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Abstract 

Keywords: direct hydrogen, Proton Exchange Membrane, PEM, fuel cell, fuel cell vehicle, fuel cell 
hybrid vehicles, on-board hydrogen storage, compressed hydrogen, liquid hydrogen, fuel 
consumption, duty cycle, cold start, thermal and water management, phase change materials, PCM, 
subzero temperature, fuel cell bus fleet demonstration, public acceptance, Clean Urban Transport 
for Europe, CUTE 
 
 In this thesis, direct hydrogen Proton Exchange Membrane (PEM) fuel cell systems in 
vehicles are investigated through modelling, field tests and public acceptance surveys. 
 A computer model of a 50 kW PEM fuel cell system was developed. The fuel cell system 
efficiency is approximately 50% between 10 and 45% of the rated power. The fuel cell 
auxiliary system, e.g. compressor and pumps, was shown to clearly affect the overall fuel 
cell system electrical efficiency.  
 Two hydrogen on-board storage options, compressed and cryogenic hydrogen, were 
modelled for the above-mentioned system. Stored in pressurized, well-insulated tanks, 
hydrogen must be heated in order to obtain the system operating temperature. Results 
show that the release of compressed gaseous hydrogen needs approximately 1 kW of heat, 
which can be managed internally with heat from the fuel cell stack. In the case of 
cryogenic hydrogen, the estimated heat demand of 13 kW requires an extra heat source.  
 A phase change based (PCM) thermal management solution to keep a 50 kW PEM fuel 
cell stack warm during dormancy in a cold climate (-20 °C) was investigated through 
simulation and experiments. It was shown that a combination of PCM (salt hydrate or 
paraffin wax) and vacuum insulation materials was able to keep a fuel cell stack from 
freezing for about three days. This is a simple and potentially inexpensive solution, 
although development on issues such as weight, volume and encapsulation materials is 
needed  
 Two different vehicle platforms, fuel cell vehicles and fuel cell hybrid vehicles, were used 
to study the fuel consumption and the air, water and heat management of the fuel cell 
system under varying operating conditions, e.g. duty cycles and ambient conditions. For a 
compact vehicle, with a 50 kW fuel cell system, the fuel consumption was significantly 
reduced, ~ 50 %, compared to a gasoline-fuelled vehicle of similar size. A bus with 200 
kW fuel cell system was studied and compared to a diesel bus of comparable size. The fuel 
consumption of the fuel cell bus displayed a reduction of 33-37 %. The performance of a 
fuel cell hybrid vehicle, i.e. a 50 kW fuel cell system and a 12 Ah power-assist battery pack 
in series configuration, was studied. The simulation results show that the vehicle fuel 
consumption increases with 10-19 % when the altitude increases from 0 to 3000 m. As 
expected, the air compressor with its load-following strategy was found to be the main 
parasitic power (~ 40 % of the fuel cell system net power output at the altitude of 3000 
m). Ambient air temperature and relative humidity affect mostly the fuel cell system heat 
management but also its water balance. In designing the system, factors such as control 
strategy, duty cycles and ambient conditions need to taken into account. 
 An evaluation of the performance and maintenance of three fuel cell buses in operation 
in Stockholm in the demonstration project Clean Urban Transport for Europe (CUTE) 
was performed. The results for the first months of operation are encouraging. The 
availability of the buses was high, over 85 % during the summer months and even higher 
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availability during the fall of 2004. Cold climate-caused failures, totalling 9 % of all fuel cell 
propulsion system failures, did not involve the fuel cell stacks but the auxiliary system. The 
fuel consumption was however rather high at 7.5 L diesel equivalents/10km (per July 
2004). This is thought to be, to some extent, due to the robust but not energy-optimized 
powertrain of the buses. Hybridization in future design may have beneficial effects on the 
fuel consumption.  
 Surveys towards hydrogen and fuel cell technology of more than 500 fuel cell bus 
passengers on route 66 and 23 fuel cell bus drivers in Stockholm were performed. The 
passengers were in general positive towards fuel cell buses and felt safe with the 
technology. Newspapers and bus stops were the main sources of information on the fuel 
cell bus project, but more information was wanted. Safety, punctuality and frequency were 
rated as the most important factors in the choice of public transportation means. The 
environment was also rated as an important factor. More than half of the bus passengers 
were nevertheless unwilling to pay a higher fee for introducing more fuel cell buses in 
Stockholm’s public transportation. The drivers were positive to the fuel cell bus project, 
stating that the fuel cell buses were better than diesel buses with respect to pollutant 
emissions from the exhausts, smell and general passenger comfort. Also, driving 
experience, acceleration and general comfort for the driver were reported to be better than 
or similar to those of a conventional bus.  
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Sammanfattning 

Om vätgasdrivna bränslecellsfordon- modellering och demonstration 
 

Nyckelord: vätgas, Proton Exchange Membrane, PEM, bränslecell, bränslecellsfordon, 
bränslecellshybridfordon, vätgas, vätelagring, komprimerad vätgas, vätskeformigt väte, 
bränsleförbrukning, körcykel, kallstart, värme- och vattenbalans, fasändringsmaterial, PCM, 
kallklimat, bränslecellsbuss, demonstrationsprojekt, attityd, acceptans, Clean Urban Transport for 
Europe, CUTE 

 
I avhandlingen presenteras studier om vätgasdrivna bränslecellssystem av typen Proton 

Exchange Membrane (PEM) i fordon, med avseende på modellering, fälttester och 
attitydundersökningar.  

En modell för ett 50 kW bränslecellssystem för fordonstillämpning har utvecklats. 
Bränslecellssystemet ligger i intervallet 10 till 45 % last omkring 50 % verkningsgrad. 
Bränslecellstackens hjälpsystem såsom kompressor och pumpar påverkar tydligt hela 
bränslecellssystemets elverkningsgrad.  

Två alternativ för lagring av vätgas ombord, komprimerad vätgas och kryogent väte, på 
ett fordon har undersökts meddelst modellering. Vätelagring medför att bränslet behöver 
en viss värmetillförsel för att uppnå det övriga systemets arbetstemperatur. För 
komprimerad vätgas behövs ett tillskott av värme på cirka 1 kW vilket kan tillgodoses 
internt med hjälp av värme från bränslecellsstacken. För kryogent väte behövs cirka 13 kW 
och en extra värmekälla krävs.  

Ett koncept av fasändringsmaterial (PCM) för varmhållning av en 50 kW PEM-
bränslecellsstack under kalla klimatförhållanden (-20 °C) har undersökts via simuleringar 
och experiment. Studien visade att en kombination av PCM (salthydrat eller paraffinvax) 
och vakuumisoleringsmaterial klarar att hålla stacken vid en temperatur över 0 °C under 
tre dagar. Det är en enkel och potentiellt billig lösning, men konceptet behöver utvecklas 
vidare med avseende på bl.a. vikt, volym och förpackningsmaterial. 

Vätgasförbrukningen för bränslecellsfordon har studerats via modellering. I fallet med 
en passagerarbil med en 50 kW bränslecellssystem, var bränsleförbrukningen cirka 50 % 
lägre jämfört med en konventionell bil av jämförbar vikt. En bränslecellsbuss med 200 kW 
bränslecellssystem jämfördes med dieselbussar i motsvarande storlek och visades ge en 
reduktion av bränsleförbrukningen på mellan 33 och 37 %.  

Bränslecellshybridfordon, d.v.s. 50 kW bränslecellssystem och 12 Ah batteri i 
seriekonfiguration, har undersökts med avseende på värme- och vattenbalanser under 
varierande driftsförhållanden, t.ex. kall- och varmstart, kallt och varmt klimat, hög höjd, 
stads- och höghastighetskörcykler. Simuleringsresult visar att bränsleförbrukningen för 
fordonet ökade med 10-19 % vid körning vid hög höjd (0 till 3000 m). Som väntat svarade 
kompressorn för den största effektuttaget (~ 40 % av systemets nettoeffekt ut vid 3000 
m). Omgivningsluftens temperatur och relativa fuktighet påverkade mest värmebalanserna 
men även vattenbalansen i bränslecellssystemet. Vid utformning av systemet bör faktorer 
som kontrollstrategier, körcykler och omgivning beaktas.  

En utvärdering av prestanda och underhåll av tre bränslecellsbussar i drift i Stockholm 
inom demonstrationsprojektet Clean Urban Transport for Europe (CUTE) har utförts. 
Resultatet för den första tiden i drift ser lovande ut. Tillgängligheten av bussarna var hög, 
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över 85 % under sommaren och högre under hösten 2004. Kallklimatsrelaterade fel på 
bussarna, 9 % av alla fel, befanns inte vara relaterade till bränslecellsstacken utan till 
kringutrustningen. Bränsleförbrukningen var dock relativt hög 7.5 liter 
dieselekvivalenter/10 km (per juli 2004) troligen p.g.a. den robusta men inte särskilt 
energieffektiva drivlinan i bussarna. Hybridisering i framtida design borde medföra 
positiva effekter på bränsleförbrukningen. 

Undersökningar angående attityden gentemot vätgas- och bränslecellsteknik hos drygt 
500 passagerare på busslinje 66 och 23 bränslecellbusssförare i Stockholm har utförts. 
Passagerna var mestadels positiva till, och kände sig säkra med tekniken. Tidningar och 
busshållplatser var de främsta informationskällorna till bussprojektet. Mer information 
eftersöktes dock. Säkerhet, punktlighet och turfrekvens uppgavs som de viktigaste 
faktorerna i valet av transportmedel. Även om miljövänlighet också sågs som viktigt var 
viljan att betala ett högre biljettpris för att låta fler bränslecellsbussar gå i trafik mycket låg. 
Bussförarna var positiva till bussprojektet och menade att bränslecellsbussarna hade 
fördelar som låga utsläpp av föroreningar, lukt och bra komfort för passagerare. Även 
körning, acceleration och den generella komforten för förarna var likvärdig eller bättre än i 
en konventionell buss. 
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1 Introduction 

1.1 The Transportation Sector from an Energy and Environmental 
Sustainability Perspective 

 The energy use in the transportation sector, where fossil fuels dominate the energy 
supply, is steadily increasing. A number of issues are closely linked to this fact:  

Firstly, the combustion of fossil fuels leads to emissions of pollutants such as SOx, NOx 
and particulate matter, which in turn cause acidification, ground level ozone, etc. 
Furthermore, smog and health problems result from these pollutants, which is a problem 
particularly in densely populated urban areas. The fossil fuel combustion also leads to 
emissions of greenhouses gases, e.g. CO2 and methane, to the atmosphere. Atmospheric 
carbon dioxide has increased by 30 % during the past 200 years and is subject to growing 
concern since the increased amount of greenhouse gases is thought to increase the risk of 
global climate change. A worrying sign is the 0.6 °C increase in average global surface 
temperature of the Earth over the past two centuries. This trend is expected to continue at 
an accelerated pace and may lead to consequences such as raised sea level and changes in 
regional precipitation patterns [IPCC, 2003].  

Secondly, the trend in the transportation sector in the industrialised countries is towards 
more vehicles, more freight transports on the roads and larger and heavier passenger 
vehicles, e.g. sports utility vehicles (SUVs) [IVA, 2002].  

Thirdly, the limited supply of conventional fossil fuels and the strong dependence on 
imported petroleum faced by many countries require focus on alternative fossil fuels, e.g. 
natural gas, as well as fuels that are based on renewable energy sources. For instance, 
hydrogen can be obtained from a wide variety of domestic feedstock, including renewable 
energy sources. Using hydrogen as a fuel has therefore been suggested to reduce the 
petroleum dependence and facilitate the supply of energy for individual regions. 

Furthermore, in China, India and other countries with large populations and emerging 
economies, a rapid growth in the number of vehicles is expected. These countries alone 
are predicted to account for 2/3 of the increase in global energy demand [IEA, 2004]. 

All these factors constitute serious challenges for governments and the industry not just 
in the near term but also well into the future. In response to these challenges, massive 
investments are necessary and call for forceful actions such as extending the use of public 
transportation, coordinating freight transport logistics and introducing eco-driving 
concepts and lighter vehicles. Other steps are to implement stricter urban air quality and 
emission regulations and to introduce alternative fuels and highly efficient energy 
conversion technologies in vehicle fleets. This thesis focuses on fuel cell systems and their 
use in direct hydrogen fuel cell vehicles.  
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1.2 Objectives of  the Thesis 
The aim of this work was to identify and specify the requirements of critical components 

of direct hydrogen Proton Exchange Membrane (PEM)1 fuel cell systems in vehicles in a 
selection of applications and operating conditions. The work includes technical evaluations 
and also surveys of the attitude towards hydrogen and fuel cell technology. The latter was 
performed in the demonstration project Clean Urban Transport for Europe (CUTE). The 
thesis can be divided into three parts, see Figure 1:  

 
I. fuel cell system (modelling and performance) 

II. fuel cell vehicles/fuel cell hybrid vehicles (modelling and performance) 
III. fuel cell buses (modelling, field tests and public acceptance) 
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Figure 1Overview of the covered topics in the thesis 

1.3 Methodology 
The main portion of the work is based on computer simulations. Mathematical 

simulation tools were developed, mainly by using the commercially available softwares 
MATLABTM and SimulinkTM, in order to provide detailed models of an automotive fuel 
cell system. The models consist of all key components of a fuel cell system, i.e. a fuel cell 
stack and air, heat and water management systems. Integrated with a thermodynamic 

                                                      
1 also referred to as SPFC (Solid Polymer Fuel Cell) or as SPEFC (Solid Polymer Electrolyte Fuel 
Cell) or as PEFC (Polymer Electrolyte Fuel Cell). In the thesis, “fuel cells”, “fuel cell systems” and 
“fuel cell vehicles” refer to PEM fuel cells unless otherwise stated. 
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properties library developed for this purpose, the simulation models were used to design 
and technically evaluate the critical components of both the fuel cell systems and the fuel 
cell vehicles under varying operating conditions, e.g. ambient conditions and duty cycles. 
Furthermore, models for on-board hydrogen storage and cold climate thermal 
management were developed. The latter was also experimentally evaluated. In addition, the 
software tool, ADVISORTM [AVL, 2005], was used in fuel cell hybrid vehicle simulations.  

In the fuel cell bus project evaluation work, appropriate test procedures were developed. 
Global Positioning System (GPS) devices equipped with barometers were used for duty 
cycle logging. Together with detailed fuel cell system performance data supplied by 
DaimlerChrysler and Ballard Power Systems, the fuel cell bus performance during the tests 
could be monitored. Field surveys on attitude towards hydrogen and fuel cell technology 
among bus passengers and bus drivers were performed.  

1.4 Limitations and Validation 
To keep the focus within well-differentiated areas of research, only a selection of the 

identified issues potentially facing fuel cell systems and vehicles have been addressed. Cost 
and life cycle analysis, for instance, were not included in the studies. In the modelling 
work, steady-state models were developed and emphasis has been on design point 
calculations. The sizes of the fuel cell systems simulated have mostly been in the range of 
50 kW with or without a power-assisting battery for light-duty vehicles and approximately 
200 kW for the fuel cell buses (Paper IV). Simulations concerning the dynamics typical for 
a vehicle have not been performed, although thermal transient effects on components 
such as fuel cell stack and radiator have been monitored.   

Due to a lack of data, the only validation made is via a benchmark study (Paper I) and a 
performance comparison of certain system components. Assumptions concerning 
component data are based on available literature, and personal communication with 
manufacturers and researchers. The analysis results should therefore be considered in 
conjunction with all the assumptions presented in the thesis and appended papers.   

The surveys made (Paper VII) should be seen as preliminary studies and “snapshots” of 
people’s opinion of the hydrogen and fuel cell technology and not as detailed socio – 
technical studies.  

1.5 Thesis Outline 
The thesis is based on seven appended papers; the topics covered are shown in Figure 1. 

The structure of the thesis is the following: 
Chapter 2 provides an introduction to the fuel cells and fuel cell vehicle research field. 

Chapter 3 describes the fuel cell models and the work of these models. The next chapter 
presents two hydrogen storage options. Chapter 5 describes a cold climate thermal 
management solution based on latent heat storage materials, i.e. phase change materials 
(PCMs). In Chapters 6 and 7, the performance results of fuel cell vehicles and fuel cell 
hybrid vehicles are provided from studies of parameters such as operating conditions, cold 
and hot starts and various local climate conditions. Chapters 8 and 9 present results from 
the fuel cell bus demonstration project CUTE. While Chapter 8 focuses on the fuel cell 
bus performance results, Chapter 9 reports on the results from public acceptance surveys. 
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Finally, in Chapter 10, concluding remarks and suggestions for future work in this field are 
made. 
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2 Background 

The concept of fuel cells is similar to that of batteries. They both convert the chemical 
energy of a fuel directly into electricity and have individual cells that are combined into 
stacks. There is however one distinct difference: fuel cells do not need to be re-charged as 
batteries do. Fuel cells continue to operate as long as there is a supply of hydrogen.  

The fuel cell concept emerged more than 165 years ago. While the invention of the fuel 
cells is attributed to Sir William Grove, the description of the “fuel cell effect”, i.e. the 
ability of combining hydrogen and oxygen to water, is credited to C. F. Schönbein [Bossel, 
2000]. Since then, several types of fuel cells have been developed, and they are usually 
distinguished by the electrolyte material (solid or liquid) and the operating temperature 
(low or high). The PEM fuel cell has a solid electrolyte and operates at relatively low 
temperatures and pressures. The objective of this chapter is to provide a short background 
to the PEM fuel cell and its vehicle applications. For further details on fuel cells and fuel 
cell technologies, the reader is referred to standard literature, e.g. Appleby & Foulkes 
(1989) and Fuel Cell Handbook (2002).  

2.1 Fuel Cell Vehicle Applications 
As a highly efficient and modular power generator, the PEM fuel cell can be applied in 

various fields, both in traction applications, such as vehicular powertrains or auxiliary 
power units (APUs), in stationary applications, e.g. backup power in telecommunications, 
power units for residential power and heat purposes, and, finally, military and portable 
applications. With features such as compactness, ability to use air as oxidant, and fast start-
up, the PEM has during the past decade been the leading fuel cell technology for 
transportation applications. These and other features make direct hydrogen fuel cells in 
electric vehicles, referred to as FCVs, an interesting alternative to internal combustion 
engine vehicles (ICEVs), both gasoline (spark-ignition) and diesel. Below, the most 
important features are presented and compared to the ones of ICEVs.  

As fuel cells convert the chemical energy of the fuel directly into electrical energy, they 
may exhibit tank-to-wheel (TTW) electric efficiencies up to 60 %. The conventional 
engines on the other hand are limited to efficiencies of up to 40 % (diesel) or about 30 % 
(gasoline). Depending on the hybrid configuration, the efficiency of a hybrid ICE/electric 
engine is somewhere between that of a fuel cell and of a diesel engine [Demirdöven & 
Deutch, 2004]. Hence, a major potential of fuel cell powertrains is their high efficiency at full 
and part load, as well as at idling, see Figure 2. (The figure is based on generalized data, 
and intended as a schematic overview of the differences between FCVs and standard 
ICEVs.) Since the traction power demand of most urban vehicles is usually at 10-20% of 
the load, see the “window” in the figure, FCVs are able to economize on fuel in “stop and 
go” situations in urban traffic.  

Fuel cell vehicles have very low tail-pipe emissions of pollutants. Direct hydrogen FCVs, emit 
only water vapour. This feature and that of high efficiencies at part load make urban FCVs 
such as delivery trucks and buses an alternative to corresponding urban ICEVs, especially 
diesel buses.  
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Figure 2The efficiency of different technologies as function of the load (the figure is sampled from different 
sources, e.g. Weule, 1995)  

 
Fuel cells exhibit high power densites. This means that the fuel cells can be made compact 

and thus improve the powertrain packaging in a vehicle. In addition, the fuel cell concept 
is quite simple and fuel cells contain only a few moving parts. This means that the cost for 
mass production and maintenance has a potential to be reduced over time.  

Fuel cells have a modular design, which entails that, without appreciably affecting the 
electric efficiency, the power output of the fuel cell stack can vary from a few Watts up to 
MW-size. While the stack size is easily changed, it should be noted that the size of the 
auxiliary system is not as easily changed, typically requiring completely new components. 

In contrast to ICEs, the fuel cell technology enables low noise and vibration operation, even 
in high power demand situations such as rapid acceleration. For example, the noise level 
of NEBUS and NECAR, 59 dB and 69 dB respectively (at 50 km/h), is up to 50 % lower 
than the corresponding ICEVs [Mok & Martin, 1999: Friedlmeier et al., 2001]. This is a 
significant improvement for local city environments, where the noise level is a primary 
concern.  

2.2 The Fuel Cell 
 A PEM fuel cell consists of two porous carbon electrodes, the anode and the cathode, 
separated by a polymer electrolyte, the ion-conducting proton exchange membrane 
(PEM). Integrated between each electrode and the membrane is a thin layer of platinum 
catalyst. The electrodes, catalyst and membrane together form the membrane electrode 
assembly (MEA) and bipolar flow field plates, with gas channels grated into their surface, 
are placed on each side of the MEA. The electrodes are connected to an external load 
circuit, e.g. an electric motor in a vehicle. 

Figure 3 shows a schematic presentation of a PEM fuel cell. In operation, the anode is 
supplied with hydrogen and the cathode with air. In the presence of the catalyst at the 
anode, hydrogen molecules dissociate into free electrons and protons. The electrons are 
conducted as usable electric current through the external circuit, while the protons migrate 
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with water molecules through the membrane electrolyte to the cathode. On the cathode 
side, oxygen from the air, electrons from the external circuit and protons combine to form 
water and heat, thus completing the total reaction.  

 
Anode reaction:   −+ +→ eHH  2 22  

Cathode reaction:  OHeHO 22  2 2 
2
1

→++ −+  

Total reaction:  OHOH 222  
2
1

→+  

 

H2
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O2, N2,
H2O

2e- 2e-

2H+

2e-
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Figure 3 Schematic presentation of a single fuel cell  

 
Although the ideal potential for a hydrogen-oxygen reaction is about 1.2 V at 25˚C, the 

fuel cell potential is subject to losses that are attributed to different mechanisms, see 
equation 3.1.  

RiEE cathodeanodeo *−−−= ηη            Eq. 3.1 
where oE  is the open circuit potential, anodeη  is the anode overpotential , cathodeη  is the 
cathode overpotential, i is the current density, and R  is the resistance in the membrane. 
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The main losses take place in the MEA and can be divided into three parts:  
• activation overpotentials at the cathode and at the anode - these are losses due to a 

reaction energy barrier. The activation overpotential is larger at the cathode since the 
cathode reaction is slow relative to the anode reaction at low current densities.  

• concentration overpotentials - this refers to losses due to limitations in available 
reactants, i.e. mass transport limitations, at high current densities.  

• ohmic resistance - this entails losses due to electrical resistances in the membrane, 
bipolar plates and also in the external circuit.  

 
These resistances are dependent on fuel cell system parameters such as pressure, 

temperature, water content and current density. For instance, the resistance in the 
membrane is dependent on the water content, which in turn has influence on the proton 
conductivity of the membrane. Due to the losses, a single fuel cell produces a potential 
about 0.5 - 0.8 V, and to obtain higher voltages, several cells are connected in series to 
form a fuel cell stack. 

2.3  The Fuel Cell System 
A successful operation of a fuel cell stack requires finely tuned conditions provided by 

an auxiliary system. The power load of the auxiliary system can be significant, up to 20 % 
of the fuel cell system gross power output, where the main parasitic load usually is the air 
management system. The fuel cell system components are described by e.g. Larminie & 
Dicks (2000). Figure 4 shows an example of a fuel cell powertrain where the main 
components are:  
• fuel cell stack  
• air management system with a compressor or blower  
• water management system with humidifiers  
• heat management system with a cooling circuit connected to heat exchangers and 

vehicle cabin radiator 
• electrical power conditioners  
• control system 

M

M

Fuel cell stack
Air

Hydrogen
tank

Fuel cell system

Cooling system

Heat

Water

El. motor

DC/AC
inverter

 
Figure 4 Simplified presentation of the powertrain of a fuel cell vehicle 
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A typical fuel cell stack operates in the temperature range of 60 - 80 °C. Higher 
operating temperatures, above 100 °C, would facilitate heat transfer, i.e. simplifying the 
cooling of the stack, and reduce the CO poisoning risk, but currently there are material 
limitations that prevent it.  

2.3.1 Water Management 

A water management system is needed to humidify the reactants for fuel cells operating 
temperature above 60 °C [Larminie & Dicks, 2000]. To ensure adequate conductivity and 
long life of the membrane, water must be supplied in sufficient amounts and distributed in 
a homogeneous way. There must be a balance though to avoid the flooding, or water 
blocking the pores of the electrodes. 

A water balance, i.e. the amount of condensed water equals the amount of water needed 
for humidification, is an important feature in automotive applications. In order for the fuel 
cell system to be water self-sustaining, therefore, the water management system also 
contains equipment to condense the exhaust flows and collect and re-use the water.  

The way the humidification is performed varies, ranging from external humidification, 
e.g. direct water injection and enthalpy wheels, internal humidification such as using wicks 
or self humidification, to no humidification at all. Removing or minimizing the external 
humidification would simplify the fuel cell system in terms of space and heat supply. 
However, the control of the internal humidification has proven to be difficult [Eckl et al., 
2004] and the no humidification is reported by Rajalakshmi et al. (2004) to increase the fuel 
cell system weight and consumer more power.  

2.3.2 Air Management 

The fuel cell stack is supplied with intake air by a blower or a compressor, depending on 
the desired operating pressure. Pressurized systems allow for smaller and more compact 
fuel cell stacks, although to the cost of the compressor power requirements. Also, the 
efficiency is low at low speeds and the compressor may behave sluggishly, i.e. not 
responding instantly to load changes. The operating pressure of a fuel cell stack is usually 
between atmospheric pressure and 3 bar. The turbocompressor and the twin-screw 
compressor are the most investigated options due to their low weight and small size. Kulp 
et al. (2002) found that the turbocharger is more efficient than the twin- screw compressor, 
especially at low mass flows. However, a neutral water balance was more difficult to 
maintain with a turbocharger than in a twin-screw set-up.  

2.3.3 Heat Management 

The electric efficiency of fuel cells is up to 60 % which means the remainder of the input 
energy is lost as waste heat. In order to maintain a constant temperature and physical 
stability of the fuel cell stack, the waste heat developed in the fuel cell stack is transferred 
to a cooling circuit. The heat rejected to the cooling loop can be used within the system, 
e.g. heating the passenger compartment via a radiator. Proper sizing of heat exchangers is 
important as this system with its heat exchangers, radiators and pumps tends to be bulky. 
Here, the integration towards the vehicle chassis is needed as, for instance, the heat load of 
the radiator is a function of the vehicle speed (as in ICEVs) [Ap, 1999]. 
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2.3.4 Fuel Cell Vehicles and Fuel Cell Hybrid Vehicles 

As shown in Figure 4, the fuel cell stack delivers power to the electric propulsion system 
via a DC/AC inverter. In a series fuel cell hybrid powertrain, an energy buffer plus a 
DC/DC converter are implemented into the fuel cell powertrain. This extra power source 
can be a battery, flywheel or supercapacitor. Information on energy storage and hybrid 
vehicle configurations can be found in Conte et al. (2004) and Husain (2003), respectively. 
In this work, only series fuel cell hybrid vehicles using lithium-ion battery packs as energy 
buffer are considered.  

A hybridization of a fuel cell vehicle may entail several benefits, despite added 
complexity, weight and cost. In a report by GM/ANL (2001), it is shown that 
hybridization improves the TTW efficiency by 10-20 %. With an energy buffer, the 
braking energy of the vehicle can be recovered, and be used to reduce the vehicle fuel 
consumption. For instance, efficiency gains of about 25 % may be accomplished in urban 
cycles with regenerative braking for fuel cell buses [Folkesson et al., 2003]. The positive 
effects of regenerative braking is dependent on the duty cycle used. While the benefits of 
hybridization are demonstrated in duty cycles with low power requirements, this is not 
necessarily the case in duty cycles with high power demands [Friedman, 1999; 
Cunningham et al., 2003]. It is  also suggested that the hybridization will help to improve 
the FCV’s quick start-up ability in cold climates, e.g. Paganelli et al. (2002), Wipke et al. 
(2003), with an energy storage device providing the initial start-up power until the fuel cell 
system is warmed up and fully operational. 

The performance standards set by ICEVs have become benchmarks for FCVs. The 
customers expect the same performance of a FCV as an ICEV, under widely varying 
operating conditions, e.g. duty cycles, ambient conditions such as local climate with varying 
temperature and humidity and altitude. To reach these goals, a good control strategy, i.e. 
power-balancing of the fuel cell and the energy buffer systems, and a proper dimensioning 
of fuel cell system and vehicle components are essential.  

The fuel cell stack performance at cold, and even freezing, ambient conditions is of 
particular concern. The life of the fuel cell stack and system components may be 
significantly reduced if the water contained in the system is allowed to freeze. Also the 
start-up time, or warming the thermal mass of the system during start-up, is of interest. 
Studies on cold start effects on fuel cell performance have been performed by e.g. 
Sundaresan (2004), Gurski & Nelson (2003) and Datta et al. (2002). DeFrancesco & Arato 
(2002) reports on the effects of the ambient conditions on air humidification 
requirements. Weisbrod et al. (2000) report on a 20 minute start-up period for a fuel cell 
stack to warm up to an operating temperature of 60 °C at a starting temperature of -40 °C 
without any auxiliary heat input devices. Ballard (2005) recently reported that a 10-cell 
stack was able to freeze-start at -20 °C and operate in a duty cycle for 50 consecutive 
cycles. The start-up time of the stack is however unknown. Sims & Kuhn (1997) provide 
several suggestions on various measures to keep the fuel cell from freezing. These include 
designed–in passive freezing protection e.g. thermal insulation, active warm-keeping 
measures and supplemental power from batteries during warm–up. Studies on the effects 
of altitude on PEM fuel cell systems, mainly for auxiliary power units in high-altitude 
aircrafts, have been reported by e.g. Chang & Edward (2003) and Pratt et al. (2003). 
However, the lack of available experimental data calls for detailed modelling. 
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2.4 Status of  Fuel Cell Vehicles 
The interest in PEM fuel cell vehicles accelerated in the end of the 1990s. The major 

automakers, including GM, Toyota, Honda, Ford, DaimlerChrysler, PSA and Nissan, all 
have active fuel cell vehicles development programmes. Stakeholders in the transport 
niche markets including fork lifts are also interested in fuel cells. To spur fuel cell vehicle 
development, government industry alliances and research programmes have been initiated, 
e.g. the U.S. FreedomCAR and the 21st century truck projects as well as the California 
Partnership for Fuel Cells (CaFCP) and the up-coming U.S. project Controlled Hydrogen 
Fleet and Infrastructure Demonstration and Validation. 

In Europe, similar partnerships have been formed involving e.g. FUEVA, FUERO and 
FRESCO [European Commission, 2003]. Some of the current vehicle demonstration 
projects are described below sections. For an overview of the past and current projects, 
see e.g. Conte et al. (2001), FuelCells (2004) and the archives of FuelCellToday (2005). 

2.4.1 Light - Duty Fuel Cell Vehicles  

The total number of light- duty fuel cell vehicles was by the end of 2004 over 520 
vehicles [FuelCellToday, 2004]. For instance, GM has delivered a number of fuel cell 
vehicle prototypes, e.g. HydroGen3, and Hy-Wire, the latter using a completely new 
skateboard-inspired platform. In Japan, HydroGen3 vehicles are in use for delivering 
packages for FedEx since July 2003. Another major automaker, DaimlerChrysler, has 
developed a number of versions of its Mercedes-Benz “F-Cell” cars. It delivered the 
current hydrogen-fuelled version to various vehicle fleet operators around the world 
during 2004 [DaimlerChrysler, 2004]. In addition, in Germany, a delivery company, 
Hermes, has in operation a DaimlerChrysler van since 2001. Toyota and Honda are 
marketing fuel cell vehicles to corporate clients and U.S. public entities on a leasing fee 
basis in both Japan and the U.S.A. Honda recently announced its intent to start leasing 
fuel cell vehicles to individuals living in California, charging US$ 500 per month, by the 
end of 2005 [FuelCellToday, 2005].  

Many car manufacturers announced their intentions to introduce fuel cell vehicles to the 
market before the year 2004. Due to the high cost of the fuel cell technology, and the lack 
of fuel infrastructure, however, the market introduction has been pushed forward to 2010. 
The current trend in the automotive industry today is instead directed towards the 
potentially key enabling technology of hybrid vehicles, including various configurations of 
fuel cell hybrid vehicles and ICE hybrid vehicles. Hybrid vehicles could make up to 5 to 
10% of the total car and truck market by the end of the decade [Friedman, 2005]. Here, 
the Japanese automakers Toyota and Honda have been leaders for the past years. Toyota 
was the first automaker to sell a mass-produced hybrid car when it introduced the Prius in 
1997. A few years back, Toyota released a fuel cell hybrid vehicle, the FCHV-4. The 
vehicle powertrain consists of a 90 kW fuel cell stack and 6.5 Ah Ni-Me hydride power-
assisting battery. The performance with respect to e.g. TTW efficiency and acceleration 
time was reported to be satisfactory. Over the Japanese duty cycle 10-15 mode, the 
efficiency of the FCHV-4 was estimated to be almost 50 %, 3 times than that of the base 
ICEV Toyota Kluger V [Matsumoto et al., 2002]. Responding to the competition and to 
the increased environmental awareness of the consumers, the “Big 3” (i.e. Ford, GM and 
DaimlerChrysler), for example, are now planning to expand their fleet of gasoline-electric 
hybrid vehicles in the next few years.  
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2.4.2 Fuel Cell Buses in Public Transportation 

In contrast to light duty vehicles, public transit fuel cell buses are being viewed as a 
viable early application and a good strategy for commercializing fuel cells for vehicles. 
There are a number of benefits in using vehicle fleets for early market introductions. For 
instance, they are operated on a fixed bus route and schedule, facilitating for the bus 
operator to plan for refuelling and maintenance. Furthermore, as parts of a fleet, urban 
buses normally refuel at the same location, the bus depot, thus reducing, to some extent, 
the inconvenience and cost of introducing a new fuel infrastructure. They also offer a 
greater public exposure to the new technology, which may lead to a broader public 
knowledge and acceptance. Buses tend to have greater tolerance for the added weight and 
volume requirements of state of the art technology systems. This is beneficial for 
hydrogen fuel cell buses as the required fuel cell equipment usually adds a few tons to a 
diesel bus of equal capacity. Most of the field trial fuel cell buses use compressed 
hydrogen, and the currently available storage vessels are bulky. The space-demanding 
hydrogen tanks can be placed on the roof of the bus, which is also advantageous from a 
safety point of view. Another practical issue is the financing of this new and expensive 
technology. Since the bus operating business has very low margins, the cost of operations 
cannot be borne by passenger revenue alone, hence subsidies from governments are 
needed, and usually provided.  

The first fuel cell bus was introduced in 1993 by the fuel cell company Ballard. In 2004, 
more than 65 fuel cell buses were in daily operation in government-supported 
demonstration projects in Europe, North and South America, and Asia [FuelCellToday, 
2004]. In Europe, the world’s largest demonstration project so far, the Clean Urban 
Transport for Europe (CUTE), is in progress. The project consists of 27 Mercedes-Benz 
Citaro buses from DaimlerChrysler/EvoBus in revenue service in nine cities. The 
performance of both the buses and infrastructure will be evaluated within the project. This 
important project is described in more details in Chapter 8. Similar buses, from the same 
manufacturer, are in operation in Reykjavik in the Ecological City Transport System 
(ECTOS) [ECTOS, 2005] and in Perth, Western Australia in the Sustainable 
Transportation Energy Program (STEP) [STEP, 2005]. In Beijing, China, a total of 36 
buses will be tested during two years starting 2005 [Beijing, 2005].  

Japan has a large demonstration project underway, the Japan Hydrogen and Fuel Cell 
(JHFC) Demonstration Project. Here, nine refuelling stations (with varying hydrogen 
sources and hydrogen production methods) have been implemented. As a part of the 
project, Toyota Hino fuel cell hybrid buses operate in revenue service in the Tokyo 
metropolitan area and will also serve as local buses at the 2005 World Exposition in Aichi 
[Ishitani, 2004; Yokoyama et al., 2003]. In North America, fuel cell buses have been tested 
in locations such as Chicago and Vancouver. Additional projects in California e.g. within 
the California Fuel Cell Partnership (CaFCP) and Florida are planned. Within the 
framework of the GEF-UNDP fuel cell bus program, the Global Environment Facility 
and the United Nations Development Program, a number of countries, e.g. Mexico and 
Brazil, will have fuel cell buses in revenue service in the immediate future [UN, 2005]. 
Figure 5 shows an example of fuel cell vehicles. 
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Figure 5 Examples of fuel cell vehicles. Left: HydroGen3 [GM, 2005]. Center: F-Cell 
[DaimlerChrysler, 2005]. Right: a model of the  FCHV-BUS2, a  fuel cell hybrid bus [Toyota, 2005].  

2.5 Fuels for Fuel Cell Vehicles 
The fuel choice for fuel cell vehicles is crucial since it affects the design and cost of the 

fuel cell system, the infrastructure, including the fuel production, storage and distribution, 
as well as customer acceptance, education and training. Hydrogen is the ideal fuel choice 
for fuel cells but other fuels can function as hydrogen carriers, facilitating transport and 
storage of the fuel. Several fuels for FCVs have therefore been proposed, e.g. gasoline and 
methanol. These fuels, however, require a reformer for the conversion to a hydrogen-
containing gas, i.e. a reformate, see e.g. Pettersson & Westerholm (2001).  

Gasoline has been proposed as a fuel for fuel cell vehicles since the infrastructure for the 
fuel already exists and the fuel portion of the introduction cost of fuel cell vehicles can be 
kept low [FCTAP, 1998]. Another suggested fuel was methanol, a liquid fuel that offers 
easy transport and relatively easy reforming but lacks an infrastructure. However, both 
gasoline and methanol fuel cell systems have drawbacks such as lower system efficiency, 
caused by a more complex system (including the reformer), and a poorer performance of 
the fuel cell stack when operating on reformate. Also, the use of methanol or gasoline 
involves considerations such as the risk of CO poisoning of the platinum catalyst in the 
fuel cell. Moreover, methanol is soluble in water, which, in combination with its toxicity, 
complicates the distribution and storage [Brown, 2001].  

Many have pointed out that, with respect to vehicle design, cost and efficiency and 
environmental benefits, hydrogen is the preferred fuel, e.g. [Ogden et al., 1999], [Thomas et 
al., 2000] [Azar et al., 2000]. Hydrogen can be obtained from a wide variety of domestic 
feedstock, including renewable energy sources. Today, the automotive and commercial 
vehicle industries seem to converge towards hydrogen as the fuel for fuel cell vehicles 
[NAVC, 2003; Risø, 2004]. This trend towards hydrogen is emphasized by the fact that the 
U.S. Department of Energy (DOE) decided in 2004 for a “no-go” for on-board gasoline 
reformers [DOEa, 2004]. To implement hydrogen in a timely fashion, a number of 
roadmaps towards a “hydrogen economy”, i.e. a society where both stationary and 
transport applications are based on the fuel hydrogen, have recently been issued by various 
governments and non-government organisations. Among these are hydrogen roadmaps 
for Europe [Arnason & Sigfusson, 2000; HyNet, 2004; EC, 2003], Japan [WE-NET, 
2003], and for North America [Canada, 2004; DOEb, DOEc, 2004; NRC, 2004; Mexico, 
2004]. The timeline for the implementation differs between the roadmaps, though most 
agree on 10 to 20 years from an implementation decision to completion.  

As the time table of the hydrogen economy is uncertain and its implementation most 
probably is costly, the vision does not come unchallenged, e.g. Morris (2003), Bossel et al. 
(2003). One reason for this is the large energy loss and cost associated with the conversion 
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of biomass into liquid or gaseous hydrogen [Kågesson, 2001]. Instead, Morris (2003) 
proposes an increased development effort and use of hybrid electric vehicles. In addition, 
the hydrogen infrastructure is usually associated with the “chicken and egg dilemma”. This 
is a situation in which, on the one side, investors are reluctant to invest or expand existing 
hydrogen distribution pathways due to little or no demand for hydrogen fuel, and on the 
other side, customers are not willing to buy a vehicle fuelled on hydrogen since there is no 
existing hydrogen infrastructure and the inconvenience and limitation of driving range that 
entails. 

2.5.1 Hydrogen Infrastructure 

The issue of hydrogen production, storage and distribution needs careful consideration. 
Hydrogen is an energy carrier and not an energy source and consequently has to be 
produced by means of other energy sources. A majority of the hydrogen produced today is 
used in the chemical industry and the dominant production method is steam reforming of 
natural gas. In the long run, fossil fuel based hydrogen production will require CO2 
capture and sequestration. Alternative production methods include gasification and 
reforming of other fuels, electrolysis, and biological processes. Both centralized, where the 
logistics is provided by trucks or hydrogen pipelines radiating from a central source, as 
well as de-centralized production, e.g. on-site reforming, are considered viable hydrogen 
supply options.  

A few pockets of fuel infrastructure for hydrogen vehicles already exist, e.g. a hydrogen 
refuelling station at Munich airport [ARGEMUC, 2005] and sites for vehicle fleet 
demonstrations. More fuel infrastructure projects are underway to facilitate the refuelling 
of hydrogen-fuelled vehicles. For instance, the California’s Hydrogen Highway was 
recently initiated. This is an ambitious project that plans to put between 150 and 200 
hydrogen refuelling stations every 30 km or so along the state’s major highways by 2010 
[CARB, 2005]. The California’s Hydrogen Highway may potentially be linked to the 
upcoming Canada’s Hydrogen Highway [National Research Council Canada, 2005]. On 
the East Coast of the U.S.A, hydrogen refueling stations are planned in New York to link 
up with recently opened stations in Washington D.C. to form an “East Coast Corridor” 
[Renewable Energy Access, 2005]. In Europe, a corresponding hydrogen fuel 
infrastructure, the Norwegian hydrogen highway or the HyNor, between Oslo and 
Stavanger, is planned for implementation between 2005 and 2008 [HyNor, 2005]. In the 
above-mentioned European demonstration project CUTE, each participating city has its 
own unique methods of hydrogen production, storage and distribution. In the project 
Clean Energy Partnership, Europe’s first hydrogen refuelling station for passenger vehicles 
was opened in 2004 for regular operation in Berlin, Germany. 

2.5.2 Hydrogen as a Vehicle Fuel 

One of the main reasons for choosing hydrogen as a vehicle fuel is that high-pressure 
hydrogen technology is widely known and considered the technology most likely for an 
early commercialisation. As a vehicle fuel, hydrogen is no more hazardous than 
conventional fuels, e.g. Niklasson et al., (2005). However, its safety-related properties are 
different. For instance, as hydrogen is an odourless and colourless gas, it is difficult to 
detect any leakages. Unless hydrogen sensors are installed, these properties constitute a 
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risk in confined spaces in particular. Additional to hydrogen sensors, good ventilation are 
needed for service of hydrogen vehicles in garages. An important aspect in refuelling the 
vehicle is to have the vehicle as well as its operator grounded. Issues related to hydrogen 
and storage material are for example the risk of metal embrittlement and the low storage 
temperature and boil-off for liquid hydrogen. Other safety aspects, risk management and 
an overview of different hydrogen storage option can be found in e.g. College of the 
Desert (2001).  

Table 1 shows some of the characteristics of hydrogen, methanol, gasoline and diesel. As 
can be seen in the table, the volumetric energy of hydrogen is low which means that the 
storage both as a gas and a liquid is space demanding. The driving range for a hydrogen-
powered vehicle is therefore limited, and is dependent on the size and other characteristics 
of the hydrogen container. There has therefore been much research into new storage 
technologies such as metal hydrides, and carbon nanotubes. These two options can, at 
least in theory, store hydrogen at a much higher density than is currently achievable with 
conventional storage.  

 
Table 1 Some properties of hydrogen, methanol and gasoline (diesel is included for comparison) considered 
for PEM fuel cell systems at standard temperature and pressure. Lower heating values are used [Heywood, 
1998; Adamsson & Pearson, 2000] 
Fuel Hydrogen Methanol Gasoline Diesel 

(light) 
Chemical formula (phase) H2(g, l) CH3OH(l) CnH1.87n(l) CnH1.8n(l) 
Molecular weight 2.02 32.0 ~110 ~170 
Energy per unit mass 
[MJ/kg] 

120.0 20.0 44.0 42.5 

Energy per unit mol 
[MJ/mol] 

241.8 640.8 4840 7225 

Energy per unit volume 
[MJ/m3] 

10.8 15.8 33.0 36.5 

Density [kg/m3] 0.092 (g),  
71 (l) 

790 720-780 840-880 

Diffusion coefficient 
[cm2/s] 

0.61 0.0042 0.05 - 

Flammability limits 
[vol.%] 

4-75 6-36.5 1-7.6 - 

2.6 Issues Remaining to be Addressed 
The goal of a cost effective and highly efficient fuel cell has resulted in a very active 

multi-disciplinary research involving electrical, mechanical and chemical engineers. 
Although considerable efforts have been directed at the fuel cell technology over the last 
decade, there are still major challenges that must be overcome in order for fuel cell 
vehicles to be commercially viable.  

                                                      
2 at 0 °C, 1 atm (1.013 bar). 
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Some of these challenges are: 
 

• the cost of the fuel cell stack itself and the cost of systems such as the auxiliary and 
control systems 
• the catalyst platinum tolerance to CO and other fuel cell contaminants present in the 
hydrogen fuel 
• the size and weight of the fuel cell stack and the auxiliary system 
• the performance at subzero temperatures 
• the demonstration of durability and reliability of individual fuel cell components as well as 
the entire fuel cell system 
• the development of robust and efficient air, thermal and water management systems 
• the development of cost-efficient solutions for on-board as well as off-board hydrogen 
storage 
 
 Cost and service life are the two most pressing concerns that must be solved before a 
successful commercialisation can take place. Therefore they warrant a more detailed 
discussion. Today’s low-volume production cost of fuel cells is between US$ 2,000-
5,000/kW [Tsuchiya & Kobayashi, 2004; Ekdunge & Råberg-Hellsing, 1998]. To compete 
commercially, however, the cost of a fuel cell powertrain must approach that of an ICE, 
approximately US$ 35/kW. The U.S. Department of Energy (DOE) cost targets for 2010 
is indeed US$ 45/kW and for 2015 US$ 35/kW [Carlson, 2004]. These values are based on 
the assumption of an annual mass production of 500,000 units. One reason for the high 
cost of fuel cells is related to the materials currently used. Here, two areas that need major 
improvements can be identified, the catalyst and for the membrane, both parts of the 
MEA.  

The current life of a fuel cell is 1,000-2,000 hours of operation time. For passenger 
vehicles, 5,000 hours (corresponding to the service life of a vehicle) is required, and for 
transit buses, the operational life of the fuel cell needs to be about 10,000 hours [NAVC, 
2003]. The hours of operation and maintenance data gathered for vehicles under different 
operating conditions are therefore valuable. As the technology is maturing, an increased 
effort should be on field tests of the fuel cell technology, e.g. urban fuel cell bus fleet trials, 
to collect data and identify any hurdles of the everyday use of the technology. 

In parallel to the research and development of the fuel cell system and fuel cell vehicle, 
the lack of a retail hydrogen infrastructure needs to be addressed. Work on codes and standards is 
also needed to eliminate a potential regulatory barrier to market introduction later on. The 
codes and standards development needs to address aspects such as hydrogen safety and 
production, storage, distribution and end-use applications.  

Also, information and education on hydrogen and fuel cell technology is important to gain 
public acceptance as indicated in studies by e.g. Altmann et al. (2003) and Altmann et al. 
(2004). These studies show that the experience of hydrogen technology in the everyday life 
of the respondents improved the support for the technology. It was also shown that 
although the support for hydrogen and fuel cells among the respondents was high, the 
actual knowledge of the technology was low.   

Figure 6 summarises the wide spectrum of issues to be addressed for a successful 
implementation of fuel cell vehicles.  
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Figure 6 Requirements for the successful implementation of fuel cell vehicles 

2.7 Modelling Approach 
In developing and understanding the operation requirements of  such a complex system 

as an automotive fuel cell and its auxiliary system, models containing both the fuel cell and 
its auxiliary system are useful tools. With a detailed fuel cell system model, any changes in 
parameters and the corresponding results in various parts of  the system can be identified 
and properly monitored. A system model must therefore be theoretically sound, complete 
and sufficiently flexible to enable evaluation of  several options and provide results that are 
valid starting points for expensive experimental evaluation [Hauer, 2001].  

Fuel cell models of varying detail level and theoretical and semi-empirical approaches 
can be found in the literature. For example, Springer et al., (1991) focuses on the water 
transport in the membrane, Amphlett et al. (1996), Yi & Nguyen (1998) and Dannenberg 
(2002) provide models for the fuel cell. An increasing number of fuel cell system models 
and commercially available software tools are also available today, e.g. GCtool [Geyer & 
Ahluwalia, 1998], FCVSim [Hauer, 2001], VP-SIM [Boettner, 2001], fuel cell models in 
ADVISORTM [AVL, 2005], the fuel cell modules in Easy 5 [Ricardo], and FEMLAB 
[COMSOL]. Paper I provides an overview of currently available fuel cell models and 
attributes desirable for fuel cell models. 

It is difficult to find a model optimal for each application and user. Theoretical models, 
describing phenomena in fuel cells in detail, provide a more general approach but tend to 
be complex and lead to long calculation times. Semi-empirical models, on the other hand, 
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are based on experiments and less complex. These models have the drawback that they 
cannot be used in the prediction of the characteristics of new fuel cells. At the time of this 
project’s start, the assortment of available software models was limited, and a detailed, yet 
general and flexible fuel cell system model was therefore needed to be developed in-house. 
The fuel cell system modelling efforts are described in Chapter 3. 
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3 Fuel Cell System Models 

One of  the aims of  this project was to develop a general and flexible fuel cell system 
model. The finished model was then used in the fuel cell vehicle study presented in Paper 
IV and, indirectly, in Papers II and III as basis for the studies on on-board hydrogen 
storage and cold climate management, respectively. The model implemented the vehicle 
simulation tool ADVISORTM [AVL, 2005] was presented in Paper I. For the hybrid fuel 
cell vehicle simulations, another fuel cell system model by Gurski (2002) in ADVISOR 
was used. The developed fuel cell model and the Gurski model were preliminary bench-
marked in Paper I. ADVISOR is briefly presented in Appendix B.  

The PEM fuel cell system models i.e. the stack and its auxiliary system, use a steady-state, 
semi-empirical approach design that accounts for the thermal management and water 
balance in the system. The models were programmed in MathWorks softwares MATLAB 
and SimulinkTM where the latter is a block diagram tool that can use MATLAB code. 
There were mainly two reasons for the choice of  this modelling tool. Firstly, Simulink is 
often used in electric/hybrid vehicle simulations and the present fuel cell system model 
was intended to be implemented in a complete vehicle Simulink model. Secondly, a 
detailed, flexible, and transparent steady-state model is a good base for further dynamic 
modelling. The major disadvantage of using MATLAB is its lack of thermodynamic data. 
Hence, these data files must be added. To obtain the data, ideal gas behaviour was 
assumed adequate as fuel cells usually operate in the temperature and pressure range 
between 65 and 95 °C, and 1-3 bar. Hydrogen properties as a real gas were, however, 
taken into account in the hydrogen storage models described in Chapter 4.  

3.1 Fuel Cell Stack Model 
 The fuel cell stack model is based on a model and data presented by Springer et al. (1991) 
that contains water transport through the membrane. In the in-house programmed model, 
the activation overpotential is assumed to be dominated by the slow cathode reaction. The 
assumption is considered valid for fuel cells operating on pure hydrogen which entails the 
emergence of only a small concentration gradient, thus a low resistance, over the anode. 
This approach has also been chosen by others, e.g. Costamagna (2001) and Badrinarayanan 
et al. (2001).  

Typical characteristics of the fuel cell stack model are shown in Figures 7 and 8. In 
Figure 7, the relationship between the fuel cell voltage, the current density and the power 
density of the fuel cell is displayed. The fuel cell efficiency increases with increasing fuel 
cell voltage as can be seen in Figure 8. The fuel cell operating point, i.e. the fuel cell voltage 
and its related current density, is selected to meet the power or efficiency requirements of 
the application.  
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Figure 7 The relationship between the voltage, current density and power density of a fuel cell at 2 bar, 85 
°C, RH(anode & cathode): 85%, stoichiometry ratio (anode): 1.07, stoichiometry ratio (cathode): 1.7  
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Figure 8 The relationship between the voltage, efficiency and power density of a fuel cell at 2 bar,  
85 °C, RH(anode & cathode): 85%, stoichiometry ratio (anode): 1.07, stoichiometry ratio (cathode): 1.7 
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3.2 Fuel Cell System Model 
Figure 9 shows a schematic of the fuel cell system model. The auxiliary system model 

includes a hydrogen tank and power demand calculations for individual pumps and fans. 
Water needed for the humidifiers, modelled as evaporative coolers, is re-circulated and 
heated in heat exchangers to obtain the desired level of humidity level of the inlet flows. 
The system model also contains both a thermodynamic model of a compressor and 
performance maps with twin-screw compressor data from Opcon Autorotor AB. The 
model also accounts for frictional losses found in pipelines, elbows, filters, etc. The excess 
hydrogen, i.e. unreacted hydrogen, emerging from the stack is allowed to re-circulate, here 
set to a fixed recovery value of 98 % [Metkemeyer et al., 1998]. The fuel cell stack delivers 
power to the electric propulsion system via a DC/AC inverter with an efficiency of 95% 
[Hellsing, 1998]. 
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Figure 9 Schematic representation of the fuel cell system model 

 
To suit a particular application, the voltage and current of the fuel cell stack can be 

varied by altering the size of the active area of the fuel cells and/or the number of fuel 
cells in the stack. The electric power output, Pfc, from a fuel cell stack is calculated as 

cellcellfc NAiEIEP **** ==             Eq. 4.1 
 

where E is the cell voltage, I  is the cell current and i  the current per cell area, cellA  is the 
cell area and cellN s the number of cells in the stack.  

The power demand of the auxiliary system includes the power demand of components 
such as compressor, pumps and fans: 

fanspumpscompaux PPPP ++=             Eq. 4.2 
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The efficiency of the fuel cell system is defined as 

22
f

HLHVHn
auxPfcP

csyst ⋅

−
=

⎟
⎠
⎞⎜

⎝
⎛

η               Eq. 4.3 

where Pfc is the power output of the fuel cell stack, Paux is the parasitic power demand of 
the auxiliary system and nH2 is the hydrogen feed. The reason for the use of hydrogen 
feed, instead of the hydrogen consumption, in Eq. 4.3, is that the hydrogen exiting from 
the anode is re-circulated. The fuel cell system electric efficiency is based on the lower 
heating value (LHV) of hydrogen. The motif of using the LHV rather than the higher 
heating value (HHV), that includes the heat of vaporisation, is to follow the convention in 
the auto industry. 
 Mass and energy balances are set for the different system components. The fuel cell 
stack is assumed to be isothermal. The stack outlet gases are assumed to be fully saturated, 
i.e. relative humidity (RH) = 100 % The cathode is supplied with an air flow varying from 
2 to 5 times stoichiometric, while the hydrogen flow on the anode side is between 
stoichiometric and twice that value. A definition of net flow of water across the fuel cell is 
also used as a link to the water balance of the fuel cell system. Other assumptions 
associated with the fuel cell stack and fuel cell system are provided in the above-
mentioned papers. In Appendix A, the procedure for the fuel cell system model 
simulations and a summary of the features of the fuel cell system model are presented. 

3.3 Fuel Cell System Model Evaluation 
The results shown in are based on a fuel cell system of 50 kW nominal, i.e. rated, power. 

An example of the energy flows in the system is shown in Figure 10. In this case, the 
isentropic efficiencies of the compressor and the pumps were set to 70 %. The electric 
efficiency of the system is approximately 52 % with respect to the input energy of 
hydrogen. The compressor, with its 6 % of the input LHV hydrogen, is shown to be the 
dominating parasitic electric load.  
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Figure 10 The hydrogen energy input in relation to the fuel cell net electric power and the two main electric 
power loads (at 100 % nominal load, based on Johansson & Alvfors (2000)) 
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In Johansson & Alvfors (2000), it was shown that the optimum operating pressure for 
the compressor is about 2 bar, a results consistent with that of Pischinger et al. (2001). 
Decreasing the power load of the air compressor will help reducing the overall auxiliary 
system power demand.  

In the case shown in Figures 11 and 12, a performance map for the twin-screw 
compressor used. As seen in Figure 11, the fuel cell system efficiency is higher than 50 % 
in the “window” of 10 to 45 % of nominal load, i.e. the operating window of urban 
vehicles.  
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Figure 11 The efficiencies of the fuel cell and the fuel cell system as functions of load at 2 bar, 85 °C, 
RH(anode & cathode): 85%, stoichiometry ratio (anode): 1.07, stoichiometry ratio (cathode): 1.7 [Paper 
IV] 

 
The shape of the fuel cell system efficiency curve is further explained by the air 

compressor behaviour in Figure 12. At low loads, the compressor power demand is high 
due to its low efficiency. The air compressor is therefore the dominant parasitic system 
component in the fuel cell system with a up to 40 % share of the nominal load. At 
intermediate (above 10 %) loads, the compressor efficiency increases as the system load 
demand increases and the power demand of other system components such as fans are 
growing. At high loads, the fuel cell system efficiency slowly decreases, due to both the 
rapidly increasing power demands of the auxiliary system and the decrease in the fuel cell 
efficiency.  

A way to reduce the negative effects of the auxiliary system, could be to introduce an 
expander to the air management system [Cunningham et al., 2000]. In this way, the size of 
fuel cell stack size may be reduced. However, the benefits of using an expander are more 
evident in a reformer-based fuel cell system operating at temperature above 200 °C. The 
expander can harness the heat from the exhaust gases from the reformer and be used to 
power the compressor. Another possible solution is to go the opposite way, to move 
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towards atmospheric pressures and use a blower instead of a compressor. A low pressure 
system entails a less complex system and the power demand for a blower is significantly 
less than that of a compressor. However, the fuel cell stack is about 16 % larger if a blower 
is used according to Cunningham et al. (2001). Hence, no satisfactory solution of the 
pressure level of the auxiliary system has yet been shown, and needs therefore to be 
investigated further. Discussion on the impact of the compressor pressure ratio can be 
found in Paper IV. 
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Figure 12 The ratio of the compressor and fuel cell system load and the ratio of the auxiliary system and 
the fuel cell system load 

3.4 Summary  
In this chapter: 
• A detailed automotive fuel cell system model was developed and evaluated. 
• The power demand of the auxiliary system, mainly the air compressor, was shown to 
impact the overall fuel cell system efficiency. In low-efficiency regions, i.e. low speed and 
mass flow, the compressor consumes up to 40 % of the nominal fuel cell power .  
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4 On-Board Hydrogen Storage Models 

 In Paper II, hydrogen storage options such as compressed hydrogen gas, liquid hydrogen 
and metal hydrides were reviewed and compared. Compressed hydrogen gas and liquefied 
hydrogen storage were found to be the most viable options for hydrogen-fuelled fuel cell 
systems for automotive applications at the time of the study. The advantages that these 
offer in rapid refuelling rate, simplicity of hydrogen discharge, and charge / discharge cycle 
stability are significant. However, the drawbacks are bulky storage, energy cost of 
production and storage, e.g. low storage temperature of liquid hydrogen, at 20 K (-253 °C).  
The volume of the compressed hydrogen tank and its consequence for compact vehicles 
are shown in Chapter 6.  
 The hydrogen tank models are dimensioned to hold 5 kg of hydrogen at 27 °C (300 K) 
under a maximum storage pressure of 350 bar (35 MPa) (hydrogen gas) and 8 bar 
(0.8 MPa) (liquid hydrogen). The tank models are furthermore developed to fit a 50 kW 
automotive fuel cell system operating at varying operating temperatures and pressures. The 
results are based on full (100 %) and part (50 %) load operation of the fuel cell system. 
The compressed and liquid hydrogen storage methods differ mainly in the complexity of 
hydrogen discharge and storage volume as shown in Table 2. 

 
Table 2 Comparison of gaseous and liquid hydrogen storage options 

 H2(g) H2(l) 
Storage capacity [kg] 5  5 
Design pressure [bar] 350  8 
Internal volume [m3] 0.22  0.095  
External volume [m3] 0.28  0.125 
Tank mass (empty) [kg] 37 23 

4.1 Compressed Hydrogen Storage Model 
 The fuel tank used to contain the compressed hydrogen gas is based on the type 
described by Mitlitsky et al. (1999). This tank is a graphite fibre cylinder (T100G) with a 
low permeability polymer liner (high-density polyethylene, HDPE). The safety factor, 
thermodynamic data of the tank materials as well as the assumptions and equations are 
described in Paper II. The model accounts for the Joule–Thompson factor, i.e. the change 
in temperature with pressure at constant enthalpy, of hydrogen. At the pressures and 
temperatures employed, the Joule–Thompson factor of hydrogen is negative [McCarty, 
1975]. This means that a reduction in pressure at constant enthalpy results in increased 
temperature.  

4.2 Liquid Hydrogen Storage Model 
In this case, the fuel vessel is modelled as a vacuum insulated tank (Multi Layer Vacuum 

Super Insulation, MLVSI) with a maximum operating pressure of 8 bar. Storage tanks for 
this pressure have been described and tested by Aceves et al. (1997, 1998 & 1999) and 
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serve as a basis for the modelling. A schematic representation of the liquid hydrogen 
storage tank and fuel discharge, based on Peschka (1992), is shown in Figure 13.  
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Figure 13 Schematic representation of liquid hydrogen storage and discharge from a vacuum insulated 
tank, based on Peschka (1992) 

 
Liquid hydrogen is extracted at system operating pressure and passed through a heat 

exchanger. Longer periods of dormancy, typically a few days, however, will result in a 
pressure build-up inside the tank. In order to lower the pressure, hydrogen is first released 
in gaseous form [Aceves et al., 1998]. After the tank pressure has reached a predefined 
level, liquid hydrogen is extracted to the heat exchanger, where it is evaporated and heated 
to the system operating temperature before entering the fuel cell system.  

A pressure management heating-coil, through which part of the heated fuel stream is 
passed, is needed in order to maintain operating pressure in the tank when hydrogen is 
being released during longer periods of operation [Michel et al., 1998]. The tank pressure is 
held at 1 bar above the system pressure by the pressure management system. The 
thermodynamic data and assumptions and equations are described in Paper II. 

4.3 Hydrogen Storage Results 

4.3.1 Compressed Hydrogen  

With a constant hydrogen release rate, the temperature of the compressed hydrogen tank 
decreases during the release of hydrogen at a consequent decrease in pressure, see Figure 
14. Equilibrium is reached when the heat conducted through the tank wall equals the 
energy loss that results from the hydrogen release. As a consequence, the temperature of 
the released gas, although higher than that of the tank, will decrease over the time of 
operation. Therefore, a fuel heating demand that increases with time is introduced, see 
Figure 15. Also, the stack operating pressure has only a minor influence on the heating 
requirement for compressed gas storage.  
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Figure 14 The tank temperature and temperature of released hydrogen at 50 % nominal load 
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Figure 15 The pre-heating requirement for the fuel at 50 % nominal load 

 
At 100 % load, up to 1 kW of heating power is necessary to provide fuel of an 

adequate temperature for the fuel cell system. To some extent, it is possible to utilize the 
heat produced by the fuel cell stack. However, to reach the desired temperature, an extra 
heat source would be required. This may for example be solved either by using an 
electrical heater or through the burning of hydrogen. Using an electrical heater may appear 
as wasting produced energy. On the other hand, implementing a hydrogen burner 
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introduces extra cost, space and weight to the vehicle. The trade-offs and benefits are 
application - specific and need to be decided from a system design viewpoint. 

4.3.2 Liquid Hydrogen  

A modest heating demand exists for pressure management, up to 27 W at 5 bar. For a 
less complex design, this energy could possibly be added from a heating coil or a similar 
device, utilising ambient temperature air as heat source, thus simplifying the fuel 
management and control. The fuel heating power requirements however are significant, as 
shown in Figure 16. At the lowest system pressure and temperature, i.e. 1.5 bar and 70°C, 
this power requirement is 12.8 kW. This is a considerable amount of energy and 
corresponds to 26 % of the power output of the fuel cell stack. However, most of this 
heat is added at a very low temperature (the boiling point of hydrogen is 22 K at 1.5 bar). 
Therefore, the heat from ambient air could be used to meet most of this heat demand. 
The heat from the fuel cell stack may also be used for fuel heating. As in the case of 
compressed gaseous hydrogen storage, however, it will be necessary to include some extra 
heating in the system design. 
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Figure 16 The pre-heating requirements for the fuel released from the liquid hydrogen tank 

4.4 Summary 
The main results from this Chapter are: 

•  Models for compressed and liquid hydrogen were developed for a 50 kW fuel cell 
system operating at 1. 5 bar of operating pressure and the range of 70 – 95 °C.  
• A requirement of pre-heating the fuel up to 1 kW for compressed gas and up to 13 kW 
for liquid, leads in turn to the question of available heat source for this heat demand.  
• A possible heat source readily available would be the waste heat produced by the fuel 
cell stack. Depending on the control strategy and the design of the cooling system, this 
heat is probably not sufficient to cover for all operating conditions and a more complex 
heating design including other waste heats of the system or an extra heater may be needed, 
e.g. an electrical heater or a hydrogen burner.  
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5 Phase Change Material Based Cold Climate Management 

A way to facilitate cold climate dormancy and start-up is to simply keep the fuel cell 
stack and its auxiliary system above zero degrees Celsius. The solution presented in this 
chapter is based on Paper III. The aim was to identify a latent heat storage design for a 
fuel cell system taking into account performance, weight, volume and cost. The criteria for 
the materials were the following:  

 
• to be commercially available,  
• to have a melting point range enabling storage of 70-95 °C waste heat, i.e. the operating 
 temperature range of the fuel cell stack,  
• to be compact and lightweight, 
• to be inexpensive, and  
• to have a good thermal performance and durability preferably comparable to the service 
 life of a vehicle or at least a fuel cell stack. 

 
In latent heat - based thermal storage such as phase change materials (PCMs), the energy 

is predominantly stored in the form of latent heat associated with a phase change between 
the liquid and solid states in the storage medium. Information on PCMs can be found in 
e.g. Lane (1983), ASHRAE (1999) and Zalba et al. (2003) and applications using PCMs are 
described by e.g. Schatz (1992), Vasiliev et al. (2000) and Khateeb et al. (2004). Two reasons 
to use PCMs such as salt hydrates and paraffin waxes in thermal energy storage 
applications are their high energy storage capacities, up to 80 - 100 Wh/kg (or 290 –  
360 kJ/kg), and their suitable melting temperatures in the interval of 0 to 120 °C. 
Although these materials have disadvantages such as incongruent melting with phase 
separation as a result, and low thermal conductivity, that needs to be taken into account, 
they command a relatively low price and are commercially available. 

5.1 Conceptual Design of  PCM based Fuel Cell System 
The baseline case was a 50 kW rated fuel cell system operating at 80 °C. An overview of 

the PCM-based thermal management concept of the fuel cell system, inspired by Schatz 
(1992), is shown in Figure 17. During operation of the fuel cell stack low-grade heat is 
produced. This waste heat is transferred to the fuel cell system cooling loop and the warm 
coolant melts the PCM located in the insulation material wrap of the fuel cell stack. The 
heat is stored as latent heat in the liquid phase of the PCM. At cold start-up, the cold 
coolant solidifies the PCM, heat is transferred to the circulating liquid and can be used in 
heating the fuel cell system and vehicle cabin. Normally, the heated coolant flow is passed 
through the fuel cell stack, the humidifier and the hydrogen pre-heater to the cabin heater. 
The coolant is led back to the fuel cell stack via a coolant circuit pump. Once the fuel cell 
stack has reached its operating temperature, the cooler and the related cooling loop are 
used. 
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Figure 17 Schematic overview of the configuration of the PCM - based thermal management design of the 
fuel cell stack  

 
To reduce the heat loss to the surroundings, the PCMs were insulated with lightweight 

and compact vacuum insulation materials (VIM). To show the effect of the VIMs, the 
total thermal insulation wrap consisted of either a combination of PCM and VIM or just a 
VIM. Two kinds of PCMs were tested, paraffin wax-impregnated fibre boards from 
Rubitherm (2004), and ClimSel hydrated salts encapsulated in aluminium pouches from 
Climator (2004). The VIM used in the simulations and experiments to be described in the 
following sections was CABOT NanogelTM (2004). All materials simulated were chosen 
to be effective in the temperature interval of –20 °C to 80 °C. Table 3 shows some 
characteristics of the materials used.  

Two sets of PCM/VIM combinations with different heat storage material volume and 
thickness were simulated and tested experimentally. The assumptions and equations for 
the simulations are given in Paper III: 
• Set 1 focuses on the passenger cabin comfort or the lowest fuel cell temperature 
obtained over the New European Duty Cycle (NEDC, described in Appendix C) after 72 
hours of dormancy at – 20 °C. 
• Set 2 aims to show the heat storage capacity of the PCM/VIM device or the lowest heat 
storage temperature reached after one week of dormancy (168 h). This set was also tested 
through experiments. 
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Table 3 Characteristics of phase change and insulation materials used [Rubitherm, 2004], [Climator, 
2004], [CABOT, 2004] 

Brand name Rubitherm RT50 ClimSel C58** CABOT 

Material type Paraffin wax  Salt hydrate Vacuum 
insulation 

Melting temperature [°C] 54.5* 58 - 

Latent heat [kJ/kg] 195* 259  - 
Density [kg/m3] 750-850 (l), 800-

900 (s)* 
1460 150-250 

Thermal conductivity 
[W/m, K] 

0.2* 0.6-0.7 0.0048 

* Data is valid for the pure PCM.  
** According to the manufacturer, ClimSel C58 should not be heated above 70 °C. However, in 

preliminary experiments prior the simulations, it was shown that ClimSel C58 did withstand 
temperatures above 70 °C and was therefore used in the following simulations and experiments. 

5.2 Experimental Work 
The experimental setup (for set 2) is shown in Figure 18. Because a real fuel cell stack 

was not available for the tests at the time of the study, a model with characteristics similar 
to those of Ballard Mark 700 fuel cell stack was assembled. The experimental setup was 
placed in a climate chamber which kept the temperature at – 20 °C during the tests. 
Initially, the stack model was heated by warm coolant. Once all thermocouples in the stack 
had reached a temperature of about 80 °C, the “stack” was disconnected from the coolant 
circuit and the heat storage time and thermocouple temperature measurements began and 
continued for a period of 168 h.  
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Figure 18 Schematic representation of the experimental setup 

5.3  Simulation Results 

5.3.1 Minimum Fuel Cell Temperature 

The initial simulations on heat storage device of the same thickness (25 mm) showed 
that if a PCM is added to the insulation wrap, a more stable discharge temperature profile 
is obtained, see Figure 19. However, the PCM/VIM design carries penalties in the form of 
a weight increase and a slightly reduced heat storage time. Furthermore, the long-term heat 
storage capacity was found to be adequate for both designs. The VIM design exhibited a 
somewhat better heat storage capacity than the PCM/VIM design, with a 14 % longer 
time, or 204 hours, before the temperature dropped below 0 °C versus 179 hours for the 
PCM/VIM design. The lowest simulated temperature in the heat store after one week’s 
vehicle dormancy (168 h) was 7 °C for the VIM case and 3 °C for the combination of 
PCM and VIM.  
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Figure 19 The heat discharge capacity of heat storage devices consisting of a VIM (25 mm CABOT) and 
a PCM/VIM combination (14 mm CABOT and 11 mm ClimSelC58) 

5.3.2 Minimum Heat Storage Temperature 

In set two, four different VIMs and PCMs were used, including two different 
thicknesses of the CABOT insulation (40 mm and 20 mm), as well as a combination of 20 
mm CABOT and Rubitherm RT50 and a combination of 20 mm CABOT and ClimSel 
C58. The thickness of the heat storage material was shown to have an impact on the 
insulation efficiency. The VIM 40 mm CABOT provided the longest storage period above 
0 °C, while the most lightweight storage solution, the set with 20 mm CABOT, displayed 
the most inferior thermal performance with a minimum temperature of -15 °C and only a 
heat storage capacity of 88 hours.  

Both PCM/VIM designs, with a higher temperature level initially, performed better than 
20 mm CABOT insulation material alone. On the other hand, in these designs, the PCM 
appears to lose its latent heat capacity after reaching its thermal plateau and subsequently 
only acts as an additional insulation material, merely increasing the insulation material 
thickness. Comparing the two PCM/VIM designs in terms of weight and volume, the set 
with ClimSel C58 performed better than the set with Rubitherm RT50, due to the higher 
latent heat capacity of the salt hydrate ClimSel C58. Although neither of these set-ups was 
able to keep the fuel cell stack temperature above 0 °C for a whole week, they both 
performed well thermally for more than 6 days, or 150 hours.  

5.4 Experiments Results 
The characteristic phase change-caused temperature levelling plateau of the PCMs can 

be seen in Figure 20. The sudden kink at the end of the plateau of the red line 
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(CABOT+ClimSel C58) marks the end of the phase change where the PCM is almost 
completely solidified and almost all heat of fusion of the PCM has been released. After 
this point, the temperature decrease accelerates.  

The experimental results share the same heat storage curve shapes as the simulations, 
but with two distinct differences. First, the experiments using a heat storage material show 
smoother storage temperature curves, during the congealing of the heat storage material, 
than the corresponding simulated curves. This effect is probably attributable to heat 
transfer limitations. Secondly, and more important, the temperature versus storage time of 
the experiments deviates from that of the calculations. Major contributors to the deviation 
are the heat losses and mechanical stress-induced failures encountered in the encapsulation 
materials during the experiments. For instance, in the simulations the fuel cell stack was 
assumed to be ideally insulated, while in the experiments the stack was covered by 
manually taped insulation panels. When choosing the appropriate PCMs for practical 
thermal fuel cell applications, aspects such as the PCM-specific thermophysical properties 
as well as robust, easy-to-use and foldable encapsulation materials need to be taken into 
account. 
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Figure 20 Experimental results on heat storage capacity for four different heat storage designs 

5.5 Discussion 
While these first results are encouraging, further tests regarding start-up, shutdown and 

idling modes of the system as well as varying cooling fluid flows and match heat transfer 
demands are needed. Furthermore, regardless of which PCM was used, the PCM/VIM 
combinations entailed a substantial weight, and in some cases volume, increase compared 
to designs solely consisting of VIM. This extra weight and volume need to be taken into 
consideration when designing the thermal management system for a vehicle. In addition, 
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aspects such as the maintainability of the fuel cell stack beneath the PCM/VIM wrap and 
the potential hydrogen leakage are also important to consider. Finally, it should be 
emphasized that this concept aims to utilise the heat generated by the fuel cell stack in 
prior duty cycles to re-charge the PCM/VIM heat store before vehicle dormancy. If the 
heat produced is insufficient, e.g. due to a too short cycle, other and more direct heating 
devices are needed.  

Comparison of estimated specific and volumetric energy storage capacity values of the 
PCM/VIM designs and some literature references, e.g. Schatz (1992), indicate that both 
designs are in the same range as the references. It is also indicated that the design with 
ClimSel C58 provides the highest energy storage capacity both by weight and volume. The 
cost for the PCM/VIM heat storage devices are within the range of US$ 150 to 680, 
depending on the material and the amount material that is used. Compared to other 
antifreeze measures, it is a simple and relatively low cost alternative compared to other 
antifreeze measures. In addition, as the durability of a fuel cell stack is dictated by 
parameters such as the number of freeze/thaw cycles, using a PCM/Vim device could 
potentially extend the life of the costly fuel cell stack. These thermal management 
solutions may also be combined with other freeze protection measures, where the 
drawbacks are a potential loss of system simplicity.  

5.6 Summary 
The main results from the concept study of keeping a 50 kW fuel cell stack warm during 

three days or a week in a cold climate  (-20 °C) were: 
• There is a trade-off between keeping the fuel cell stack above 0 °C for a longer duration 
and keeping the stack at a higher temperature for a shorter period of time. Which 
alternative to choose depends on the application.  
• To keep the fuel cell stack warm by using previously produced heat, a VIM may be used. 
To maintain a certain minimum fuel cell stack temperature, a PCM/VIM should be used.  
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6 Fuel Cell Vehicle Performance 

This chapter is based on Paper IV with focus on the performance of fuel cell vehicles 
(FCVs) and corresponding ICE vehicles (ICEVs). Section 6.1 is based on the fuel cell 
system model presented in Chapter 3. For the system efficiency calculations, an efficiency 
map for an Opcon twin-screw compressor was used.   

6.1 Fuel Consumption of  Fuel Cell Vehicles 
Standardised duty cycles allow for controlled comparisons between different vehicle 

powertrain configurations. They can be used to test the performance, such as the average 
system efficiency and fuel consumption, of an automotive fuel cell system. The 
performance of the fuel cell system depends on the vehicle-related power demands and 
the fuel cell auxiliary system. The traction power required to drive the fuel cell vehicle is 
defined as 

][ accgradaerorolltrac FFFFvP +++⋅=             Eq. 6.1 
where v  is the vehicle speed and rollF , aeroF , gradF  and accF are the rolling force, 
aerodynamic force, (road) gradient force and acceleration force, respectively. In addition to 
the traction is the rolling resistance power demand, the fuel cell system must also supply 
power, extraP , for lights, the control system, etc. In a light-duty vehicle, these components 
consume between 0.4 - 1.2 kW [Friedrich & Richter, 1999]. If air-conditioning is used, 
extra power is needed. The power demand of the fuel cell system is expressed in Eq. 6.2. 

fcaux
ACDC

extratrac
auxfcfcsyst PPPPPPP −+

+
=−=

/η
         Eq. 6.2 

The average system efficiency of a duty cycle is obtained by using the accumulated 
values of the fuel cell system power output and the amount of hydrogen feed: 

∫ ⋅
=

LHVn
P

H

fcsyst
avfc

2
,η               Eq. 6.3 

 
The standard duty cycles do not, however, represent the real driving conditions 

experienced by drivers. Therefore, in order to make an objective comparison of the fuel 
cell system performance, a number of different duty cycles are used. The duty cycles are 
described in Appendix C. To facilitate an estimation of the performance, these FCVs are 
then compared with ICEVs of similar weight and engine size.  

The peak power output of the fuel cell vehicles (FCVs) was dimensioned to compete 
with currently available ICE vehicles (ICEVs) of similar weight. However, without an 
energy buffer, the size of the fuel cell peak power demand must be increased to meet the 
peak power requirements in particularly demanding situations. The scaling of the fuel cell 
is based on electric and mechanical powertrain efficiencies. The mechanical powertrain 
efficiency of a light-duty ICEV and heavy-duty bus used in the calculations is 91 % 
[Bosch, 1996] and 92 % respectively [Volvo]. The efficiency of the FCV powertrain was 
estimated to 87.5% [Hart, 1998; 70/220/EEC]. The fuel cell bus electric powertrain 
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efficiency was estimated to be 95 %. Another assumption was made: the extra weight (200 
kg) of the fuel cell system was not included into the weight of the powertrain. However, 
the negative impact of the weight increase on the fuel consumption was considered to be 
balanced by the high efficiency of the fuel cell powertrain. 

6.2 Light Duty Fuel Cell Vehicles 
To meet the peak power demand of a compact passenger ICEV Ibiza Stella 1.4 from 

Seat (44 kW), the fuel cell system of EUCAR was set to 50 kW. The reference ICEVs and 
the FCVs EUCAR and the adapted Volvo 960 2.5E are shown in Table 4. 

 
Table 4 The ICEVs for comparison of the reference vehicles of the duty cycles, shown in the first two 
columns. The FCVs operated in the NEDC and the Lund driving pattern, respectively. The adapted 
vehicle is based on the Volvo 960 2.5 E with a modified rated power output and weight [Bilfakta, 2000; 
Collin, 1994; 70/220/EEC] 
Duty  cycle NEDC Lund NEDC Lund 
Vehicle Ibiza Stella 

1.4 
Adapted 
Volvo 960 2.5 
E 

FCV 
EUCAR 

FCV based on 
the adapted 
Volvo 960 2.5 
E 

Engine peak power 
demand [kW] 

44 125 50 130 

Vehicle weight  [kg] 1148 1590 1150 1590 
Fuel consumption at 
mixed driving 
[litres/100 km] 

6.6 11.1 - - 

Rolling resistance [-] - - 0.01 0.01 
Drag coefficient [-] - - 0.33 0.36 
Frontal area [m2] - - 1.8 2.15 

 
The performance of the compact FCV and the corresponding ICEV over the NEDC 

and the FTP75 cycle are shown in details in Table 5. The fuel consumption of the FCV is 
about 50 % less than that of the ICEV, or 3.3 litres/100km gasoline equivalents versus the 
6.6 litres/100 km of the Seat Ibiza Stella 1.4 (mixed driving).  
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Table 5 Comparison of different duty cycles for vehicles of similar fuel cell stack size (50 kW) and vehicle 
size (1150 kg, EUCAR) 
 NEDC FTP75 
Max. fuel cell stack power output [kW] 50 
Operating voltage at full load [V] 0.6 
Operating current density at full load [A/cm2] 1 
Number of fuel cells  300 
Total time [s] 1180 1874 
Length [km] 11.3 17.8 
Average speed [km/h] 45 34 
Max. duty  cycle power demand [kW]  22 26.1 
Av.  duty  cycle power demand [kW] 5.7 5.9 
Av. fuel cell system efficiency [%] 55 56 
Total energy [MJ] 12.2 19.7 
Energy requirements [MJ/km] 1.08 1.1 
Total amount of hydrogen consumed [kg] 0.1 0.16 
Gasoline equivalent [litre/100km] 3.3 3.4 
Range (tank of 5 kg H2 at 345 bar) [km] 553 539 
Reduction in fuel cons. compared to the ICEV [%] 50 48 

 
If the minimal fuel cell voltage is increased, higher fuel cell efficiency can be achieved, 

though, at the cost of a larger and heavier stack. This is due to the increased number of 
fuel cells included in the stack in order to maintain the nominal power output. 
Furthermore, the benefit of a higher minimum voltage, and the resulting smaller mass 
flows, does not necessarily lead to a reduction in fuel consumption due to the 
counteracting effect of the power demand of the auxiliary system. Raising the minimum 
cell voltage from 0.6 to 0.75 V (by increasing the number of cells in the stack from 300 to 
576), the fuel consumption was reduced by approximately 5%, corresponding to gasoline 
equivalents of 3.1 litres/100 km in the NEDC and 3.2 litres/100 km in the FTP75. This 
rather small increase in efficiency is due to the very low efficiency of the twin-screw 
compressor at small air mass flows. Also re-circulation of unused hydrogen back into the 
reactant flows helps to improve the fuel cell system efficiency. In this case it was shown to 
increase the system efficiency by 5 %.   

To show the impact of the power demands of different duty cycle, a comparison 
between the FTP75 and the real-life driving pattern from the city of Lund, Sweden, was 
performed, see Figure 21. The peak power of the fuel cell stack was set to 130 kW. The 
average power demand of both duty cycles is below 10 kW, entailing a potential for high 
fuel cell system efficiency. Due to the driving style, the fuel consumption for the Lund 
driving pattern was about 10% higher than that of the FTP75. Still, the FCV operated in 
either duty cycle showed a clear advantage in comparison to the corresponding ICEV, 
Volvo 960 2.5E, as shown in the figure.  
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Figure 21 The comparison of the impact of different duty cycles for vehicles of the same fuel cell size (130 
kW). Volvo 960 2.5E with a fuel consumption of 11.1 liters/100 km is utilised as a base case 

6.3 Volume of  Hydrogen Gas Tank 
The low density of gaseous hydrogen, as previously shown in Table 1, entails a large 

volume of the tank. For space reasons, the size of the storage tank is strictly limited in 
light duty vehicles, whereas for heavy-duty vehicles, the volume and weight of the storage 
tank is not as critical. An empty tank for compressed hydrogen today weighs around 30 kg. 
Each kg of storage results in a 1.3-1.7 kg increase in vehicle mass for additional structure 
and power demand [Mitlisky et al., 1999].  

In Figure 22, the required size of the hydrogen tank for different ranges and different 
storage pressures is displayed. Here, it is assumed that an additional 25 % volume is 
needed for the tank material. It can be seen that for a driving range of 500 km, a 345 bar 
hydrogen tank with 5 kg of hydrogen stored would have a volume of approximately 250 
litres. The space needed for this tank is difficult to achieve in a small vehicle. If the storage 
pressure is raised to 690 bar, for the same driving range, the tank volume could be 
decreased to a more manageable 145 litres.  

The driving range of approximately 400 km for both FTP75 and the Lund driving 
pattern, with 5 kg hydrogen in the fuel tank, is barely sufficient in comparison to the 
reference Volvo 960 2.5 E sedan with a driving range of 721 km (based on an 80 litre fuel 
tank). Here, a high-pressure fuel tank, and an accordingly higher amount of fuel stored, is 
clearly needed. 
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Figure 22The volume of the hydrogen tank required for different driving ranges for a light duty vehicle 
operating in the NEDC (density data from Mitlisky et al., 1999) and values for the corresponding mass 
of hydrogen 

6.4 Fuel Cell Buses 
The reference vehicle for the heavy-duty vehicle duty cycles is a typical city bus; its 

characteristics are shown in Table 6. A bus in urban operation consumes about 5.5 - 6 
litres per 10 km. The average bus engine size is in the range of 150-250 kW. The fuel cell 
bus is based on data for a low floor city bus Volvo B7L with an engine size of 213 kW 
[Volvo Bus Corporation, 2001]. Here, the engine size was scaled up to 220 kW. 

 
Table 6 The reference bus used for the duty cycle simulations [Andersson, 2001; Carlhammar, 2000] 
Duty cycle CBD14 Route 85 
Vehicle city bus 
Rated power output [kW] 220 
Gross weight [kg] 18 000 
Rolling resistance [-] 0.017 
Drag coefficient [-] 0.73 
Frontal area [m2] 7.5 
Fuel consumption [litres/10 km] 5.5-6 

 
As can be seen in Table 7, the fuel cell bus operated in the CBD14 cycle consumes 

about 3.4 litres/10km diesel equivalents whereas the fuel cell bus operating according the 
bus route 85 driving pattern from Gothenburg consumes 3.7 litres/10 km diesel 
                                                      
3 Value from Bosch (1996). 
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equivalents, both based on light diesel. This corresponds to a fuel consumption reduction 
of 33 % and 37 %, respectively, relative to the reference bus. The reduction in the fuel 
consumption for the fuel cell buses was not as large as for the fuel cell passenger vehicles. 
This is due to the fact that the standard diesel engine in the reference bus is already 
relatively efficient. In spite of a high initial cost, the reduced fuel consumption should lead 
to a lower operation cost of the bus. In addition, fuel cell buses fuelled with hydrogen 
show a clear reduction in air pollutants such as NOx, CO2 and particulate matter [Bauen & 
Hart, 2000], a benefit for urban buses that operate in areas where pollution is often a 
major issue. 

 
Table 7 Comparison of the results from two bus duty cycles; the CBD12 and the bus route 85 
Duty cycles CBD14 Bus route 85 
Max. fuel cell stack power output [kW] 220 
Operating voltage at full load [V] 0.6 
Operating current density at full load [A/cm2] 1 
Number of fuel cells 1310 
Duty cycle length [km] 3.22 25 
Duty cycle av. speed [km/h] 21 20 
Max. power demand [kW] 225 225 
Av. power [kW] 22.5 22.5 
Av. fuel cell system efficiency [%] 63 50 
Total energy [MJ] 40.6 335 
Energy requirements [MJ/km] 12.6 13.4 
Total amount of hydrogen consumed [kg] 0.33 1.4 
Diesel equivalent [litres/10km] 3.45 3.7 
Reduction in fuel cons. compared to ref. bus [%] 37 33 

6.5 Summary 
The main results from the study are: 
• In comparison to ICEVs, the fuel consumption of FCVs was reduced by 30 % less for 
buses and by 50 % for light duty vehicles. The fuel consumption was also shown to be 
affected by the choice of duty cycle, the minimum cell voltage and the degree of hydrogen 
re-circulation.  
• The hydrogen gas tank is too bulky for a passenger vehicle. Storing 5 kg of hydrogen 
at 345 bar and 300 K, the resulting tank volume of about 270 litres is compromising the 
trunk space and passenger comfort.  
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7 Fuel Cell Hybrid Vehicle Performance 

 Paper IV is the basis for this fuel cell hybrid vehicle (FCHEV) chapter. The fuel cell 
system model used available in ADVISOR (see Appendix B) is used. The duty cycles used 
are described in Appendix C. 

7.1 General Approach 

 A fuel cell hybrid vehicle was defined in ADVISOR™ , based on the work of Gurski 
(2002), Markel et al. (2002) and Haraldsson et al., (2003). The fuel cell model was chosen 
for this study because it was equipped with appropriate thermal submodels and was 
reasonably well-integrated into ADVISOR. Prior to the study, the Gurski model was 
altered so that it would function well in altitude and high-speed duty cycle simulations.  
 The Gurski model was used in simulations at various ambient conditions and over the 
following duty cycles (see Appendix C): two urban duty cycles- the UDDS and previously 
used NEDC and one highway duty cycles, the US06. All results are presented as “state of 
charge (SOC) balanced” meaning that the battery pack SOC at the end of the cycle is not 
significantly different from the battery pack SOC at the beginning of the cycle. This is 
necessary to provide comparable fuel economy results. The fuel cell hybrid vehicles used 
in the following simulations are shown in Table 8. The relative humidities of the anode 
and cathode inlet flows of the fuel cell system are identical throughout the study.  
 
Table 8 Characteristics for the fuel cell hybrid vehicles used in the simulations 
Vehicle Compact [Haraldsson et al., 

2003] 
Sports Utility Vehicle (SUV) 
[Paper IV] 

Vehicle mass (with 
powertrain) [kg] 

1364  1825 

FC system [kW] 50 50 
Motor/controller [kW] 70 (AC induction 

motor/inverter) 
117 (AC induction 
motor/inverter) 

Energy storage [Ah] 6 (Li-ion battery pack) 12 (Li-ion battery pack) 

7.2 Water Management and Cold and Hot Starts 
An earlier study [Haraldsson et al., 2003] showed the impact of different duty cycles and 

dimensioning of the condenser on water management in the fuel cell system of a fuel cell 
hybrid vehicle. It was shown that the fuel cell system water balance was more affected by 
ambient and hot starts in the urban UDDS than in the highway duty cycle US06. Over the 
US06, the condenser size had an impact on the water balance, see Figure 23. The thermal 
start-up strategy for ambient and hot start was shown to have an impact on the results.  
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Figure 23 Water accumulation over the urban UDDS and the highway US06 duty cycles for ambient 
(cold) and hot start cases 

7.3 Ambient Conditions 
To simulate operation at ambient conditions, basically the same fuel cell hybrid 

configuration was used as for the results in Haraldsson et al. (2003), with the two major 
exceptions that a sports utility vehicle (SUV) was used and that the water reservoir was 
made larger to maintain a positive water balance throughout the duty cycle simulations. As 
long as the resulting water balance of the system is between 50 and 75 % of the water 
reservoir capacity, the condenser fan is switched on to facilitate heat rejection and water 
condensation. 

7.3.1 The Impact of Altitude on Performance 

As expected, the vehicle fuel consumption is affected by the duty cycle and the altitude. 
The fuel consumption increases with increasing altitude, with the highest impact in the 
high-power duty cycle US06. As the elevation increases from sea-level up to 3000 m, the 
fuel economy is reduced with 19 % in the US06, whereas the fuel economy drops with 10 
% in the urban NEDC. This reduction in fuel economy is mostly attributed to the air 
compressor. The power demand of the air compressor increases with decreasing ambient 
pressure as a result of lower reactant concentrations in the thinner air at higher altitudes. 
The results also need to be viewed in terms of vehicle speeds. The difference between the 
NEDC and US06 cycle is related to the different vehicle speeds. The heat transfer in the 



 
 

7 Fuel Cell Hybrid Vehicle Performance 

 

49 
 
 
 

condenser and radiator is dependent on vehicle speed and ambient conditions. More heat 
is rejected in the US06 cycles as the vehicle speed is higher in the NEDC. It should be 
noted that, although not included in the study, the ambient air density is lower at higher 
altitude, leading to a lower aerodynamic resistance of the vehicle.  

The net fuel cell system efficiency of the SUV as function of net fuel cell system power 
output over the US06 cycle at different elevations is shown in Figure 24. The minimum 
system power level is 5 kW as can be seen in the figure. The decreasing trend in system 
efficiency with increasing altitude is steady for the lower net system power outputs. It 
becomes increasingly more difficult for the fuel cell system to achieve the high-power 
demands of the duty cycle at higher elevation and the system efficiency therefore shows a 
larger reduction. The outliers at each elevation level in the right-hand corner in Figure 24 
are power outbursts at high-speed segments of the duty cycle. At increasing altitude, the 
fuel cell system fails to achieve these power peaks. As a result, the system is only able to 
provide lower power output at the cost of significantly lower system efficiency. 
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Figure 24 The impact of altitude on the fuel cell system efficiency over the highway US06 cycle 

 
The air twin-screw compressor, the major parasitic system component of the fuel cell 

system, is able to operate at multiple pressure ratios. However, this ability comes at the 
expense of energy efficiency. Figure 25 shows the pressure ratio and the adiabatic 
efficiency of the compressor as a function of mass flow over the NEDC. Added in the 
figure is the duty cycle mass flow demand imposed on the fuel cell system. The urban duty 
cycle profile with its many stop-and-go situations, and the compressor control strategy, 
force the compressor to operate at low-efficiency regions. 
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Figure 25 Compressor ratio, adiabatic efficiency and mass flow pattern over the NEDC 

 
Because of the load-following operating pressure strategy of the fuel cell system, the air 

mass flow and pressure ratio increase linearly with increasing power demand at constant 
stoichiometric flows. To provide the desired pressure ratio, the compressor work load is 
substantially increased as the ambient pressure is decreases at elevated altitudes. The 
difference in power demand from sea-level up to 3000 m was 16 % and the compressor 
power demand at 3000 m is as high as 40 % of the fuel cell power output.  

The heat distribution of the fuel cell system at different altitudes over the NEDC is 
shown in Figure 26. In this urban cycle, the fuel cell stack reaches its maximum heat 
production level, about 73 kW (thermal), at 3000 m. The fuel cell stack operates rather 
efficiently at lower elevations and does not produce much waste heat to be used within the 
system and the radiator is therefore by-passed initially. This radiator starts to reject heat as 
the elevation increases to 2000 m when the fuel cell stack operates less efficiently and 
hence produces more waste heat. In parallel, at increasing altitude, the heat to be rejected 
from the condenser is reduced, providing more heat to the radiator. 

The water management of the fuel cell system is closely linked to heat management. The 
water management during the NEDC is shown in Figure 27. In the mid-diagram of the 
figure the water available in the fuel cell stack and the water recovered in the condenser 
are shown. As can be seen, the condenser is only able to condense some, but not all, water 
in the exhaust gas. These water flows are also load-following with more water both 
produced and condensed at high power demands during the duty cycle. In the lower – 
most diagram, the water capacity, or the water balance, is displayed for cold, i.e. the vehicle 
is not warmed up prior start, and warm starts. For the cold start case it takes longer time 
for the water reservoir to obtain a “safe” water level and the condenser fan must 
consequently be switched on and consume power during a longer time than for the warm 
start case.  
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Figure 26 Heat load distribution (max values are used) at different altitude over the NEDC 
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Figure 27 Water mass flow and balance over the NEDC (altitude: 0 m, temperature: 20 °C) 
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7.3.2 The Impact of Ambient Temperature on Performance 

The results presented in this section are based on sea-level altitude. The water balance is 
to some extent affected by the ambient temperature. Figure 28 displays an example of the 
ambient air temperature impact on the water capacity over the NEDC. With a higher 
ambient temperature, 40 °C, the temperature difference between the system and the 
surroundings is smaller than normal operation. The ability to reject heat of the condenser 
is therefore reduced with less water recovered for the water balance. On the opposite side 
of the ambient temperature scale, here 5 °C, the ability to reject heat of the condenser is 
larger. However, the water recovery is not as efficient as expected due to counteracting 
effects of thermal losses from other auxiliary system components. At 5 °C, less heat in the 
condenser can be rejected since the fuel cell stack requires more heat. This is why the low 
ambient temperature water balance is not quite as good as at 20 °C.  
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Figure 28 The water balance at different ambient temperature over the NEDC (elevation: 0 m, 
temperature: 20 °C) 

 
The relative humidity of ambient air also did not have a significant impact on the water 

balance. The difference between the humidity levels over the US06 cycle for instance is 
only a few percent.  

Ambient air temperature and cold and warm starts affect mainly the water and heat 
management of the fuel cell system and only have a minor impact on the vehicle fuel 
consumption. Varying the ambient temperature at sea-level did not have a significant 
impact on the compressor performance over the moderate-power NEDC. However, the 
compressor operating in the high-power US06 cycle showed sensitivity towards ambient 
temperature, with higher power input demand at higher ambient temperatures. 
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The effect of ambient temperature on the heat distribution of the fuel cell system is 
demonstrated in Figure 29. At cold temperatures, 5 °C, it takes a longer time for the fuel 
cell system to heat up to operating temperature and the fuel cell will therefore not operate 
efficiently in the beginning of the duty cycle. Although the fuel cell stack is not affected by 
the change in ambient air temperature, its auxiliaries i.e. humidifier, condenser and 
radiator, are. The heat for the humidifier decreases with increasing temperature by 7 % 
from 5 to 40 °C over the NEDC and by 17 % over the US06 cycle. In the US06 case, the 
heat load of the condenser and radiator drop by 35-40 %. In the NEDC case, the 
condenser heat load increases from 5 to 20 °C due to the low-speed profile of the duty 
cycle but decreases markedly up to 40 °C, by more than 20 %, due to the lower 
temperature difference between the fuel cell system and the surroundings. Over the 
NEDC, the radiator is not in use unless the ambient temperature is 40 °C. At this high 
ambient temperature, the heat transfer to the surroundings is reduced due to lower 
temperature difference, which leads to an increased need to reject heat from the radiator. 
In the high-speed US06 case, the condenser and the radiator heat loads decrease with 
increasing ambient temperature. 
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Figure 29 The effect of ambient temperature on the various fuel cell system components over the NEDC 
and US06 cycle (maximum values, elevation: 0 m, warm start) 



 
 

On Direct Hydrogen Fuel Cell Vehicles- Modelling and Demonstration 

 

54 
 
 
 

7.4 Summary  
The main results from this study are: 
• Control strategy, duty cycles and ambient conditions affected the performance of the 
fuel cell vehicle in different ways. In terms of dimensioning fuel cell system components, 
three parameters were shown to be important: 

o The limiting factor for the water balance was the maximum ambient air 
temperature, here 40 °C. The relative humidity did not have a significant impact 
on the water balance.  

o The limiting factor for the heat management was the minimum ambient air 
temperature, 5 °C. This was more pronounced in the high-power demanding 
US06 cycle and for the condenser and radiator.  

o The limiting factor for the overall vehicle performance, i.e. the fuel consumption, 
was the maximum altitude of 3000 m.  

• The fuel consumption increased by 10 to 19 % at increasing altitude from 0 to 3000 m, 
depending on the duty cycle. This increase in fuel consumption was mainly attributed to 
the performance of the compressor. The load-following strategy of the compressor and 
the reduced pressure at high altitude force the machine to work harder and its power 
demand may rise up to 40 % at very high elevations.  
• The water capacity in this study was a function of the size of the water reservoir and the 
control strategy of the condenser fan.  
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8 Fuel Cell Bus Demonstration 

This chapter is based on Paper VI and describes the fuel cell bus demonstration project 
Clean Urban Transport for Europe (CUTE) and the first field tests performed on the 
three fuel cell bus in operation in Stockholm, Sweden. 

8.1 General 
The CUTE project is the world’s first large demonstration project in terms of number of 

vehicles, partners and cities involved: twenty-seven PEM fuel cell buses in nine cities. 
These cities are Madrid and Barcelona (Spain), Porto (Portugal), Luxembourg, London 
(UK), Amsterdam (the Netherlands), Hamburg and Stuttgart (Germany) and Stockholm 
(Sweden). It is also unique in that it includes development, implementation, operation and 
evaluation of fuel infrastructure and operation and evaluation of fleets of vehicles in 
revenue service in all the participating cities. The project is financially supported by the 
European Commission, the member cities and their local partners. The CUTE project 
closely collaborates with its sister projects in Reykjavik, Iceland [ECTOS, 2005] and in 
Perth, Western Australia [STEP, 2005]. In all three projects, a total of 33 Mercedes-Benz 
Citaro fuel cell buses are in operation. 

The goal is to demonstrate the feasibility of the fuel cell technology in transportation 
applications and to collect the lessons learned from the project to form a basis for 
decision-makers in industry and administrations in future urban transportation projects.  

The CUTE project started in November 2001 and will continue through April 2006. 
Prior to the arrival of the fuel cell buses, novel fuel infrastructures including hydrogen 
production, distribution and refuelling stations were developed and implemented in each 
city. The fuel infrastructure in each city was adapted to the local conditions, e.g. hydrogen 
production mode, budget situation, safety regulations. In addition, especially designed 
workshops for service of the fuel cell buses were built in each city.  

During the current phase, each city tests its three fuel cell buses during a period of two 
years. As all buses were delivered during 2003, the fuel cell bus tests will continue until the 
end of year 2005. Data and experiences from both the fuel infrastructure and the bus 
operation are collected continuously from the CUTE, ECTOS and STEP projects. For 
instance, by the end of 2004, the mileage for all 33 fuel cell buses totalled 500,000 km, and 
by mid-January 2005, the operation hours of the buses amounted to 40,000 [CUTE, 2005]. 
The gathered data is to be analysed with respect to the parameters such as hydrogen 
production performance, maintenance and safety, life cycle analysis, dissemination and fuel 
cell bus operation, bus performance and maintenance. Most of the various analyses are 
performed in a number of work packages within the CUTE project.  

8.2 The Fuel Cell Bus 
The Mercedes-Benz Citaro fuel cell buses are equipped with a HY-205 P5-1 fuel cell 

engine developed by Ballard Power Systems, Canada. The fuel cell engine consists of a fuel 
cell system, based on Ballard’s Mk9 generation fuel cell stacks, that supplies power to a 
central electric motor with a maximum power of 205 kW, see Figures 30, 31 and 32 and 
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Table 9. The buses use compressed hydrogen as fuel, stored in Dynetek high-pressure 
cylinders mounted on the roof of the vehicle. The total hydrogen storage capacity is 40 kg 
@ (15 °C, 350 bar) providing a bus operation range of about 200 km [CUTE brochure, 
2004]. 

 

 
Figure 30 A fuel cell bus in operation during a cold winter’s day in Stockholm [City of Stockholm, 2004] 
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Figure 31 The fuel cell bus Citaro from Mercedez-Benz [CUTE, 2004] 
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Figure 32 An overview of the components of the fuel cell bus powertrain. The figure is based on a brochure 
provided by Fuel Cell Bus Club (2004). 

 
It should be noted that the buses in the CUTE project are small series vehicles and low 

fuel consumption was not the main goal of the vehicle design. Instead, reliability and 
robustness, maintainability and cost were the major design objectives in order to learn as 
much as possible about the behaviour of fuel cells under real life conditions. As a 
consequence, the fuel cell version of the Citaro is over 2000 kg heavier than the diesel 
version. Also, the fuel cell engine (including hydrogen storage) and the electric driveline 
are basically the only new components in an otherwise standard platform. Furthermore, 
this design uses an electric motor that powers both a conventional automatic gearbox and 
the bus accessories that normally are powered by a diesel engine. The bus accessories, the 
air compressor in the fuel cell system and some pumps for the fuel cell system are driven 
mechanically by a special made gear case on the rear end side of the electric motor. The 
alternators and the air conditioning (A/C) compressor are belt-driven with the gear case 
with a consistently slightly higher efficiency loss than the other accessories. The fact that 
most components in the bus are powered through mechanical power rather than electric 
power leads to inherent efficiency losses. The potential of an electric driveline using fuel 
cells therefore can not fully be reflected.  
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Table 9 Characteristics of the Citaro fuel cell buses used in the Stockholm CUTE project [Vehicle 
registration certificate, Sweden] 

Vehicle  Description Unit 
Dimensions (L x W x H)  11.95 x 2.55 x 3.69 m 
Gross weight  18 000  kg 
Curb weight 13 890 kg 
Max. frontal axle load 7245 kg  
Max. rear axle load 11 500 kg 
# of passengers: max.  57  - 
# of passengers: seated 32  - 
Max. speed  80 (limited) km/h 
Powertrain   
Fuel cell system >250 (2 stacks of 150 

kW gross each) 
kW 

Central electric motor   205 kW 
Hydrogen storage   
Total capacity 1845 (9 cylinders)  litres 
Max. pressure per cylinder 350 bar 

8.3 The  Stockholm CUTE Project 
The Stockholm part of the CUTE project, the “Stockholm CUTE”, involves eight 

partners. These partners are Stockholm Public Transport (SL), the project co-ordinator 
City of Stockholm, the bus operator Busslink, the energy and gas distributor Fortum and 
the Royal Institute of Technology (KTH). Financial support is given by the European 
Commission, the Swedish Energy Agency and the Swedish Agency for Innovation 
Systems (VINNOVA). In addition, the bus provider EvoBus and fuel cell Ballard Power 
Systems are providing with two especially trained fuel cell bus technicians.  

Approximately 59 million SEK (~US$ 8.6 million) was invested in the Stockholm CUTE 
project. The major part of this investment constituted of the fuel cell buses themselves, 33 
MSEK or 11 MSEK per bus, whereas the hydrogen refuelling station including production 
and the modifications on the service garage at the bus depot cost 10 MSEK and 4 MSEK, 
respectively [City of Stockholm, 2004].  

During the first 6 months of operation, the buses were operated on a demonstration 
route, Vattenlinjen or the Water Route, to verify their robustness and reliability. The fuel 
cell bus performance turned out well and since August 2004, all three fuel cell buses are in 
normal operation on the route 66 in central Stockholm. Details of the Water Route are 
provided in Appendix C.  

8.3.1 The Hydrogen Infrastructure in Stockholm  

Hydrogen is produced and stored on-site on the same location as the refuelling station 
and the bus workshop, at a bus depot in central Stockholm. The hydrogen is produced 
from electrolysis of water, using electricity produced by certified green power (hydropower 
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and wind power). The design capacity of the electrolyser, provided by Stuart Energy 
Systems, is 60 Nm3 H2/h with a power consumption of about 4.8 kW.  

The major events in the process for the different hydrogen facility applications, e.g. 
workshop, hydrogen storage, hydrogen production and refuelling station, are reported in 
Martinsson & Sjöberg (2004). The process for permits was rather long, 18 month in total. 
This was mainly due to a lack of established hydrogen regulations in the permit application 
procedures, a common problem experienced also by other CUTE cities. Instead, 
regulations for natural gas were used and adapted to the new fuel hydrogen. A unifying 
international legislation on hydrogen facilities and hydrogen vehicles is needed. Another 
complicating factor specific for Stockholm was that the hydrogen production and storage 
facilities and refuelling station were located on market-attractive land owned by the City of 
Stockholm and rented by the bus operator. Negotiations with the parties lead to changes 
of the development plan of that area and a time-limited permit to use the land was 
granted. With the lessons learned in this particular case, the next time a hydrogen project is 
to be launched in Sweden, the permit procedure is known and likely to be significantly less 
costly and time consuming.  

8.3.2 WP4: Climate Evaluation  

Stockholm is assigned the analysis of the impact of local climate conditions on fuel cell 
bus performance in different climate regions. Stockholm has three main partners in this 
work package number 4 (WP4), Porto, Barcelona and London. The goal of WP 4 is to 
analyse the current performance and potential of the fuel cell propulsion system on a local 
climate basis. In the project, data from various sources is collected mainly from the 
specified partner cities. The information and data come from evaluation of questionnaires 
and protocols for drivers and bus operator technical staff, and from GPS devices and on-
board data logging system.   

8.4 Field Tests on Fuel Cell Bus Performance 

8.4.1 Test Equipment 

In order to define the power requirements of the fuel cell buses, the duty cycle profile 
data, e.g. parameters such as speed and altitude versus time, was to be collected. For 
measurements of speed and altitude of the buses, Global Positioning Systems (GPS), 
Garmin GPSmap 76CS, were purchased. These GPS devices are equipped with built-in 
barometric altitude meters that are monitoring the altitude by measuring the ambient air 
pressure. The uncertainties in the measurements of altitude are estimated to be +/- 3 m. 
Antennas for the GPS devices were attached to the exterior of the buses, on the front end 
of the destination sign module, in order to facilitate and secure a good data acquisition. 
During the test period, an appointed instructor was on-board the bus to help out and 
instruct the bus drivers, monitor and record GPS data and fill in test protocols. Detailed 
information of the fuel cell system and its auxiliary system is monitored and collected via a 
proprietary data acquisition system on the fuel cell buses and was provided for the test 
periods by Ballard and DaimlerChrysler. Weather data for Stockholm was provided by the 
Swedish Meteorological and Hydrological Institute (SMHI).  
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8.4.2 Fuel Cell Bus Performance Results 

The fuel cell bus performance is exemplified in the Sankey diagram in Figure 33. The 
numbers in this figure are based on LHV of hydrogen and average power consumption 
values over the demonstration route. The fuel cell stacks produce electricity with a heat 
loss of 37 %. Some 10 % is lost in a “power dump”, a resistor dumping excess fuel cell 
power which dissipates as heat into the cooling system. While the losses in the DC/AC 
inverter and electric motor add up to 6 %, the bus accessories including pumps and air 
compressor contribute with 23 %. Here, the air compressor power demand is the main 
parasitic loss and uses some 15 % of the total fuel cell power output. Taking the losses 
into account, the remaining power available to the traction including gearbox, is about  
23 % of the fuel input energy. In comparison, tests of a hybrid fuel cell bus showed in a 
significantly larger powertrain efficiencies, about 43 % of the input energy available for 
traction [Folkesson et al., 2003]. The powertrain design of the buses is a trade-off between 
cost and robustness on one side and efficiency and weight on the other side. As a 
consequence, the efficiency is reduced and in combination with the extra weight this 
design entails, the fuel consumption is high, about 7.5 liter diesel equivalents/10km. This 
figure is approximately 2 litres higher than for a Euro 3 diesel bus of similar size.  

Fuel cell stacks

DC/AC, Motor

Fuel: 100%

Fuel cell losses:
37%

Power dump:
11 %

Losses in DC/AC inverter
and electric  motor:

6 %

Bus
accessories

Power consumption and
losses in bus
accessories:

23%

To Transmission:
23%  

Figure 33 A Sankey diagram of the energy flows of a fuel cell bus (based on an average day) 
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8.5 Availability 
The availability for the buses is here defined as the ratio of the actual operation and 

planned bus operation. The overall bus availability during the spring of 2004 was good, 
about 70 % initially and increasing to an average of 85 % during the summer months, see 
Figure 34. There were several reasons for the initial dip in availability. A failure occurring 
in the bus powertrain that requires replacement with non-standard components, caused 
longer service stop times for the buses. New data about availability for both the buses and 
the refuelling station, service on the buses and distance can found in Figure 35. As can be 
seen, the availability of the buses, along the one of refuelling availability, during the last 
months of 2004 increased to over 90 %. 

The amount of time the buses were in regular operation was 300 hours per month in 
average, totalling more than 2,000 hours at the end of July 2004. The accumulated distance 
was about 24,500 km at the end of July 2004. For comparison, the corresponding values 
by mid-January 2005 were values 4,387 hours in operation and 43,727 km [City of 
Stockholm, 2005]. 
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Figure 34 The number of hours of operation and the availability (ratio of actual operation to planned 
operation) of the fuel cell buses between January and July 2004 
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Figure 35 The first year of operation for the three fuel cell buses with numbers for bus availability [City of 
Stockholm, 2004] 

8.6 Maintenance of  the Fuel Cell Buses 
Figure 36 shows the maintenance and service categories of the fuel cell buses during the 

Spring of 2004 in Stockholm. The fuel cell buses did not have any major break-downs and 
only had three road calls. The fuel cell propulsion system, i.e. the fuel cell system auxiliary 
system and other fuel cell powertrain specific components although excluding the fuel cell 
stack modules, dominates the overall service of the buses. In parallel to the operation and 
regular maintenance, the fuel cell propulsion system and other systems were continuously 
upgraded and constituted half of all service. Failures of the fuel cell propulsion 
corresponded to about 1/4 of all service. The maintenance time, including both repair and 
upgrades, was initially higher, averaging 32 hours for all the buses, or between 24 and 40 
hours per bus and month. It took two months for the service of the fuel cell buses to 
“stabilize” and for a service routine to be established. As the upgrading processes have 
proceeded, and the experience of the technical staff has increased, the staff was more able 
to identify and prevent up-coming problems. Consequently, the number of failures of 
different systems in the buses was reduced as the project proceeded.   
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Figure 36 The service categories for the fuel cell buses during January through July 2004  

 
 The fuel cell buses are parked outdoors at the bus depot during the night. At winter 

time, an electric heater provides heat in order to keep the buses at a fuel cell system 
temperature above freezing (the recommended minimum temperature for the fuel cell 
system is +5 °C [CUTE brochure, 2004]). Low temperature-related maintenance issues 
occured at start-ups during the cold winter months and accounted for almost 9 % of all 
fuel cell propulsion failures. On a few occasions, it was evident that the heat provided by 
the electric heater plugged in during cold winter nights was not enough to prevent some 
parts of the fuel cell system from freezing (pipes and water tanks). This problem was 
managed by means of additional insulation and a re-routed heating line (in May 2004 by 
Ballard Power Systems). In addition, after a cold night, issues with insufficient stack 
heating or too low start battery voltage for a proper start-up could arise, the latter a 
problem that seems to have occurred in other CUTE cities during winter time as well. In 
humid and cold weather, with wet snow, some pressure sensors would also fail due to the 
increased level of humidity. These cold and wet climate-related failures occurred only in 
January and February 2004, months with temperature minima well below 0 °C. Measures 
were taken to counteract these problems and they did not re-occur despite subzero-
temperature days in March and April. It remains to be seen if the thermal insulation and 
re-routing of the heating line is sufficient in cold weather during the winter of 2004/2005.  
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8.7 Summary  
The main results from the fuel cell bus tests are: 

• The performance of the fuel cell buses in Stockholm has exceeded the expectations, with 
bus availabilities starting from 70 % and ending at about 90 % during autumn 2004.  
• Cold and wet weather caused some failures during the winter months. However, the 
majority of the issues with the fuel cell buses in Stockholm occurred in the auxiliary 
systems and electronics rather than in the fuel cell stacks and these issues were mainly due 
to technical limitations of the equipment or humidity condensation rather than cold 
climate-induced problems.  
• The fuel cell bus fuel consumption however was high, 7.5 liters diesel equivalents/10km. 
 Hybridization of the fuel cell bus powertrain is suggested to reduce the fuel consumption.  
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9 Public Awareness  

 This chapter is based on Paper VII. It provides the results on the surveys on the attitude 
of hydrogen and fuel cell technology performed in Stockholm within the CUTE project. 
During the second half of the first year of fuel cell bus operation (autumn 2004), two 
surveys with two different categories of respondents - fuel cell bus passengers and fuel cell 
drivers- were performed. 

9.1 Bus Passengers 
A 3-day field survey was performed in order to assess the fuel cell bus passengers’ 

overall experience, attitude and acceptance of fuel cell and hydrogen technology. The 
opinion of 518 passengers on-board the buses operating on bus route 66 in central 
Stockholm was gathered and analysed. This was the first study of two in Stockholm, the 
second study is planned to take place at the end of the Stockholm CUTE project. The 
passengers were asked about: 
• General information (i.e. gender, age and travel patterns). 
• Knowledge about the current fuel cell bus project, and interest in learning more about 
hydrogen and fuel cell technology. 
• Attitude towards the bus performance and characteristics (comfort and noise levels) 
compared to conventional buses, and safety aspects of hydrogen and fuel cell technology 
in the buses. 
• Key factors affecting the choice of transportation means 
• Willingness to pay a higher fee enabling more fuel cell buses in urban revenue service. 
 

In the passenger survey, the average age of the respondents was 46 years, and 63 % of 
the respondents were women and most of the passengers, about 70 %, usually travel daily 
by bus. The majority (77 %) of the respondents knew about the CUTE fuel cell bus 
project with the most common sources of information being newspapers and information 
on bus stops. Other sources mentioned in the survey ranged from the bus itself and its 
appearance in the streets, to information from colleagues and friends, confirming that the 
buses themselves are a good showcase for the new technology.   

Regarding the hydrogen and fuel cell technology in the bus, a majority of the passengers 
(74 %) felt that the technology was safe and 43 % of the passengers wanted to learn more 
about fuel cell and hydrogen technology, see Figure 37.  
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Figure 37The respondents’ attitudes towards more information in hydrogen and safety aspects 

 
 As can be seen in Figure 38, most passengers regarded the buses as less noisy and more 
comfortable than ordinary buses. Having a combination of electrical and mechanical 
driveline, it is primarily the noise produced by the air compressor of the fuel cell system 
that can be heard at accelerations and decelerations. (The technical aspects of the fuel cell 
buses were described in the previous chapter.) 
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Figure 38 The fuel cell bus characteristics versus the ones of a “conventional” SL bus 

 
Empirical social studies may not necessarily catch the respondents’ true opinions, only 

their assumed socially correct answers. Their willingness to pay extra for the new 
technology could be seen as an indicator for the true commitment. The passengers were 
therefore asked about key factors on decisions of transportation means and about whether 
they were willing to pay a higher fee if more fuel cell buses were introduced in Stockholm 
urban transit system, see Figures 39 and 40.  
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Figure 39 The respondents’ willingness to pay a higher fee to enable more fuel cell buses in urban revenue 
service in Stockholm 
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Figure 40 The key factors in the choice of public transportation means for men and women 

 
Figure 40 shows that the passengers as commuters rated safety, punctuality and 

frequency as the most important factors in the choice of transportation means. 
Environment aspects and comfort were also rated as important factors but not to the 
same extent. The results also show that the female passengers favoured the environmental 
benefits and safety aspects more than men.  



 
 

On Direct Hydrogen Fuel Cell Vehicles- Modelling and Demonstration 

 

68 
 
 
 

It was also clear that the bus passengers were not willing to pay a higher fee despite 
expressed interest in environmentally friendly technology. More than half, or 64%, rejected 
the idea of higher fees. This result is opposed to that of the study, Altmann et al. (2004), 
where the majority, 75 %, of the respondents were found to be willing to pay an additional 
fare, if it was required initially to have fuel cell buses introduced.  

9.2 Fuel Cell Bus Drivers 
In Stockholm and in other CUTE cities, the fuel cell bus drivers are all volunteers and 

had been selected to drive the fuel cell buses. In preparation, the drivers completed a 5-day 
information course on subjects such as the CUTE project, fuel cell technology in buses, 
and safety aspects and management of hydrogen as vehicle fuel.  

After eleven months of the fuel cell buse operation, twenty-three fuel cell bus drivers 
participated in a survey with questionnaires aimed at fuel cell bus drivers. The 
questionnaire used for the drivers was developed by the team of Luxembourg within the 
CUTE project and distributed to other CUTE cities. (The overall results covering all 
CUTE cities will be presented later in 2005 by the Luxembourg team.) In contrast to the 
female majority of the fuel cell bus passenger survey described above, all the respondents 
were male. The age of the drivers ranged widely, from 24 to 62 years of age. Also, the bus 
driving experience varied among the drivers, approximately 40 % had started driving 
busses during the last five years, 20 % had five to ten years of experience and almost 40 % 
had worked as bus drivers for 15 years or longer. 

Most of the drivers were very positive towards the fuel cell bus project and its goals. In 
addition, the majority of the respondents, 65 %, were more positive at the test time, eleven 
months after the start of fuel cell bus operation. This is a positive result for the project as 
a whole since the attitude of the bus drivers is as important as any information brochure 
or other promotional event of the fuel cell buses. The fuel cell bus drivers are “the faces” 
of the new technology and often receive questions and remarks from the passengers.  

Regarding technical and environmental aspects of the fuel cell buses in comparison to 
conventional diesel buses, the responses were, again, very positive, see Figure 41. The fuel 
cell buses were recognised to be clearly better than diesel buses with respect to pollutant 
emissions from the exhausts, smell and general passenger comfort. Driving experience, 
acceleration and general comfort for the driver were mainly reported to be better or 
similar to those of a bus with a conventional driveline. About one third of the bus drivers 
felt however that “driving the vehicle” and the “effort, exhaustion of driver” were less 
good for a fuel cell bus than for a conventional bus. A factor that a majority of the drivers 
agreed on performing less well than in a conventional bus was the brake. The reason for 
this is however unclear. It could relate to the fact that the drivers are more used to drive 
conventional buses.  
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Figure 41 Results from the fuel cell bus driver survey. Note that the number of respondents varies for 
different questions 

9.3 Summary 
The main results from the surveys are: 
• People are generally positive towards fuel cell buses and feel safe with the technology. 
• Newspapers and bus stops are the main sources of information on the fuel cell buses.  
• The passengers would like to receive  more information about fuel cells and hydrogen. 
• The drivers are generally positive to the fuel cell bus project.  
• Although the environment is rated as an important factor, more than half of the bus 
passengers were not willing to pay a higher fee to enable more fuel cell buses in Stockholm 
public transportation system.  
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10 Concluding Remarks 

10.1 General 
 The fuel cell technology is one approach of many to reduce the energy demand of the 
transportation sector. To be accepted by end-users, fuel cell vehicles need to perform the 
same, or better, than corresponding ICE vehicles. This is one of the reasons for studying 
the effects of varying operating conditions such duty cycles and ambient conditions on the 
fuel cell vehicle performance. Critical to the acceptance of fuel cell vehicles is also the 
availability of proper fuels. Herein lies the perhaps main challenge to the fuel cell 
community; a vehicle that cannot be refuelled will not be purchased, despite its efficiency 
and performance. As mentioned previously in the thesis, a hydrogen infrastructure will 
take time and will cost. While the cost for the infrastructure could potentially be reduced, 
if shared by fuel cell transportation and stationary applications for example, fossil fuels are 
likely to continue to dominate the transportation sector in the short and medium term 
future. In addition, the ICE technology including alternative powertrain concepts such as 
HCCI (Homogeneous Charge Compression Ignition), ICEs operated on hydrogen or 
hythane (80-85 % natural gas and 20-15 % hydrogen) as well as hybrid configurations, e.g. 
gasoline or diesel ICEs with energy buffer systems, will continue to develop and compete 
with the fuel cell technology.  

10.2 Conclusions 
This thesis demonstrates that direct hydrogen PEM fuel cell vehicles, with features such 

as low fuel consumption and quiet and low-vibration operation, have an environmental 
potential compared to ICE vehicles.  

 
Fuel cell system described in Chapter 3 
• A model was developed to help design an automotive PEM fuel cell system and to 
evaluate the critical components. The model includes features such as key system 
components and a library of fluid thermodynamic properties.  
• The influence of the fuel cell auxiliary system was clearly shown. The air compressor, 
modelled as load-following, was the major parasitic power load. Further improvements in 
the design of the air management system are needed.  
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Hydrogen storage 
For the two studied storage alternative methods in a 50 kW PEM fuel cell system, 

compressed hydrogen gas and liquid hydrogen, the following conclusions were made: 
• An extra heating device will be needed to obtain a system operating temperature of  
70 – 95 ºC. In the case of compressed hydrogen, the heat demand is quite modest at full 
load, up to 1 kW. The need for heat in the liquid hydrogen case is larger, up to 13 kW, and 
an extra heater is needed.  
• The hydrogen storage tank for compressed gas is still too bulky to be a viable option for 
a compact light duty vehicle. To obtain a driving range of more than 500 km, a 5 kg 
hydrogen gas tank (at 345 bar) about 250 litres is needed. A hydrogen tank at higher 
storage pressure, e.g. 690 bar, or technical breakthroughs in the development of new solid-
state based storage solutions are needed in order to have hydrogen on-board storage 
without compromising the trunk space and the passenger comfort in passenger vehicles.  

 
Cold Climate 

Freeze starts constitute a major problem for fuel cell vehicles in cold climate. A thermal 
management concept based on phase change materials for a 50 kW fuel cell system was 
designed and tested experimentally for the ambient temperature of -20 °C.  
• It was shown that a combination of phase change membrane (here, hydrated salt 
and paraffin wax) and vacuum insulation materials that has a capability to keep the 
temperature of a 50 kW fuel cell stack above freezing for more than 3 days provided the 
duty cycle is long enough for charging the heat storage device.  
• To keep the fuel cell stack warm by using previously produced heat, a vacuum 
insulation material is sufficient. To secure a given minimum fuel cell stack temperature, a 
combination of phase change material and vacuum insulation material should be used.  
• The combinations entailed extra weight and volume that need to be taken into 
consideration when designing the thermal management system for a vehicle. 
 
Vehicle performance 
Two different fuel cell vehicle platforms and approaches were used. The first vehicle 
platform, with an FCV as a basis, is based on the fuel cell system model developed in-
house. This portion of the work focused on vehicle fuel consumption and the air 
compressor power demand. The focus of the second platform, based on a FCHEV, was 
the interactions between the air, heat and water management systems and the fuel 
consumption under varying operating conditions. The load-following strategy of the air 
compressor entailed high fuel consumption at high altitude. The control strategies of the 
heat management system, e.g. the radiator, and that of the water management system, e.g. 
the condenser, had an impact on the overall system performance.  
• Over standard duty cycles, e.g. the NEDC and the FTP75, the fuel consumption of 
a compact light duty vehicle (with a 50 kW fuel cell) was found to be 50 % lower than the 
corresponding ICE vehicle, or expressed in gasoline equivalents, about 3.3 litres/100 km.  
• The reduction in fuel consumption of a fuel cell bus operating in the CBD14 and 
the bus route 85 is 33 and 37 %, respectively, compared to diesel-fuelled urban bus of 
similar size. Although today’s diesel buses are already relatively efficient, the environmental 
aspect and the energy reduction for fuel cell buses should be attractive to bus fleets since 
the operation cost can be kept low.  
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• The air, heat and water management systems in the fuel cell system were affected by the 
investigated parameters i.e. duty cycles, control strategy for start-up, water reservoir size 
and ambient conditions, in various ways. A trade-off of efficiency, size of the components 
and complexity is needed in order to meet the system requirements.  
 
CUTE fuel cell buses 

Three fuel cell buses have been in operation since January 2004 in Stockholm, as a part 
in the European fuel cell bus demonstration project Clean Urban Transport for Europe 
(CUTE). A technical evaluation of the fuel cell buses and a survey of the attitude towards 
the fuel cell and hydrogen technology of fuel cell bus passengers and fuel cell bus drivers 
were performed. In general, the first results from the project are positive:  
• The availability of fuel cell buses has been high, about 85 % during 2004. Currently 
approximately 90 % of the planned bus operation is accomplished.  
• The buses are perceived as safe, quiet and high- comfort vehicles with good 
environmental properties. More information of the bus project was needed.   
• The fuel consumption of a fuel cell bus was rather high in July 2004, 7.5 liters diesel 
equivalents/10km, more than 25 % higher than an urban diesel bus of comparable size.  
• Cold climate impact on mostly the maintenance side of the bus operation. Cold climate 
caused about 9 % of all fuel cell propulsion system - related failures. Further tests will be 
performed regarding cold climate impact on the fuel cell bus performance.  

10.3 Future Work 

Some suggestions of topics for further fuel cell technology research with regard to: 
 

Fuel cell vehicle modelling using the fuel cell system model described in Chapter 3 
• Explore the efficiency improvement options for the air management system design. For 
instance, study configurations using a twin-screw compressor, e.g. designs where the 
compressor is cooled by water injection or linked with an expander. Also configurations 
using other kinds of compressors could be investigated.  
• Explore the load-levelling alternative as opposed to the current load-following strategy 
of the fuel cell system model 
• Improve the integration of the fuel cell system model into ADVISOR (this work is in 
progress) 
• Perform further experimental validation based on fuel cell stack data. As with any 
modelling exercise, the validity of the model predictions are dependent on how well the 
models fit the real components.  

 
Fuel cell vehicle modelling in general 
• Explore hybridization in more detail, e.g. series and parallel configuration and use of 
various energy buffers (battery, flywheel, supercapacitor, etc.) and optimize the size of the 
fuel cell and the energy buffer as well as improve and optimize the control system 
• Further explore the interactions between the air, heat and water management systems, in 
relation to component dimensioning, control system, etc.  
• Further explore the use of phase change and insulation materials and other passive 
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thermal management solutions for cold climate conditions. This should be done by both 
modelling and experimental work.  
• Explore the usage of an electrical heater or hydrogen burner for startup. 
 
Other aspects on fuel cells and hydrogen 
• Identify the barriers and the stakeholders in the transition to a hydrogen economy with a 
focus on the integration and potential synergisms of fuel cell transportation and stationary 
applications. Perform a technical evaluation of a real-life example based on European 
conditions (this work is on-going).   

 
WP 4, CUTE Project 
• Perform further tests on fuel consumption and start-up time for cold winter and 
warm summer days in Stockholm (this work is on-going). 
• Gather more fuel cell bus data based on roll-out tests, constant speed tests, and tests on 
the A/C system. Also weight variation tests, i.e. to simulate the impact of the passenger 
load on the fuel consumption, are planned. 
• Gather data from fuel consumption and potentially also A/C system from 
Stockholm’s partner cities and from ECTOS and STEP cities.  
• Perform a second attitude survey of fuel cell bus passengers in Stockholm by the 
end of the CUTE project. The survey is planned for autumn 2005.  
• Collect and analyse data on the CUTE organisation structure and function with 
focus on collaboration and leadership. 
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12 Nomenclature  

A   area [m2] 
E   voltage, [V] 
i    current density, [A cm-2] 
I   current, [A] 
LHV   lower heating value 
n   molar flow [mol s-1] 
N   number of individual cells in fuel cell stack 
P   power, [kW] 
v   vehicle speed, [m s-1] 
 
Greek 

ACDC /η  efficiency of DC/AC inverter 

v   stochiometric coefficient[-] 
 
Subnotations 
acc    acceleration 
aero    aerodynamic 
aux    auxiliary system 
cell    individual fuel cell 
comp   air compressor 
extra   accessory system (including lights, control system etc in vehicles) 
fc     fuel cell stack 
fcsyst   fuel cell system (fuel cell stack + auxiliary system) 
grad    gradient 
H2    hydrogen 
roll    rolling 
trac    traction 
 
Abbreviations 
APU Auxiliary power unit 
FC Fuel cell 
FCV Fuel cell vehicle 
FCHEV Fuel cell hybrid electric vehicle  
HHV Higher heating value 
ICE Internal combustion engine 
ICEV Internal combustion engine vehicle 
LHV Lower heating value 
MEA Membrane electrode assembly 
PCM Phase change material 
PEM Proton exchange membrane 
RH Relative humidity 
SOC State of charge 
VIM Vacuum insulation material 
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Glossary 
Auxiliary power unit a unit that is additional to the propulsion, 

providing power for e.g. the air conditioning 
system. 

 (Curb) weight  the empty weight of a vehicle, including fuel cell 
stack (and/or batteries), but excluding drivers, 
passengers and cargo. 

Direct hydrogen fuel cell vehicle a hydrogen-fuelled electric vehicles using fuel 
cells as their primary power generator. 

Duty, or drive, cycle  a standardised vehicle test, including speed and 
acceleration profiles, employed to provide data 
such as fuel consumption and emissions. Often 
utilised for certification of new vehicle models 
before they are introduced to the market.  

Heavy-duty vehicle  a vehicle utilised for heavy transport such as 
trucks and buses but also pick-up trucks and 
vans. 

Hybrid electric vehicle here defined as an electric vehicle that utilises a 
combination of both a fuel cell system and a 
battery as an energy buffer as the propulsion 
system. 

Hybrid vehicle  a vehicle that employs more two or more power 
sources for propulsion, e.g. an ICE and a battery 
as an energy buffer 

Inverter  a device that converts direct current (DC) into 
alternating current (AC) electricity.  

Latent heat  the heat required or released when a material 
undergoes a phase change, e.g. from solid phase 
to liquid phase.  

Light-duty vehicle a vehicle employed for light transport, e.g. 
passenger cars. 

Lower heating value  the heat of combustion if gaseous water is in the 
product gases. 

Phase change material   energy storage materials using the latent heat for 
energy storage. 

Powertrain the system necessary for vehicle propulsion. 
Proton exchange membrane   a polymer ion-conducting film that blocks the 

passage of gases and electrons but allows 
hydrogen ions (protons) to pass. 

Purge to vent unutilised or unwanted gas from the fuel 
cell system., usually by using nitrogen gas 

Reformer a device that, via reforming and shifting 
processes, converts a fuel, e.g. an alcohol or a 
hydrocarbon, to hydrogen. 

Reformate  the resulting hydrogen-containing gas from a 
reformer. Depending on which reforming 
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process is employed, the gas consists of 40 – 80% 
hydrogen.  

Regenerative braking to recover energy in a vehicle in slowing or 
braking situations. The electric motor then acts as 
generator and distributes electricity back into a 
battery or other energy storage device. 

Sensible heat  the heat stored in a material due to temperature 
change 

Stoichiometric coefficient  the ratio of the amount of reactant supply to the 
amount of reactant consumption.  
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Appendix A: The Fuel Cell System Model 

The features of the fuel cell system model are shown in Figure A.1. 

Model

Inputs

Minimum cell voltage
Starting current density
Operating pressure
Operating temperature
Cell area
Humidification of the inlet
reactants
Stoichiometry coefficients of
hydrogen & oxygen inlet flows
Stack pressure drops, anode &
cathode sides

Constants:
- open circuit voltage
- heat capacities
- molecular weights, density and
specific heat ratio of air, lower
heating value of hydrogen, etc.

Initial conditions:
- temperatures of the ambient air,
radiator, cathode outlet,
compressor outlet, humidifier
outlet, inlet coolant;
- ambient pressure and humidity;
- minimum coolant mass flow rate

System characteristics:
- air compressor, pump & fan
characteristics
- condenser percentage recovery
- purge percentage
- pipe diameter and length.

Cell current density & voltage
Stack definition, i.e. number of
cells required to obtain desired
system power output

System characteristics:
- mass flow of the reactants,
product, inert material and
coolant,
- heat developed in the stack
- individual auxiliary parasitic
loads
- water balance of the fuel cell
system (including humidifiers and
condensers)
- net fuel cell system power
- efficiency of the fuel cell &
system

Outputs

 
Figure A.1 An overview of the features of the fuel cell system model  

 
The initiation procedure of the system model is the following: 
1. The fuel cell stack power output is set to the desired value. The current density to 

achieve the fuel cell power is calculated via iteration based on an initial value of the 
cell voltage.  

2. The number of cells required is calculated from the current density and a specified 
cell area.  

3. For various operating pressures, temperatures, stoichiometric coefficients of 
hydrogen and oxygen, water contents in the membrane and fuel cell stack power 
output levels (full and part load operation), the following system parameters are 
calculated: 

• The anode and the cathode flows are calculated. 
• The heat developed in the fuel cell stack is calculated as well as the heat loads of the 

components in the cooling circuit, the condensers etc.  
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• The water management system specifications, e.g. the heat and water requirements 
of the humidifiers and the water transport in the fuel cell stack, is calculated.  

• The auxiliary system requirements, e.g. the electric power demand and thermal load 
of components such as compressor, fans and pumps is calculated.  

• The fuel cell system electric efficiency is calculated.  
. 
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Appendix B: ADVISOR 

ADVISORTM, Advanced Vehicle Simulator, is a vehicle simulation software tool 
developed by the National Renewable Energy Laboratory (NREL), Golden, CO, USA, 
and has been described by e.g. Wipke et al. (1999) and Markel et al. (2002). It was initially 
designed as an analysis tool to assist the U.S. Department of Energy in understanding and 
developing light duty hybrid electric vehicles. The first version of ADVISOR was created 
in 1994 and was made available by NREL for the public to download free of charge 
between 1998 and 2002. With over 8000 individuals (per December 2003) having 
downloaded this open source code, it has been further modified with input from the 
public and from NREL’s partners. ADVISOR is now available from AVL (AVL, 2005).  

 
ADVISOR is a high-level system model, written in a MATLABTM / SimulinkTM 

environment. It provides a way to evaluate many different conceptual vehicles 
(conventional, electric and hybrid (series, parallel, or fuel cell vehicles), test procedures and 
duty cycles through an easy-to-use graphical user interfaces (GUI) approach. 

ADVISOR has three main GUIs for configuring a vehicle, conducting a simulation, and 
analysing the results. The Vehicle Specification GUI helps the user design vehicle that is to 
be simulated and specify the details of all components constituting the vehicle powertrain. 
The Test Definition GUI is used to choose the appropriate duty cycle or test procedure, 
with or without special initial conditions, and acceleration and gradeability tests, etc. After a 
simulation run, the user can in the Results GUI through different pull-down menus, post-
process the vehicle performance results and compare the results from different runs.  
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Appendix C: Duty Cycles 

C.1 Light Duty Vehicles 
NEDC, FTP75, the Lund driving pattern, the UDDS, the HWFET and the US06 

The New European drive cycle NEDC [70/220/EEC], also called ECE15, is a synthetic 
cycle with a total distance of 11.3 km. The FTP75 duty cycle [EPA, 2000] is standard duty 
cycle based on a driving log from Los Angeles, with a total distance of 17.8 km. The Lund 
driving pattern was logged and collected in the city of Lund, Sweden, using a Volvo 960 
sedan (from 1995) [Ericsson, 2000]. The length of this driven driving pattern is 6.22 km. 
The Lund driving pattern is shown in Figure C.1.  

The UDDS (Urban Dynamometer Driving Schedule) represents typical urban driving, 
the HWFET is a driving profile with highway speed but with moderate acceleration rates 
and the US06 is a high-speed and high-acceleration-rate driving profile. For more details, 
see EPA (1996). 
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Figure C.1 The Lund driving pattern (using data of a Volvo 960 2.5 E (year 1995)) [Paper iV] 
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C.2 Heavy Duty Vehicles 
CBD14 

The Central Business District, CBD14, cycle, shown in Figure C.2, is a synthetic chassis 
test for heavy duty vehicles, including 14 starts and stops during a distance of 3.22 km 
[APTA, 2000].  
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Figure C.2 The speed profile of the CBD14 drive cycle, based on [APTA, 2000] 
 

Route 85 of Gothenburg 
The second drive cycle is a driving pattern for buses, based on measurements of a real 

bus route number 85 in Gothenburg, Sweden [Törngren, 1998]. This urban bus route, 
shown in Figure C.3, includes both uphill as well as downhill sections and the velocity 
varies between 0 and 63 km/h. 
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Figure C.3 Altitude differences and velocity profile for bus route 85 of Gothenburg, Sweden 
 

Stockholm CUTE Demonstration Route: the Water Route (“Vattenlinjen”) 
The first eight months of the fuel cell bus operation in the Stockholm CUTE project, 

January to mid-August 2004, were designated to evaluate whether the fuel cell buses were 
reliable enough to be used in normal public transit operation or not. Therefore, a 
demonstration route passing the City Hall (Stadshuset) in central Stockholm was 
established, see Figure C.4. The number of passengers on this route was unfortunately 
rather low, in average 10 passengers per loop. 
 

N

 

Time [s] 1944
Distance [km] 5
Max. altitude [m] 11
Min. altitude [m] -2
Max. speed [km/h] 39.2
Average speed [km/h] 9.3
Max. acceleration [m/s^2] 1.0
Max. deceleration [m/s^2] -2.0
Idling time [s] 585
# of bus stops 12
# of bus stops per km 2.4

Demonstration route
"Vattenlinjen" 

 
Figure C.4 Left: The initial demonstration route in central Stockholm. Right: Table with some of the 
characteristics of the demonstration route 
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The characteristics of the 5 km long demonstration route are displayed in Figures C.5 
and C.6. The fairly low maximum speed of 39 km/h and average speed of 9 km/h are 
normal numbers for inner city bus routes in Stockholm. The 12 bus stops and the duration 
at each stop (black marks) can also be seen in the figure. The idling time at each bus stop 
is displayed in Figure C.5, all other stops are caused by the traffic situation. The speed 
distribution diagram, Figure C.6 shows that the total idling time represents roughly 30 % 
of the duty cycle time.  
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Figure C.5 The characteristics of a typical drive cycle on the demonstration route 
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Figure C.6 Speed distribution diagram for a typical operation on the demonstration route, with the 
fraction of duty cycle time on the y-axis and different speed intervals on the x-axis 


