systems are viable where the power requirements are low and energy 
requirements are high. Due to the potentially high volumetric energy density they are also 
advantageous where there are volume restrictions on the storage, as shown in paper V.  

With an increasing portion of intermittent and distributed resources in the energy system, 
the demand for electrical energy-storage systems might increase (Dell & Rand, 2001). 
With electrical energy-storage systems the excess energy from renewable energy sources 
at times when the demand is low can be saved. In paper V the potential saving, in an 
example where two thirds of the electricity production in Sweden was assumed to come 
from intermittent sources, was calculated. If fuel cell and hydrogen storage systems will 
be an appropriate alternative depends on the prerequisites on the site and the 
development of the main competing technologies, batteries and flow batteries.  

Table 8 summarises the strengths and weaknesses of PEM fuel cells as part of an 
electrical energy-storage system and also the opportunities and threats for the future. 
Table 8. Summary of the discussed strengths, weaknesses, opportunities and threats for PEM fuel 
cell systems as part of an electrical energy-storage system in a sustainable energy system. 

 Constructive Destructive 

In
te

rn
al

  

Strengths Weaknesses 

Low stand-by losses 
Energy storage is separated from 
power 
Scalability 

Low energy efficiency 
Investment cost  
Durability 

E
xt

er
n

al
  

Opportunities  Threats 

Low power and high energy 
applications 
Distributed energy storages 
Stand-alone systems 
Expensive electricity  

Batteries & Flow batteries 
Pumped hydro & CAES 
Cheap grid electricity 
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6. CONCLUSIONS & RECOMMENDATIONS 
In this chapter, conclusions drawn from the specific projects and from the broader 
studies performed are presented. First, the specific conclusions from the appended 
papers are presented, followed by some general conclusions and recommendations. 
Finally, some concluding remarks are given. 

6.1 Specific conclusions from appended papers 

Paper I - Energy system analysis of the fuel cell buses operated in the project clean urban transport for 
Europe  
The evaluation of the fuel cell buses in the CUTE project showed that the fuel cell 
systems were reliable and that it was mainly auxiliary components that were causing 
problems. It also showed that despite high conversion efficiencies of the fuel cell system 
buses were more fuel consuming than conventional diesel buses. This was found to be 
mainly due to the reliability measures implemented. The high reliability and durability of 
the buses were however crucial for the perceived success of the project and was an 
important aspect in creating positive attitudes towards the technology among operators, 
drivers and the public. Therefore the focus on reliability was a good decision and future 
design should strive to improve the fuel economy without compromising the reliability.  

In the evaluation, the fact that urban buses spend much time idling, and drive at low 
average speeds, was apparent. This would usually be an ideal operation pattern for a fuel 
cell system since the fuel cell itself is more efficient at low partial loads. However, due to 
the design of the buses, with a minimum current limitation set on the fuel cells, the 
Citaro fuel cell buses were actually more efficient at higher power outputs, i.e. one of the 
benefits of fuel cell systems in urban traffic was reduced by the design. 

A proposed strategy and recommendation for the next generation of fuel cell buses is to 
hybridise the drive train. Hybridisation could be a key strategy to lower the fuel 
consumption and at the same time keep the reliability.  

The energy mapping and power flow diagrams prepared for the evaluation show that it is 
important to evaluate the entire energy system of the bus and that the power 
consumption of auxiliary equipment is not negligible. This will become even more 
important with more efficient drive trains. 
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Paper II - A first report on the attitude towards hydrogen fuel cell buses in Stockholm 
This first evaluation of the attitudes towards the buses showed that there was no 
noticeable resistance towards the fuel cell buses and hydrogen fuel. Hence, the attitudes 
towards the technology are positive. However, the respondents were not willing to pay 
extra for the introduction of fuel cell buses in the urban bus fleet. In this paper, some key 
benefits with the CUTE project, regarding attitudes and acceptance, were identified. First 
of all the familiarisation effect was recognised as an important result. The public in nine 
cities were exposed to the fuel cell technology and provided with information about the 
technology through television, newspapers, information brochures on the buses, etc. In 
addition, the drivers and operators obtained hands-on experience of, and were informed 
and educated about, the hydrogen fuel and the fuel cell technology. 

Paper III - A follow-up and conclusive report on the attitude towards hydrogen fuel cell buses in the 
CUTE project – from passengers in Stockholm to bus operators in Europe  
In this follow-up and conclusive study on the attitudes towards the fuel cell buses and 
hydrogen fuel, it was concluded that after a year of operation public opinion was still 
positive towards the technology and the fuel. The operation of the buses had also 
increased the feeling of safety among the group of people that initially did not have any 
opinion. 

A survey among the bus drivers showed that they were more positive after a year of 
operation. The drivers are ambassadors for the fuel cell technology and the hydrogen fuel 
on-board the buses, since they are the ones that the public meet in the bus. Therefore, 
their opinion is very important for the attitudes among the passengers.  

The evaluation of the bus driver survey also showed the benefits of studying both 
technical aspects and attitudes, since the perceived dissatisfaction with acceleration and 
speed by the drivers in other cities could most likely be explained by the driving pattern, 
i.e. higher average speeds and more forceful accelerations, in those cities. 

A survey among operators and project coordinators confirmed that the stakeholders 
were pleased with the bus demonstration project and that most of them were positively 
surprised by the high reliability and durability. The main problems during the project 
mentioned were lack of spare parts (primarily inverters) and the level of confidentiality 
concerning the bus technology.  

Paper IV - Operating experience and energy system analysis of the biogas-powered 5 kW SOFC system 
in GlashusEtt 
The operation and evaluation of the SOFC system in GlashusEtt showed that, although 
the electrical efficiency was satisfactory, the technology is far from commercially ready. A 
substantial and rapid decrease in performance was obtained despite restricted power 
variations in the loads applied, and few start-ups of the system. The evaluation showed 
that the control system needs to be more stable and that the waste-water biogas might 
pose problems in terms of the presence of siloxanes. 

Paper V - Key Factors in Planning a Sustainable Energy Future Including Hydrogen and Fuel Cells  
In this paper, comparisons between fuel cells and batteries are presented and the 
importance of energy efficiency in a sustainable energy system was emphasised. With a 
basic example it was shown that batteries are much more energy efficient than fuel cells 
powered by hydrogen in vehicles if only fuel production and operation is considered. It 
was however also noted that although energy efficiency is important, it is not necessarily 
always the best solution, since other aspects might limit the potential impact. For 
example, although batteries are more energy efficient they have lower gravimetric and 
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volumetric energy density (kWh/kg and kWh/l) than fuel cell systems. Therefore, fuel 
cell systems might be advantageous where weight and volume are important parameters, 
as in electrical energy-storage systems in densely populated areas, or in transit buses 
where the weight of a battery system would be a limiting factor. A combination of the 
two technologies in hybrids was proposed and developing and commercialising hybrid-
electric drive trains for conventional vehicles was identified as a first logical step. The 
paper concludes that fuel cells and hydrogen should only be used where they bring added 
value. If the use of hydrogen and fuel cells in the wrong context is avoided the risk of 
receiving bad-will will decrease.  

Paper VI - Strategies for a road transport system based on renewable resources - the case of a self-
sufficient Sweden in 2025  
When planning for a sustainable energy system, all sectors and strategies should be taken 
into consideration. Many studies focus on a single sector, fuel or strategy. This paper 
emphasises the need for multiple strategies to achieve a self-sufficient road transport 
system in 2025 without compromising the sustainability of other sectors. A conclusion 
drawn was that the biomass potential is insufficient to provide both the transport sector 
and the stationary sector with fuels, even with all vehicles being hybridised. Hence, 
renewable electricity and demand-side measures are needed in all sectors, especially the 
transport sector. 

Among the strategies presented, there are only two which are assessed to not have 
reached their natural limit by 2025. That is demand-side measures for decreased energy 
use in the transport sector, and the use of renewable electricity. 

One indirect conclusion from this paper is that if battery-electric vehicles do not reach a 
breakthrough, fuel cells are the second most energy efficient choice of fuel from 
renewable electricity assuming that the hydrogen is produced locally. 

Paper VII - Advantages of integration with industry for electrolytic hydrogen production 
The main point made in this paper is that when planning for a new element in the energy 
system, the potential synergies for improved energy efficiency and cost reduction should 
be evaluated. The study shows that when producing hydrogen by electrolysis potential 
synergies such as heat and oxygen recovery could increase the energy efficiency by up to 
20 % and reduce the hydrogen price by approximately 4 %. 

6.2 General conclusions & recommendations for fuel cell systems 

Bringing fuel cells to reality… 
One identified success factor for acceptance is reliability. In the CUTE project, reliability 
was in focus and the system was designed with this in mind. This design strategy, in 
combination with the communicated rather low expectations and a careful start, made 
the project a success. In the GlashusEtt project, the expectations were higher due to 
excellent results communicated from other tests of similar systems. Also, the problems 
with the control system and dynamics were unanticipated. The general recommendations 
from these experiences are hence to always keep reliability in focus and to communicate 
the maturity of the technology to prevent the feeling of low quality of service.  

• Keep reliability in focus! 
• Communicate also the drawbacks of the technology! 

To look at the entire energy system has made it possible to find benefits and drawbacks 
of the system design and to assess how this affects the fuel cell stacks. For example, the 
reliability measures of the fuel cell system in the CUTE buses are recognised as 
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important for the fuel cell durability, and suggestions on how to reduce the fuel 
consumption and keep the reliability measures with an alternative system design were 
given. In the case of the SOFC in GlashusEtt, it was suggested that a different system 
design with anode recirculation could improve the efficiency of the system without 
damaging the fuel cell stacks. 

• Look at the entire energy systems! 

The combination of studies of technology and attitudes is perceived as very successful 
since some of the attitudes of the drivers could be explained by the specific driving 
characteristics found. The importance of awareness of public opinion during all phases 
of introduction was also acknowledged. 

• Combine technical evaluations with surveys of attitudes to find potential 
technical optimisations as well as possible explanations of attitudes.   

• Important to be aware of public opinion at all times during introduction. 
• Important to listen to the preferences of key stakeholders (operators, drivers 

etc.). 

General recommendations for the introduction of fuel cell systems on the market are to 
make the systems modular to fit existing surrounding system (building or vehicle) and to 
search for the least radical route, by for example co-evolution or hybridisation with 
existing and emerging technologies.    

…and reality to fuel cells 
As pointed out in paper IV fuel cell systems present an interesting opportunity for fuel 
flexibility and carbon dioxide-neutral energy conversion; the development of such a 
technology should clearly be encouraged. The state-of-the-art fuel cell systems do 
however need continuing research, support and extended demonstration projects, as well 
as a near-term introduction in market niches. Within the area of fuel cell systems, there 
has so far been too much focus on the possibilities fuel cell systems might present in the 
future. More efforts have to be put on clearly characterising the technology, defining the 
real benefits and drawbacks of the system, and to let this characterisation guide the 
design of the systems as well as the search for potential near-term niche markets where 
the drawbacks are not as pronounced or the added values compensate for the drawbacks.  

• Fuel cell systems are in most applications not ready for the commercial market 
and need more support and research. 

• Define the real benefits and drawbacks and find niche markets! 

The focus of fuel cell systems in vehicles is perceived as a problem since cars might be 
the most difficult and radical application of fuel cell systems. In addition, the 
sustainability of hydrogen production is questionable in the present national and global 
energy systems. Due to the high expectations, the risk of disappointment in this area is 
huge if the technology is forced on the market. Hybridisation is a better first step towards 
sustainability. There is however a possibility for fuel cells to co-evolve with hybridisation 
and to benefit from the increased electrification of vehicles in general. Politically created 
niche markets by regulations promoting zero-emission urban vehicles may speed up the 
introduction of hybridised fuel cell systems.  

• Do not rush fuel cell system introduction in the transport sector. Let 
hybridisation be a first step. 

• Increase the share of renewable electricity in the surrounding energy system. 
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A general conclusion is that although fuel cells may have a role in the sustainable energy 
future they will not, as many argue, present a problem-free solution to how to continue 
with “full speed into the future”. 

6.3 Concluding remarks 

The necessary change towards a more sustainable energy system is due to the previously 
mentioned problems with fossil fuels. The perceived problems create instability in the 
present socio-technical regime and the change is occurring via a wider transformation 
route, as defined by Geels (2006), where numerous simultaneous changes occur in the 
energy system. During such a transformation, several technological options are 
experimented with, competing and co-evolving before finally creating a new socio-
technical regime. The forceful introduction of several emerging technologies in the area, 
for example wind turbines and photovoltaic systems for power production, and the 
discussion on alternative fuels and hybridisation for the transport sector, are symptoms 
of this instability. At the same time, incremental changes occur along ‘technical 
trajectories’ within the regime. It is quite obvious that incremental changes are 
insufficient for attaining the goal of a sustainable energy system with the present rates of 
increasing energy demands. Not only are radical innovations needed, also radical changes 
to the way of life and society are required, especially in the transport sector. 

It is said that radical environmental technologies, such as fuel cell systems in the 
transport sector, are under greater scrutiny than incremental changes. This is only natural 
since more money and more changes to society are needed for these technologies if 
introduced on a large scale as replacement for existing technologies. The risk of lock-in 
of a technology with large investment costs is also greater. Therefore, the selection and 
assessment procedure must go on, preferably with increased systems perspective. The 
assessments should include not only the fuel production but also the product life cycle 
which will be increasingly contributing to the total environmental impact, as the 
operating efficiencies improve and renewable resources are increasingly used. In addition, 
being updated on the attitudes towards the technology and fuel is also important to be 
able to meet demands. 

It is also important to point out that the potentially “best” technologies and solutions for 
the future should not prevent the steps towards a sustainable energy system that may be 
taken today. A well known quote states that you should “think globally and act locally” 
reducing the geographical difficulties of taking responsibility for the entire globe. A 
similar thought regarding the difficulties of time and taking responsibility for the future 
could be: think of tomorrow but act today. If society, economy and technology are not 
ready for the best solution, chose a second best or at least an improving solution which is 
feasible today. Small steps are better than no steps forward.  

Finally, I would like to share with you a quote, which has been a guiding motto for me 
from the beginning of my project, the previous motto of the Club of Rome:  
 

“Not in blind opposition to progress, but in opposition to blind progress” 
 
 
 
 

57 

 



Bringing fuel cells to reality and reality to fuel cells 

 

58 

 

 
 
 
 
 



7. Acknowledgments  

 
 

 

 

 

 

 

 

 

 

7. ACKNOWLEDGMENTS 
First of all I would like to thank my main academic supervisor, Professor Per Alvfors as 
well as my co-supervisor, Professor Mats Westermark for help, encouragement and 
inspiration. I would also like to thank Björn Frostell for valuable feedback.  

Many thanks go to all co-workers in the CUTE project, especially Dr. Kristina 
Haraldsson for the hard work with making the participation of KTH in the project 
possible, and my main co-worker in the project Anders Folkesson for introducing me to 
the project and for productive cooperation during many years. Also the co-workers and 
temporary project partners at KTH: Mårten Niklasson, Anders Lindfeldt and Handrain 
Hamid Aswad are acknowledged. Many thanks also go to the entire CUTE project group 
in Stockholm, including: Eva Sunnerstedt (City of Stockholm), Jonas Strömberg 
(formerly SL), Eva-Katrin Lindman (Fortum), Per Sjöbom (ÅF) Per Wikström, Tomas 
Kullbjer, Johnny Melander (all at Busslink), the two fuel cell bus mechanics: Daniel 
Storm (Busslink) and Harald Schmeisser (formerly Ballard) and all the fuel cell bus 
drivers at Busslink. I would also like to thank the coordinators in the CUTE project, Dr. 
Manfred Schuckert and Mrs. Monika Kentzler (EvoBus/Daimler), as well as all the 
people at Ballard for kind cooperation and good times. 

I also want to thank the core group of the GlashusEtt project: Bengt Ridell (Grontmij), 
Markku Rissanen (ABB) and Göran Lindbergh (KTH) for being supportive of our ideas 
and tolerant to our ad-hoc project execution. Many thanks go to my co-worker Lars 
Hedström for creative cooperation. 

7.1 Personal acknowledgements 

This thesis had not become reality without help and support from several people 
indirectly involved in the work progress.  

First I would like to thank all my past and present colleagues at the division of Energy 
Processes, without your support and the discussions at “fika” the work would have been 
so much harder. My deep appreciation also goes to all my fellow past and present PhD 
students at the Energy Systems Programme, and especially Martin Hultman, my 
interdisciplinary co-worker, a fighter and friend.  

 

59 

 



Bringing fuel cells to reality and reality to fuel cells 

 

60 

 

                                                

Special thanks go to my two main co-workers (and work husbands16) Anders Folkesson 
and Lars Hedström who have both encouraged and inspired me in various ways during 
the work. Special thanks also go to Dr. Cecilia Wallmark for being an ideal co-worker 
and unofficial mentor. I would also like to thank Jonas Strömberg and Eva Sunnerstedt, 
partners in the CUTE project, for being professionally supreme and inspiring at the same 
time. 

Last but not least my gratitude goes to the most important people in my life: my parents, 
Eva-Britt and Hans Saxe, my sister Cecilia, my partner Linus and all my wonderful 
friends. Thanks for being who you are and helping me be the best I can. 
7.2 Financial acknowledgements 

This work has been carried out under auspices of the Energy Systems Programme, which 
is financed by the Swedish Energy Agency. 

         

 
16 “A work spouse is a co-worker (usually of the opposite sex) with whom one shares a special relationship, 
having bonds similar to those of a marriage; such as, special confidences, loyalties, shared jokes and 
experiences, and an unusual degree of honesty or openness.” Definition from www.wikipedia.org. 



8. References 

8. REFERENCES 
Agnolucci P. 2007. Prospects of fuel cell auxiliary power units in the civil markets, 
Review, International Journal of Hydrogen Energy 32, 4306-4318.  

Agnolucci P. and McDowall W. 2007. Technological change in niches: Auxiliary power 
Units and the hydrogen economy, Technological Forecasting & Social Change 74, 1394-
1410. 

Ahluwalia R.K. and Wang X. 2008. Fuel cell systems for transportation: Status and 
trends, Journal of Power Sources 177, 167-176. 

Alley J. and Pryor T. 2007. Life-cycle assessment of diesel, natural gas and hydrogen fuel 
cell bus transportation systems, Journal of Power Sources 170, 401-411. 

Baratto F. and Diwekar U.M. 2005. Life cycle assessment of fuel cell-based APUs, 
Journal of Power Sources 139, 188–196. 

Bauen A. and Hart D. 2000. Assessment of the environmental benefits of transport and 
stationary fuel cells, Journal of Power Sources 86, 482–494.  

Bossel U., Eliasson B. and Tayler G. 2005. The Future of the Hydrogen Economy: 
Bright or Bleak? European Fuel Cell Forum Report, Original version 2003, updated 
2005. Retreived at: http://www.efcf.com/reports/E08.pdf, July 2008.  

Boulding K. E. 1966. The economics of the coming spaceship earth. [Online] Available 
at: http://dieoff.org/page160.htm, accessed September 2008.  

Braun R.J., Klein S.A. and Reindl D.T. 2006. Evaluation of system configurations for 
solid oxide fuel cell-based micro-combined heat and power generators in residential 
applications, Journal of Power Sources 158, 1290–1305. 

Cellkraft 2008. Product specification sheet for the Cellkraft S-series Fuel Cell. Retreived 
at: http://www.cellkraft.se/produkt/S-Series.pdf, August 2008. 

Chandler K. and Eudy L. 2008. SunLine Transit Agency Hydrogen-Powered Transit 
Buses: Third Evaluation Report, Technical Report NREL/TP-560-43741-1, June 2008. 
Retreived at: http://www.nrel.gov/hydrogen/pdfs/43741-1.pdf, September 2008. 

Clean Vehicles in Stockholm 2004. Retrieved at: http://www.stockholm.se/fristaende-
webbplatser/fackforvaltningssajter/miljoforvaltningen/miljobilar/broschyrer-och-
rapporter, July 2008. 

CONCAWE, EUCAR and the Joint Research Centre of the European Commission 
2003. Well-to-Wheels analysis of future automotive fuels and powertrains in the 
European context. Retreived at: 
http://ies.jrc.ec.europa.eu/uploads/media/WTW_Report_010307.pdf, September 2008. 

CUTE 2006. Final brochure. Available at: http://www.fuel-cell-bus-club.com, accessed 
July 2008.  

De Paepe M., D’Herdt P. and Mertens D. 2006. Micro-CHP systems for residential 
applications, Energy Conversion and Management 47, 3435-3446. 

Dell R.M. and Rand D.A.J. 2001. Energy storage – a key technology for global energy 
sustainability, Journal of Power Sources 100, 2-17. 

61 

 

http://www.efcf.com/reports/E08.pdf
http://www.nrel.gov/hydrogen/pdfs/43741-1.pdf
http://www.stockholm.se/fristaende-webbplatser/fackforvaltningssajter/miljoforvaltningen/miljobilar/broschyrer-och-rapporter
http://www.stockholm.se/fristaende-webbplatser/fackforvaltningssajter/miljoforvaltningen/miljobilar/broschyrer-och-rapporter
http://www.stockholm.se/fristaende-webbplatser/fackforvaltningssajter/miljoforvaltningen/miljobilar/broschyrer-och-rapporter
http://ies.jrc.ec.europa.eu/uploads/media/WTW_Report_010307.pdf
http://www.fuel-cell-bus-club.com/


Bringing fuel cells to reality and reality to fuel cells 

 

Demirci U. B. 2007. Direct liquid-feed fuel cells: Thermodynamic and environmental 
concerns, Review, Journal of Power Sources 169, 239–246. 

Dimitropoulos J. 2007. Energy productivity improvements and the rebound effect: An 
overview of the state of knowledge, Energy Policy 35, 6354–6363. 

EIA 2007. Energy Information Administration, Statistics of Total Primary Energy 
Consumption and World Per Capita Total Primary Energy Consumption, All Countries, 
1980-2005. Retrieved at: 
http://www.eia.doe.gov/emeu/international/energyconsumption.html, June 2008. 

European Commission 2007. Communication from the commission to the council, the 
European parliament, the European economic and social committee and the committee 
of the regions – A European strategic energy technology plan (set-plan), ‘Towards a low 
carbon future' COM (2007) 723 final. Retrieved at: http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2007:0723:fin:en:pdf, June 2008. 

European Commission 2003. Hydrogen Energy and Fuel Cells – a vision of our future, 
final report of the High level group, Brussels: Community research. Retrieved at: 
http://ec.europa.eu/research/energy/pdf/hlg_vision_report_en.pdf, June 2008. 

Faltenbacher M. and Binder M. 2006. Life-cycle assessment of the different bus 
technologies, presentation at CUTE final conference. Retrieved at: http://cute-
hamburg.motum.revorm.com/download/pdf/2/11.25 CUTE Presentation - Michael 
Faltenbacher_Marc Binder V1.pdf, September 2008. 

Folkesson A. 2008. Towards sustainable urban transportation: Test, demonstration and 
development of fuel cell and hybrid-electric buses, Doctoral thesis, KTH, Stockholm. 
ISBN: 978-91-7178-940-2. 

Ford 2008. Sustainability Report 07/08, facilities-related emissions. [Online] Available at: 
http://www.ford.com/microsites/sustainability-report-2007-08/environment-facilities-
emissions, accessed July 2008. 

Fuel Cell Today 2008a. Online news: Fuel Cell Commercialisation 'Started in 2007'. 
[Online] Available at: http://www.fuelcellstoday.org/online/news/articles/2008-
01/Fuel-Cell-Commercialisation, accessed July 2008. 

Fuel Cell Today 2008b. Small Stationary Survey 2008, Kerry-Ann Adamson, March 2008. 
Retrieved at: http://www.fuelcellstoday.org/media/pdf/surveys/2008-Small-Stationary-
Free.pdf, July 2008. 

Fuel Cell Today 2008c. Light Duty Vehicle Survey 2008, Jonathan Butler, May 2008. 
Retrieved at: http://www.fuelcellstoday.com/media/pdf/surveys/2008-Light-Duty-
Vehicle.pdf, August 2008. 

Fuel Cell Today 2007. Direct Methanol Fuel Cells (DMFC), Gemma Crawley, August 
2007. Retrieved at: http://www.fuelcellstoday.org/DMFC Technology Article.pdf, July 
2008. 

Fuel Cell Today 2006a. Proton Exchange Membrane (PEM) Fuel Cells, Gemma Crawley, 
March 2006. Retrieved at: http://www.fuelcellstoday.org/PEM 2006.pdf, July 2008. 

Fuel Cell Today 2006b. Worldwide Survey, Kerry-Ann Adamson, Gemma Crawley, 
January 2006. Retrieved at: http://www.fuelcellstoday.org/, July 2008. 

62 

 

http://www.eia.doe.gov/emeu/international/energyconsumption.html
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2007:0723:fin:en:
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2007:0723:fin:en:
http://ec.europa.eu/research/energy/pdf/hlg_vision_report_en.pdf
http://cute-hamburg.motum.revorm.com/download/pdf/2/11.25%20CUTE%20Presentation%20-%20Michael%20Faltenbacher_Marc%20Binder%20V1.pdf
http://cute-hamburg.motum.revorm.com/download/pdf/2/11.25%20CUTE%20Presentation%20-%20Michael%20Faltenbacher_Marc%20Binder%20V1.pdf
http://cute-hamburg.motum.revorm.com/download/pdf/2/11.25%20CUTE%20Presentation%20-%20Michael%20Faltenbacher_Marc%20Binder%20V1.pdf
http://www.ford.com/microsites/sustainability-report-2007-08/environment-facilities-emissions
http://www.ford.com/microsites/sustainability-report-2007-08/environment-facilities-emissions
http://www.fuelcellstoday.org/online/news/articles/2008-01/Fuel-Cell-Commercialisation
http://www.fuelcellstoday.org/online/news/articles/2008-01/Fuel-Cell-Commercialisation
http://www.fuelcellstoday.org/media/pdf/surveys/2008-Small-Stationary-Free.pdf
http://www.fuelcellstoday.org/media/pdf/surveys/2008-Small-Stationary-Free.pdf
http://www.fuelcellstoday.org/PEM
http://www.fuelcellstoday.org/


8. References 

Gartner 2007. Press release: About Gartner Hype Cycles. [Online] Available at: 
http://www.gartner.com/press_releases/asset_134460_11.html, accessed October 2007. 

Geels F.W. 2005. Processes and patterns in transitions and system innovations: Refining 
the co-evolutionary and multi-level perspective. Technological Forecast and Social 
change 72, 681-696. 

Gray C.F. and Larsson E.W. 2006. Project management: the managerial process, 
International edition, McGraw-Hill Companies Inc. New York. ISBN: 007-124446-8.  

Hall J. and Kerr R. 2003. Innovation dynamics and environmental technologies: the 
emergence of fuel cell technology, Journal of Cleaner Production 11, 459-471.  

Hammerschlag R. and Mazza P. 2005. Questioning hydrogen, Viewpoint, Energy Policy 
33, 2039-2043. 

Hedström L., Wallmark C., Alvfors P., Rissanen M., Stridh B. and Ekman J. 2004. 
Description and modelling of the solar–hydrogen–biogas-fuel cell system in GlashusEtt, 
Journal of Power Sources 131, 340–350. 

Hellman L.H. and van den Hoed R. 2007. Characterising fuel cell technology: Challenges 
of the commercialization process, International Journal of Hydrogen Energy 32, 305-315.  

HFP-SRA 2005. European Hydrogen and Fuel Cell Technology Platform - Strategic 
Research Agenda, July 2005. Retrieved at: http://www.HFPeurope.org, July 2008.  

Hollinshead M.J., Eastman C.D. and Etsell T.H. 2005. Forecasting performance and 
market penetration of fuel cells in transportation, Fuel Cells Bulletin, December 2005, 
10-17. 

Hornborg A. 2002. Growth and technical development as cornucopia or zero-sum game 
(in Swedish), Tillväxt och tekniskutveckling som Ymnighetshorn eller nollsummespel, 
published in the anthology Naturen som brytpunkt: Om miljöfrågans mystifieringar, 
konflikter och motsätningar. Brutus Östlings bokförlag Symposion, Stockholm, Sweden. 
ISBN: 9789171395931. 

Hultman M. and Saxe M. 2005. Full speed towards a better environment? – About how 
fuel cells are pictured by media and experts in Sweden (in Swedish), Full gas mot en 
renare miljö? – om hur bränsleceller framställs av media och experter i Sverige, 
Arbetsnotat Nr 31, March 2005, ISSN 1403-8307. 

IEA 2008. Energy Technology Perspectives scenarios and strategies to 2050, Executive 
summary. Retrieved at: 
http://www.iea.org/Textbase/techno/etp/ETP_2008_Exec_Sum_English.pdf, 
September 2008. 

IEA 2007a. Energy Technologies at the Cutting Edge, International Energy Technology 
Collaboration, IEA Implementing Agreements. Retrieved at: 
http://www.iea.org/textbase/nppdf/free/2007/Cutting_Edge_2007_WEB.pdf, 
September 2008. 

IEA 2007b. Key world energy statistics. Retrieved at:  
http://www.iea.org/textbase/nppdf/free/2007/key_stats_2007.pdf, June 2008. 

63 

 

http://www.gartner.com/press_releases/asset_134460_11.html
http://www.hfpeurope.org/
http://www.iea.org/Textbase/techno/etp/ETP_2008_Exec_Sum_English.pdf
http://www.iea.org/textbase/nppdf/free/2007/Cutting_Edge_2007_WEB.pdf
http://www.iea.org/textbase/nppdf/free/2007/key_stats_2007.pdf


Bringing fuel cells to reality and reality to fuel cells 

 

Ingelstam L. 2002. System – to think about society and technology (in Swedish), System: 
att tänka över samhälle och teknik. Swedish Energy Agency, Eskilstuna, Sweden. ISBN: 
91-89184-24-6. 

Kajikawa Y., Yoshikawa J., Takeda Y. and Matsushima K. 2007. Tracking emerging 
technologies in energy research: Toward a roadmap for sustainable energy, Technological 
Forecasting and Social Change 75, 771-782. 

Karlström M. 2005. Local environmental benefits of fuel cell buses – a case study, 
Journal of Cleaner Production 13, 679-685. 

Karlström M. and Sandén B.A. 2004. Selecting and Assessing Demonstation projects: the 
case of Fuel Cells and Hydrogen systems in Sweden. The International Journal for 
Innovation Research, Commercialization, Policy Analysis and Best Practice 6, 286-293.  

Kaya Y. 1995. The role of CO2 removal and disposal, Energy Conversion Management 
36, 375-380. 

Kemp R. 1994. Technology and the transition to environmental sustainability, Futures 
26, 1023-1046. 

Larminie J. and Dicks A. 2003. Fuel cell systems explained, 2nd edition. John Wiley & 
Sons Ltd. Chichester, England. ISBN: 978-0-470-84857-9.    

Lee A.M and Bereando P.L. 1981. Developing Technology Assessment Methodology: 
Some Insights and Experiences Technological Forcasting and Social Change 19, 15-31. 

Lipman T.E., Edwards J.L. and Kammen D.M. 2004. Fuel cell system economics: 
comparing the costs of generating power with stationary and motor vehicle PEM fuel cell 
systems, Energy Policy 32, 101–125. 

Mattson N. and Wene C-O. 1997. Assessing new energy technologies using an energy 
system model with endogenized experience curves, International Journal of Energy 
Research 21, 385-393.  

Meadows D., Randers J. and Meadows D. 2004. A Synopsis of Limits to Growth: The 
30-year update. Retreived at: http://www.sustainer.org/pubs/limitstogrowth.pdf, 
September 2008. 

NREL 2008. Hydrogen Fuel Cell Bus Evaluations: fuel cell bus projects [Online] 
Updated August 2008. Available at: 
http://www.nrel.gov/hydrogen/proj_fc_bus_eval.html, accessed September 2008. 

Olah G.A., Goeppert A. and Prakash G.K.S. 2006. Beyond Oil and Gas: The Methanol 
Economy, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany. ISBN: 3-
527-31275-7. 

Onovwiona H.I. and Ugursal V.I. 2006. Residential cogeneration systems: review of the 
current technology, Renewable & Sustainable Energy Reviews 10, 389-431. 

Pachauri R. 2008. Climate change and sustainability science, Sustainable Science 3, 1–3. 

Pehnt M. 2008. Environmental impacts of distributed energy systems – The case of 
micro cogeneration, Environmental Science & Policy 11, 25-37. 

64 

 

http://www.sustainer.org/pubs/limitstogrowth.pdf
http://www.nrel.gov/hydrogen/proj_fc_bus_eval.html


8. References 

Pehnt M. 2001. Life-cycle assessment of fuel cell stacks, International Journal of 
Hydrogen Energy 26, 91-101. 

Perry M.L. and Strayer E. 2006. Fuel-cell based Back-up power for telecommunication 
Applications: Developing a Reliable and Cost-Effective Solution. Originally published in 
INTELEC 2006 Proceedings. Retrieved at: 
http://www.utcpower.com/fs/com/Attachments/WP_2006%20INTELEC.pdf, August 
2008.  

Pestel E. 1972. Abstract of The Limits To Growth, A Report to The Club Of Rome, by 
Donella H. Meadows, Dennis I. Meadows, Jorgen Randers, William W. Behrens III. 
Retrieved at: http://www.clubofrome.org/docs/limits.rtf, May 2008. 

PricewaterhouseCoopers 2007. Fuel cell industry survey 2007: The promise of clean 
power? 2007. Survey of public fuel cell companies. Retrieved at: 
http://www.pwc.com/ca/eng/ins-sol/survey-rep/fcis_07.pdf, July 2008. 

Rahm L. 2007. Personal communication with Lars Rahm (Stockholm Vatten AB) at 
study visit at the Henriksdal waste water-treatment plant. 

Ramesohl S. and Merten F. 2006. Energy system aspects of hydrogen as an alternative 
fuel in transport, Energy Policy 34, 1251-1259. 

Raupach M.R., Marland G., Ciais P., Le Quéré C., Canadell J.G., Klepper G. and Field 
C.B. 2007. Global and regional drivers of accelerating CO2 emission, PNAS 104, 10288-
10293. 

Renzi S. and Crawford R. 2000. Powering the Next Generation Automobile: 
DaimlerChrysler’s Venture Into Fuel Cell Technology, Corporate Environmental 
Strategy 7, 38-50. 

Ridell B. 2005. Malmö hydrogen and H2/CNG hydrogen filling station and bus project. 
Presentation at Risø International Energy Conference, 22-25 May 2005 Denmark. 
Retrieved at:  
http://www.risoe.dk/rispubl/SYS/syspdf/energconf05/session3_ridell_pre.pdf, July 
2008. 

Rodrigo M.A., Cãnizares P., Lobato J., Paz R., Sáez C. and Linares J.J. 2007. Production 
of electricity from the treatment of urban waste water using a microbial fuel cell, Journal 
of Power Sources 169, 198–204. 

Romm, J. 2006. The car and fuel of the future, Viewpoint, Energy Policy 34, 2609-2614. 

Rousseau S., Coutanceau C., Lamy C. and Léger J-M. 2006. Direct ethanol fuel cell 
(DEFC): Electrical performances and reaction products distribution under operating 
conditions with different platinum-based anodes, Journal of Power Sources 158, 18–24. 

Saxena R.C., Adhikari D.K. and Goyal H.B. 2008. Biomass-based energy fuel through 
biochemical routes: A review, Renewable and Sustainable Energy Reviews 12, 1909-1927. 

Schaber C., Mazza P. and Hammerschlag R. 2004. Utility-Scale Storage of Renewable 
Energy, The Electricity Journal 17, 21-29. 

Schaeffer G.J. and Uyterlinde M.A. 1998. Fuel cell adventures. Dynamics of a 
technological community in a quasi-market of technological options, Journal of Power 
Sources 71, 256-263. 

65 

 

http://www.clubofrome.org/docs/limits.rtf
http://www.pwc.com/ca/eng/ins-sol/survey-rep/fcis_07.pdf
http://www.risoe.dk/rispubl/SYS/syspdf/energconf05/session3_ridell_pre.pdf


Bringing fuel cells to reality and reality to fuel cells 

 

Schäfer A., Heywood J.B. and Weiss M. A. 2006. Future fuel cell and internal 
combustion engine automobile technologies: A 25-year life cycle and fleet impact 
assessment, Energy 31, 2064-2087. 

Schot J. and Rip A. 1997. The Past and Future of Constructive Technology Assessment, 
Technological Forecasting and Social Change 54, 251-268. 

Schulte I., Hart D. and van der Vorst R. 2004. Issues affecting the acceptance of 
hydrogen fuel, International Journal of Hydrogen Energy 29, 677–685. 

SL 2008. Stockholm public transport. [Online] Available at: http://www.sl.se, accessed 
July 2008. 

Solomon B.D. and Banerjee A. 2006. A global survey of hydrogen energy research, 
development and policy, Energy Policy 34, 781-792. 

Staffell I., Green R. and Kendall K. 2008. Cost targets for domestic fuel cell CHP, 
Journal of Power Sources 181, 339-349. 

Staniforth J. and Kendall K. 1998. Biogas powering a small tubular solid oxide fuel cell, 
Journal of Power Sources 71, 275-277. 

Stern 2006. Stern Review – Executive Summary. Retrieved at: http://www.hm-
treasury.gov.uk/media/4/3/Executive_Summary.pdf, June 2008. 

Stumper J. and Stone C. 2008. Recent advances in fuel cell technology at Ballard, Journal 
of Power Sources 176, 468-476. 

Swedish Energy Agency 2007. Energy in Sweden 2007 Facts and figures, Excel file with 
data. Retrieved at: 
http://www.swedishenergyagency.se/web/biblshop.nsf/frameset.main?ReadForm&Doc
=1966, May 2008.  

Trümper S. C., Steinberger-Wilckens R., Cuni A. and Maisonnier G. 2008. Geographical 
mapping of hydrogen demand and supply for the identification of early end user clusters 
in Europe, 17th World Hydrogen Energy Conference, Brisbane, Australia, June 2008. 
Retrieved at: http://www.ika.rwth-
aachen.de/r2h/images/d/da/whec2008_paperWP2_gnoerich.pdf, August 2008. 

Tsuchiya H. and Kobayashi O. 2004. Mass production cost of PEM fuel cell by learning 
curve, International Journal of Hydrogen 29, 985 -990.  

UN 2007. Global Environment Outlook 4 - Environment for development, published by 
the United Nations Environment Programme in 2007. ISBN: 978-92-807-2836-1 
Retrieved at: http://www.unep.org/geo/geo4/report/GEO-4_Report_Full_en.pdf, June 
2008. 

UN 2005. Resolutions adopted by the General Assembly, A/RES/60/1, 2005 World 
Summit Outcome. Retrieved at: 
http://unpan1.un.org/intradoc/groups/public/documents/UN/UNPAN021752.pdf , 
June 2008. 

UN 1987a. Report of the World Commission on Environment and Development: Our 
Common Future. [Online] Available at: http://www.un-documents.net/wced-ocf.htm, 
accessed June 2008. 

66 

 

http://www.sl.se/
http://www.hm-treasury.gov.uk/media/4/3/Executive_Summary.pdf
http://www.hm-treasury.gov.uk/media/4/3/Executive_Summary.pdf
http://www.swedishenergyagency.se/web/biblshop.nsf/frameset.main?ReadForm&Doc=1966
http://www.swedishenergyagency.se/web/biblshop.nsf/frameset.main?ReadForm&Doc=1966
http://www.ika.rwth-aachen.de/r2h/images/d/da/whec2008_paperWP2_gnoerich.pdf
http://www.ika.rwth-aachen.de/r2h/images/d/da/whec2008_paperWP2_gnoerich.pdf
http://www.unep.org/geo/geo4/report/GEO-4_Report_Full_en.pdf
http://unpan1.un.org/intradoc/groups/public/documents/UN/UNPAN021752.pdf
http://www.un-documents.net/wced-ocf.htm


8. References 

UN 1987b. Resolutions adopted by the General Assembly, A/RES/42/187. Report of 
the World Commission on Environment and Development. [Online] Available at: 
http://www.un-documents.net/a42r187.htm, accessed June 2008. 

UN 1972. Declaration of the United Nations Conference on the Human Environment. 
[Online] Available at: http://www.un-documents.net/unchedec.htm, accessed June 2008. 

US-DOE 2007. Hydrogen, Fuel Cells & Infrastructure Technologies Program Multi-Year 
Research, Development and Demonstration Plan: Planned program activities for 2005-
2015. Retrieved at: 
http://www1.eere.energy.gov/hydrogenandfuelcells/mypp/index.html, July 2008. 

van den Hoed R. 2005. Commitment to fuel cell technology? How to interpret 
carmakers’ efforts in this radical technology, Journal of Power Sources 141, 265-271. 

van Dokkum J. and  Dasinger A. 2008. Meeting the challenges in the transport sector, 
Short communication, Journal of Power Sources 181, 378-381.  

Van herle J., Membrez Y. and Bucheli O. 2004. Biogas as a fuel source for SOFC co-
generators, Journal of Power Sources 127, 300–312. 

von Helmolt R. and Eberle U. 2007. Fuel cell vehicles: Status 2007. Journal of Power 
Sources 165, 833-843. 

Wang M. 2002. Fuel choices for fuel-cell vehicles: well-to-wheels energy and emission 
impacts Journal of Power Sources 112, 307-321. 

Waggoner P.E. and Ausubel J.H. 2002. A framework for sustainability science: A 
renovated IPAT identity, PNAS 99, 7860-7865. 

Wahlund B., Yan J. and Westermark M. 2004. Increasing biomass utilization in energy 
systems: A comparative study of CO2 reduction and cost for different bioenergy 
processing options. Biomass and Bioenergy 26, 531-544. 

Wherrett M.R. and Ryan P.A. 2004. VOC emissions from industrial painting processes as 
a source of fuel cell energy, Metal Finishing 102, 23-29. 

Williams M.C., Strakey J.P., Surdoval W.A. and Wilson L.C. 2006. Solid oxide fuel cell 
technology development in the U.S., Solid State Ionics 177, 2039–2044. 

WWF 2006. Living Planet Report. Retrieved at: 
http://assets.panda.org/downloads/living_planet_report.pdf, September 2008. 

Yeon S-j., Park S-h and Kim S-w. 2006. A dynamic diffusion model for managing 
customer’s expectation and satisfaction. Technological Forecast & Social Change 73, 
648-665. 

Zachariah-Wolff J.L. and Hemmes K. 2006. Public Acceptance of Hydrogen in the 
Netherlands: Two Surveys That Demystify Public Views on a Hydrogen Economy, 
Bulletin of Science, Technology & Society 26, 339-345. 

Zegers P. 2006. Fuel cell commercialization: The key to a hydrogen economy, Journal of 
Power Sources 154, 497-502. 

 

 

67 

 

http://www.un-documents.net/a42r187.htm
http://www.un-documents.net/unchedec.htm
http://www1.eere.energy.gov/hydrogenandfuelcells/mypp/index.html
http://assets.panda.org/downloads/living_planet_report.pdf


Bringing fuel cells to reality and reality to fuel cells 

 

68 

 

 

 

 

 

 

 



9. Abbreviations  

9. ABBREVIATIONS 
AC Alternating Current 

AFC Alkaline Fuel Cell 

APS  Auxiliary Power System 

APU  Auxiliary Power Unit 

BEV Battery Electric Vehicle 

BOP Balance-of-Plant 

CAES Compressed Air Energy Storage 

CHP Combined Heat and Power 

CUTE  Clean Urban Transport for Europe 

DC Direct Current 

DME Di-Methyl Ether 

DMFC Direct Methanol Fuel Cell 

DOE Department of Energy 

ECTOS Ecological City Transport System 

EIA Energy Information Administration 

EUCAR European Council for Automotive R&D 

FCCC United Nations Framework Convention on Climate Change 

FCV Fuel Cell Vehicle 

GDP Gross Domestic Product 

GHG Greenhouse gas 

HEV Hybrid Electric Vehicle 

HHV Higher Heating Value 

ICE Internal Combustion Engine 

IEA International Energy Agency 

IPCC Intergovernmental Panel on Climate Change 

LHV Lower Heating Value 

MCFC Molten Carbonate Fuel Cell 

MEA Membrane Electrode Assembly 

MIT Massachusetts Institute of Technology 

OECD Organisation for Economic Co-operation and Development 

PAFC  Phosphoric Acid Fuel Cell 

PEM Proton Exchange Membrane or Polymer Electrolyte Membrane 

SECA Solid State Energy Conversion Alliance 

SL Stockholm Public Transport 

69 

 



Bringing fuel cells to reality and reality to fuel cells 

 

70 

 

SOFC Solid Oxide Fuel Cell 

STEP Sustainable Transport Energy for Perth 

SWOT Strengths, Weaknesses, Opportunities and Threats  

UN United Nations 

UPS  Uninterruptable Power Supply 

VOC Volatile Organic Compounds 

WTP Willingness-To-Pay 
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