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ABSTRACT  
 
Heavy-duty trucks are in idle operation during long periods of time, providing the vehicles 
with electricity via the alternator at standstill. Idling trucks contribute to large amounts of 
emissions and high fuel consumption as a result of the low efficiency from fuel to electricity. 
Auxiliary power units, which operate independently of the main engine, are promising 
alternatives for supplying trucks with electricity. Fuel cell-based auxiliary power units could 
offer high efficiencies and low noise. The hydrogen required for the fuel cell could be 
generated in an onboard fuel reformer using the existing truck fuel. The work presented in 
this thesis concerns hydrogen generation from transportation fuels by autothermal reforming 
focusing on the application of fuel cell auxiliary power units. Diesel and dimethyl ether have 
been the fuels of main focus. The work includes reactor design aspects, preparation and 
testing of reforming catalysts including characterization studies and evaluation of operating 
conditions. The thesis is a summary of five scientific papers. 

Major issues for succeeding with diesel reforming are fuel injection, reactant mixing and 
achieving fuel cell quality reformate. The results obtained in this work contribute to the 
continued research and development of diesel reforming catalysts and processes. A diesel 
reformer, designed to generate hydrogen to feed a 5 kWe polymer electrolyte fuel cell has 
been evaluated for autothermal reforming of commercial diesel fuel. The operational results 
show the feasibility of the design to generate hydrogen-rich gases from complex diesel fuel 
mixtures and have, together with CFD calculations, been supportive in the development of a 
new improved reformer design. In addition to diesel, the reforming reactor design was 
shown to run satisfactorily with other hydrocarbon mixtures, such as gasoline and E85. Rh-
based catalysts were used in the studies and exhibit high performance during diesel 
reforming without coke formation on the catalyst surface. An interesting finding is that the 
addition of Mn to Rh catalysts appears to improve activity during diesel reforming. 
Therefore, Mn could be considered to be used to decrease the noble metal loading, and 
thereby the cost, of diesel reforming catalysts. 

Dimethyl ether is a potential diesel fuel alternative and has lately been considered as 
hydrogen carrier for fuel cells in truck auxiliary power units. The studies related to dimethyl 
ether have been focused on the evaluation of Pd-based catalysts and the influence of 
operating parameters for autothermal reforming. PdZn-based catalysts were found to be 
very promising for DME reforming, generating product gases with high selectivity to 
hydrogen and carbon dioxide. The high product selectivity is correlated to PdZn 
interactions, leading to decreased activity of decomposition reactions. Auxiliary power 
systems fueled with DME could, therefore, make possible fuel processors with very low 
complexity compared to diesel-fueled systems.  

The work presented in this thesis has enhanced our understanding of diesel and DME 
reforming and will serve as basis for future studies. 

 
Keywords: autothermal reforming, auxiliary power unit, diesel, dimethyl ether, fuel cell, fuel-flexible 
reformer, hydrogen, PdZn alloy, reforming catalyst, reformer design, Rh 
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SAMMANFATTNING 

Titel: Vätgasframställning för bränsleceller i hjälpkraftsystem 
 
Tomgångskörning av tunga lastbilar blir allt vanligare för att via generatorn förse fordonets 
komfortsystem med elektricitet. Den låga verkningsgraden från bränsle till elektricitet leder 
till stora mängder emissioner och hög bränsleförbrukning. Hjälpkraftaggregat som arbetar 
oberoende av förbränningsmotorn, sk APU-system, är lovande alternativ för att förse 
lastbilar med elektricitet. Bränslecellsbaserade APU-system skulle kunna ge hög 
verkningsgrad samt låg ljudnivå. Vätgasen till bränslecellen kan genereras ombord genom 
reformering av bränslet. Arbetet som presenteras i avhandlingen behandlar vätgasgenerering 
från transportbränslen genom autoterm reformering med fokus på bränslecellsbaserade 
APU-system. Studierna har i huvudsak fokuserat på diesel och dimetyleter. Arbetet innefattar 
reaktorutforming, framställning och karakterisering av reformeringskatalysatorer samt 
utvärdering av driftsparametrar.  Avhandlingen är en sammanfattning av fem vetenskapliga 
artiklar. 

De största utmaningarna med dieselreformering är bränsleinsprutning, omblanding av 
reaktanter och erhållande av ett reformat som bränslecellen tolererar. Resultaten från arbetet 
som presenteras i avhandlingen bidrar till fortsatt forskning och utveckling av processer och 
katalysatormaterial för dieselreformering. En dieselreformer som utformats för att generera 
vätgas till en 5 kWe polymerelektrolytbränslecell har utvärderats för autoterm reformering av 
kommersiellt dieselbränsle. Resultat från drift av reformern visar möjligheterna med den 
valda designen att generera vätgasrika gaser från komplexa dieselbränslen. Tillsammans med 
CFD-beräkningar har dessa resultat utgjort underlag för utveckling av en ny, förbättrad 
reformerutformning. Förutom diesel är det möjligt att köra reformern med andra 
kolväteblandningar, som bensin och E85. Rh-baserade katalysatormaterial användes vid 
dieselreformeringen och uppvisade hög prestanda utan kolutskiljning på katalysatorytan. Ett 
intressant resultat är att tillsats av Mn till Rh-katalysatorn kan leda till förbättrad aktivitet för 
dieselreformering. Mn anses därför ha potential att kunna användas för att minska 
ädelmetallhalten, och därmed kostnaden, av dieselreformeringskatalysatorer. 

Dimetyleter är ett möjligt alternativ till diesel och har på senare tid lyfts fram som en 
potentiell vätgasbärare för bränsleceller i hjälpkraftsystem för lastbilar. Studierna relaterade 
till dimetyleter fokuserar på utvärdering av Pd-baserade katalysatorer och inverkan av 
driftsparametrar vid autoterm reformering. PdZn-baserade katalysatorer uppvisade hög 
prestanda och genererade produktgaser med hög selektivitet till vätgas och koldioxid. Den 
höga produktselektiviteten korreleras till interaktioner mellan Pd och Zn, vilket leder till 
lägre aktivitet för sönderdelningsreaktioner. APU-system som körs på vätgas genererad från 
dimetyleter skulle därför kunna möjliggöra lägre komplexitet jämfört med motsvarande 
system som körs på diesel. 

Arbetet som presenteras i avhandlingen har ökat vår kunskap om reformering av diesel 
och DME och kommer att utgöra en bas för fortsatta studier inom området. 
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CHAPTER 1 
 
INTRODUCTION 
 
 
1.1 Setting the scene 

It is widely accepted that oil is a finite resource. Within a short period of human history, the 
world supplies of fossil fuels, that took nature hundreds of millions of years to create, are 
about to become exhausted. This period of time is often referred to as the “Golden age of 
oil” during which the welfare in the developed countries of the world escalated and a 
dependence on oil for heating, power generation, and transportation was created. The 
amount of oil that will be accessible in the future depends on technologies available for 
extraction of oil but also on political, economical, and environmental circumstances. We are 
facing a continuous decline in the global oil production, commonly referred to as “Peak Oil” 
[1, 2]. The oil consumption in the developed countries of the world is still increasing and at 
the same time, the energy needs in fast-growing countries such as China and India are 
rapidly growing. Existing oil reservoirs may not be capable of meeting this increasing world 
demand and technology development does not keep pace with the surging needs. Moreover, 
fossil fuel usage has led to global warming, rising levels of pollution, a growing instability in 
natural ecosystems, and an increasing gap between rich and poor. Radical measures will be 
needed to start a transition towards a more sustainable future and to address the issues of 
the link between oil, peace and security throughout the world.  

The transportation sector is often argued to be the most difficult energy sector when it 
comes to sustainable development. The accessibility and flexibility that vehicle use has 
provided have made it indispensable for moving people, goods, and information. In Sweden, 
the Commission on Oil Independence has proposed a reduction of petroleum-based fuels 
used for road transport with 40-50 % by 2020 [3]. This is a challenging target. The phasing 
out of fossil fuels is suggested to be accomplished by using more energy-efficient transport, 
increasing the production of renewable fuels and by changing over to a fleet of vehicles that 
is not dependent on fossil fuels. Reaching upcoming emission targets and managing the 
transition to a renewable transportation system will place large demands on efficient energy 
use. 

Hydrogen is by many envisioned to be an important energy carrier taking part in a future 
sustainable energy system. The planned hydrogen society includes the clean and efficient 
energy conversion of hydrogen in fuel cells. To reach the envisioned level of implementation 
for fuel cells, there are barriers that have to be addressed, including performance, cost, 
vehicle design boundaries, and competing alternatives. The step for fuel cells to reaching 
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competitiveness and diffusion into the automotive market could be realized by means of 
niche technologies. The fuel cell auxiliary power unit (APU) is one niche that is put forward 
as a strategy for introducing fuel cells, and thereby hydrogen, into the transportation sector. 
Since the distribution and on-board storage of hydrogen present technical problems, related 
to its low volumetric energy density, current focus is on fuel processing technologies as 
alternatives to supply the fuel cells with hydrogen during a transition period. These systems 
could present one of the first large market penetration opportunities for fuel cells and 
thereby contribute to developing more efficient energy converters. The catalytic reforming 
of transportation fuels into hydrogen for use in fuel cell auxiliary power units is the subject 
of this thesis.  
 
1.2 Objectives of the work 

The main objective of the work presented in this thesis has been to address the challenge of 
reforming transportation fuels, specifically diesel and dimethyl ether (DME), into hydrogen-
rich gases for use in fuel cell auxiliary power units onboard trucks. Fossil-based diesel is 
considered a viable short-term alternative to feed fuel cells in auxiliary power units with 
hydrogen, whereas dimethyl ether is an interesting diesel fuel alternative that can be 
produced from renewable resources. Special emphasis has been placed on the development 
of reforming catalysts and on the identification of operating conditions for optimal 
performance during autothermal reforming of diesel and dimethyl ether, respectively.  

During the research project, test facilities for experimental evaluation of reforming 
processes and catalysts have been built up at KTH. A system for evaluation of a full-scale 
(5 kWe) diesel reformer was built with the aim to gain practical experience and a broader 
knowledge of the diesel reforming process. A small-scale test rig was built for study of DME 
reforming catalysts. 

The thesis is based on five appended papers focusing on hydrogen generation from 
transportation fuels by autothermal reforming. In Paper I, a reformer designed to generate 
hydrogen for a 5 kWe fuel cell was evaluated based on results from experiments and CFD 
calculations. Paper II presents results from the small-scale testing of diesel reforming 
catalysts. The effect of adding manganese to the catalysts as a means of reducing noble metal 
loading was investigated. In Paper III, a fuel-flexible reactor concept is evaluated. Paper IV 
addresses the evaluation of Pd-based catalysts as well as the mapping of operating conditions 
during DME autothermal reforming. In Paper V, the catalytic properties of Pd-based 
catalysts during DME autothermal reforming have been further investigated.   
 
1.3 Research context 

The work presented in the thesis is part of two different research projects. The studies on 
diesel reforming have been performed within the framework of the program “Energy Systems 
in Road Vehicles”, financed by the Swedish Energy Agency. The cluster “Innovative fuel reformer 
for heavy-duty truck APU” comprised representatives from the Royal Institute of Technology, 
Chalmers University of Technology, Luleå University of Technology and Volvo Technology 
Corporation.  The overall vision of the cluster was to develop a diesel fuel reformer for a 
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fuel cell auxiliary power unit that significantly could reduce fuel consumption and emissions 
originating from idle operation of heavy-duty trucks. The development of the innovative 
reformer focused on the development of a diesel reforming process including an active and 
selective catalyst and a ceramic CO2-selective membrane that would force the equilibrium of 
the water-gas shift reaction towards higher hydrogen production.  

The studies related to dimethyl ether have been performed within the project 
“Aftertreatment and fuel upgrading system for DME-fueled diesel engines”, initiated by the Royal 
Institute of Technology, Chalmers University of Technology, and Volvo Technology 
Corporation and financed by the Swedish Agency for Innovation Systems, the Swedish Road 
Administration, and the Swedish Environmental Protection Agency. The vision of the 
project has been to develop a system meeting the future demands on alternative and 
sustainable transport solutions in Sweden. The system combines lean combustion of DME 
in a compression ignition (CI) engine with lean nitrogen oxide aftertreatment where the 
nitrogen oxides are reduced, either by hydrogen produced in a reformer or by DME directly. 
The hydrogen from the reformer can also be used in a fuel cell auxiliary power unit. Such a 
system could create a vehicle with low emissions of NOx, hydrocarbons, and particulate 
matter (PM) compared to existing technology. 

The work included in this thesis has been conducted at the Division of Chemical 
Technology, Royal Institute of Technology (KTH) and Volvo Technology Corporation, 
Sweden. The research has been conducted in close cooperation with leading industrial teams 
in the area at Volvo PowerCell. The collaboration included participation in discussions and 
workshops as well as taking active part in the operation and evaluation of a 5 kW prototype 
diesel fuel processor (including gas cleanup and heat management) aimed for a truck fuel cell 
APU.  
 
1.4 Thesis outline 

Following this introduction, Chapter 2 provides a background to fuel cell technology and the 
use of fuel cells in auxiliary power units. Chapter 3 gives an overview of the topic of fuel 
processing, with special focus on diesel and dimethyl ether. Different reforming technology 
options are described and recent research in the area is outlined. Chapters 4-6 summarize the 
results from the appended papers. Finally, in Chapters 7 and 8, respectively, conclusions and 
final remarks are given, with the aim of trying to highlight the most important findings and 
the wider perspectives of the work. 
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CHAPTER 2 
 
FUEL CELLS FOR AUXILIARY POWER UNITS 
 
 
The principle of the fuel cell was first demonstrated in 1839 by the Welsh scientist Sir 
William Grove [4]. Despite major improvements that have taken place since then and despite 
the large potential of the technology for efficient energy conversion, the technology is still 
immature and in its early phases of development [5, 6]. The main challenges to fuel cell 
commercialization are cost and durability. In this thesis, heavy-duty truck auxiliary power 
units (APUs) are suggested as a niche strategy to stimulate the development and market 
diffusion of fuel cell technology in mobile applications. As the storage of hydrogen presents 
technical problems related to its low volumetric energy density, the focus is on fuel 
processing of the existing truck fuel to a reformate gas (a mixture of CO, CO2, H2, H2O, and 
N2) for providing the fuel cell with hydrogen. This chapter provides a basic introduction to 
the principle of fuel cells and the concept of fuel cell-based auxiliary power units with the 
aim to motivate their use and provide understanding of the requirements placed on the fuel 
processor.  
 
2.1 Fuel cell technology 

A fuel cell converts chemical energy into electrical energy by electrochemical oxidation of 
hydrogen into water [7]. The principle of a hydrogen-fuelled fuel cell is shown in Figure 2.1.  
The cell basically consists of an electrolyte medium between two electrodes. Hydrogen is fed 
to the negative anode, where it is ionized, creating electrons and protons (Eq. 2.1). The 
protons migrate through the electrolyte from the anode to the cathode, while the electrons 
are forced through an external circuit, generating an electric current on their way to the 
cathode. Oxygen is fed to the positive cathode, where it reacts with the protons and 
electrons forming water and heat (Eq. 2.2), thereby completing the total reaction (Eq. 2.3). 
 
Anode reaction  −+ +→ e4H4H2 2    (2.1) 

Cathode reaction  OH2Oe4H4 22 →++ −+   (2.2) 
 
Total reaction   OHOH2 222 →+    (2.3) 
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Figure 2.1 Principle of a hydrogen-fuelled fuel cell 

 
The electrodes, electrode catalysts and membrane together form the membrane electrode 
assembly, MEA. Bipolar plates are placed on each side of the MEA, allowing for a good 
electrical contact with the surface of the electrodes and providing channels for distribution 
of the gases and channels for cooling medium. The ideal potential for the H2 - O2 reaction is 
1.23 V. However, due to losses in the MEA, a single cell usually operates at 0.5-0.8 V. By 
connecting several cells in series into a fuel cell stack (Figure 2.2), higher voltages can be 
achieved. Through the direct conversion of fuel to electrical energy, fuel cells offer high 
efficiency compared to other energy-converting technologies, especially at part load. The 
electrical efficiency of modern stacks is in the order of 40-70 %, based on the lower heating 
value (LHV) of the fuel [7, 8]; the remaining energy is released as heat. Practical fuel cell 
systems need to be supplied with more reactants than the stoichiometric amount required 
for the desired current production in order to avoid starvation at the end furthest away from 
the fuel supply. For fuel cells, the term stoichiometry represents the amount of reactant 
supplied per amount of reactant consumed in the fuel cell. At the anode side, the 
stoichiometry is typically around 1.1-1.3. Figure 2.3 shows the hydrogen consumption for a 
PEFC stack fed with pure hydrogen; running on reformate, the partial pressure of hydrogen 
will be lower, which means that a higher stoichiometry is needed. The cathode stoichiometry 
is usually 2 or higher. 

The choice of electrolyte material governs the operating temperature of the fuel cell. For 
use in auxiliary power units, either low-temperature (70-90 °C) polymer electrolyte fuel cells 
(PEFC) or high-temperature (>600 °C) solid oxide fuel cells (SOFC) have been suggested 
[9-11]. PEFCs use a solid polymer as electrolyte, most commonly Nafion®, a sulfonated 
tetrafluoroethylene copolymer allowing the movement of cations through the membrane but 
not conducting electrons. The systems can be made light and compact. The short startup 
times and good response to transient operation are advantageous and make them more
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Figure 2.2 Principle of fuel cell stack construction (© PowerCell) 
 

  
Figure 2.3 Hydrogen consumption for a PEFC fed with pure hydrogen 

 
suitable than SOFCs in automotive applications.  

PEFCs operating on neat hydrogen at optimal conditions show good performance over 
a wide range of loads. However, they need platinum metal as catalyst, and if the fuel cell is 
fed with reformate, carbon monoxide will preferentially adsorb on the Pt sites at low 
temperatures, blocking sites active for the anode reaction (Eqs. 2.4 and 2.5) [12].  
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2adsads HCOPt2HPt2CO2 +−→−+     (2.5) 
 
The impact of carbon monoxide on the power output of a PEFC increases with the 
concentration and will become significant already at ppm levels [13, 14]. Non-inert effects of 
CO2 have also been reported [13, 15]. The mechanism of CO2 poisoning of the Pt catalyst is 
believed to involve the reduction of CO2 by H2, either electrochemically (Eq. 2.6) [16] or 
through the reverse water-gas shift reaction (Eq. 2.7) [17], to CO that then poisons the 
catalyst.  
 

OHCOPtPte2H2CO 2ads2 +−↔+++ −+    (2.6) 
 

PtOHCOPtHPt2CO 2adsads2 ++−↔−+    (2.7) 
 
The oxidation rate of H2 in the presence of CO can be improved by alloying the Pt catalyst 
with a second metal, such as Ru, Sn, Co, Fe, Ni, Pd, Mo etc. [18]. For PtRu catalysts, the 
alloying has been shown to modify the electronic properties, leading to a decreased CO 
binding energy on Pt sites and to a strong binding of OH on the Ru sites [19]. Other 
methods of handling CO and CO2 at the anode are to introduce a small amount of air into 
the anode fuel stream, so-called air bleeding [20], or purging a fraction of the spent anode 
gas to avoid build-up of impurities during recycling [13].  

Besides CO and CO2, other impurities may be present in the reformate feed that can 
influence the fuel cell performance. Sulfur may be present as H2S in anode feeds originating 
from reformed fuels, which could severely poison the Pt catalyst, or as SOx present in the air 
feed, which can lead to potential problems related to depression of the MEA pH [14]. When 
it comes to possible contamination effects of hydrocarbons or additives present in 
transportation fuels, published information is scarce.  

Lately, there has been enhanced interest in operating PEFCs at temperatures >100 °C, 
commonly referred to as HT-PEM fuel cells [21]. Operation at higher temperature decreases 
the effect of carbon monoxide impurities in the feed gas since the adsorption is less favored 
at higher temperatures [22]. In addition, higher temperature will simplify water management 
and enhance reaction rates, which means the noble metal loading can be decreased. 
Conventional membranes will, however, dehydrate and lose conductivity at high temperature 
and low humidity operation. Much effort is being put into developing membranes that can 
tolerate these conditions. Acid-base polymer membranes with enhanced CO tolerance, that 
can be operated in a stable manner at temperatures up to 200 °C have been suggested [23]. 
While conventional membranes operating at 80 °C could be significantly poisoned at CO 
concentrations above 10 ppm (transient CO peaks up to a few hundred ppm could be 
tolerated [24]), HT-PEM technology could allow operation with CO concentrations of up to 
a few percent in the feed [21].  

SOFCs use electrolytes made of ceramic material, usually yttria-stabilized zirconia. The 
mobile ion is O2- and the water is formed at the anode. SOFCs operate at temperatures 
between 600 and 1000 °C. This means that high reaction rates can be achieved and that 
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reforming reactions can be performed internally. The SOFC is more tolerant to poisons than 
the PEFC and does not need noble metal catalysts, an expensive component of the PEFCs. 
Negative aspects of SOFCs are long startup times, low response and low power density. 
Another problem is the frequent start-ups and shutdowns during operation in automotive 
systems, which will cause thermal stress of the membrane. For this reason, stationary power 
generation may be a more suitable application for SOFCs.  

In summary, each fuel cell type has the possibility to solve some problems, but brings 
other problems itself. For use in auxiliary power units, the PEFC is considered to be the 
most feasible technology at present and is therefore in focus in the present work, even if 
others may see the SOFC technology as the obvious winner.  

 
2.2 Truck idling and auxiliary power units  

There are clear economic and environmental incentives for developing more efficient 
solutions to providing trucks with electricity for non-propulsion needs during driver rest 
periods, replacing the common practice of engine idling. American studies suggest that diesel 
trucks, used for long-haul, overnight travel, operate in idling mode during 20-40 % of the 
time the engine is running [25]. This is a consequence of an increased utilization of just-in-
time production, increasing the time the drivers spend in the truck. At the same time, the 
demands on driver comfort systems are growing. Truck drivers idle their engines to cool or 
heat the cab, to keep the fuel and engine warm during cold weather and to power electrical 
equipment in the sleeper. The electrical demand of a parked commercial truck is typically 
around 1-5 kW, a requirement that currently cannot be met by the batteries alone. An 
average of 6 hours of idling per day has been reported [25]. A significant quantity of fuel is 
consumed in this way and considerable amounts of nitrogen oxides, hydrocarbons, carbon 
oxides and particulates are emitted [26]. In the US, there are 450 000 long-haul trucks, 
consuming more than 3000 million liters of diesel every year, without the truck even moving 
[25]. Furthermore, the energy efficiency when generating electricity via the alternator at 
standstill can be as low as a few percent [27, 28]. 

An alternative to idling of the truck engine is to install an auxiliary power unit. Auxiliary 
power units, APUs, are systems providing electricity to trucks operating independently of the 
main engine. APUs consisting of a small internal combustion engine are commercially 
available today [26] but have drawbacks in terms of weight, noise and emissions. By using 
fuel cells in heavy-duty truck auxiliary power units, commercialization of fuel cells could be 
possible in the near term. They provide lower noise and less vibrations (few moving parts, 
the compressor is an exception) compared to existing technology. In addition, higher 
electrical efficiencies are expected compared to an APU based on a small combustion 
engine. For a fuel cell APU including fuel processing of diesel, an efficiency of 34-38% has 
been predicted [29]. Using fuel cell APUs, truck drivers could meet impending legislation 
concerning idling and emission levels. Even taking total life cycle emissions into account, the 
amount of pollutants from a fuel cell APU will be up to 99 % lower compared to idle 
operation of diesel engines [30]. At the same time, the fuel economy can be improved and 
the need for vehicle maintenance lowered. Figure 2.4 shows a CAD model of the packaging 
of a fuel cell APU. The packaging and integration of the APU is important considering 
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durability and safety as well as customer acceptance. An effective packaging will increase the 
efficiency and minimize the weight and volume of the APU [31]. The package is to be placed 
on the frame rails of the truck.  

System development targets for truck fuel cell APUs based on a PEFC fueled with diesel 
reformate are given in Table 2.1 [32]. While efficiency targets are likely to be met, the main 
technological challenges for market diffusion of fuel cell APUs has been identified to be 
volume and startup time requirements [33], but lifetime should probably also be mentioned 
as a concern. As the drivers are able to plan their stops, the startup problems can be 
circumvented. A large issue is the vehicle boundary conditions, placing high demands on the 
volume of the system. In the case of a successful market introduction of fuel cell APUs, it is 
likely that the design of the trucks will be affected, including the vehicle/APU interface but 
also the possibilities the presence of an extra power source onboard result in [6, 33]. In 
addition, the cost of fuel cells is still higher than the market is willing to pay. The cost of fuel 
cells today is generally stated to be between € 3000 and 5000 per kW [34, 35]. In a study 
where the cost was set to between ~€ 800 and 2000 per kW, the payback period for fuel cell 
APUs was estimated to be between 2.6 and 4.5 years, which is close to the 2-year 
requirement desired by fleet owners, but being highly dependent on fuel price and amount 
of fuel consumed during idle operation [27]. Future cost reductions driven by scale and 
learning effects are difficult to predict. The cost of mass-produced SOFC-based APUs have 
been estimated to vary between € 275 and 520 per kW, excluding costs for packaging, 
assembly and installation [36]. Governmental incentives and regulations could help the 
technology adapt to the market at a faster rate. 

 

 
Figure 2.4 An auxiliary power unit for heavy-duty trucks ([37] © PowerCell) 
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Table 2.1 Development targets for truck PEFC-APUs [32] 

   
Peak power  3-6  [kW] 
System cost  400-800  [€/kW] 
Specific power  50-100  [W/kg] 
Volumetric power density  30-50  [W/dm3] 
Lifetime  10 000  [h] 
System efficiency  >35  [%] 
Ambient temperature  - 25 to + 45  [°C] 
Number of cold starts 2000  

 
 
2.2.1 Anti-idling incentives and regulations 

In the US, a number of measures have been taken to address the issue of idling trucks. At 
regional level, more than 50 % of the states have anti-idling regulations [38]. In California, 
the permitted idling time is limited to 5 minutes, sleeper trucks are no longer allowed to idle 
during periods of sleep and rest and new trucks (2008 models and later) are required to be 
equipped with systems that automatically shut down the engine after 5 minutes of idle 
operation [39]. The California Air Resources Board also provides grant incentives for the 
incremental cost of cleaner-than-required engines and equipment, including auxiliary power 
units [40]. At national level, the Energy Policy Act of 2005 (EPAct) permits a 400-pound 
weight exemption for APUs [41]. The Safe, Accountable, Efficient Transportation Equity 
Act (SAFETEA) allows idle-reduction facilities to be placed in rest or recreation areas, and 
in safety rest areas located on the interstate highway system [42]. Further, tax exemptions for 
installation of idle-reducing devices have been proposed in the US congress, e.g. the Idling 
Reduction Tax Credit Act of 2007, which suggests a 25 % tax credit of the cost of a 
qualifying idle-reducing device, up to $1000, for diesel-powered on-highway vehicles [43].  
 
2.2.2 Other markets 

Even if the focus of this thesis is on the use of fuel cell APUs in long-haul trucks, it should 
be mentioned that there are a number of other applications, which have been pointed out as 
interesting markets, e.g. aircrafts [44], leisure yachts, recreational and luxury vehicles [45, 46], 
and military applications [47, 48]. For onboard power generation on commercial aircraft, fuel 
cell/gas turbine hybrid APU systems could offer greatly improved efficiency and fuel 
economy compared to today’s turbine-powered APUs [44]. The leisure market is particularly 
interesting during the commercialization phase, as the end users typically are willing to spend 
more money for the latest technology providing them higher comfort. Campervan 
developers have started offering fuel cell APUs running on methanol either as standard or 
optional equipment [46]. Most caravan parks provide electricity plugs so these systems rely 
on the customers being willing to pay or on customers wanting to stop wherever they wish 
to. In the military, advances in battlefield sensing, targeting and communications equipment 
have created a growing demand for power sources with high power density. Fuel cell APUs 
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could be employed to provide electricity with low acoustic and infrared signature during a 
tactical mode of operation termed “Silent Watch” [47]. Although the military market is 
limited, its importance for diffusion of new technologies has been emphasized [33]. Another 
application where fuel cell APUs have been suggested is in transit buses. However, during 
normal operation the main engine is never shut off, and fuel cell APUs cannot offer higher 
fuel efficiency while the main engine is running [49]. In this case, it would be more efficient 
to use the engine to supply all auxiliary power (3-14 kW) and the APU market for transit 
buses therefore appears limited [33]. 
 
2.2.3 Competing alternatives 

To reduce diesel engine idling of trucks, several alternatives could be considered in addition 
to fuel cell APUs [25]. Automatic engine stop-start controls, which function by sensing sleeper 
temperature and turning the engine on if the sleeper is either too hot or too cold, could save 
fuel but will result in additional engine wear. Another method of saving fuel is cylinder 
deactivation, which will limit the combustion to part of the engine. Separate direct-fired heaters 
[50, 51] can be used to provide the engine and cab with heat. These systems are small and 
lightweight and offer significant fuel savings but they cannot provide cooling, will cause 
emissions, noise and vibrations and require retrofitting of the truck. Thermal storage systems 
make use of a material that stores thermal energy during main engine or air conditioning 
operation. A negative aspect is that large space is required for the storage medium.  

If electricity is desired, none of the aforementioned techniques can be used. Auxiliary 
power units based on small internal combustion engines provide electricity and are 
commercially available [52-55] but have not been adopted onboard trucks to any large 
extent. State-of-the art technology is, however, heavy, expensive and noisy, and will not 
decrease emissions considerably [25]. Truck stop electrification has been pointed out as the 
major competitor to fuel cell auxiliary power units [33].  Instead of using an onboard power 
supply, truck drivers can plug in to outlets at the truck stop. It could be either stand-alone 
[56] or shore power (onboard) [57] systems. The stand-alone systems are owned and 
maintained by private companies that charge an hourly fee. Heating, ventilation and air 
conditioning are contained in a structure above the truck parking spaces. For the onboard 
systems, the truck has to be equipped with an inverter, an electrical system for heating, 
ventilation and air conditioning and hardware to plug in to the electrical outlet. The main 
problem with truck stop electrification is limited availability, as the busiest routes often 
become overcrowded. In comparison, APUs provide more flexibility for the driver to stop 
wherever desired. Also, large investment costs are required for truck stop electrification. 
There are currently around 130 truck stops in the US offering idle-reduction facilities [58].  
 
2.2.4 Developers of FC-APU technology 

If truck stop electrification establishes a market before fuel cell auxiliary power units have 
become commercially available, the market introduction and diffusion of fuel cell APUs will 
be challenging [33]. In other words, the timing of the launch will be important. A number of 
R&D groups in industry, research organizations and universities, creating networks and 
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partnerships, are presently involved in the development of fuel cell auxiliary power systems 
[33, 59]. The key market players have optimistic time frames, having reported a start in the 
commercialization process in 2009-2011 [60, 61]. Some of the currently major developers of 
FC-APU technology are listed here [59, 62]. 

 
 Ballard/Voller Energy Group 
- LPG-fueled PEFC-APU for leisure, marine and construction markets 

 BMW/Delphi/Renault 
- SOFC-APU for luxury cars, military and recreational vehicles 

 Cummins/Protonex 
- SOFC-APU for trucks 

 Daimler Chrysler/Freightliner 
- Hydrogen-fueled PEFC-APU  

 Delphi/Battelle 
- Multifuel SOFC-APU for trucks 

 Fraunhofer ISE/DLR 
- Kerosene-fueled SOFC-APU for Boeing aircraft 

 MAN/Hydrogenics 
- Hydrogen-fueled PEFC-APU for urban bus with H2-ICE 

 PowerCell (Volvo) 
- Diesel-fueled PEFC-APU  

 Ricardo/Technology Management Inc. 
- Multifuel SOFC-APU for trucks 

 SFC Smart Fuel Cell 
- Sold >4000 DMFC-APUs for recreational vehicles in 2007 

 Staxera (HC Starck, Webasto and IKTS Research) 
- Gasoline or diesel-fueled SOFC-APU 

 Topsoe Fuel Cell/Wärtsilä 
- Fuel-flexible SOFC-APU for marine and transportation markets 

 Volkswagen/IdaTech 
- Diesel-fueled PEFC-APU  

 ZBT 
- LPG-fueled PEFC-APU for leisure applications 

 
The addressable market potential for truck fuel cell APUs in the US has been estimated to 
around 100 000 units annually [32]. The key drivers and barriers for FC-APUs are 
summarized in Table 2.2. 
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Table 2.2 Drivers and barriers for FC-APUs 

Drivers Barriers 
+ Increasing auxiliary power  - Investment cost 

requirements - Durability 
+ Anti-idling incentives and regulations - Reliability requirements 

+ Increasing fuel cost - Fuel flexibility 
+ Lower noise and less vibration - Sulfur tolerance 

+ Lower emissions - Heat management 
+ Benefits of early market creation - Volume requirements 

 - Competing alternatives 
 
2.3 Fuelling fuel cells 

As described in Section 2.1., PEFC systems operate on hydrogen or a hydrogen-rich gas. In 
a sustainable transport system, the hydrogen should preferably be produced from 
inexhaustible, democratically distributed resources (e.g. solar or wind). The fuel cell systems 
will then have the possibility to provide zero local and global emissions. The storage of 
hydrogen in a safe, reliable, and cost-effective manner is one of the major technical 
challenges for realization of the envisioned use of hydrogen in the transport sector. The 
difficulties result from the fact that hydrogen is not a natural resource, but an energy carrier, 
and therefore has to be produced from other resources. Further, the volumetric density of 
gaseous hydrogen is very low (0.084 kg⋅m-3 at NTP compared to ~820-840 kg⋅m-3 for diesel 
[63]). This makes the storage and distribution of hydrogen difficult, particularly within the 
size and weight boundaries of a vehicle. Energy transformations will enable distribution of 
limited amounts of hydrogen energy and are always associated with energy losses [64]. 
Currently considered alternatives for hydrogen storage include compression in gas cylinders 
(@ 350-750 bar), storage as a cryogenic liquid (@-253 °C), and storage in advanced materials (e.g. 
metal hydrides) [7]. However, limitations due to the absence of a refueling infrastructure, 
logistic problems associated with refueling, safety issues, as well as high energy demand, 
cause these technologies not yet to be viable for use in automotive applications. To reduce 
energy use and cost related to distribution, the most preferable method is probably to 
produce the hydrogen locally, which for trucks means onboard the vehicle. This can be done 
by means of electrolysis or fuel processing [7]. In electrolysis, water is split into hydrogen and 
oxygen using an electric current passing through two electrodes, i.e. the reverse of the fuel 
cell process. Electrolysis provides high-purity hydrogen but is energy intensive and expensive 
and the need for water and electricity makes it unsuitable for use onboard trucks. The most 
realistic solution to generating fuel cell anode feeds presently may therefore be onboard 
hydrogen generation by processing the existing truck fuel. Designing the system around a 
fuel that is readily available to the end user is considered very important for market uptake, 
and differentiates the APU from other applications. Today, trucks are generally run on fossil 
diesel but eventually, diesel can be replaced with biomass-derived fuels, such as Fischer-
Tropsch diesel or DME, as the production capacities of those fuels are increasing. The fuel 
processing of transportation fuels into hydrogen-rich gases is addressed in the following 
chapter. 
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CHAPTER 3  
 
FUEL PROCESSING FOR FUEL CELLS IN AUXILIARY 
POWER UNITS 

 
 

Fuel processing technologies are used to extract hydrogen from a hydrogen carrier, which 
for fuel cell auxiliary power units will be a transportation fuel. The fuel processor typically 
comprises a reformer, which is used to convert the fuel into a hydrogen-rich gas, and a 
number of gas cleanup steps, whose task is to remove impurities prior to entering the fuel 
cell. The nature of the truck fuel will affect the complexity of the fuel processor. This 
chapter covers reforming processes and catalysts for fuel processors in FC-APU systems. 
Cleanup steps are briefly mentioned at the end of the chapter. As a background, the fuels in 
focus are described. 
 
3.1 Fuels  

In the search for alternative solutions in the transport sector, available and novel 
technologies are competing in terms of well-to-wheels climate effects, energy efficiency, and 
land use effectiveness. Other factors of importance are versatility, infrastructure, safety and 
economics as well as the use of non-fossil feedstocks. Figure 3.1 shows liquid fuel pathways 
from different resources for internal combustion engines (spark ignition and compression 
ignition engines), and fuel cell or hybrid vehicles.  

Due to their beneficial fuel economy, long-haul trucks are generally operated by 
compression-ignition engines, which use the heat of highly compressed air to ignite a spray 
of fuel introduced after the start of the compression stroke. In this thesis, diesel and 
dimethyl ether have essentially been the fuels in focus for reforming in fuel cell auxiliary 
power systems. Diesel, because it is the most commonly used fuel in trucks today, and 
DME, because it has been identified as a possible diesel fuel alternative. The following 
sections provide a background to the characteristics of diesel and DME, respectively. In 
addition, gasoline, ethanol, E85, and methanol were used in the fuel-flexible reactor concept, 
which is further described in Chapter 5.  
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Figure 3.1 Liquid transportation fuel pathways for internal combustion engine, hybrid, and fuel cell 
vehicle technology 
 
3.1.1 Diesel fuel 

The diesel combustion process, patented in 1892 by Rudolf Diesel, requires a fuel that will 
ignite easily. The ignition quality is determined by the nature of the hydrocarbons present in 
the fuel mixture and is defined by the cetane number. A high cetane number will not only 
improve ignition characteristics but also lead to lower emissions and noise. Diesel fuel 
constituents have to decompose easily at high pressure and temperature. This means that 
straight-chain paraffins are ideal fuel components that will increase cetane number, whereas 
(in contrast to gasoline) olefins and aromatics are not. Diesel fuel is obtained by refining of 
crude oil (fractional distillation at ~200-350 °C) or produced synthetically through gas-to-
liquid (GTL), biomass-to-liquid (BTL) or transesterification processes. Diesel fuel mixtures 
consist of a complex mixture of hundreds of different hydrocarbons, the average chemical 
formula can be described by ~C14H26. The composition of fossil diesel fuels varies 
considerably worldwide. Swedish diesel fuel typically contains 50-70 % paraffins, 30-45 % 
cycloparaffins, and 3-5 % aromatics (Table 3.1) [65] while US diesel may contain up to 35 % 
aromatics [66]. The quality of the fuel depends largely on the nature of the crude oil. Fossil 
diesels will also contain sulfur compounds, which could cause corrosion and affect
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Table 3.1 Examples of diesel hydrocarbon components (adapted from Liu et al. [67]) and 
typical composition of Swedish diesel fuel 

1Alkyl benzenes 2Indans 3Tetralins 4Indenes 5Alkylnaphthalenes 6Biphenyls 
 
emissions and exhaust aftertreatment systems negatively. Lately, more stringent emission 
regulations have led to decreased sulfur content in diesel fuels and the adoption of so called 
“sulfur-free” (<15 ppm) fuels in many countries. In addition, diesel fuels typically contain 
additives such as ignition quality improvers, detergents, cold flow additives, flow improvers, 
lubricity additives, antifoam additives, antioxidants, antistatic additives, biocides etc. [63].  

The high energy density and existing infrastructure make diesel suitable as a hydrogen 
carrier for truck APUs. On the other hand, one might realize that the complex and 
unspecified nature of the fuel brings challenges to the reforming process.  
 
3.1.2 Dimethyl ether as a diesel fuel alternative 

DME, with the chemical formula H3C-O-CH3, is a colorless, gaseous compound at room 
temperature and atmospheric pressure. It is biologically degradable and considered non-
hazardous from a health point of view. The key physical properties and combustion 
characteristics of DME are summarized in Table 3.2 and compared to diesel fuel. 

The possible application areas for DME are several and make it attractive in a long-term 
perspective. Today, the major application of DME is as an aerosol propellant, for example in 
hairsprays and paintsprays, where it has replaced the formerly used ozone-destroying 
chlorofluorocarbons (CFCs). Other possibilities are to use DME for power generation (in 
turbines or stationary fuel cells), as a cooking gas (substitute or blend for liquid petroleum 
gas, LPG), for industrial use (as a chemical feedstock, solvent or refrigerant), and for 
transportation applications (in compression ignition engines or fuel cell vehicles).  

The first use of DME in transportation applications was as an ignition improver for 
methanol in compression ignition engines [68, 69]. But rather than regarding DME as

3-5 %Aromatics

30-45 %Cycloparaffins

50-70 %Paraffins

Representative structuresCompositionCompound type
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Table 3.2 Key properties of DME compared to diesel [66] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

an-cetane 
 
improving the methanol combustion characteristics it may have been more correct to look 
on methanol as a contaminant deteriorating the ignition of DME. DME was at that time 
synthesized through methanol dehydration in an expensive process and was therefore not 
considered a potential fuel. In the 90’s, the use of DME as a fuel achieved renewed 
attention. A low cost synthesis route was developed [70]. DME could now be produced 
directly from synthesis gas, instead of via a first methanol synthesis step. DME can be 
produced from numerous feedstocks including natural gas, coal, and biomass, at lower 
energy input and greenhouse gas emissions than other GTL or BTL fuels [71].  

As a compression ignition engine fuel, DME could offer high efficiency from well to 
wheels [71]. It is an interesting diesel fuel candidate from several points of view. The cetane 
number is very high, which means that the ability to autoignite is good. Diesel fuel generally 
has a cetane number of around 50 while for DME it has been estimated to be above 65 [72]. 
A high cetane number is desirable since it gives rise to shorter ignition delays, which is 
advantageous as the NOx emissions can be reduced. It has also been shown that DME can 
be operated with high exhaust gas recirculation (EGR) allowing for further lowering of 
nitrogen oxides [73-75]. No carbon-carbon bonds and high oxygen content (35 wt%) 
minimize the tendencies to producing particulates during combustion and, therefore, the 
NOx/particulate trade-off problem in a diesel engine will not exist for DME [75]. 
Furthermore, DME can be used as a NOx-reducing agent in exhaust aftertreatment systems 
with high conversion over a wide range of temperatures (~275 - 450 °C) [76, 77]. To be able 
to run a diesel engine on neat DME, the injection system has to be adapted. The lower 
heating value of DME is 29 MJ/kg (compared to 42 MJ/kg for diesel [78]) and the density is 
666 kg/m3, meaning that it is necessary to inject a larger volume of fuel into the engine.  
This leads to long injection periods, which could lead to increased combustion temperature 

 DME Diesel  
Chemical formula CH3OCH3 ~ C14H26 
Molecular weight [g/mol] 46.1 ~ 194 
Carbon content [wt%] 52 86 
Hydrogen content [wt%] 13 14 
Oxygen content [wt%] 35 0 
Boiling point @ 1 bar [°C] -24.8 ~ 150 – 380  
Vapor pressure @ 20°C [bar] 5.1 –  
Liquid density @ 20°C [kg/m3] 666 800 – 840 
Relative density, gaseous (air=1) 1.59 – 
Liquid viscosity @ 25°C [kg/m⋅s] 0.12 – 0.15 2 – 4  
Lower heating value [MJ/kg] 29 42 
Autoignition temperature [°C] 350 206a 
Flammability limits in air [vol%] 3 – 17  0.6 – 6.5 
Cetane number >>55 40 – 55  
Sulfur content [wt-ppm] 0 10 – 500  
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and consequently increased NOx emissions, requiring advanced injection strategies. 
However, the low boiling point and surface tension of DME allows very fast evaporation of 
the fuel.  

The physical characteristics of DME are similar to those of LPG, a proven commercial 
product stored and transported globally. Disadvantages arise from the low viscosity and low 
lubricity of DME, leading to problems with leakages and with lubrication of moving parts. 
DME is also a good organic solvent, which could lead to problems with gaskets and sealings. 
In addition, due to the lower energy content, lower liquid density and the need for a vapor 
space above the fuel in the tank, running a compression ignition engine on DME will require 
a tank twice the size to drive the same distance compared to diesel fuel [79].  

A number of test vehicles have already been developed, demonstrating the feasibility of 
DME for use in CI engines. In Sweden, a field test with 14 third generation BioDME trucks 
will start at the end of 2009 [80]. The project will demonstrate the whole technology chain, 
from biomass to fuel in the trucks, including distribution and filling stations for DME. The 
fuel will be produced via black-liquor gasification at a Swedish pulp mill [81]. 

As a hydrogen carrier for fuel cells, DME requires a lower reforming temperature than 
diesel, with the possibility to obtain low concentrations of CO and high hydrogen yields.  
 
3.2 Reforming chemistry  

3.2.1 Principal reactions 

There are three major reforming technology options for producing hydrogen-rich fuel cell 
feeds from fuels: steam reforming (SR), partial oxidation (POX), and autothermal reforming (ATR). 
In steam reforming, the fuel is reacted with steam into hydrogen and carbon oxides. Partial 
oxidation is the conversion of fuels with oxygen in fuel-rich conditions. During autothermal 
reforming, thermally neutral conditions are obtained by combining the endothermic steam 
reforming and the exothermic partial oxidation reaction. Maximum energy efficiency for the 
fuel processing system can be obtained during autothermal reforming, where the heat 
needed for the steam reforming is supplied by partial oxidation. In practice, it is common 
that autothermal systems require the addition of a small amount of heat to compensate for 
heat losses and to obtain a more dynamic system; they are therefore operated at slightly 
exothermic conditions. The term autothermal is used more generally for processes where 
steam reforming is combined with partial oxidation and can also be referred to as oxidative 
steam reforming or combined reforming. Steam reforming can yield high concentrations of 
hydrogen but the main drawbacks are that the reaction is comparatively slow and needs an 
external heat supply. Partial oxidation is fast but the amount of hydrogen generated is lower 
and there is a risk of hot spot formation in the catalyst due to the exothermicity of the 
reaction. Automotive fuel processors have to be able to operate during both transient and 
steady state operation and with frequent startups and shutdowns. The more dynamic and 
energy-efficient ATR process is hence considered advantageous over SR and POX for 
transportation applications [82]. 

ATR is a very complex process and the overall reaction comprises a series of different 
reaction pathways. The major products formed during reforming are CO, CO2, and H2. CO2 
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is formed through the water-gas shift reaction, which also increases the hydrogen 
concentration. In addition, the reformate will contain steam and nitrogen. Methane or other 
light hydrocarbons may also be formed during ATR conditions. The principal reactions 
occurring during ATR conditions can be generalized as follows, for a hydrocarbon and 
DME, respectively (enthalpies reported for gaseous species): 

 

Steam reforming: 

( ) 22yx H2yxxCOOxHHC ++→+     mol/kJ0H >Δ       (3.1) 

22233 H6CO2OH3OCHCH +→+     mol/kJ122H =Δ      (3.2)             

Partial oxidation: 

( ) 2222yx N76.32xH2yxCON76.3O2xHC ⋅++→++  mol/kJ0H <Δ                   (3.3) 

( ) 222233 N88.1H3CO2N76.3O21OCHCH ++→++   mol/kJ38H −=Δ      (3.4)            

Total oxidation: 

( ) 22222yx N76.3xOH2yxCON76.3OxHC ++→++   mol/kJ0H <Δ       (3.5) 

( ) 2222233 N3.11OH3CO2N76.3O3OCHCH ++→++   mol/kJ1330H −=Δ      (3.6) 

Water-gas shift: 

222 HCOOHCO +→+       mol/kJ41H −=Δ      (3.7)           

Carbon (coke) formation: 

2z2yzxyx zHHCzCHC ++→ −−     dependentnhydrocarboHΔ         (3.8) 

2COCCO2 +→           mol/kJ172H =Δ                (3.9)  

Methanation: 

422 CHOHCOH3 +→+        mol/kJ254H −=Δ            (3.10) 

DME decomposition: 

4233 CHHCOOCHCH ++→      mol/kJ1H −=Δ                (3.11) 

 
3.2.2 Thermodynamic considerations 

During ATR operation, the oxygen-to-carbon (O2:C) and steam-to-carbon (H2O:C) ratios 
have to be optimized for the system under consideration in order to control the reaction 
temperature and product gas composition and at the same time prevent the formation of 
coke. The heat integration is unique for every system and should preferably be 
experimentally evaluated. Guidelines for where the desired operating conditions are likely to 
occur can be obtained by means of thermodynamic equilibrium calculations. However, 
equilibrium calculations do not take the kinetics of the reactions into account. The reactions 
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are assumed fast enough to reach chemical equilibrium at the end of the reactor. 
Furthermore, the types of catalyst and reactor used are ignored. Figure 3.2 shows equilibrium 
compositions of the product gas at varying operating conditions for autothermal reforming 
of diesel (C14H26) and DME, respectively, obtained by minimizing Gibb’s free energy using 
MATLAB® and the NASA CEA software [83]. For the equilibrium calculations, the 
reactants were assumed to be ideal gases, the reaction rates were assumed infinite and the 
process isothermal.  

For diesel fuel (Figures 3.2a-c), maximum hydrogen concentration is obtained 
thermodynamically at around 700-750 °C. The CO concentration increases and the CH4 
concentration decreases with the temperature, while the CO2 concentration is slightly 
decreased. Methane formed by methanation (Eq. 3.10) is thermodynamically favored at 
lower temperature, but methane could also be formed by cracking of hydrocarbons, which 
may be promoted by the reforming catalyst. Oxygen in the feed will decrease the hydrogen 
concentration (and nitrogen in the air will dilute the gas) and should therefore be kept at a 
minimum. Oxygen is used to provide heat for the steam reforming reaction, but also to 
reduce coke formation on the catalyst. The steam-to-carbon ratio reaches a maximum in 
hydrogen concentration at H2O:C=1. Reforming of higher hydrocarbons, such as diesel, is 
usually performed with higher amounts of steam in order to suppress coke formation and 
decrease the CO content by inducing the water-gas shift reaction. However, excess steam 
will dilute the reformate and decrease the overall efficiency of the fuel processor.  

For DME (Figures 3.2d-f), similar trends can be observed, but a lower reforming 
temperature can be utilized. It is apparent that DME ATR conditions thermodynamically 
can generate high concentrations of hydrogen (~40-50 %) in combination with low CO 
concentrations (< 5 %) over a wide range of operating conditions. The maximum hydrogen 
concentration is obtained at the lowest temperature and lowest oxygen feed rate. The 
conversion of DME is not thermodynamically limited at temperatures ≥ 200 °C. Possible 
byproducts during DME ATR are methane (CH4), methanol (CH3OH) and formaldehyde 
(HCHO). CH4 may be formed via CO methanation (Eq. 3.10) or decomposition of DME 
(Eq. 3.11) and is thermodynamically favored. However, the rate of methane formation has 
been shown to be comparatively slow during experiments, and the catalysts normally used 
for DME ATR are considered unlikely to promote methane formation to any large extent. 
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Figure 3.2 Thermodynamic equilibrium compositions of the product gas during reforming of diesel 
(left column) and DME (right column) at varying operating conditions obtained by minimizing 
Gibb’s free energy (p=1 bar) 
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3.2.3 Prereforming of hydrocarbons 

While the conversion of DME during reforming may be considered comparatively 
straightforward, the reforming of liquid hydrocarbons is more complex. During steam 
reforming of higher hydrocarbons, the hydrocarbon is adsorbed onto the catalyst surface, 
and the terminal C-C bonds are broken until the hydrocarbon is converted into C1 
components [84]. This is a general mechanism, but the reaction rate can be assumed to 
increase with the carbon number for individual hydrocarbons. However, the longer 
hydrocarbons are also more prone to thermal cracking. Therefore, reforming of higher 
hydrocarbons may require a low-temperature prereforming step, where the fuel is broken 
down to shorter hydrocarbons to facilitate the subsequent catalytic ATR step. Prereforming 
will decrease cracking reactions and subsequently prevent coke formation, because cracking 
produces olefins and aromatics, which are precursors of carbon [85]. The prereforming 
process may be catalytic or based on homogeneous reactions. Lately, some studies focusing 
on the use of cool flames for use in diesel fuel reforming for fuel cells have been performed 
[86, 87]. During low-temperature oxidation, the heat release follows an Arrhenius behavior, 
rising exponentially with temperature. Whether ignition will occur depends on the heat 
losses from the system. Some fuels (including diesel) exhibit a certain temperature interval 
where a deviation from the Arrhenius curve occurs. This region is characterized by a 
decrease in the reaction rate with increased temperature and is termed NTC (negative 
temperature coefficient). In order to stay in the cool flame regime, and avoid ignition of the 
fuel, heat losses from the system are required. The cool flame occurs in a narrow 
temperature and pressure interval. The temperature where the cool flames are initiated 
decreases with increasing number of carbon atoms in the alkane used as fuel [88]. The 
occurrence of cool flames can kinetically be described by the competition between the 
formation of active OH• radicals and the splitting to R• + O2. In this way, periodically 
oscillating flames can occur. By using cool flame partial oxidation as a prereforming step in 
fuel cell fuel processors, the long hydrocarbon chains of diesel fuel can be broken down 
without being completely combusted. 
 
3.3 Reforming reactor design 

Industrial reformers are often large and bulky in order to overcome mass and heat transfer 
limitations. In onboard fuel cell applications, the design of the reformer is an important 
issue, because of the requirements considering cost, weight, volume, complexity and 
efficiency. The types of reformer designs are basically four, specifically fixed catalyst beds, 
monolith-based reactors, heat exchangers and membrane reactors. Catalysts used in automotive 
applications must be able to withstand mechanical stress caused by vibrations and frequent 
changes in load and operating conditions. Fixed bed catalysts may therefore not be suitable 
in automotive environments since they could easily be damaged by means of attrition. 
Furthermore, the higher thermal mass of e.g. pellets could cause problems with dynamic 
operation of the reformer [89]. Catalyst monoliths offer the robustness required in vehicular 
applications. Monoliths are extruded blocks of ceramics or metals containing straight parallel 
channels. Figure 3.3 shows examples of monolith substrates. The catalyst powder is
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Figure 3.3 Catalyst monolith substrates. Left: Cordierite (2MgO⋅5SiO2⋅2Al2O3) honeycomb 
structure. Right: Structure based on alternately flat and corrugated metal foils. 
 
deposited onto the walls of the channels. A well-known application of monoliths is the 
three-way catalyst used for reduction of emissions in the exhaust from spark-ignition 
engines. The major advantage with monoliths is the high open frontal area providing a low 
pressure drop. A significantly lower Reynold’s number compared to a fixed bed will lead to 
decreased mass and heat transfer, which could be a drawback. Furthermore, since there is no 
mass transfer in the radial direction, the conversion could be negatively affected. It is 
therefore of great importance to obtain a high loading of catalyst and a uniform distribution 
of active material on the walls of the monolith. A Microlith® substrate has been developed 
recently, consisting of a series of short-channel-length, low thermal mass, catalytically coated 
metal meshes with very small channel diameters, with greatly improved mass and heat 
transfer characteristics [90]. Other types of microstructured reformers have also been 
developed, e.g. [91, 92]. In catalyst-coated plate heat-exchanger reactors, steam reforming 
can be effectively coupled with oxidation, allowing for a very compact design [93]. Future 
reformer designs are likely to comprise microstructured plate heat exchangers due to their 
potentially superior performance [94]. Finally, membrane reactors, which combine reforming 
with membrane separation, can be used. The most commonly suggested technology is Pd 
membranes for H2 separation [95]. Another possibility is to use CO2-selective membranes, 
based on ion-exchanged zeolites, in order to remove CO2 from the reformate and in that 
way force the equilibrium of the water-gas shift reaction in the reformer towards higher 
hydrogen production [96]. 
 
3.4 Reforming catalysts 

The catalytic reformer is the heart of the fuel processor and, therefore, high demands are 
placed on the reforming catalyst. Industrial steam reforming, typically of natural gas or 
naphtha, is performed over fixed bed Ni-based catalysts, where the catalyst utilization often 
is below 20 % due to diffusion limitations [97]. The poor utilization of the catalyst is 
circumvented by using excess catalyst, which is feasible due to the comparatively low cost of 
nickel. Further, the Ni-based catalysts promote coke formation and need regeneration. For 
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onboard fuel cell applications, a much better utilization of the catalyst is necessary. The 
catalyst should be highly active and selective in order to obtain a compact and light fuel 
processor with low complexity. The catalyst should also be thermally resistant, survive 
potential poisons in the fuel and be able to withstand the harsh conditions on the frame rails 
of the truck. Another difference from large-scale industrial reformers is that the system will 
operate during transient conditions and for numerous startups and shutdowns. An additional 
problem with Ni, which usually not is brought up in conjunction with catalysts, is its 
allergenic properties. Consequently, Ni is in many companies often a restricted substance 
[98].  

This section provides a brief introduction to reforming catalyst technology followed by 
an outline of state-of-the art of diesel and DME ATR catalyst development for fuel cell 
applications.  
 
3.4.1 Reforming catalyst technology 

The reforming catalyst typically comprises a substrate, a support, and an active material. The role 
of the substrate is to give structure to the catalyst and to facilitate the transport of reacting 
molecules between the gas phase and the catalyst surface. The substrate may be e.g. pellets 
or monoliths, as previously described in Section 3.3. The support, also termed washcoat, is 
used as a carrier to disperse the active material. The active material is a metal or a metal 
oxide. It is often important to disperse the active material on a large surface area in order to 
maximize the number of active sites, especially if expensive noble metals are used. The 
support could also function by increasing the activity and stability of the active components, 
by providing metal-metal or metal-support interactions. In some cases, the support directly 
participates in the reforming reactions. It is important that the support be stable at the 
specific operating temperature considered. Undesired phase transformations of the support 
could cause sintering and encapsulation of active material and, subsequently, loss of activity. 
One of the most commonly used washcoat materials is γ-alumina (γ-Al2O3). The surface area 
of γ-Al2O3 is high, typically around 200 m2/g. However, at elevated temperatures other 
transitional phases with lower surface area are formed, termed δ, θ and α, respectively. The 
δ and θ phases are formed at ~ 900 and 1000 °C, respectively, whereas the α phase is 
formed at ~1200 °C and has a surface area of only a few m2/g [99].  

There are many different methods for preparation of heterogeneous catalysts, the two 
most common, and the ones used in the work in this thesis, being impregnation and 
coprecipitation. In impregnation techniques, a solution of a metal salt is added onto a 
support. Incipient wetness impregnation is a very straightforward method, where incipient 
wetness indicates that the volume of the solution should be just enough to fill the pores of 
the support. After drying, the material is calcined, which means thermal treatment in order 
to generate the active phase (metal or metal oxide) on the surface of the catalyst, to get rid of 
chemically bound water and to stabilize the mechanical properties. For large-scale industrial 
preparation of catalysts, wet impregnation is a preferred technique. Here, a larger volume of 
solution than required to fill up the pores is used. The excess liquid is then removed prior to 
drying and calcination. Coprecipitation means the simultaneous precipitation of more than 
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one component, which could make possible a close interaction between the various 
components. 

The performance of reforming catalysts is usually evaluated in terms of conversion, 
selectivity and yield. Conversion is defined as the amount of fuel reacted divided by the 
amount of fuel fed to the reactor. Selectivity is a measure of the distribution of the converted 
species to the different products whereas the yield is the conversion times the selectivity, 
which can be used to express the ratio of the amount of a specific product to the amount of 
fuel normalized by the stoichiometric factors. Besides activity and selectivity, reforming 
catalysts need to be proven to have high durability.  
 
3.4.2 Diesel reforming catalysts 

The complex and varying composition of diesel fuel, poses difficulties when it comes to 
quantification of reactant and product gas composition and evaluation of reforming 
catalysts. Therefore, relatively few experimental studies have been performed using real 
diesel fuel mixtures. Some studies, though, have been performed dealing with reforming of 
road transport diesel [100-102] as well as military [103-106] and jet fuels [107-110], although 
the more common approach is to use a model compound, such as n-hexadecane (C16H34) 
[105, 111-115] or n-dodecane (C12H26) [116, 117], or alternatively a simulated fuel mixture 
comprising a few hydrocarbons [117-121]. The different components in diesel fuel vary 
largely in reactivity and the reactivity of one component could affect the reactivity of others, 
i.e. the reforming performance using a fuel mixture is not simply the sum of the separate 
components [121]. The composition of the fuel mixture will not only affect the overall 
reaction rate but also carbon formation and deactivation by sulfur poisoning. For these 
reasons, the importance of studying real fuel mixtures, and developing a catalyst for the 
conditions at hand, need to be emphasized. Further, most catalyst studies consider materials 
in the form of powders. More effort is needed to study catalyst performance using 
engineered substrates suitable for real-life applications. 

For diesel ATR, a catalyst active for both steam reforming and partial oxidation of 
hydrocarbons is required. The fast partial oxidation reaction is considered to occur at the 
catalyst entrance followed by steam reforming downstream the bed [122]. Therefore, 
different catalyst materials could be used in different parts of the reactor. The catalysts that 
have been studied for autothermal reforming of diesel or surrogate fuels for diesel can be 
divided into base and noble metal materials. The metals are usually dispersed or incorporated 
into an oxide support, such as alumina, ceria, zirconia, magnesium aluminate, or perovskites. 
The supports can be further promoted or doped with other metals in order to improve 
activity or thermal stability of the catalyst. The operating temperature of a diesel reforming 
catalyst is typically between 700 and 900 °C. 
 
3.4.2.1 Base metal catalysts 

Base metal catalysts may typically be Ni, Co, or Fe. Unmodified Ni-based catalysts tend to 
deactivate rapidly as a result of both carbon deposition and sintering. Ni-based catalysts are 
therefore normally modified with some promoter, in order to limit coke deposition, or 
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incorporated into a coke-resistant lattice. Promoters are typically alkali oxides, such as K2O, 
which function by neutralizing the acid sites supposed to be responsible for coke formation 
[123]. Sulfur present in hydrocarbon fuels is also a source of deactivation of Ni catalysts. 
Sulfur adsorption causes excessive coke deposition by blocking reforming reactions while 
C-C and C-H bond cleavage can continue to occur. Due to the tough requirements on 
reforming catalysts in fuel cell applications, noble metal catalysts may be required and the 
major part of the studies found in the literature is focused on noble metal-based catalysts. 
There are, however, cases where base metal oxide catalysts are suggested to be a viable 
option. For example, Ni supported on a La/Ce-modified alumina have been shown to be 
more active than Pt on the same support and more selective towards hydrogen production 
for ATR of pure hexadecane, decalin and tetralin, respectively [124]. This was explained by a 
greater Ni-ceria interface, leading to enhanced significance of the ceria promoter by 
increasing the rate of the reaction of steam (enhanced water adsorption) with both reactant 
molecules and surface carbon. Ni supported on ceria-zirconia has been reported to give 
“relatively high” conversion for autothermal reforming of jet fuel surrogates without 
significant deactivation [125]. Another group has tested NiO/MgO/La2O3/Al2O3 catalysts in 
a process for hydrogen generation from light-distillate Fischer-Tropsch fuel. By using 
catalytic steam reforming at low temperature as a prereforming step followed by ATR, coke 
formation could be minimized [126].  
 
3.4.2.2 Perovskites 

Oxygen ion-conducting perovskites have also been suggested as diesel ATR catalysts, being 
another low-cost alternative to noble metals. Perovskites consist of a rare earth element A 
and a first row transition metal B in the form ABO3. The perovskites can also be doped with 
other transition metals in order to increase stability. LaNiO3 and LaCoO3 have been reported 
to exhibit high hydrogen yields during autothermal reforming of hydrocarbons but these 
catalysts generally have insufficient structural stability. Partial substitution of the A and B 
sites into a material comprising La0.8Sr0.2B0.9Ni0.1O3, where B=Cr, Mn or Fe, was shown to 
improve the structural stability without decreasing the hydrogen yield [127].  Sr-doped 
perovskites have also been tested for low-sulfur diesel fuels. La0.5Sr0.5CoO3 and La0.5Sr0.5FeO3 
were designed to contain oxygen anion vacancies for rapid diffusion of oxygen in the bulk, 
allowing for efficient oxidation of adsorbed surface carbon from beneath [101]. The 
materials were tested for reforming of commercial diesel fuel in a membrane reactor and 
showed good activity although the reaction of sulfur with lanthanum and strontium was 
pointed out as a concern. The perovskite catalysts were deactivated already at 5 ppm sulfur 
in the feed. Another study has demonstrated high sulfur tolerance of perovskites where the 
B site is partially substituted by Ru during autothermal reforming of a simulated fuel mixture 
containing 50 ppm sulfur [128]. The highest hydrogen yield was obtained with a 
LaCr0.95Ru0.05O3 catalyst. Ru is suggested to participate in the ATR reaction through a redox 
mechanism. ZrO2-supported LaCoO3 has also been reported to be very active and stable for 
oxidative reforming of diesel (12 ppm sulfur) [102].  
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3.4.2.3 Noble metal catalysts 

As noble metals are highly active and have the ability to inhibit coke formation, they are 
more commonly adopted in studies found in the literature. Pt, Ru, Rh and Pd are noble 
metals that have been reported to be active for diesel ATR. Pt supported on alumina or 
ceria-based supports are commonly suggested materials for reforming of longer 
hydrocarbons [120, 129-131]. Sulfur-tolerant catalysts based on a group VIII metal and an 
oxide ion-conducting support have been patented for use in reforming of a large variety of 
hydrocarbons [132]. An analogous catalyst formulation, Pt supported on Gd-doped ceria, 
has been reported to exhibit significantly improved performance compared to conventional 
reforming catalysts, although the hydrogen yield during ATR of a commercial sulfur-
containing diesel fuel was considerably lower than for hexadecane [114]. Ru on ceria-doped 
alumina was shown to operate in a stable manner during 8000 h using desulfurized kerosene 
[110]. Rh/γ-Al2O3 catalysts have been successfully tested for autothermal reforming of JP-8 
fuel in millisecond contact time reactors [105]. Bimetallic catalysts have been shown to be 
superior to their monometallic counterparts in terms of activity and thermal stability during 
diesel ATR [100, 133]. The enhanced performance is explained by strong metal-metal and 
metal-support interactions, i.e. structural and electronic effects, rather than the degree of 
metal dispersion. Pt-Pd and Pt-Ni supported on ceria were reported to be stable running on 
JP-8 fuel, whereas the monometallic catalysts lost activity during time on stream [133]. 
Improved sulfur resistance has also been shown for Rh-Pt bimetallic catalysts tested for 
commercial low-sulfur diesel fuel [134]. 
 
3.4.3 DME reforming catalysts 

The interest in using DME as hydrogen carrier for fuel cells started in the late 90s’, after the 
development of the low-cost DME synthesis process [135]. The studies on hydrogen 
generation from DME performed since then concern, with a few exceptions, the steam 
reforming process. Steam reforming of DME is generally considered to proceed via two 
succeeding reactions [136-139]. The first step is hydrolysis of DME into methanol (Eq. 3.12) 
and the second step is steam reforming of methanol (Eq. 3.13).  
 

OHCH2OHOCHCH 3233 →+            (3.12) 

2223 COH3OHOHCH +→+            (3.13) 
 
The common approach is to use a solid acid catalyst for the hydrolysis of DME to methanol, 
e.g. H-mordenite, ZSM-5, Zeolite Y, ZrO2 or γ-Al2O3 [140-143], combined with a methanol 
reforming catalyst, among which Cu is the most commonly adopted material. It could be 
either a physical mixture of a DME hydrolysis catalyst and a methanol steam reforming 
catalyst or a single dual-function catalyst. DME hydrolysis is thermodynamically limited (see 
Figure 3.4) but when methanol steam reforming occurs simultaneously, high DME 
conversions can be achieved [144].  
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Figure 3.4 Thermodynamic equilibrium composition and DME conversion during DME hydrolysis 
as a function of temperature at H2O:DME=3 and p=1 bar 
 
Acid site density, strength of the acid sites, and hydrophobicity have been suggested to 
influence the activity of the hydrolysis catalyst [141, 145]. The hydrolysis of DME to 
methanol over γ-Al2O3 occurs in the temperature range of 300-400 °C [145] with high 
product quality and stability. For zeolites, equilibrium may be reached at 200-300 °C [145]. 
However, zeolites could generate long-chain hydrocarbons through the methanol-to-gasoline 
(MTG) reaction, especially at temperatures above 300 °C [141, 143, 145]. The higher 
temperature required for equilibrium over γ-Al2O3 has been explained by the potentially 
inhibiting effect of adsorbed water [146]. ZrO2 has also been tested for DME hydrolysis but 
did not reach predicted equilibrium conversions of DME during experiments [144]. 

Copper catalysts are widely known to have high activity for steam reforming of 
methanol. This reaction occurs at temperatures of 200-300 °C [147], but the durability of 
copper will be a concern if γ-Al2O3 is used as support. Copper catalysts are prone to 
sintering at temperatures above approximately 300-350 ºC [148] leading to loss of activity. 
Therefore, they must be made thermally stable for use in reforming of DME. Copper-based 
spinel oxides (CuMn2O4 and CuFe2O4) have been reported to suppress sintering of copper at 
temperatures up to 400 ºC during DME steam reforming [149, 150].  

Palladium catalysts have also been shown to exhibit high activity for DME steam 
reforming, however associated with the formation of large amounts of CO [137, 138]. This is 
not surprising, since Pd is known to be selective for methanol decomposition (Eq. 3.14) 
[151, 152]. For use in methanol steam reforming, zinc can be incorporated with the 
palladium to promote the selectivity to CO2 and H2 [153-155]. The similar catalytic 
properties of Cu and PdZn during methanol steam reforming have been ascribed to the 
similar electronic structures of the two, which is different from that of metallic Pd [156].  

 
23 H2COOHCH +→             (3.14) 
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Partial oxidation of DME has been studied over various metal catalysts supported on Al2O3 
and over nickel on different supports [157, 158]. Ni supported on LaGaO3 and Rh 
supported on Al2O3 have been reported as active and selective catalyst materials. The 
reaction has been suggested to proceed through the oxidation of methyl (-CH3) or 
decomposition of methoxy (-O-CH3) species formed by dissociative adsorption of DME 
[158]. The autothermal reforming process will require a catalyst active for both steam 
reforming (i.e. both DME hydrolysis and MeOH steam reforming) and partial oxidation of 
DME. As for the diesel reforming catalyst, it could be possible to use separate catalyst 
segments for partial oxidation and steam reforming. 
 
3.5 Gas cleanup 

3.5.1 CO cleanup 

The aim of the CO cleanup steps downstream the reformer is to reduce the CO content in 
the reformer product gas to levels where the losses in fuel cell performance are negligible. As 
described in Chapter 2, this level will depend on the operating temperature of the fuel cell. 
Water-gas shift (WGS) (Eq. 3.7) and preferential oxidation (PrOx) (Eq. 3.15) are the two 
main processes used for removing CO from the reformer product gas.  

 

22 COO
2
1CO →+                (3.15) 

 

 
Figure 3.4 Fuel processor for a fuel cell auxiliary power unit. Diesel fuel is converted into a 
hydrogen-rich gas in the reformer, the hydrogen content is optimized using water-gas shift (WGS) 
and the CO content is reduced to a level the PEFC can tolerate by preferential oxidation (PrOx). 
(© PowerCell) 
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Water-gas shift is thermodynamically favored at low temperatures and is therefore often 
separated into two steps with cooling in between, one operating with fast kinetics at 300-
400 °C (HTS - high-temperature shift) and another operating at 200-300 °C (LTS – 
low-temperature shift). The concentration of CO after the shift steps is typically 0.5-1 % 
[159]. The gas can then be fed to a PrOx reactor, where CO is selectively oxidized resulting 
in an expected CO concentration below 50 ppm [160]. The main drawbacks with this 
process are that hydrogen oxidation will be a competing reaction and that the addition of 
nitrogen via air will further dilute the fuel cell feed gas. A fuel processor for a fuel cell APU 
is shown in Figure 3.4 and as part of a typical APU system in Figure 3.5.  
 
3.5.2 Sulfur removal 

A major challenge in reforming logistic fuels is the inherent sulfur content, which will 
deactivate the catalysts in the fuel processor. Besides poisoning the catalyst, increased carbon 
formation has been reported during reforming of sulfur-containing feeds [120, 161]. The 
sulfur content varies considerably between different fuels. In many countries, more stringent 
regulations for diesel fuel standards have been adopted lately (<50 ppm in the EU [66] and 
< 10 ppm in Sweden [65] for road transport diesel), while other diesel fuels may contain 
300-3000 ppm sulfur or more. Sulfur may be removed from the fuel by deep desulfurization 
using hydrotreating catalysts or adsorptive desulfurization [162]. Sulfur-free diesel (e.g. 
Fischer Tropsch diesel) is currently not widely available and, therefore, onboard 
desulfurization and sulfur-tolerant catalysts are needed. Sulfur compounds may be removed 
either prior to or after the reformer. 
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CHAPTER 4  
 
HYDROGEN GENERATION FROM DIESEL FUEL 
(PAPERS I-II) 
 
 
The first part of this thesis has described the context of the work in the appended papers 
and motivated the use of fuel cell auxiliary power systems onboard heavy-duty trucks. Also, a 
literature survey covering recent research in reforming catalyst technology has been 
provided. Challenges associated with the systems have been identified and resulted in a 
number of technology choices, which have led us to autothermal reforming of the onboard fuel 
supply over a monolith-type catalyst based on noble metals to generate hydrogen-rich anode feeds for polymer 
electrolyte fuel cells in truck auxiliary power units.  The following part of the thesis will present 
results from the appended papers. The work includes reactor design considerations, 
preparation and testing of reforming catalysts including characterization studies and 
evaluation of reaction conditions during operation.  

This chapter summarizes the results from Papers I-II, addressing hydrogen generation 
from diesel fuel by autothermal reforming. The studies have been focused on the 
development of an appropriate reformer design, including an active and selective catalyst. A 
kW-scale reformer was designed and experimentally evaluated (Paper I). Reactor design 
considerations as well as the impact of operating conditions on the activity and product 
composition is discussed. Also, computational fluid dynamics (CFD) is used as a tool to try 
to explain the major characteristics of the reactant mixing. The work resulted in a new 
improved reformer design. In addition, a small-scale reactor has been used to test Rh and 
Ru-based catalysts for diesel ATR (Paper II). The potential of adding manganese as a means 
of reducing precious metal content is considered.  
 
4.1 Important issues in diesel fuel reforming  

Reforming of liquid hydrocarbon mixtures, such as diesel, is accompanied by a number of 
challenges, which remain to be solved before a large-scale production of diesel fuel 
processors in FC-APUs could be realized. As described in Chapter 3, diesel fuel is a middle 
distillate of crude oil comprising a mixture of hydrocarbons with a boiling point interval 
between ~200 and 350 °C. The hydrocarbons are primarily n-paraffins and cycloparaffins 
but also aromatics and polyaromatics. The complex and often poorly specified composition 
of the fuel gives rise to challenges to obtain complete fuel conversion and to prevent coke 
formation. Compared to idealized diesel-like model fuels, such as n-hexadecane and 
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n-dodecane, reforming of commercially available fuels results in additional difficulties. The 
activity and selectivity depend largely on the fuel properties. During reforming of individual 
compounds, the H2 production rate has been shown to decrease in the order n-paraffins > 
cycloparaffins >> aromatics [119, 121]. Olefinic and aromatic hydrocarbons in diesel are 
known to be precursors of coke and need to be minimized [85, 122]. For these reasons, a 
highly active and selective catalyst is required. Also, the catalyst should be durable 
considering metal vaporization and agglomeration as well as stability of the support at higher 
temperatures, and considering poisoning by impurities in the fuel.  

Other challenges with diesel ATR are fuel injection and evaporation. A poor fuel spray 
could result in wetting of the reactor walls and catalyst. If a homogeneous mixture of 
reactants is not obtained, a non-uniform distribution of fuel and temperature will create risks 
of incomplete fuel evaporation and formation of hot spots. Furthermore, heavier 
hydrocarbons may react pyrolytically in fuel-rich areas, resulting in coke formation. These 
issues calls for an appropriate reactor design and optimization of the reforming process.  
 
4.2 Reformer design 

4.2.1 Description of the ATR 

The diesel reformer was designed considering a hydrogen production to feed a 5 kWe PEFC, 
taking into account a fuel cell system efficiency of 0.4 and an anode stoichiometry of 1.5. 
The reactor is shown schematically in Figure 4.1. The key design factors considered were 
compactness, robustness and simplicity. The reactor is made of stainless steel and operates at 
atmospheric pressure. It consists of two different parts. In a first section, the fuel is 
evaporated and mixed with air and steam and homogeneous prereforming reactions partially 
break down the fuel. In a subsequent section, the mixture is reacted over a monolithic 
catalyst  (78 mm diameter, 100 mm length) into a hydrogen-rich gas. Air and steam are 
mixed outside the reformer and preheated to 300 °C. The air/steam mixture is then fed via a 
mantle covering the reactor, allowing for indirect heat exchange with the inside of the 
reformer, and then enters the reactor through holes perpendicular to the reactor flow 
direction (see Figures 4.1 and 4.2). The fuel is injected to the reformer through a single-fluid 
swirl nozzle and evaporated in the air/steam mixture. The nozzle generates a hollow cone of 
fuel, which breaks up into droplets and can provide good atomization at relatively low 
pressures.  

The simple direct-injection concept for evaporation of diesel has been reported as 
advantageous for control over a wide range of operating conditions without the formation of 
coke [59, 104]. However, the more common approach is to use a dual-fluid nozzle, where 
the fuel spray is assisted by air or steam. These nozzles give finer sprays at low fuel pressure 
but may give increased penetration and result in the formation of coke on the nozzle tip. 
There are no available components dedicated for these systems and there is definitely a need 
for the development of nozzles, which operate at low pressure over a wide range of 
operating conditions. For more details on the reformer design, see Paper I. 
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Figure 4.1 Schematic drawing of the reformer design. T# shows the axial positions of the 
thermocouples (L - length of unit, x/L – relative position in the reactor) 

 

 
Figure 4.2 Left picture: Flange seen from the inside showing the nozzle and the thermocouple inlets. 
Right picture: Inlet of reformer showing the holes where the air/steam mixture enters the reactor 
 
Rh supported on Ce/La-doped Al2O3 was chosen as reforming catalyst. Alumina was used 
because of its high surface area and stability and ceria and lanthana were added to the 
support as structural and textural promoters. Ceria has high oxygen-storage capacities 
resulting in a number of advantages for reforming catalysts, such as oxidation/reduction 
reversibility of the active metal, stabilization of metal dispersion, support of the mechanism 
of carbon removal from the metal surface and increased sulfur resistance [110, 163, 164]. 
Moreover, ceria promotes reforming reactions and water-gas shift by enhancing the 
adsorption and dissociation of water molecules [165, 166]. Lanthana is known to stabilize 
alumina towards temperature-induced phase transitions [167]. The catalyst was deposited on 
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cordierite monolith substrate. Further information on the preparation procedure is outlined 
in Paper I. 
 
4.2.2 Mixture formation 

As already mentioned, mixture formation is an important factor in the diesel reforming 
process. CFD modeling was used to study the mixing process in the reformer. The 
calculations were performed in the program STAR-CD (see Paper I for details). Figure 4.3 
shows the velocity field distribution in the mixing section of the reactor. As can be seen in 
the figure, the model suggests that stagnant zones of recirculated air/steam mixture are 
formed adjacent to the nozzle. These findings indicate that the mixing is insufficient and that 
hot spots may be formed. Such a flow profile would also be favorable for the formation of 
coke on the nozzle and reactor wall [168]. Further, an inhomogeneous reactant mixture will 
lead to less efficient utilization of the catalyst. During the experiments, no coke was found, 
either on the catalyst or on the inside of the reactor, during any of the experiments. 
However, small amounts of carbonaceous material were found in the reactor effluent 
condensate. Even if the results from the computational analyses are associated with 
discrepancies regarding assumptions, especially due to insufficient nozzle characteristics, the 
approach could be used to explain some of the major characteristics during operation of the 
reformer and has been supportive for optimization of a new reactor design. The poor 
reactant distribution in the mixing section was explained by the design of the air/steam 
injection. A more favorable flow profile could be obtained by placing the inlet holes further 
upstream the reformer. 
 

 
  
Figure 4.3 Velocity profile in the mixing section of the reformer at 400 ms obtained from CFD 
calculations (mean fuel droplet diameter: 50 μm) 
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4.3 Influence of operating parameters  

The heat integration is unique for every reactor design and needs to be experimentally 
evaluated. The temperature profile was studied during reforming by measuring the 
temperature with thermocouples (K-type) at different radial and axial positions (see 
Figure 4.1). The reforming performance was studied by varying the oxygen-to-carbon ratio 
(O2:C) and the steam-to-carbon ratio (H2O:C). Considering the O2:C ratio, it is important to 
have enough oxygen in the feed to generate heat for the steam reforming reaction, but too 
much oxygen will result in loss of efficiency due to complete combustion of the fuel as well 
as dilution with nitrogen. Regarding the H2O:C ratio, there are two options in a fuel 
processor. Either, steam is added in several steps, first in the reformer and then in the water-
gas shift units. Alternatively, all of the steam is added directly to the reformer. A surplus of 
steam in the reformer is advantageous for suppression of CO and coke, but at the expense 
of the cost to superheat a large amount of steam. Considering the volume and weight of the 
vaporizer and the condenser recovering the water from the fuel cell, a low H2O:C ratio 
would be preferable. Furthermore, additional water could be needed to lower the 
temperature in the WGS steps; thus it is unfavorable to add all of the steam directly into the 
reformer. This is especially the case when using fuels requiring high temperatures to be 
converted, such as diesel. 

Swedish Environmental Class 1 diesel fuel, purchased from a public fuelling station, was 
used in the experiments. This fuel contains a maximum of 10 ppm sulfur and less than 5 % 
aromatics [65]. Using a commercial fuel helps in gaining understanding of how the real fuel 
mixture affects conversion, product gas composition, carbon formation and deactivation by 
sulfur. During the experiments, a flow rate of 12 g/min of diesel fuel was fixed as design 
value and the oxygen-to-carbon ratio was varied between 0.3 and 0.45 and the steam-to-
carbon ratio between 2 and 3. The catalyst volume was 0.5 dm3 implying a gas hourly space 
velocity (GHSV) over the catalyst of between 7600 and 9200 h-1. The product gas was 
analyzed using gas chromatography (GC). The GC instruments were equipped with thermal 
conductivity and flame ionization detectors (TCD and FID). The TCD was used for 
detection of CO, CO2, H2, N2, and O2. As it was not possible to calibrate the GC with all 
different kinds of plausible reactants and products, the responses from the FID were 
assumed to be proportional to the number of carbon atoms for all hydrocarbon structures. 
All products > C8 were assumed to be unconverted diesel fuel reactants, similarly to previous 
studies reported in the literature [169]. The FID responses were then converted to C14 
equivalents and the fuel conversion was calculated by representing the inlet fuel with C14H26. 

The reformer was successfully operated at O2:C values between 0.3 and 0.4. Temperature 
profiles at varying O2:C are shown in Figure 4.4. At O2:C=0.45, large temperature 
fluctuations were observed, suggesting hot-spot formation resulting from insufficient mixing 
of reactants. Changes in the H2O:C ratio did not have a significant effect on the product 
composition and no coke was observed on the surface of the catalyst. Therefore, the 
reformer was operated at H2O:C=2.  
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Figure 4.4 Temperature profile in the reformer (T1-T9 in Figure 4.1) for O2:C ratios of 0.3-0.45 at 
H2O:C=2 (Diesel fuel flow rate: 12 g/min) 
 
Figure 4.5 shows the product gas concentration of the key reforming products, H2, CO2, and 
CO and Figure 4.6 of C1-C4, C5-C8 and >C8 hydrocarbons. The conversion of the fuel ranged 
from 99 to nearly 100 % (increasing with the O2:C) at measured catalyst outlet temperatures 
of 675 °C. However, comparison to thermodynamic equilibrium concentrations indicate that 
the actual reforming temperature inside the monolith is substantially higher (~775 °C), 
shown in Figure 4.7 as product yields for O2:C=0.4. 

Improvements are needed to increase the activity for conversion of the hydrocarbons 
observed in the product gas in order to optimize the process in terms of efficiency as well as 
economics. A possible option could be to combust the hydrocarbons in an afterburner to 
generate heat for the fuel processor. However, the fuel cell performance is likely to be 
affected by the hydrocarbons. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 Concentration of H2, CO2, and CO in the product gas at O2:C=0.3-0.45 and H2O:C=2  
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Figure 4.6 Concentration of C1-C4, C5-C8, and >C8 hydrocarbons in the product gas at O2:C=0.3-
0.45 and H2O:C=2  
 

 
Figure 4.7 Product yields of H2, CO, CO2, and CH4 as a function of temperature at thermodynamic 
equilibrium (O2:C=0.4 and H2O:C=2). The experimental data match the equilibrium data at 
approximately 775 °C 
 
4.4 Reformer development 

Following characterization of the reformer, the next generation reformer was developed 
[170]. A picture of the new reactor is shown in Figure 4.8. The same concept was used, but a 
number of measures were taken so as to address the limitations of the first reformer. In 
order to obtain a more favorable flow profile in the mixing section, as predicted by the CFD 
calculations, the air/steam inlet holes were placed further upstream the reformer. In 
addition, the nozzle was replaced; the new nozzle yielded a spray with finer droplets than the 
previous one. The new system also allows the possibility to preheat the liquid fuel prior to 
injection in order to facilitate the fuel evaporation. 
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Figure 4.8 Picture of the next generation reformer  

 
To overcome the drawbacks with hydrocarbons in the product gas, two catalyst segments 
were utilized. The catalysts were supplied from a catalyst manufacturer and were noble 
metal-based and supported on 900-cpsi cordierite monoliths. A ceramic foam was placed 
prior to the catalysts to further enhance the radial mixing of the reactants. Gas sampling is 
possible after each monolith and prior to the first one to study the effect of using two 
catalyst segments. Further, thermocouples have been placed prior to and after the catalysts 
as well as inside the monolith channels in the new setup. 

The reformer is currently under investigation and has shown very promising results 
[171]. As expected, significantly improved operational stability has been obtained. No local 
hot spots could be detected and a diesel slip of less than 10 ppm (measured by FTIR) has 
been obtained (at O2:C=0.5, H2O:C=2.5, GHSV=7700 h-1). The second monolith was found 
to be essential to obtaining the high hydrocarbon conversion. The hydrogen concentration 
was similar to the results from the previous reformer but the CO concentration was slightly 
higher. The temperature was ~730 °C after the first monolith and ~675 °C after the second 
at a load of 13 g diesel/min, while the temperatures measured inside the monolith channels 
ranged between 750 and 775 °C (measured at the front part of each monolith). CH4 
concentrations were around 500 ppm. 

The operational stability of the reformer and the nearly complete fuel conversion 
strongly indicate that the new design ensures complete evaporation of the fuel and a 
homogeneous mixture of the reactants. 
 
4.5 Evaluation of diesel reforming catalysts 

In Paper II, Rh and Ru catalysts supported on CeO2-ZrO2 were tested for autothermal 
reforming of a standard reference diesel fuel (Euro III/IV, 10 ppm sulfur [66]) in a small-
scale reactor setup. Ceria-zirconia mixed oxides are widely used in three-way catalysts for 



 

 41

automotive pollution abatement [172] and have also been reported to exhibit features 
suitable for reforming applications. Besides the recognized advantages of ceria, described in 
Section 4.2.1, zirconia provides high thermal stability and comparatively low acidity. The 
obvious drawback with precious metals, such as Rh and Ru is the cost. The potential of 
adding manganese to the catalysts was investigated, with the aim to try to reduce the 
precious metal loading. 
 
4.5.1 Experimental setup 
Catalyst materials were prepared by incipient-wetness impregnation of aqueous metal salt 
solutions of the CeO2-ZrO2 support; 400-cpsi cordierite monolith samples (20 mm diameter, 
35 mm length) were used as substrate. A washcoat layer corresponding to 20 wt% of the 
total catalyst structure was applied onto the monoliths by means of dip-coating. Catalyst 
powder samples were characterized by liquid nitrogen adsorption, temperature-programmed 
reduction (TPR) and X-ray diffraction (XRD). 

The lab-scale reactor consists of a stainless steel tubular reactor operating at atmospheric 
pressure, placed in a vertically mounted furnace. The reactor setup is shown schematically in 
Figure 4.9. Diesel is injected together with nitrogen as carrier gas and mixed with air and 
steam just prior to the catalyst. A porous quartz plate is placed at the reformer inlet to 
distribute the reactants evenly over the cross section of the reactor. Product gases were 
analyzed by FTIR, NDIR and TCD techniques and temperatures were measured with K-
type thermocouples. 

 
Figure 4.9 Small-scale reactor setup for testing of diesel reforming catalysts (MFC - mass flow 
controller, Tx - thermocouple) 
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4.5.2 Effect of manganese addition to Rh and Ru catalysts on diesel reforming activity 

Figure 4.10 shows the results from the catalyst tests at an inlet temperature of 650 °C and a 
GHSV of 15 000 h-1 as fuel conversion, hydrogen yield, CO2/(CO2+CO) product ratio, and 
hydrocarbon selectivities. It can be seen that both Rh and Ru exhibit high activity for diesel 
reforming reactions. The activity of Ru was highest initially but the conversion decreased 
continuously during time on stream, while the activity of Rh was stable. The 
CO2/(CO2+CO) product ratio was higher compared to the Ce/La-doped alumina catalyst 
used in Paper I. This indicates that the oxygen-storage capacity and water-gas shift activity of 
ceria-zirconia are beneficial during diesel reforming. A high CO2/(CO2+CO) product ratio is 
desirable because it means the complexity of the CO cleanup system can be reduced.  
 

 
Figure 4.10 Results from autothermal reforming of diesel fuel over CeO2-ZrO2-supported Rh and 
Ru catalysts (Reaction conditions: O2:C=0.45; H2O:C=3; temperature at catalyst inlet=650 °C; 
GHSV=15 000 h-1): (a) Fuel conversion, (b) hydrogen yield, (c) CO2/(CO2+CO) product ratio, and 
(d) C1-C3 selectivities 

 
 
Manganese was demonstrated to increase the activity of the Rh catalyst. The activity of a 
catalyst containing 1 wt% Rh and 9 wt% Mn was comparable to that of a 3 wt% Rh catalyst. 
The same effect was not observed for Ru. The role of the manganese could be related to its 
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stabilizing or promoting abilities. Manganese is known to be a good sulfur sorbent and has 
been shown to prevent carbon formation at the metal-support interface by adsorbing sulfur 
that otherwise would have had the potential to block reforming reactions [127]. Manganese 
has also been postulated to exhibit steam reforming or partial oxidation activity in contact 
with noble metals [173]. The effect could also be related to the oxygen-storage capacity of 
Mn, which has been shown to be greater than that of ceria [173]. The findings were 
correlated to TPR experiments. TPR profiles are shown in Figure 4.11. For the Mn-
containing Rh catalyst, the reduction peak of Rh appeared to be shifted to higher 
temperature, whereas the reduction of Mn was easier in the presence of Rh. The ability of a 
noble metal oxide to increase the reducibility of a metal oxide can be explained by an 
intimate contact between the two species [174]. Metallic Rh adsorbs and dissociates 
hydrogen with very low activation energy. This means that if Mn oxide species are in close 
contact with the Rh sites, they can be reduced at a lower temperature than if they were to 
react with molecular hydrogen by themselves. Based on the TPR results, synergistic effects 
between Mn and Rh are suggested to be responsible for the increased performance. In 
summary, manganese has the potential to be used to reduce the loading of expensive Rh 
metal of diesel reforming catalysts.  
 
 

 
Figure 4.11 TPR profiles of the CeO2-ZrO2–supported Rh catalysts 
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CHAPTER 5  
 
THE FUEL-FLEXIBLE REFORMER CONCEPT 
(PAPER III) 
 
 
An efficient and reliable reformer that can operate on any truck fuel available on the market 
would obviously be a big advantage for the APU application. However, relatively few studies 
have been reported on reformers with fuel-flexible capabilities [175-178]. Paper III has been 
focused on investigating whether the diesel reformer developed in Paper I has the flexibility 
to be used with various fuels. Both logistic fuels (diesel, gasoline, and E85) and alternative 
fuel candidates (methanol, ethanol, and dimethyl ether) were tested in the reformer. For 
more information about the properties of each fuel, see Paper III: 
 
5.1 Practical feasibility of the concept 

The key criterion for evaluation of the fuel-flexible reformer concept was practical feasibility.  
The aim of the studies was not to optimize the process for each fuel but to evaluate which 
fuels could have the possibility to be used in the reformer design. A practically feasible ATR 
process was defined as self-sustaining and stable, where the main part of the fuel is 
converted into a hydrogen-rich gas. 

Each fuel has its own optimal operating conditions, which have to be adjusted for 
different reactor designs depending on the heat integration of the system. The parameters 
used in this study are shown in Table 5.1. Those were obtained from own experience or 
collected from literature data and then adjusted during experiments to allow control of the 
reforming reactions in the specific design. The reformer and experimental setup are 
described in Chapter 4 (Section 4.2.1) and Paper I. The liquid fuels were delivered with a 
piston pump and DME, the only gaseous fuel tested, was fed to the reformer through a tube 
from the flange at the inlet after removal of the nozzle. The experiments were run with an 
amount of fuel that theoretically would generate the same amount of hydrogen as with 12 g 
diesel/min (reference point from Paper I). Due to this fact, and that different oxygen-to-
carbon and steam-to-carbon ratios were used, different GHSVs were obtained. The same 
catalyst composition was used for all fuels, Rh supported on Ce/La-doped Al2O3. 
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Table 5.1 Operating conditions for the different fuels used in the study 

 
 Fuel used 

Flow rate 
(g fuel⋅min-1)

O2:C 

(mol:mol) 
H2O:C 
(mol:mol) 

GHSV 
(h-1) 

Diesela Commercial fuelf 12.0 0.40 2 8700 
Gasolineb Commercial fuelf 14.4 0.40 2 10900 
DMEc Gerling Holz & Co. 99.9% 20.4 0.25 2 8800 
Ethanold Altia Oy 95% 15.8 0.35 3 9500 
E85 Commercial fuelg 18.6 0.40 3 12900 
Methanole VWR International 98.5% 22.7 0.20 1.7 6900 

    Operating parameters obtained from: aown results breference [179], cown results, dreference [180],       
    ereference [181]. fSwedish Environmental Class 1 (MK1), g85 vol % bio-ethanol/15 vol % MK1   
    gasoline 
 
 

5.2 Evaluation of the fuel-flexibility 

Figure 5.1 compares the fuels in terms of conversion and selectivity to hydrogen and carbon 
dioxide and Figure 5.2 shows representative temperature profiles in the reformer after 
stabilization of the reactions for the various fuels. For diesel, gasoline and E85, the 
conversion is calculated by atomic carbon balances and only CO, CO2, and CH4 is 
considered to be converted fuel. It was concluded from the study that the reformer design 
was suitable for reforming of diesel, gasoline and E85, but that it worked less satisfactorily 
with DME, ethanol and methanol. The hydrocarbon fuels (but not the oxygenates) can be 
successfully pre-reformed in the mixing section of the reformer without large losses in 
efficiency.  
 

 
Figure 5.1 Comparison of the different fuels in terms of H2 selectivity, CO2 selectivity, and 
conversion during autothermal reforming 
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Figure 5.2 Temperature profiles in the reactor during autothermal reforming of the various fuels, 
(L - length of reformer, positions of the thermocouples are shown in Figure 4.1) 
 
 
The oxygenated fuels need lower temperature for conversion, and are generally easier to 
reform than the hydrocarbon mixtures. However, the oxygenates have lower energy densities 
and, therefore, larger volumetric flows of fuel are needed to obtain the same amount of 
hydrogen. This led to problems with part of the fuel penetrating the monolith before being 
sufficiently mixed with the air/steam mixture. This problem was especially observed for 
DME and methanol and resulted in low fuel conversions (78 and 73 % for DME and 
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methanol, respectively. During DME reforming, oxidation reactions in the mixing section 
resulted in a high extent of total combustion of the fuel and a subsequent loss in efficiency. 
This was shown by a hydrogen selectivity of less than 50 %. Also, the Rh catalyst promoted 
the direct decomposition of DME (Eq. 3.11) [182], which was indicated by high 
concentrations of CO and CH4. Coke was observed on the catalyst after reaction, but was 
not found to result in any decline in activity with time during the experiments. The methanol 
reforming experiments were characterized by poor fuel evaporation and difficulties with the 
reactant mixing. Further, a high concentration of CO suggests that Rh catalyzes 
decomposition of methanol into CO and H2 [152]. 

For ethanol, the major negative aspect was the formation of byproducts. The byproducts 
were coke (found in the reactor effluent), methane (~4 %) and other C2 components. 
Byproduct formation during ethanol reforming over Rh/Al2O3 has been shown to result 
from insufficient Rh loading [183]. Still, the Rh catalyst was selective for hydrogen 
generation from ethanol; a reformer that can perform well with both hydrocarbon mixtures 
and ethanol should therefore not be considered unattainable.  

In summary, the reformer design could most likely be optimized to run on (at least) 
diesel, gasoline and E85, and possibly also with ethanol. The results are expected to improve 
with further optimization of the reactor design as well as the operating parameters for each 
fuel. Rh catalysts appear to be very promising candidates for fuel-flexible reformers. 
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CHAPTER 6  
 
HYDROGEN GENERATION FROM DIMETHYL 
ETHER 
(PAPERS IV-V) 
 
 
As described in Chapter 3, a catalyst for DME autothermal reforming should be active for 
partial oxidation, DME hydrolysis and methanol steam reforming. The most common 
material used for methanol steam reforming is Cu. Due to the higher thermal stability of Pd 
compared to Cu, Pd-based catalysts were tested for autothermal reforming of DME. 
Alumina, or mixtures of alumina, zinc oxide and zinc aluminate, was used as support for Pd 
and to provide DME hydrolysis activity. 

In Paper IV, the objectives were to find a catalyst that could generate a high 
concentration of hydrogen accompanied by high selectivity to carbon dioxide and then to 
investigate the effect on the product gas composition of varying operating parameters for 
this catalyst. First, a screening of Pd-based catalysts was performed, where different 
supports, Pd loading, and preparation methods were assessed. Thereafter, a PdZn-based 
catalyst was chosen for study of the operating characteristics of the process. In Paper V, the 
catalytic properties of PdZn-based catalysts were further studied. 
 
6.1 Catalyst materials for dimethyl ether autothermal reforming 

6.1.1 Experimental setup 

All experiments for evaluation of DME ATR catalysts were performed in small-scale 
laboratory reactors, similar to the one used for testing of diesel ATR catalysts (see Section 
4.4.1). The catalyst materials were deposited onto 400-cpsi cordierite monolith substrate with 
20 mm diameter and 35 mm length. DME was mixed with steam, air and nitrogen before the 
preheater. In the screening study, gas chromatography was used for product gas analyses, 
whereas in the other tests, FTIR, NDIR and TCD analyses were used. See Papers IV and V, 
respectively, for more details. 
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Table 6.1 Catalyst materials evaluated in the screening experiments (wt%) 

Catalyst composition Preparation method BET SA [m2/g] 

Pd(1)/γ-Al2O3  IW impregnation 168 
Pd(1)/ZSM-5 IW impregnation 281 
Pd(1)/HTlca IW impregnation 118 
Pd(1)Zn(9)/γ-Al2O3 IW impregnation 134 
Pd(2)Zn(9)/ γ-Al2O3 IW impregnation 137 
Pd(5)Zn(9)/γ-Al2O3 IW impregnation 139 
Pd(1)Zn(9)-Al2O3  Coprecipitation 310 
Pd(1)Zn(9) + γ-Al2O3b Coprecipitation  137 
Pd(1)Pt(0.5)/γ-Al2O3 IW impregnation 155 

aHydrotalcite-like compound, bHybrid catalyst, IW – Incipient wetness 
 
6.1.2 Material screening 

Nine different Pd-based materials, shown in Table 6.1, were tested for autothermal 
reforming of DME; γ-Al2O3, ZSM-5, and a Zn-Al hydrotalcite-like compound were 
compared as supports for Pd. The addition of Zn and of Pt to Pd was evaluated and the 
effect of changing the Pd content and Pd:Zn ratio was tested for the Zn-containing catalyst. 
Two different preparation methods were used, incipient wetness (IW) impregnation and 
coprecipitation. A “hybrid” catalyst was also prepared, by physically mixing alumina and 
coprecipitated Pd and Zn before coating of the monolith, trying to separate the sites active 
for DME hydrolysis from the ones active for reforming. Prior to reaction, the catalysts were 
activated in a flow of hydrogen. More details on the preparation procedure for the catalysts 
in Table 6.1 can be found in Paper IV. 

All Pd-based catalyst materials tested in the experimental study were active for DME 
autothermal reforming at an O2:DME of 0.4 and a H2O:DME of 2.5. The catalysts were 
compared in terms of hydrogen concentration and CO2 selectivity in the product gas. 
Table 6.2 summarizes the results from the screening study at a temperature of 400 °C. Al2O3 
was found to be the most suitable support considering activity and hydrogen generation. The 
zeolite and the Zn-Al hydrotalcite exhibited selectivity for the MTG reaction (methanol-to-
gasoline), i.e. higher molecular weight compounds were formed. Hydrocarbons were 
observed in the condensate obtained in the cold trap as well as in the gas analysis. The MTG 
reaction has been shown to be favored by strong acid sites on catalyst surfaces at 
temperatures above 300 °C [184, 185]. The Pd(1)/γ-Al2O3 catalyst generated large amounts 
of carbon monoxide. As previously described, Pd is known to be active for decomposition 
of methanol ( 23 H2COOHCH +→ ), which is generated via the hydrolysis of DME. 
Incorporation of zinc oxide with Pd promotes the methanol steam reforming reaction, 
producing mainly CO2 and H2. In this study, Zn was added to Pd with the objective to 
examine if there was a comparable trend during autothermal reforming of DME over 
alumina-supported catalysts. The difference from methanol steam reforming is not only the 
reactants but also the fact that alumina is supposed to act both as a support and to
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Table 6.2 Results from the screening of various Pd catalysts: DME conversion, product gas 
concentration (H2O and N2 not shown), and CO2 selectivity 

 
participate in the reactions by converting DME to methanol. It was found that the addition 
of Zn to Pd increased the selectivity for the DME reforming reactions. This feature was 
improved by preconditioning of the catalyst in hydrogen. For the Pd(1)Zn(9)/γ-Al2O3 
catalyst, a CO2 selectivity of 82 % was achieved. Further increasing the amount of Pd 
resulted in increased activity but decreased CO2 selectivity for the same amount of Zn. The 
effect of the Pd:Zn ratio on the CO2 selectivity and of the Pd loading on the activity during 
autothermal reforming of DME is illustrated in Figure 6.1. By adding 9 % Zn to the 
1 % Pd/γ-Al2O3 catalyst, the CO2 selectivity was increased from 17 to 82 %. The activity was 
found to increase with the Pd loading but since the concentration of Zn was kept constant, 
the CO2 selectivity decreased. This phenomenon could be attributed to the presence of a 
larger amount of metallic Pd, catalyzing decomposition reactions and leading to poorer 
reforming activity. It is assumed that the interaction of Zn with Pd on the alumina surface 
changes the selectivity towards carbon dioxide. This hypothesis was evaluated by means of 
X-ray diffraction (XRD) and temperature-programmed reduction (TPR). XRD revealed that 
pretreatment of the catalyst samples in hydrogen at 400 °C resulted in the formation of Pd-
Zn species. The lower reduction temperature and higher degree of hydrogen consumption 
for the PdZn/γ-Al2O3 compared to the Pd/γ-Al2O3 catalyst (shown by TPR, see Figure 6.2) 
suggest that Pd and Zn interact. ZnO is not an easily reducible oxide, but in the presence of 
Pd, hydrogen spillover can reduce the ZnO at lower temperatures [186, 187]. This feature is 
believed to influence the selectivity to CO2 during autothermal reforming of dimethyl ether 
over PdZn/γ-Al2O3 catalysts. 

The PdZn-based catalyst prepared using the impregnation technique was more selective 
compared to the coprecipitated one. This could possibly be explained by a large fraction of 
micropores in the coprecipitated catalyst (shown by liquid nitrogen adsorption, BET surface 
areas presented in Table 6.1), leading to encapsulation of sites necessary to reach high 
selectivity. The hybrid catalyst exhibited a low activity, which indicates that the Pd loading 

Catalyst DME conv.  
[%] 

Product gas concentration  
[%] 

CO2 selectivity 
[%] 

  H2 CO CO2 CH4  
Pd(1)/γ-Al2O3  80 40 14 2.8 1.4 17 
Pd(1)/ZSM-5 44 8 3.0 5.1 2.2 63 
Pd(1)/HTlc 40 20 n.d. 9.5 2.8 - 
Pd(1)Zn(9)/γ-Al2O3 76 46 3.8 17 0.24 82 
Pd(2)Zn(9)/ γ-Al2O3 78 43 6.0 15 0.08 71 
Pd(5)Zn(9)/γ-Al2O3 94 49 9 15 0.5 63 
Pd(1)Zn(9)-Al2O3  85 42 20 2.3 1.7 10 
Pd(1)Zn(9)+γ-Al2O3 57 31 12 2.6 1.9 18 
Pd(1)Pt(0.5)/γ-Al2O3 58 38 14 3.1 3.2 18 
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Figure 6.1 CO2 selectivity and DME conversion as a function of Pd:Zn ratio and Pd loading. 

Operating conditions: T=400 °C, O2:DME=0.4, H2O:DME=2.5 
 

 
Figure 6.2 TPR profiles comparing Pd(1)/γ-Al2O3 and Pd(1)Zn(9)/γ-Al2O3 

 
could be lower than the target loading for this catalyst. This would lead to lower DME 
conversion due to thermodynamic limitations of the DME hydrolysis reaction as a result of 
low methanol-reforming activity. Alternatively, the active sites need to be in closer proximity 
than in the hybrid catalyst, as the reactions occur simultaneously. This was not further 
evaluated in this study. 

The addition of Pt to Pd resulted in a higher concentration of CH4 associated with a high 
CO concentration, suggesting that the DME is decomposed over Pt generating CH4, CO, 
and H2 (Eq. 3.11). 
Based on the catalyst screening results, taking into account the concentration of hydrogen in 
the product gas and the selectivity to carbon dioxide, a PdZn/γ-Al2O3 catalyst prepared by 
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incipient wetness impregnation was selected for use in the study of the operating parameters, 
outlined in Section 6.2. 
 
6.2 Effect of operating conditions 

The parameter study was performed using a Pd(3)Zn(27)/γ-Al2O3 catalyst. The influence of 
oxygen-to-DME ratio and steam-to-DME ratio on the conversion and selectivity to 
hydrogen and carbon dioxide was evaluated. 
 
6.2.1 Influence of oxygen-to-DME ratio 

The O2:DME ratio was varied from 0.4 to 0.9 with the temperature ranging from 350 to 
400 °C. The results are shown in Figure 6.3. The conversion of DME was found to increase 
at increasing oxygen feed as a result of the higher reaction rate of the oxidation compared to 
the steam reforming and the increase in temperature. Considering the hydrogen 
concentration, an optimum could be identified at O2:DME values between 0.5 and 0.7 for a 
temperature of 400 °C. At an O2:DME of 0.7, the concentration of hydrogen amounted to 
48 %. At a further increase of the oxygen feed, the hydrogen concentration decreased 
accompanied by a slight increase in the CO2 and H2O (not shown) concentrations. 

The values of CO2 selectivity for the Pd(3)Zn(27)/γ-Al2O3 catalyst were comparable to 
those of the Pd(1)Zn(9)/γ-Al2O3 catalyst tested in the screening study but the activity was 
higher at increased Pd loading. That is, the selectivity for PdZn/γ-Al2O3 catalysts is mainly 
dependent on the Pd:Zn ratio whereas the conversion can be increased by increasing the Pd 
content. The CO2 selectivity was not considerably affected by changes in the oxygen feed.  

The influence of the temperature was larger at the lowest O2:DME ratio, since this is 
where the conversion is affected the most. It is evident from this study that an oxygen-to-
DME ratio higher than 0.4, which was used in the catalyst screening, might be necessary in 
order to supply sufficient heat for the steam reforming reaction (but this will of course 
depend on heat losses and heat integration of the system). 
 
6.2.2 Influence of steam-to-DME ratio 

The H2O:DME ratio mainly affected the CO2 selectivity, while the impact on the hydrogen 
yield was small. The H2O:DME ratio was varied from 1 to 3 at an oxygen-to-DME ratio of 
0.7 and a catalyst inlet temperature of 400 °C (Figure 6.4). A H2O:DME ratio of 1 gave a 
high DME conversion, but more steam will be needed to induce the water-gas shift reaction 
and suppress carbon formation. The highest CO2 selectivity was found at the highest steam-
to-DME ratio. However, at higher H2O:DME ratios, the diluting effect of the steam will 
come into play, decreasing the concentration of hydrogen. The effect of steam on the CO2 
selectivity was more pronounced at the lower H2O:DME ratios. A low temperature will be 
favorable for the water-gas shift reaction, resulting in higher selectivity to CO2. 
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Figure 6.3 CO2 selectivity, DME conversion, and H2 concentration as a function of O2:DME for 
catalyst inlet temperatures of 350, 375, and 400 °C (H2O:DME=2.5) 
 

 
Figure 6.4 CO2 selectivity, DME conversion, and H2 concentration as a function of H2O:DME for 
catalyst inlet temperatures of 350, 375, and 400 °C (O2:DME=0.7) 

 
 

6.3 Activity and selectivity of PdZn-based catalysts  

Following the parameter study, new catalyst materials were prepared with the aim to further 
study the activity and selectivity during DME ATR. Three different materials were prepared, 
with the same contents of Pd, Zn and Al, but with different chemical composition, acidity, 
and textural properties. Mixtures of ZnO/ZnAl2O4/Al2O3 were prepared by thermal 
treatment of a ZnO-Al2O3 support. The materials were impregnated with Pd followed by 
reduction treatment. During methanol reforming, the presence of ZnAl2O4 and ZnO on 
Al2O3 has been shown to inhibit interactions between Pd and Al2O3, thus avoiding the
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  Table 6.3 Composition, surface area, CO uptake, and acidic properties of the DME ATR catalysts 

 Pd/ZA(400) Pd/ZA(700) Pd/ZA(1000) 
Phases identifieda γ-Al2O3, ZnO, 

PdZn 
Al2O3, ZnO, 
ZnAl2O4, PdZn 

ZnAl2O4, ZnO, 
Al2O3a´, PdZn 

Pd content [wt%]b 3.8 3.7 3.5 
Zn content [wt%]b 35 36 34 
BET surface area [m2⋅g-1]c 112 93 26 
CO uptake [μmol⋅g-1]d 20 21 17 
Acid amount [μmol⋅g-1]e 37 29 17 
Density of acid sites [μmol⋅m-2]e 0.33 0.31 0.65 

Estimated by aXRD, a´TEM, bICP-OES, cliquid nitrogen adsorption, dCO chemisorption, eNH3-TPD 
 
 
formation of metallic Pd on Al2O3 [188]. The properties of the different materials are shown 
in Table 6.3; the catalysts are denoted Pd/ZA(400), Pd/ZA(700) and Pd/ZA(1000), where 
the number in parenthesis corresponds to the temperature at which the support was treated. 
Physical mixtures of the catalysts with alumina were also evaluated. The materials were 
characterized by CO chemisorption, liquid nitrogen adsorption, temperature-programmed 
desorption of ammonia (NH3-TPD), temperature-programmed reduction (TPR), 
transmission electron microscopy (TEM), and X-ray diffraction (XRD) and tested for 
activity and selectivity during DME ATR. The XRD analyses revealed the 1:1 PdZn alloy 
with similar intensity for all samples. The composition of the material changed from 
mixtures of Al2O3 and ZnO in Pd/ZA(400) to mainly ZnAl2O4 in Pd/ZA(1000), see Table 
6.3. Figure 6.5 shows results from XRD at 2θ angles between 54 and 64°.  

 
Figure 6.5 X-ray diffraction patterns displaying the difference of the supports. (a) Pd/ZA(400), 
(b) Pd/ZA(700), (c) Pd/ZA(1000) 
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Figure 6.6 TEM images of (a) the distribution of Pd on ZnO-Al2O3 and (b) the ZnO agglomerates 
in the Pd/ZA(400) catalyst, (c) distribution of Pd on ZnAl2O4 in the Pd/ZA(700) catalyst (in STEM-
HAADF mode as white dots), (d) the corresponding material in the Pd/ZA(1000) catalyst with an 
inset of a PdZn particle anchored on the support material. 

 
 
Figure 6.6 shows TEM images of the catalysts. The Pd/ZA(400) catalyst support comprised 
mainly a mixture of ZnO and Al2O3 with a 2:1 Al:Zn ratio, see Figure 6.6a. The dark spots 
are Pd-containing crystals with sizes of 3-7 nm. In some parts of the material, agglomerates 
of ZnO (50-150 nm) were found, whose surfaces were free from Pd, see Figure 6.6b. In the 
Pd/ZA(700) catalyst, the support had partly reacted into ZnAl2O4. Again, Pd particles were 
only found on alumina-containing material; pure ZnO did not contain any Pd. The 
distribution of Pd on ZnAl2O4 in this catalyst is shown in Figure 6.6c.  In the Pd/ZA(1000) 

  

  

(a) (b)

(c) (d)
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catalyst, the main part of the material comprised ZnAl2O4, supporting facetted particles, see 
Figure 6.6d. The inset shows a high-resolution image of a Pd-containing particle. The 
observed lattice distances could be associated to a PdZn particle of 1:1 composition. The 
extent of alloy formation in the various catalysts could not be quantified; it was found that 
the materials comprised mixtures of Pd, PdZn and Pd2Zn. PdZn alloy formation was also 
confirmed by TPR, see Paper V. 

The results from the activity measurements for DME ATR are shown in Figures 6.7 and 
6.8 as DME conversion and selectivity to CO2. It can be concluded from the tests that the 
decreasing surface areas and number of acid sites at higher calcination temperature of

  

 
Figure 6.7 Activity of the catalysts for autothermal reforming of DME  

Operating conditions: O2:DME=0.7, H2O:DME=2.5 
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Figure 6.8 CO2 selectivity of the catalysts for autothermal reforming of DME  
Operating conditions: O2:DME=0.7, H2O:DME=2.5
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Figure 6.9 Concentration of CH4, CO, and CH3OH in the product gas during DME ATR 
Operating conditions: O2:DME=0.7, H2O:DME=2.5, T=450 °C 

 
the support did not affect the activity negatively. The highest DME conversion was achieved 
with the Pd/ZA(1000) catalyst, in which the support comprised mainly ZnAl2O4. By 
physically mixing the catalysts with γ-Al2O3, the conversion increased although the selectivity 
to CO2 was decreased. The CO2 selectivity has been correlated to PdZn alloy formation. A 
reasonable effect of decreased surface area would be decreased metal dispersion. Results 
from CO chemisorption measurements show similar CO uptakes for all samples. However, 
the CO chemisorption ability of Pd has been shown to be affected in the presence of strong 
Pd-Zn interactions [189], which could explain this feature. This could mean a higher extent 
of PdZn formation in Pd/ZA(400) and Pd/ZA(700) compared to Pd/ZA(1000), which 
correlates with the higher CO2 selectivity for the former ones. This theory is strengthened by 
estimating the particle sizes by taking the reciprocal of the measured metal dispersion [190, 
191]. The values obtained are higher than the ones observed in the TEM analyses (3-7 nm) 
and point towards a higher metal dispersion. Nevertheless, the CO2 selectivity was high for 
all materials, with CO concentrations in the product gas below 5 %, see Figure 6.9. The CO 
is suggested to originate primarily from decomposition reactions, either from DME as for 
the Pd/ZA(400) and Pd/ZA(700) (CH4:CO close to 1) , or from methanol (alternatively 
POX) as for the other catalysts (low CH4 concentrations).  By coupling the ATR with a 
WGS reactor, CO concentrations of 0.5-1 % can be obtained (unpublished results [192]). 
The product gas from the WGS unit could then possibly be fed directly to a HT-PEM fuel 
cell. This means that the overall complexity of the DME fuel processor will be low 
compared to a diesel-fueled fuel processor.  
 
 



 

 59

 
 
 
CHAPTER 7  
 
CONCLUSIONS 
 
 
Fuel cells have potential to contribute to meeting future energy demands. However, the fuel 
cell technology is immature and has in many areas still much to prove. Nevertheless, early 
market niches could provide further development of the technology, which in turn 
potentially could lead to competitiveness and diffusion of the technology into other markets. 
One such niche is auxiliary power units in heavy-duty trucks. In the absence of a hydrogen 
infrastructure, the hydrogen required for the fuel cell could be generated onboard by 
reforming of the existing truck fuel. This research project was undertaken to design and 
evaluate reforming processes and catalysts for hydrogen generation from diesel and DME. 
The research has enhanced our understanding of diesel and DME reforming and will serve 
as a base for future studies.  

A significant outcome of the studies is that it is highly feasible to generate hydrogen-rich 
product gases from commercial diesel fuel. By coupling the reformer with a number of 
cleanup steps, fuel cell quality reformate could be obtained and, hence, auxiliary power units 
could be considered to have potential to become one of the first widespread applications for 
fuel cells in transportation applications.  

Diesel fuel reforming is most commonly studied using model compounds or surrogate 
fuels for diesel. In the work presented in this thesis, the challenge of reforming real diesel 
fuel mixtures into hydrogen-rich gases has been addressed. A compact 5 kWe reactor, 
consisting of a mixing/prereforming section and a catalytic reforming section, was designed 
and evaluated. Experiences from operation of the reformer in addition to CFD calculations 
have contributed to the development of existing systems and have been supportive in the 
development of a new improved reformer design. The fuel flexibility of the reactor was also 
investigated. The results from the study support that the reactor concept and catalyst can be 
optimized to run on several fuels. The reformer was shown to work successfully running on 
diesel, gasoline and E85. Fuel flexibility is considered advantageous to provide robustness 
and simplicity to the APU systems and to meet requirements considering regional 
differences in fuel supply.   

In addition to the studies on reactor design, catalytic materials for diesel reforming were 
evaluated. The feasibility of Rh to generate hydrogen-rich gases from commercial diesel was 
demonstrated both in the kW-scale reactor (supported on Ce/La-doped Al2O3) and in a 
small-scale laboratory reactor (supported on CeO2-ZrO2). Importantly, no coke was 
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observed on the surface of the Rh catalyst, even at comparatively low steam-to-carbon-ratios 
(H2O:C=2), which has been identified as a big issue in diesel reforming. An important 
finding was that the addition of Mn to Rh catalysts was shown to increase the activity for 
diesel reforming. This result was explained by synergistic effects between Rh and Mn. 
Hence, Mn could be used to decrease the loading of Rh metal in the diesel reforming 
catalyst, an expensive component of the reforming system.  

Dimethyl ether is a potential diesel fuel alternative and has lately been considered as 
hydrogen carrier for fuel cells in truck auxiliary power units. In the present work, the 
feasibility of generating hydrogen by autothermal reforming of DME has been 
demonstrated. To the author’s knowledge, this is the only work performed so far 
considering hydrogen generation from DME by ATR. Alumina-supported Pd-based 
catalysts were shown to be active for DME autothermal reforming, yielding hydrogen-rich 
product gases at temperatures between 350 and 450 °C. PdZn-based catalysts were superior 
among the evaluated Pd catalysts with respect to obtaining high CO2 selectivity. The 
increased CO2 selectivity with the addition of Zn was ascribed to interactions between Pd 
and Zn, leading to higher reforming activity and lower activity for decomposition reactions. 
Pd supported on Zn-Al mixed oxides was found to exhibit improved activity during DME 
ATR compared to γ-Al2O3-supported PdZn. Despite the recognized importance of acid sites 
for conversion of DME, no decline in activity was observed even though the surface area 
and number of acid sites were significantly lower for the Zn-Al mixed oxide supports. A 
catalyst where the support comprised mainly ZnAl2O4 exhibited the highest activity for 
DME conversion.  

The operating conditions were found to have large impact on the reformer performance 
during DME ATR. Increasing the oxygen-to-DME ratio affected both the reactor 
temperature and the reformer efficiency. The highest efficiency will be obtained for 
conditions with sufficient supply of heat to the steam reforming reaction but without the 
loss of hydrogen. The efficiency is strongly dependent on the product gas composition and 
side reactions such as total combustion and methane formation will influence the hydrogen 
yield negatively. The work in the present thesis has been helpful in obtaining a broad 
understanding on hydrogen generation from dimethyl ether by autothermal reforming. 
Knowledge has been built up considering operating characteristics and catalyst materials for 
the process.  
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CHAPTER 8 
 
FINAL REMARKS  
 
 
Fossil fuel usage in transportation vehicles throughout the world contributes to 
environmental deterioration and greenhouse gas emissions. Increases in energy usage are 
driven by population growth and economic development. Consequently, due to the 
predicted increase in population and economic progress in the future, the world is facing 
serious environmental issues. Given these problems, the current transportation system could 
be considered unsustainable, calling for the need of a radical change. There is no formal 
definition of sustainable transportation; those found in the literature are usually derived from 
the definition of sustainability. The most widely adopted definition of sustainability is 
probably the one from the Brundtland commission, saying “development that meets the 
needs of the present without compromising the needs of future generations to meet their 
own needs” [193]. There is a number of more or less similar definitions available in the 
literature, although they have slightly different perspectives. Sustainability is commonly used 
in terms where a comparison is made with the present solution using different indicators and 
suggests policies that will push the development towards a system, which is less 
unsustainable. Other viewpoints on sustainable development do not fit together with the 
current solution, which is doing more with less by retrofitting existing systems, and instead 
suggest that we should follow nature’s design principles [194]. Regardless of the perspective, 
steps towards a more sustainable transportation system will likely include 

 
 reducing the need for transport (local production, mobility management, urban 

planning, telecommunication etc.), 
 improving efficiency and reducing the impact of vehicles (minimized fuel 

consumption, decreased emissions – if possible zero, replacement of fossil fuels with 
renewable resources), and 

 using green transport modes (e.g. human-powered vehicles, public transportation). 
 

The research in this thesis has covered the second point. Concerning the replacement of 
fossil transportation fuels it is still not clear which alternative is the preferred choice. 
Therefore, it is considered important that measures are directed towards various alternatives 
in order to prevent an early lock-in. There are significant uncertainties related to the use of 
biofuels, regarding efficiency, supply, ecological sustainability of production, and 
competition with food production. Biomass will likely play a large role in the future and it is 
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important that purposes such as food production and preservation of biodiversity be 
satisfied. Even though the biomass resources, in the long run, most likely will not be 
sufficient to supply the total amount of energy needed for transport, the conversion of 
biomass to liquid fuels is by many considered to represent a step in the right direction 
towards a more sustainable use of energy in the transport sector. Biomass-derived DME 
offers one route in heavy-duty vehicle applications in society’s effort to replace fossil fuels.  

When it comes to using our resources more efficiently, it will not only be necessary to 
replace fossil fuels; we also need to call attention to the importance of achieving high energy 
efficiency onboard vehicles. In this context, fuel cells are often pointed out as “the energy 
converter”, being highly efficient as well as having the possibility to provide zero emissions 
both on the local and global scales. However, fuel cell technology is today not a widely 
preferred alternative for the transportation sector. Instead, electric vehicles appear to be the 
most favored long-term strategy. If the hydrogen required for the fuel cell is produced from 
electricity, electricity from the grid will evidently be less expensive than electricity from 
hydrogen and fuel cells. Consequently, based on what we know today, it will be difficult for 
fuel cells to compete with electricity for propulsion of vehicles, with the exception of cases 
where longer driving ranges are required or the time for refueling is restricted. Circumstances 
that could help the fuel cell technology towards a wider implementation include the 
availability of inexpensive hydrogen, for example with a breakthrough of photovoltaics, 
biological hydrogen production or CO2 sequestration, in addition to limited availability of 
bioenergy. Of course, the technical and economical limitations of the technology also need 
to be solved.  

Still, research and development of the fuel cell technology is considered important in 
order to stimulate different technologies and prevent a lock-in to technologies that later 
might prove not to be a good option. In fact, the present commitment to hybrid vehicles 
might provide a path towards a completely electric platform, thereby supporting a future 
adoption of fuel cells. Furthermore, one should take into account that it is often the highly 
improbable events that turn out to have the highest impact on the future [191]. In this 
context, it is possible that we have underestimated the potential of the fuel cell technology 
and leave an additional application out, the one for unpredicted future uses. Other benefits 
related to a continued development of fuel cells, e.g. buildup of knowledge, spillover to 
other markets and the creation of early markets could also be identified as positive. 

There are, however, niches where fuel cells could have the possibility to be competitive 
today. This thesis has been devoted to fuel cell auxiliary power units, which are suggested to 
have the potential to become the first widespread commercial application for fuel cells in 
vehicles. The market potential for APUs is continuously increasing, as policy incentives to 
reduce emissions from idling trucks are being implemented. Fuel cell auxiliary power units 
must provide sufficient added value to the customers to compensate for a high investment 
cost. The outcome of niche developments of advanced technologies has been shown to be 
highly dependent on positive expectations and visions by developers and end users. 
Furthermore, the APUs probably need to be commercialized in the near future, in order not 
to be hindered by competitors. The work in the present thesis contributes to the 
development of existing systems, showing that diesel can be used as a short-term alternative 
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to supply fuel cells with hydrogen onboard trucks. Fueling fuel cells with diesel, however, is 
associated with losses and still has a negative environmental impact. A diesel-fueled APU 
only seeks to decrease emissions and deplete natural resources more slowly and may 
therefore not be considered truly sustainable. A first step could be to replace the fossil diesel 
with a renewable fuel, such as DME. DME is easier to reform than diesel, which may 
increase the potential for fuel cells in APUs. In the future, if hydrogen is to take part in a 
sustainable transportation system, losses associated to production, distribution, storage and 
end use of hydrogen, need to be accentuated. Hydrogen and fuel cells are at the moment not 
considered likely to solve all problems, but may possibly contribute to part of the solution.  
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NOMENCLATURE  
 
a.u.  Arbitrary unit 
APU  Auxiliary power unit 
ATR  Autothermal reforming 
BET  Brunauer-Emmett-Teller (method for surface area measurement) 
BTL  Biomass-to-liquids 
CAD  Computer-aided design 
CFD  Computational fluid dynamics 
CIDI  Compression ignition direct injection 
CNG  Compressed natural gas 
Cpsi  Cells per square inch 
DC  Direct current 
DME  Dimethyl ether 
EGR   Exhaust gas recirculation 
F  Molar flow 
FC  Fuel cell 
FID  Flame ionization detector 
FT diesel Fischer Tropsch diesel 
FTIR  Fourier-transform infrared (spectrometer) 
GC  Gas chromatograph 
GHSV  Gas hourly space velocity 
GTL  Gas-to-liquids 
HAADF High-angle annular dark field 
H2O:C  Steam-to-carbon ratio 
H2O:DME Steam-to-DME ratio 
HTlc  Hydrotalcite-like compound 
HT-PEM High temperature proton exchange membrane 
HTS  High temperature water-gas shift 
ICE  Internal combustion engine 
ICP-OES Inductively coupled plasma – optical emission spectroscopy 
IW  Incipient wetness 
kWe  kW electric 
L  Length 
Lambda (λ) Air/fuel equivalence ratio 
LHV  Lower heating value 
LNG  Liquefied natural gas 
LPG  Liquefied petroleum gas 
LTS  Low temperature water-gas shift 
MEA  Membrane electrode assembly 
MFC  Mass flow controller 
MTG  Methanol-to-gasoline 
NDIR  Nondispersive infrared 
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NTP  Normal temperature and pressure 
O2:C  Oxygen-to-carbon ratio 
O2:DME Oxygen-to-DME ratio 
PEFC  Polymer electrolyte fuel cell 
PEM  Proton exchange membrane 
PM  Particulate matter 
POX  Partial oxidation 
PrOx  Preferential oxidation 
S  Selectivity 
SA  Surface area 
SI  Spark ignition 
SOFC  Solid oxide fuel cell 
SR  Steam reforming 
STEM  Scanning transmission electron microscopy  
STY  Space-time yield 
SV   Space velocity 
T  Temperature 
TEM  Transmission electron microscopy 
TCD  Thermal conductivity detector 
TPD  Temperature-programmed desorption 
TPR  Temperature-programmed reduction 
XRD  X-ray diffraction 
WGS  Water-gas shift 
 



 

 69

REFERENCES 
 
[1] K. Aleklett, C.J. Campbell, Minerals & Energy 18 (2003) 5-20. 
[2] R.A. Kerr, Science 281 (1998) 1128-1131. 
[3] Swedish Commission on Oil Independence, Making Sweden an Oil-free society, 

Report, 21 June 2006. 
[4] W.R. Grove, Phil. Magazine 14 (1839) 127-130. 
[5] J. Stumper, C. Stone, J. Power Sources 176 (2008) 468-476. 
[6] H.L. Hellman, R. van den Hoed, Int. J. Hydrogen Energy 32 (2007) 305-315. 
[7] J. Larminie, A. Dicks, Fuel cell systems explained (2nd edition) John Wiley & Sons, 

Chichester, 2003. 
[8] R.K. Ahluwalia, X. Wang, J. Power Sources 177 (2008) 167-176. 
[9] Fuel Cells Bulletin  (2008) 3-3. 
[10] J. Zizelman, S. Shaffer, S. Mukerjee, SAE Paper 2002-01-0411 Fuel Cell Power for 

Transportation (2002). 
[11] Powercell, Corporate presentation, www.powercell.se, Accessed: November 2008. 
[12] P. Stonehart, P.N. Ross, Cat. Rev. - Sci. Eng. 12 (1975) 1-35. 
[13] R.K. Ahluwalia, X. Wang, J. Power Sources 180 (2008) 122-131. 
[14] X. Cheng, Z. Shi, N. Glass, L. Zhang, J. Zhang, D. Song, Z.-S. Liu, H. Wang, J. Shen, 

J. Power Sources 165 (2007) 739-756. 
[15] T. Gu, W.K. Lee, J.W. Zee, M. Murthy, J. Electrochem. Soc. 151 (2004) A2100-A2105. 
[16] T.R. Ralph, M.P. Hogarth, Platinum Met. Rev. 46 (2002) 117-135. 
[17] F.A. de Bruijn, D.C. Papageorgopoulos, E.F. Sitters, G.J.M. Janssen, J. Power Sources 

110 (2002) 117-124. 
[18] J.-H. Wee, K.-Y. Lee, J. Power Sources 157 (2006) 128-135. 
[19] M.T.M. Koper, T.E. Shubina, R.A. van Santen, J. Phys. Chem. B 106 (2002) 686-692. 
[20] S. Gottesfeld, J. Pafford, J. Electrochem. Soc. 135 (1988) 2651-2652. 
[21] J. Zhang, Z. Xie, J. Zhang, Y. Tang, C. Song, T. Navessin, Z. Shi, D. Song, H. Wang, 

D.P. Wilkinson, Z.-S. Liu, S. Holdcroft, J. Power Sources 160 (2006) 872-891. 
[22] W. Vogel, L. Lundquist, P. Ross, P. Stonehart, Electrochim. Acta 20 (1975) 79-93. 
[23] Q. Li, R. He, J.O. Jensen, N.J. Bjerrum, Chem. Mater. 15 (2003) 4896-4915. 
[24] L. Hedström, T. Tingelöf, P. Alvfors, G. Lindbergh, Int. J. Hydrogen Energy 34 

(2009) 1508-1514. 
[25] F. Stodolsky, L. Gaines, A. Vyas, Analysis of technology options to reduce the fuel 

consumption of idling trucks, ANL/ESD-43, Argonne National Laboratory, 2000. 
[26] H. Lim, Study of exhaust emissions from idling heavy-duty diesel trucks and 

commercially available idle-reducing devices, EPA420-R-02-025, US Environmental 
Protection Agency, 2002. 

[27] C.J. Brodrick, T.E. Lipman, M. Farshchi, N.P. Lutsey, H.A. Dwyer, D. Sperling, S.W. 
Gouse, D.B. Harris, F.G. King, Transp. Res. Part D: Transp. & Environ. 7 (2002) 303-
315. 

[28] S. Jain, H.-Y. Chen, J. Schwank, J. Power Sources 160 (2006) 474-484. 

http://www.powercell.se/�


 

 70

[29] S. Specchia, A. Cutillo, G. Saracco, V. Specchia, Ind. Eng. Chem. Res. 45 (2006) 5298-
5307. 

[30] F. Baratto, U.M. Diwekar, J. Power Sources 139 (2005) 188-196. 
[31] D.J. Grupp, M.E. Forrest, P.G. Mader, C.J. Brodrick, M. Miller, H.A. Dwyer, Design 

considerations for a PEM fuel cell powered truck APU, Research Report UCD-ITS-
RR-04-16, Institute of Transportation Studies, University of California, Davis, 2004. 

[32] N. Lutsey, C.-J. Brodrick, D.S. Sperling, H.A. Dryer, Tranportation Research Record: 
Energy, Air Quality and Fuels No. 1842 (2003) 118-126. 

[33] P. Agnolucci, Int. J. Hydrogen Energy 32 (2007) 4306-4318. 
[34] P. Zegers, J. Power Sources 154 (2006) 497-502. 
[35] T.E. Lipman, J.L. Edwards, D.M. Kammen, Energy Policy 32 (2004) 101-125. 
[36] A.D. Little, Conceptual design of  POX SOFC 5 kW net system, Final Report to the 

Department of Energy, National Energy Laboratory, January 8, 2001. 
[37] Courtesy of Dr. Andreas Bodén, PowerCell. 
[38] Compendium of idling regulations, American Transportation Research Institute, 

Updated July 2008. 
[39] California Air Resources Board, Idle Reduction Technologies for Sleeper Berth 

Trucks, www.arb.ca.gov, Accessed: November 2008. 
[40] California Air Resources Board, Incentives for cleaner heavy-duty engines, 

www.arb.ca.gov, Accessed: November 2008. 
[41] Environmental Protection Agency, Energy Policy Act of 2005, Public Law 109-058, 

www.epa.gov/oust/fedlaws, Accessed: January 2008. 
[42] US Department of Transportation, Federal Highway Administration, Safe, 

Accountable, Efficient Transportation Equity Act: A Legacy for Users, Public Law 
109-059, www.fhwa.dot.gov/safetealu, Accessed: November 2008. 

[43] GovTrack Database of federal legislation, H.R. 139 - 110th Congress (2007): Idling 
Reduction Tax Credit Act of 2007, www.govtrack.us/congress/bill, Accessed: 
November 2008. 

[44] K. Rajashekara, J. Grieve, D. Daggett, IEEE Ind. Appl. Mag. 14 (2008) 54-60. 
[45] P. Beckhaus, M. Dokupil, A. Heinzel, S. Souzani, C. Spitta, J. Power Sources 145 

(2005) 639-643. 
[46] J. Butler, Niche Transport Volume 2, Fuel Cell Today, London, August 2008. 
[47] A.S. Patil, T.G. Dubois, N. Sifer, E. Bostic, K. Gardner, M. Quah, C. Bolton, J. Power 

Sources 136 (2004) 220-225. 
[48] J. Conover, H. Husted, J. MacBain, H. McKee, SAE paper 2004-01-1586 (2004). 
[49] M. Stratonova, S. Lasher, E. Carlson, Assessment of fuel cell auxiliary power systems 

for on-road transportation applications, Hydrogen, Fuel Cells, and Infrastructure 
Technologies, FY 2003 Progress Report, US DOE 2003, 2003. 

[50] Espar Heater Systems, www.espar.com, Accessed: January 2008. 
[51] Webasto Product North America, www.webasto.us, Accessed: January 2009. 
[52] Pony Pack Inc., www.ponypack.com, Accessed: January 2009. 
[53] Auxiliary Power Dynamics, www.willisapu.com, Accessed: January 2009. 
[54] Black Rock Systems LLC, www.blackrockapu.com, Accessed: January 2009. 

http://www.arb.ca.gov/�
http://www.arb.ca.gov/�
http://www.epa.gov/oust/fedlaws�
http://www.fhwa.dot.gov/safetealu�
http://www.govtrack.us/congress/bill�
http://www.espar.com/�
http://www.webasto.us/�
http://www.ponypack.com/�
http://www.willisapu.com/�
http://www.blackrockapu.com/�


 

 71

[55] Double Eagle Industries, www.doubleeagleind.com, Accessed: January 2009. 
[56] IdleAire Technologies, www.idleaire.com, Accessed: January 2009. 
[57] Shorepower Technologies, www.shorepower.com, Accessed: January 2009. 
[58] US Department of Energy, Alternative Fuels and Advanced vehicles Data Center, 

Truck Stop Electrification Locations, www.afdc.energy.gov, Accessed: November 
2008. 

[59] T. Aicher, B. Lenz, F. Gschnell, U. Groos, F. Federici, L. Caprile, L. Parodi, J. Power 
Sources 154 (2006) 503-508. 

[60] Delphi Corporation, Proc. 32nd Fuel Cell Seminar, Phoenix, Arizona, 2008. 
[61] Dr. Bård Lindström, PowerCell, personal communication, November 2008. 
[62] A. Bodén, PowerCell, presented at Elforsk Fuel Cell Seminar, January 21, 2009, 

retrieved at www.elforsk.se, January 2009. 
[63] B. Elvers (Ed.), Handbook of fuels - Energy sources for transportation, Wiley-VCH, 

Weinheim, 2008. 
[64] U. Bossell, B. Eliasson, G. Taylor, The Future of the Hydrogen Economy: Bright or 

Bleak?, Retrieved at www.efcf.com/reports, November 2008, European Fuel Cell 
Forum Report, 2005. 

[65] Swedish Petroleum Institute - SPI, www.spi.se, Accessed: December 2008. 
[66] DieselNet, Fuel regulations and specifications, www.dieselnet.com, Accessed: January 

2009. 
[67] D.J. Liu, M. Krumpelt, H.T. Chien, S.H. Sheen, ASM Materials Conference & Show, 

Columbus, 2004. 
[68] F. Brunning, G. Hovestreijdt, Patent EP0019340, 1980. 
[69] T. Murayama, J. Chikahisa, J. Guo, M. Miyano, SAE Paper 922212 (1992). 
[70] J.B. Hansen, B. Voss, F. Joensen, I. Sigurdardottir, SAE Paper 950063 (1995). 
[71] Well-to-wheels analysis of future automotive fuels and powertrains in the European 

context, Report Version 2c, CONCAWE-EUCAR-JRC, March 2007. 
[72] H. Teng, J.C. McCandless, J.B. Schneyer, SAE Paper 2003-01-0759 (2003). 
[73] S.C. Sorenson, S.E. Mikkelsen, SAE 950064 (1995). 
[74] T. Fleisch, C. McCarthy, A. Basu, C. Udovich, P. Charbonneau, W. Slodowske, S.E. 

Mikkelsen, J. McCandless, SAE 950061 (1995). 
[75] H. Salsing, I. Denbratt, SAE 2007-01-4167  (2007). 
[76] S. Erkfeldt, A. Palmqvist, E. Jobson, Top. Catal. 42-43 (2007) 149-152. 
[77] S. Tamm, H.H. Ingelsten, A.E.C. Palmqvist, Catal. Lett. 123 (2008) 233-238. 
[78] J.B. Heywood, Internal Combustion Engine Fundamentals, McGraw-Hill, New York, 

1988. 
[79] S.C. Sorenson, J. Eng. Gas Turbines Power 123 (2001) 652-658. 
[80] BioDME Project, Swedish Energy Agency, www.energimyndigheten.se, Accessed: 

January 2009. 
[81] T. Ekbom, M. Lindblom, N. Berglin, P. Ahlvik, Technical and commercial feasibility 

study of black liquor gasification with methanol/DME production as motor fuels for 
automotive uses - BLGMF, Altener II Report, Contract No. XVII/4.1030/Z/01-
087/2001, December 2003. 

http://www.doubleeagleind.com/�
http://www.idleaire.com/�
http://www.shorepower.com/�
http://www.afdc.energy.gov/�
http://www.elforsk.se/�
http://www.efcf.com/reports�
http://www.spi.se/�
http://www.dieselnet.com/�
http://www.energimyndigheten.se/�


 

 72

[82] S. Ahmed, M. Krumpelt, Int. J. Hydrogen Energy 26 (2001) 291-301. 
[83] CEA - Chemical Equilibrium with Applications, 

www.grc.nasa.gov/WWW/CEAWeb/, Accessed: November 2008. 
[84] F. Joensen, J.R. Rostrup-Nielsen, J. Power Sources 105 (2002) 195-201. 
[85] J.R. Rostrup-Nielsen, T.S. Christensen, I. Dybkjaer, Stud. Surf. Sci. Catal. 113 (1998) 

81-95. 
[86] L. Hartmann, K. Lucka, H. Köhne, J. Power Sources 118 (2003) 286-297. 
[87] A. Naidja, C.R. Krishna, T. Butcher, D. Mahajan, Prog. Energy Combust. Sci. 29 

(2003) 155-191. 
[88] C. Mengel, Untersuchungen zur Stabilität der Gemischbildung flüssigen Brennstoffe 

mit Luft unter den Bedingungen druckaufgehladener Brennstoffzellenprozesse, Ph.D. 
Thesis, Rheinisch-Westfählischen Technischen Hochschule, Aachen, 2004, ISBN 3-
8322-2636-2. 

[89] M. Nilsson, L.J. Pettersson, B. Lindström, Energy Fuels 20 (2006) 2164-2169. 
[90] S. Roychoudhury, M. Castaldi, M. Lyubovsky, R. LaPierre, S. Ahmed, J. Power Sources 

152 (2005) 75-86. 
[91] G. Kolb, T. Baier, J. Schürer, D. Tiemann, A. Ziogas, H. Ehwald, P. Alphonse, Chem. 

Eng. J. 137 (2008) 653-663. 
[92] I. Aartun, T. Gjervan, H. Venvik, O. Görke, P. Pfeifer, M. Fathi, A. Holmen, K. 

Schubert, Chem. Eng. J. 101 (2004) 93-99. 
[93] L. Pan, S. Wang, Chem. Eng. J. 108 (2005) 51-58. 
[94] G. Kolb, J. Schürer, D. Tiemann, M. Wichert, R. Zapf, V. Hessel, H. Löwe, J. Power 

Sources 171 (2007) 198-204. 
[95] M. Menéndez, M.P. Pina, M.A. Urbiztondo, L. Casado, M. Boutonnet, S. Rojas, S. 

Nassos, in: D.C. Thomas (Ed.), Carbon Dioxide Capture for Storage in Deep 
Geologic Formations, Elsevier, Amsterdam, 2005, pp. 341-364. 

[96] J. Lindmark, J. Hedlund, Z.G.J.C. Ruren Xu, Y. Wenfu, Stud. Surf. Sci. Catal., Elsevier, 
2007, pp. 975-980. 

[97] T.S. Christensen, Appl. Catal. A: Gen. 138 (1996) 285-309. 
[98] Volvo Grey list, www.volvo.com, Accessed: February 2009. 
[99] A.B. Stiles, Catalyst supports and supported catalysts, Butterworth Publishers, 

Stoneham, United States, 1987. 
[100] R.K. Kaila, A. Gutiérrez, R. Slioor, M. Kemell, M. Leskelä, A.O.I. Krause, Appl. Catal. 

B: Environ. 84 (2008) 223-232. 
[101] M.V. Mundschau, C.G. Burk, D.A. Gribble Jr, Catal. Today 136 (2008) 190-205. 
[102] J.A. Villoria, M.C. Álvarez-Gálvan, R.M. Navarro, Y. Briceño, F. Gordillo Alvarez, F. 

Rosa, J.L.G. Fierro, Catal. Today 138 (2008) 135-140. 
[103] S. Krummrich, B. Tuinstra, G. Kraaij, J. Roes, H. Olgun, J. Power Sources 160 (2006) 

500-504. 
[104] S. Roychoudhury, M. Lyubovsky, D. Walsh, D. Chu, E. Kallio, J. Power Sources 160 

(2006) 510-513. 
[105] B.J. Dreyer, I.C. Lee, J.J. Krummenacher, L.D. Schmidt, Appl. Catal. A: Gen. 307 

(2006) 184-194. 

http://www.grc.nasa.gov/WWW/CEAWeb/�
http://www.volvo.com/�


 

 73

[106] P. Dinka, A.S. Mukasyan, J. Power Sources 167 (2007) 472-481. 
[107] J. Pasel, J. Meißner, Z. Pors, R.C. Samsun, A. Tschauder, R. Peters, Int. J. Hydrogen 

Energy 32 (2007) 4847-4858. 
[108] B. Lenz, T. Aicher, J. Power Sources 149 (2005) 44-52. 
[109] X. Yu, S. Zhang, L. Wang, Q. Jiang, S. Li, Z. Tao, Fuel 85 (2006) 1708-1713. 
[110] T. Suzuki, H.-i. Iwanami, T. Yoshinari, Int. J. Hydrogen Energy 25 (2000) 119-126. 
[111] D.H. Kim, J.S. Kang, Y.J. Lee, N.K. Park, Y.C. Kim, S.I. Hong, D.J. Moon, Catal. 

Today 136 (2008) 228-234. 
[112] J. Thormann, P. Pfeifer, K. Schubert, U. Kunz, Chem. Eng. J. 135 (2008) S74-S81. 
[113] R.M. Navarro, M.C. Álvarez-Galván, F. Rosa, J.L.G. Fierro, Appl. Catal. A: Gen. 297 

(2006) 60-72. 
[114] I. Kang, J. Bae, J. Power Sources 159 (2006) 1283-1290. 
[115] S.K. Goud, W.A. Whittenberger, S. Chattopadhyay, M.A. Abraham, Int. J. Hydrogen 

Energy 32 (2007) 2868-2874. 
[116] B.D. Gould, X. Chen, J.W. Schwank, J. Catal. 250 (2007) 209-221. 
[117] R.K. Kaila, A.O.I. Krause, Int. J. Hydrogen Energy 31 (2006) 1934-1941. 
[118] I. Kang, J. Bae, G. Bae, J. Power Sources 163 (2006) 538-546. 
[119] J.P. Kopasz, D. Applegate, L. Miller, H.K. Liao, S. Ahmed, Int. J. Hydrogen Energy 30 

(2005) 1243-1250. 
[120] C. Palm, P. Cremer, R. Peters, D. Stolten, J. Power Sources 106 (2002) 231-237. 
[121] D. Shekhawat, D.A. Berry, D.J. Haynes, J.J. Spivey, Fuel 88 (2009) 817-825. 
[122] M. Flytzani-Stephanopoulos, G.E. Voecks, Int. J. Hydrogen Energy 8 (1983) 539-548. 
[123] T. Horiuchi, K. Sakuma, T. Fukui, Y. Kubo, T. Osaki, T. Mori, Appl. Catal. A: Gen. 

144 (1996) 111-120. 
[124] M.C. Álvarez-Galván, R.M. Navarro, F. Rosa, Y. Briceño, F. Gordillo Alvarez, J.L.G. 

Fierro, Int. J. Hydrogen Energy 33 (2008) 652-663. 
[125] B.D. Gould, A.R. Tadd, J.W. Schwank, J. Power Sources 164 (2007) 344-350. 
[126] Y. Chen, H. Xu, Y. Wang, X. Jin, G. Xiong, Fuel Process. Technol. 87 (2006) 971-978. 
[127] J.R. Mawdsley, T.R. Krause, Appl. Catal. A: Gen. 334 (2008) 311-320. 
[128] D.J. Liu, M. Krumpelt, Int. J. Appl. Ceram. Technol. 2 (2005) 301-307. 
[129] D.-J. Liu, T.D. Kaun, H.K.H.-K. Liao, S. Ahmed, Int. J. Hydrogen Energy 29 (2004) 

1035-1046. 
[130] M.C. Álvarez-Galván, R.M. Navarro, F. Rosa, Y. Briceño, M.A. Ridao, J.L.G. Fierro, 

Fuel 87 (2008) 2502-2511. 
[131] D. Sopeña, A. Melgar, Y. Briceño, R.M. Navarro, M.C. Álvarez-Galván, F. Rosa, Int. J. 

Hydrogen Energy 32 (2007) 1429-1436. 
[132] M. Krumpelt, S. Ahmed, R. Kumar, D. Rajiv, US Patent 6110861, 2000. 
[133] P.K. Cheekatamarla, A.M. Lane, Int. J. Hydrogen Energy 30 (2005) 1277-1285. 
[134] R.K. Kaila, A. Gutiérrez, A.O.I. Krause, Appl. Catal. B: Environ. 84 (2008) 324-331. 
[135] V.A. Sobyanin, S. Cavallaro, S. Freni, Energy Fuels 14 (2000) 1139-1142. 
[136] V.V. Galvita, G.L. Semin, V.D. Belyaev, T.M. Yurieva, V.A. Sobyanin, Appl. Catal. A: 

Gen. 216 (2001) 85-90. 



 

 74

[137] T. Matsumoto, T. Nishiguchi, H. Kanai, K. Utani, Y. Matsumura, S. Imamura, Appl. 
Catal. A: Gen. 276 (2004) 267-273. 

[138] K. Takeishi, H. Suzuki, Appl. Catal. A: Gen. 260 (2004) 111-117. 
[139] T. Mathew, Y. Yamada, A. Ueda, H. Shioyama, T. Kobayashi, Catal. Lett. 100 (2005) 

247-253. 
[140] T.A. Semelsberger, K.C. Ott, R.L. Borup, H.L. Greene, Appl. Catal. V: Environ. 65 

(2006) 291-300. 
[141] K. Faungnawakij, Y. Tanaka, N. Shimoda, T. Fukunaga, S. Kawashima, R. Kikuchi, K. 

Eguchi, Appl. Catal. A: Gen. 304 (2006) 40-48. 
[142] K. Faungnawakij, R. Kikuchi, T. Matsui, T. Fukunaga, K. Eguchi, Appl. Catal. A: Gen. 

333 (2007) 114-121. 
[143] T. Kawabata, H. Matsuoka, T. Shishido, D. Li, Y. Tian, T. Sano, K. Takehira, Appl. 

Catal. A: Gen. 308 (2006) 82-90. 
[144] T.A. Semelsberger, R.L. Borup, J. Power Sources 152 (2005) 87-96. 
[145] T.A. Semelsberger, K.C. Ott, R.L. Borup, H.L. Greene, Appl. Catal. B: Environ. 61 

(2005) 281-287. 
[146] V. Vishwanathan, K.-W. Jun, J.-W. Kim, H.-S. Roh, Appl. Catal. A: Gen. 276 (2004) 

251-255. 
[147] B. Lindström, L.J. Pettersson, Int. J. Hydrogen Energy 26 (2001) 923-933. 
[148] B. Lindström, L.J. Pettersson, Catal. Lett. 74 (2001) 27-30. 
[149] Y. Tanaka, R. Kikuchi, T. Takeguchi, K. Eguchi, Appl. Catal. B: Environ. 57 (2005) 

211-222. 
[150] K. Faungnawakij, Y. Tanaka, N. Shimoda, T. Fukunaga, R. Kikuchi, K. Eguchi, Appl. 

Catal. B: Environ. 74 (2007) 144-151. 
[151] Y. Usami, K. Kagawa, M. Kawazoe, M. Yasuyuki, H. Sakurai, M. Haruta, Appl. Catal. 

A: Gen. 171 (1998) 123-130. 
[152] Y. Matsumura, M. Okumura, Y. Usami, K. Kagawa, H. Yamashita, M. Anpo, M. 

Haruta, Catal. Lett. 44 (1997) 189-191. 
[153] A. Karim, T. Conant, A. Datye, J. Catal. 243 (2006) 420-427. 
[154] S. Liu, K. Takahashi, K. Fuchigami, K. Uematsu, Appl. Catal. A: Gen. 299 (2006) 58-

65. 
[155] E.S. Ranganathan, S.K. Bej, L.T. Thompson, Appl. Catal. A: Gen. 289 (2005) 153-162. 
[156] Z.X. Chen, K.M. Neyman, A.B. Gordienko, N. Rösch, Phys. Rev. B 68 (2003) 075417. 
[157] Q. Zhang, X. Li, K. Fujimoto, K. Asami, Appl. Catal. A: Gen. 288 (2005) 169-174. 
[158] S. Wang, T. Ishihara, Y. Takita, Appl. Catal. A: Gen. 228 (2002) 167-176. 
[159] W. Ruettinger, O. Ilinich, R.J. Farrauto, J. Power Sources 118 (2003) 61-65. 
[160] R. Kumar, P. Kulkarni, C. Moorefield, S. Barge, V. Zamansky, Fuel cell distributed 

power package unit: Fuel processing based on autothermal cyclic reforming, FY 2003 
progress report, US Department of Energy, 2003. 

[161] D.J. Haynes, D.A. Berry, D. Shekhawat, J.J. Spivey, Catal. Today In Press, Corrected 
Proof. 

[162] C. Song, Catal. Today 86 (2003) 211-263. 
[163] X. Wang, R.J. Gorte, Catal. Lett. 73 (2001) 15-19. 



 

 75

[164] A.F. Diwell, R.R. Rajaram, H.A. Shaw, T.J. Truex, A. Crucq, Stud. Surf. Sci. Catal. 71 
(1991) 139-152. 

[165] T. Bunluesin, R.J. Gorte, G.W. Graham, Appl. Catal. B: Environ. 15 (1998) 107-114. 
[166] B.I. Whittington, C.J. Jiang, D.L. Trimm, Catal. Today 26 (1995) 41-45. 
[167] H. Schaper, E.B.M. Doesburg, L.L. Van Reijen, Appl. Catal. 7 (1983) 211-220. 
[168] Z. Pors, J. Pasel, A. Tschauder, R. Dahl, R. Peters, D. Stolten, Fuel Cells 08 2 (2008) 

129-137. 
[169] J.J. Krummenacher, K.N. West, L.D. Schmidt, J. Catal. 215 (2003) 332-343. 
[170] B. Lindström, J.A.J. Karlsson, P. Ekdunge, L. De Verdier, B. Häggendal, J. Dawody, 

M. Nilsson, L.J. Pettersson, Int. J. Hydrogen Energy, accepted for publication, 2009. 
[171] X. Karatzas, M. Nilsson, B. Lindström, L.J. Pettersson, Characterization and 

optimization of a 5 kWe autothermal reformer, Manuscript, 2009. 
[172] J. Kaspar, P. Fornasiero, J. Solid State Chem. 171 (2003) 19-29. 
[173] Y. Chang, J.G. McCarty, Catal. Today 30 (1996) 163-170. 
[174] H. Trevino, G.D. Lei, W.M.H. Sachtler, J. Catal. 154 (1995) 245-252. 
[175] B.J. Bowers, J.L. Zhao, M. Ruffo, R. Khan, D. Dattatraya, N. Dushman, J.-C. Beziat, 

F. Boudjemaa, Int. J. Hydrogen Energy 32 (2007) 1437-1442. 
[176] Y. Shi, J. van Pelt, R. Khan, M. Ruffo, J. Zhao, B. Bowers, J. Cross III, ECS Trans. 5 

(2007) 645-654. 
[177] P.M. Irving, J.S. Pickles, Proc. 30th Fuel Cell Seminar, Honolulu, 2006. 
[178] A. Meyer, C.R. Schroll, R. Lesieur, F.A. Kocum, SAE Paper 2000-01-0008  (2000). 
[179] A. Qi, S. Wang, C. Ni, D. Wu, Int. J. Hydrogen Energy 32 (2007) 981-991. 
[180] S. Cavallaro, V. Chiodo, A. Vita, S. Freni, J. Power Sources 123 (2003) 10-16. 
[181] B. Lindström, Development of a methanol reformer for fuel cell vehicles, Ph.D. 

Thesis  KTH - Royal Institute of Technology, 2003, ISBN 91-7283-406-4. 
[182] F. Solymosi, J. Cserényi, L. Ovári, J. Catal. 171 (1997) 476-484. 
[183] S. Cavallaro, Energy Fuels 14 (2000) 1195-1199. 
[184] H.A. Zaidi, K.K. Pant, Catal. Today 96 (2004) 155-160. 
[185] C.D. Chang, A.J. Silvestri, J. Catal. 47 (1977) 249-259. 
[186] N. Iwasa, S. Masuda, N. Ogawa, N. Takezawa, Appl. Catal. A: Gen. 125 (1995) 145-

157. 
[187] C.-T. Hong, C.-T. Yeh, F.-H. Yu, Appl. Catal. 48 (1989) 385-396. 
[188] S. Liu, K. Takahashi, H. Eguchi, K. Uematsu, Catal. Today 129 (2007) 287-292. 
[189] J.A. Rodriquez, J. Phys. Chem. 89 (1985) 1841-1842. 
[190] G. Bergeret, P. Gallezot, in: G. Ertl, H. Knözinger, J. Weitkamp (Eds.), Handbook of 

heterogeneous catalysis, VCH, Weinheim, 1997, pp. 439-464. 
[191] M. Boudart, G. Djéga-Mariadassou, Kinetics of heterogeneous catalytic reactions, 

Princeton University Press, Princeton, 1984. 
[192] M. Nilsson, A. Giannotta, L.J. Pettersson, unpublished work, KTH - Royal Institute of 

Technology, 2008. 
[193] G. Brundtland, Our common future, Report of the World Commission on 

Environment and Development, 1987, http://www.un-documents.net/a42-427.htm, 
retrieved February 2008. 

http://www.un-documents.net/a42-427.htm�


 

 76

[194] W. McDonough, M. Braungart, Cradle to cradle: Remaking the way we make things, 
North Point Press, New York, 2002. 

 
 


	DOCTORAL THESIS IN CHEMICAL ENGINEERING
	MARITA NILSSON
	PAPERS REFERRED TO IN THIS THESIS
	Manuscript
	Publications in peer-reviewed journals
	Appendices: Papers I-V


	Chapter 1
	(Papers I-II)
	(Paper III)
	(Papers IV-V)


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


