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Abstract 
 
The objectives of this doctoral thesis are to give a basis including methods for 
the development of stationary polymer electrolyte fuel cell (PEFC) systems for 
combined heat and power production. Moreover, the objectives include 
identifying prerequisites, requirements and possibilities for PEFC systems 
producing heat and power for buildings in Sweden. The PEFC system is still in a 
pre-commercial state, but low emission levels, fast dynamics and high efficiencies 
are promising characteristics. 
 
A thermodynamic model to simulate stationary PEFC systems has been 
constructed and pinch technology and exergy analyses are utilised to design and 
evaluate the system. The final system configuration implies a high total efficiency 
of approximately 98 % (LHV). 
 
A flexible test facility was built in connection with the research project to 
experimentally evaluate small-scale stationary PEFC systems at KTH. The 
research PEFC system has extensive measurement equipment, a rigorous control 
system and allows fuel cell systems from approximately 0.2 to 4 kWel in size to be 
tested. The simulation models of the fuel processor and the fuel cell stack are 
verified with experimental data taken from the test facility.  
The initial evaluation and simulation of the first residential installation of a PEFC 
system in Sweden is also reported. This PEFC system, fuelled by biogas and 
hydrogen, is installed in an energy system also including a photovoltaic array, an 
electrolyser and hydrogen storage. 
 
Technical aspects of designing a fuel cell system-based energy system, including 
storages and grid connections, which provides heat and power to a building are 
presented in this thesis. As a basis for the technical and economic evaluations, 
exemplifying energy systems are constructed and simulated. Fuel cell system 
installations are predicted to be economically unviable for probable near-term 
conditions in Sweden. The main factor in the economic evaluations is the fuel 
price. However, fuel cell system installations are shown to have a higher fuel 
utilisation than the conventional method of energy supply.  
 
The methods presented in this thesis serve as a collected basis for continued 
research and development in the area. 
 
Keywords: Small-scale, stationary, fuel cell system, polymer electrolyte fuel cell, PEFC 
system, reformer, thermodynamic modelling, pinch technology, exergy analyses, system 
configuration, test facility, experiments, application, simulation, installation, energy system, 
energy storage, heat and power demand. 
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Sammanfattning  
- Utveckling och utvärdering av stationära PEFC-system 

 
De huvudsakliga målen med denna doktorsavhandling har varit att utveckla 
stationära polymerelektrolytbränslecellssystem (PEFC-system) för kombinerad el- 
och värmeproduktion, samt att utvärdera dem för installationer i byggnader i 
Sverige. PEFC-system finns ännu inte kommersiellt tillgängliga, men fördelar 
såsom låga utsläppsnivåer, god dynamik, och höga verkningsgrader även vid 
dellast gör dem intressanta för framtida installationer.  
 
För att optimera totalverkningsgraden för ett PEFC-system inkluderande 
bränsleomvandling har utformningen av dess interna värmeväxlarnätverk stått i 
fokus. Förutsatt fullgod komponentisolering har totalverkningsgrader vid maxlast 
på över 98 % av lägre värmevärdet för naturgastillförseln utarbetats. För 
utvecklingen och utvärderingen av PEFC-system har simuleringsmodeller 
baserade på termodynamiska data byggts upp, samt pinch- och exergianalys 
utnyttjats. 
 
I koppling till doktorandprojektet har en försöksanläggning för PEFC-system 
byggts upp på KTH. Försöksanläggningen som har utrustats med fullständig 
mätutrustning och ett fullgott kontrollsystem möjliggör experiment på PEFC-
system och komponenter i storleksordningen 0.2-4 kWel. Med hjälp av data från 
försöksanläggningen har simuleringsmodellerna av bränsleomvandling och 
bränslecellsstack kunnat verifieras. I avhandlingen sammanfattas också inledande 
utvärdering och simulering av Sveriges första demonstationsinstallation av ett 
PEFC-system, vilket är drivet av biogas och vätgas. Till det energisystemet hör 
dessutom en solcellspanel, en elektrolysör och ett vätgaslager. 
 
För att momentant tillgodose en byggnads el- och värmebehov med hjälp av ett 
bränslecellssystem är det nödvändigt att utforma ett energisystem med energilager 
eller nätanslutningar, vilket beskrivs utförligt i avhandlingen. Simuleringar har 
utförts för ett antal exemplifierande byggnader till grund för ekonomisk och 
teknisk utvärdering. Det står klart att även om dagens problem med 
bränslecellssystemens korta livslängd och höga pris vore lösta, skulle det idag inte 
vara lönsamt med småskalig kraftvärmeproduktion i Sverige på grund av dagens 
relativt låga elpriser i jämförelse med priserna på tänkbara bränslen. Dock har en 
av de exemplifierade installationerna studerats med avseende på 
exergiverkningsgrad, vilket påvisar de lokala installationernas högre 
bränsleutnyttjande i jämförelse med dagens energiförsörjning.  
 
De metoder som beskrivs inom det presenterade arbetet utgör en samlad grund 
för fortsatta studier inom området. 
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1. Introduction 

 

1 Introduction 

1.1 Objectives of this thesis 
The objectives of this thesis are to give a basis including methods for the 
development of stationary polymer electrolyte fuel cell (PEFC) systems for 
combined heat and power production. Moreover, the objectives include 
identifying prerequisites, requirements and possibilities for PEFC systems 
producing heat and power for buildings in Sweden. 

1.2 The research project 
In 1999, the research project “System studies of stationary fuel cells for small-scale 
cogeneration applications” was started within a university programme for 
stationary fuel cells financed by the Swedish Energy Agency and administrated by 
Elforsk AB. The project was initiated by Professor Göran Lindbergh and 
Professor Gunnar Svedberg at the Department of Chemical Engineering and 
Technology at the Royal Institute of Technology, Stockholm, Sweden. Two 
doctoral students were employed, the author of this thesis at the Division of 
Energy Processes for the systems analysis, and Sofia Enbäck at the Division of 
Applied Electrochemistry to analysis the effects of reformate on the fuel cell stack 
anode [Enbäck 2004]. In 2003, an additional doctoral student, Lars Hedström, was 
employed within this project for continued system-level research. Associate 
Professor Per Alvfors and Professor Göran Lindbergh have supervised the 
research.  

1.3 Methodology 

1.3.1 Mathematical modelling of fuel cell systems 

Thermodynamic models 
The main tool utilised for the design and evaluation of the PEFC system is 
thermodynamic modelling. Component models for all key components included 
within the fuel cell system have been developed and together with thermodynamic 
properties incorporated within a mathematical simulation tool. The material flow 
and the energy transfer are the basis of the models. 

Design of fuel cell systems 
The choice of components in the developed fuel cell systems is based on studies 
presented in the literature. Although the components to be included within the 

                                                                     1                     
  
 
 
 

 



 
 
 
Design and evaluation of stationary polymer electrolyte fuel cell systems 

 

fuel cell system are known, their thermal connections had to be designed. This 
design of the heat exchanger network was aided by applying the rules of pinch 
technology. 

Technical evaluation 
The technical evaluation of the designed fuel cell system is presented by efficiency 
numbers, energy balances and resulting pinch curves. Further, exergy analyses are 
performed. The exergy expresses the available energy, i.e. availability to produce 
work, e.g. electricity, of a material or flow. The results of the technical evaluation 
is a basis to improve the fuel cell system, as it clarifies the reciprocal – evident and 
avoidable – losses of the system components. 

1.3.2 Practical experience and model verification 

The models of the components in the fuel cell system are compared to data 
obtained experimentally from a test facility for research on PEFC systems. The 
test facility is placed at the university to gain practical experience of how 
components in the small-scale fuel cell system interact, and to locate areas of 
special interest for deeper studies.  
 
Through the author’s involvement in evaluating the first PEFC system installation 
in a public building in Sweden further experience was gained. 

1.3.3 Mathematical simulations of PEFC system installations 

Technical design 
The fuel cell systems presented in this thesis are developed to produce heat and 
power for buildings. As no building’s heat and power demand perfectly match the 
momentary production of heat and power by the fuel cell system it has to be 
incorporated within a energy system. This energy system might include energy 
storage and net connections. The energy system around the fuel cell system is 
designed and sized with the help of the location’s demand duration curves to 
cover the long- and short-term demands of heat and power. For the exemplifying 
installations studied in this thesis the heat and power demand has been known for 
a whole year as hourly average values. The designed energy system is then 
simulated such that it provides the site’s measured heat and power demands over 
one year. The simulations include automatic control strategies for the equipment 
within the energy system. The results of the simulations include total fuel 
consumption, utilisation levels of the equipment, amount of bought and sold heat 
and power, and efficiency numbers. 

Economic evaluation 
The fuel cell technology is still in a pre-commercial state, hence the component 
and system costs have to be predicted. From the predicted costs of the fuel cell 
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system installation the total fixed and variable cost are calculated and compared to 
the cost for a conventional energy system installation. The cost for fuel and 
electricity is varied in the studies, but today’s costs and taxes in Sweden are used in 
the standard case. The economic evaluation is performed by the annuity method. 

1.4 Disposition of this thesis 
A brief background of the subjects treated in this thesis is presented in section 2. 
 
Section 3-5 summarises the three main parts of the work of the thesis, namely the 
fuel cell system configurations, the experimental work and model verification, and 
fuel cell system installation studies. Each respective section contains a separate 
discussion, while an end discussion containing recommendations for future work 
is found in section 6. 
 
The conclusions are summarised in section 7. 
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2 Background 

2.1 A vision for future energy systems 
A vision for a future sustainable energy system is one where solar energy fulfils the 
global demand for energy. Solar energy would thus be utilised for heating and 
cooling purposes, and either be directly converted to electricity or hydrogen, or be 
utilised in other forms such as biomass growth and wind power. In this, and 
similar visions, fuel cell systems may be chosen to play the role of a zero-emission 
conversion link between the produced fuels and the end-users of energy. 
 
Important conditions for the future supply of energy includes zero emissions, 
minimised material destruction and minimised environmental degradation. 

2.2 Fuel and energy infrastructure 

2.2.1 Global perspective 

The world’s total energy utilisation was estimated to 120 PWh1/year in 2001, of 
which oil, natural gas and coal constituted 78 % [BP 2003, IEA 2003]. The rest 
was mainly biofuel (11 % [IEA 2003]), hydro power and nuclear power. Energy 
usage is expected to increase, with the global demand for electricity expected to 
double before the year 2030 [IEA World Energy Outlook 2002]. This progression 
could be slightly slowed by planned energy savings, but an increased future need 
for energy must still be planned for. 
 
The global average amount of solar energy that reaches the Earth is approximately 
1 500 000 PWh/year (1-2 MWh/m2, year) [Dahlquist 2002]. Of this, only 300-600 
PWh/year is used in the photosynthesis today [Dahlquist 2002] and, in 50 years, 
10-320 PWh biomass/year is estimated available for energy purposes [Hoogwijk et 
al. 2003]. Additionally, 260 PWh/year of geothermal energy and 26 PWh/year of 
tidewater are transferred to the surface of the Earth [Dahlquist 2002]. The 
available global reserves of the three fossil fuels are estimated to total 10 000 
PWh; with conventional oil reserves corresponding to 40 times the production 
during year 2002 [BP 2003] being the most used and most limited fossil fuel. The 
conventional reserves of uranium are estimated to total 1 770 PWh [World 
Nuclear Association 2002]. These energy data are of course estimations and not 
precise figures. However, the limited fossil reserves together with the large levels 
                                                      
1 G giga (109), T tera (1012), P peta (1015)  
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of emissions from the energy sector clarify the need to adjust our energy supply 
systems. New energy chains have to be found and new technologies to be 
developed to support these. 
 
Converting the energy content of a fuel through combustion, as is the most 
common path at present, always implies emissions. When combusting the fuels of 
today with air, emissions of mainly NOx, SOx, CO2, CO, hydrocarbons (HC) and 
particles are formed. Additionally metals and other contaminants in the fuel are 
released. SOx and NOx emissions causes, for example, acid rain, that damages 
building materials, releasing metals, which in turn negatively affect both fauna and 
flora. NOx and SOx, and especially particles, also have health effects on human 
beings. CO2 is a so-called greenhouse gas, which causes the temperature of the 
Earth to increase by changing the heat radiation balance of the atmosphere. This 
is believed to cause a climate change, a change already reflected in the slowly 
changing possibilities for life in exposed and sensitive environments. Due to its 
high levels of emissions, CO2 is responsible for the main part of this climate 
change, but the negative impact of for example methane per unit emitted is more 
than tenfold worse. The exhausts from combustion processes in certain countries 
are cleaned to decrease emission levels. Furthermore, combusting natural gas with 
air results in much lower levels of emissions than combusting oil, coal or biogas, 
although the NOx and CO2 emissions are still high [Holmström et al. 1997].  
 
The optimal future energy infrastructure must also to be decided. The electrical 
power grid constitutes an elegant solution for a national energy-provider, with low 
transmission losses. However, two of the main disadvantages with having large, 
centralised power plants converting fuels to electricity, are the high transmission 
costs and that heat losses can rarely be utilised, especially if the plant is located far 
from a district heating network. An alternative is to de-centralise parts of the 
infrastructure and distribute fuel to the end-user. In this way, heat could be 
utilised for heating purposes and synergy effects can be found with the supply of 
fuels for the transport sector. When distributing hydrogen over distances 
exceeding approximately 400 km, the costs would be even lower than for a 
corresponding 500 kV AC power grid [Justi 1987], although the cost for long 
distance power grids are declining with new technology. The high voltage direct 
current (HVDC) transmission is known to be cheaper than hydrogen pipelines 
over long distances [e.g. Liu 2003].  
 
For many researchers and companies a well-developed hydrogen infrastructure is 
seen as the obvious solution for the future energy system [Ogden 2002, Lovins 
2003, Grahn 2004, Petrovic et al. 2003, European Commission 2003, NAVC 
2003], especially for transportation purposes. This future vision goes under the 
name “the hydrogen economy”, or the “hydrogen society”. The hydrogen in such 
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an energy system would be obtained by reforming other fuels, or electrolysed [e.g. 
Ekman 2001] from water using electrical power obtained via other means e.g. 
photovoltaic, wind or hydro power [Ogden et al. 1999]. Hydrogen could even be 
produced by photosynthetic or fermentative bacteria, or by biophotolysis of water 
using algae and cyanobacteria [Das and Vezioğlu 2001]. Data concerning the near-
term economics of hydrogen production, storage and transportation are, for 
example, collected and presented by Grégorie Padró and Putsche (1999). The 
main driving forces for developing “the hydrogen economy” are the security of 
fuel supply and the economic situation [European Commission 2003, US DOE 
2004b, Grahn 2004]. Additionally, improvements in air quality, health and 
greenhouse gas emission levels [European Commission 2003, US DOE 2004b] 
are considered important factors. As there exist a fear against hydrogen, reports 
have lately been written to inform industry and the public (and on how to inform 
[Schulte et al. 2004]) of the safety advantages of hydrogen compared to gasoline 
and diesel [Lovins 2003, College of the Desert 2001].  
 
Other researchers argue against “the hydrogen economy”, pointing out the high 
overall exergy losses from all the required energy conversions [Bossel et al. 2003]. 
Furthermore, as the lightweight hydrogen is expensive to transport and store 
[Zittel and Wurster 2002], an infrastructure incorporating a hydrogen carrier is 
another important choice for the future. Typical hydrogen carriers could, for 
example, be methanol, ethanol, or synthetic fuels like Fischer-Tropsch fuels or 
dimethyl eter (DME). Efficiencies and processes to provide these fuels from 
natural gas or biomass are presented in the literature [e.g. Ahlvik and Brandberg 
2001, Bridgewater 1995, Hackney and de Neufville 2001, Ogden et al. 1999], along 
with comparisons with the total efficiencies from coal and solar electrolysis 
[Adamson and Pearson 2000]. Studies concerning the optimal choice of fuel for 
vehicles are common [Thomas et al. 2000, Ogden et al. 1999], and some include 
relative life cycle aspects [Hackney and de Neufville 2001]. The well-to-wheel 
efficiencies for vehicles run on fuels reformed from natural gas or biomass are 
also discussed [Ahlvik and Brandberg 2001]. The different studies report different 
results depending on their assumptions and limitations, but a common result of 
studies comparing different transportation fuels is that locally reformed natural 
gas is the best way to start the conversion from gasoline and diesel to hydrogen 
[Lovins 2003, Alternative Fuels Contact Group 2003], but that renewables should 
be implemented later [NAVC 2003]. Nevertheless, the mentioned energy 
infrastructures would likely be seen in parallel even in the future: the power grid, 
the district heating network, a hydrogen or some hydrogen-carrier infrastructures 
for both stationary and tractionary use. 
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2.2.2 Sweden 

The total energy supplied in Sweden year 2002 was 616 TWh, of which 71 % was 
fossil fuels, including uranium for the nuclear power plants. The total electricity 
production was 143 TWh, of which hydro power and nuclear power stood for 
46 % each. The residential and service sector used 155 TWh of energy of which 
73 TWh was electricity and district heating 49 TWh [Energiläget 2003].  
 
The power grid in Sweden is completely built-out, as is the district heating 
network to a great extent. Sweden has an extended infrastructure of diesel, 
gasoline, and liquefied petroleum gas (LPG), as indicated in Table 1. The 
infrastructure for natural gas is well developed on the southwest coast, and several 
plans to expand the pipeline network are being implemented. Approximately 10 
000-15 000 residential buildings use natural gas for heat production and many 
more have access to natural gas [Norén 2001, Paper VII]. Biogas is produced in 
different kinds of facilities and in many different locations in Sweden today. 
Biogas is mainly used for transport applications, but in some parts of the country 
it is used for stationary applications [Paper IV]. Often biogas has to be upgraded 
before use, i.e., the carbon dioxide content is decreased. It has been proven that 
upgraded biogas may be added to the natural gas grid [Svenska Gasföreningen 
1999]. 
 
Hydrogen is produced to a limited extent in the process industry in Sweden today, 
mostly through steam reforming natural gas, for the company’s own purposes. 
The city gas grid in Stockholm has over 100 000 customers and contains 50 % H2 
and 30 % CH4. The process to produce methanol from wood is technically easier 
than the corresponding process for ethanol, but in Sweden today there are only 
plants which produce ethanol for the transport sector and the process industry, as 
seen in Table 1. Characteristics of fuel cell fuels are, for example, overviewed by 
Thomas and Zalbowitz (1999).  Reports discussing fuel costs and availability in 
Sweden are, for example, Energiläget (2003), Ohlsson (2001) and Friberg and 
Nilsson (2001).  
 
Table 1. Fuel availability in Sweden ([Ohlsson 2001, Energiläget 2001]).  
Fuel Main source today Today’s usage (availability) 
Biomass Wood and crops 97 TWh/year (Additional 20-190 TWh/year) 
Biogas  Waste, landfills or crops 1.4 TWh/year (17 TWh/year 1)) 
City gas Gasoline 0.5 TWh/year (Decreasing) 
Coal Imported 26 TWh/year  

(Gasification possible, 227 years 2)) 
Diesel Imported Well-developed infrastructure. (40 years 2)) 
Ethanol Majority imported, 

Wood or grain 
0.4 TWh/year 
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Gasoline Imported Well-developed infrastructure. (40 years 2)) 
Hydrogen Natural gas Not for energy conversion. 
LPG Imported Well-developed infrastructure. (40 years 2)) 
Methanol Imported Not for energy conversion. 
Natural gas  Imported, pipelines in 

the southwest 
9.5 TWh/year (61 years 2)) 

1) [Agrigas 2002], 8 TWh/year economic feasible  
2) Global value, compared to consumption FY2000 [Energiläget 2001] 
 
Scenarios for energy production in Sweden, year 2050, still include fossil fuels, at 
least for transportations [Azar et al. 1998, Energiframsyn 2002]. The potential for 
an increased biogas use is estimated to be at most 17 TWh [Agrigas 2002], and the 
amount of biomass utilised for energy purposes may be increased to 190 TWh 
[Kjellström 2001]. In today’s European Union, only a small amount of the total 
fuel demand, corresponding to 5-15 % of the total transportation fuels, could be 
derived from biomass due to limitations in land availability [Alternative Fuels 
Contact Group 2003]. 

2.3 Power, heat and hot water supply for a building 
Compared to many other countries a building in Scandinavia requires more heat 
compared to electrical power. The heat demand of a building is very much 
dependent on the temperature outdoors [Stenlund and Sandberg 1984] and 
therefore varies greatly over the year. The electricity demand varies slightly over 
the year, but much more during the day and night. For office buildings, the 
majority of electricity is needed during the day, while the demand of a residential 
building is highest during the morning and evening.  
 
Measured energy demand data from buildings in Gothenburg (a city on the 
Swedish southwest coast) 1990-1991, shows the connections between heat, power, 
time and outdoor temperature particularly well [Aronsson 1996]. For several kinds 
of buildings, the heating demand for the building itself and tap water, as well as 
the heating system temperature levels and power demand are measured and saved 
as mean values per hour for a whole year. With kind permission from the author, 
this data has been used as a basis for the calculations in this study. Respective 
demands are presented in connection to the case studies [Paper VIII, VII, V, and 
IV]. 
 
More than 50 percent of the heating demand of residential buildings in Sweden is 
provided by systems based on oil or electricity [Fjärrvärmeföreningen 2000]. The 
details are listed in a report by Sandberg and Overland (2003). Most existing 
buildings have high temperature heating systems. To enable systems where heat is 
supplied at lower temperatures, larger radiator areas are required. In some 

                                                                     9                     
  
 
 
 

 



 
 
 
Design and evaluation of stationary polymer electrolyte fuel cell systems 

 

buildings an adjustment of existing radiators could be enough, while, installing 
additional radiators might be necessary for other. It is interesting to note that new 
laws do not permit water systems dimensioned for higher inlet temperatures than 
55°C [BFS 1998]. The goal is to build systems applicable for alternative energy 
solutions. The heat demand for future buildings could be decreased by installing 
better insulation. However, a newly performed evaluation of a group of low 
energy buildings in Malmö, Sweden, expresses that not even the existing energy 
demand regulations are always followed and the measured demand exceeded the 
regulation limits in three of the ten investigated cases [Nilsson 2004]. It is 
important to note that only 1-2 % of all buildings are exchanged per year 
[Iverfeldt 2004]. Actually, there are building projects already preparing new 
buildings for future fuel cell system installations [Baines 2003]. Important facts to 
improve the sustainability of buildings include intelligent control protocols, 
computer-aided energy design and recycled materials [IEA 2000, pp. 83-84]. Even 
experimental buildings in Gothenburg have shown that it is feasible to build 
houses with a very small additional heat demand, down to only 7 000 kWh/year in 
total energy demand for a built-in terrace house [Boström et al. 2003]. The (peak) 
electricity demand could also be decreased by utilising fuels directly, for example 
in a gas oven. 
 
Because of the risk of Legionnaire’s disease hot tap water must not fall below 
50°C, if circulating, or 60°C, if stagnant. Furthermore, it should not exceed 65°C 
because of the risk of scalding [BFS 1998, Boverket 2000]. If the hot tap water 
risks exceeding 65°C at a tap, thermostat mixers are installed to mix cold water in 
to it. To keep a high tap water temperature, it is slowly circulated in larger 
buildings. The temperature decrease of the returning water can be 5-10°C 
[Aronsson 1996]. A building’s heat supply should at least manage to keep the 
indoor temperature at the lowest only three degrees under the normal indoor 
temperature when experiencing the kind of extremely low outdoor temperatures 
only expected once every 20 years [BFS 1998].  
 
A connected discussion is the question of whether to supply direct current (DC) 
to buildings in the future instead of, or parallel to, alternating current (AC). The 
former is an advantage for fuel cell systems, since no DC/AC converter would be 
necessary [Elforsk 1999].  
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2.4 Small-scale stationary fuel cell system applications 

Applications 
Reasons for installing stationary fuel cell systems range from high electrical 
efficiencies and low emission levels, to quiet and reliable2 operation and high 
power quality. As fuel cell systems are still in a pre-commercial development state, 
they are initially seen in niche applications where factors other than pure 
economics dominate. Typical applications include standby power or stand-alone 
settings; furthermore peak shaving and grid support are also suggested. Fuel cell 
systems have several characteristics enabling them to act as to grid support; 
frequency or voltage control can be performed with the power conditioner in the 
system due to the high quality power produced. Additionally, advantages that are 
valid for any distributed generation3 technique include reduced losses due to on-
site co-generation possibilities and shorter transmission distances. Further, 
investors are expected to be attracted by the land, time and capital savings made 
by installing smaller power conversion units on demand rather than in advance 
[Swisher 2002]. Not only are fuel cell systems envisioned for co-generation, but 
also for poly-generation including chilling or hydrogen production. Further 
reasons for early fuel cell system installations, other than those already mentioned, 
include ethics and lifestyle [Steinberger-Wilckens 2003], e.g. voluntary installations 
due to environmental concern or independence desire. 
 
At present, manufacturers and researchers of small-scale fuel cell systems are 
focused on residential building applications. Simulation studies for a small-scale 
fuel cell system in a building have been conducted for buildings in several 
countries, including USA [SOFC4: Braun 2002, PEFC: Kreutz and Ogden 2000], 
Germany [PEFC: Leisten et al. 2002], Japan [PEFC: Kato et al. 2003, MCFC: 
Sugiura and Naruse 2002], Belgium [PEFC and SOFC: Lilien et al. 2003], 
Netherlands [Mallant 2000] and Sweden [Paper IV, V, VII, VIII]. Braun (2002) 
found that the optimal size of a SOFC system for a residential building coincides 
with its yearly average electricity demand. Kato et al. (2003) evaluates the 
importance of the size of the hot-water storage tank, which also is discussed in 
Paper VIII and IV. A study from the UK has further analysed a wood gasifier 
with fuel cell systems for different types of buildings [PAFC and MCFC: 
McIlveen-Wright et al. 2003]. For buildings whose heat demand exceeds the heat 
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2 The high reliability is proven by the already commercial PAFC systems, and expectations are that 
other fuel cell types will behave similarly. An often-mentioned argument for reliability is the few 
moving parts in the system. 
3 Distributed generation is defined as “an electric power source connected directly to the distribution 
network or on the customer site of the meter” [Ackermann et al. 2001]. 
4 The abbreviations for the fuel cell types are explained in section 2.6. 
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supply from the fuel cell system, a combined installation with a heat pump would 
be a good solution [Waterkotte 2001]. 
 
Another commonly suggested application for small-scale fuel cell systems is as an 
energy converter in an alternative, stand alone energy system, whose base-energy 
supply is wind or solar energy, which is stored as hydrogen to supply the 
fluctuating system demands. Such studies are, for example, seen for 
telecommunication buildings [e.g. Amanuma et al. 2000], a building in the Alps 
[Santarell and Macagno 2004] or isolated villages in Alaska [Isherwood et al. 2000]. 
Further, various applications are studied in Italy [Galli and Stefanoni 1996], 
Mexico [Torres et al. 1998], USA [Hollenberg et al. 1995, Lehman et al. 1997] and 
Canada [Agbossou et al. 2000]. The systems are, for example, modelled in 
TRNSYS [Ulleberg and Mørner 1997], or Simulink [Paper IV, Iqbal 2003], or by 
other means [Rissanen et al. 2002]. Similar systems for seasonal storage are also 
evaluated [Vanhanen et al. 1997, Paper V]. In fuel cell systems with hydrogen 
storage, the fuel cell stack might work in a reversible manner, i.e. as either an 
electrolyser or as a power producer.  
  
Stationary PEFC systems might also be used in large-scale power plants, 
preferably in combination with, for example, other fuel cell systems. Studies 
performed for large-scale fuel cell power plants often combine gas turbines with 
SOFC systems [Pålsson 2002], but another option is the combination with a 
SOFC-PEFC system [Dicks 2000]. Another discussed option is to centralise the 
control [Stothert et al. 2001] of many distributed generation units in an area to 
make them work as a so-called “virtual utility”. In this way, the peak demands in 
the area could be fulfilled. 
 
Another studied option is to utilise automotive fuel cell systems by connecting 
them to stationary buildings. For example, it is suggested that people should be 
able to connect their cars to their office buildings, homes, or in public parking lots 
for buildings such as hospitals to supply power (especially during peak demand 
hours) and heat [Kissok 1998, Wolk 1999, Lipman et al. 2004, Karlström et al. 
2004]. Fuel cell systems for cars aim at a lifetime of at least 5 000 hours, which 
would limit their additional use in stationary situations, and additionally extra 
equipment would be required. However, Lipman et al. (2004), estimates that the 
car-owner potentially gain a net income from this solution. Another choice for a 
house-owner would be to produce hydrogen in a stationary fuel cell system, to 
fuel their cars [Thomas et al. 1999]. It was estimated that this configuration would 
improve the feasibility of fuel cells in all four locations studied in the USA. This 
concept was recently demonstrated for the first time, under the name “Home 
Energy Station”, as a natural gas fuelled station with stand-alone possibility [Plug 
Power 2003]. 
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Even the International Energy Agency (IEA) report “Energy technology and 
climate change – A call to action” (2000), which includes governmental guidelines, 
discusses fuel cells for stationary applications stating that this technology can 
make ”significant contributions” after 2010. Another report based on simulations 
in IEA’s World Energy Model, predicts that 50 % of the distributed generation 
(DG) market will constitute of distributed generation fuel cell systems year 2020, 
i.e. 3 % of the worlds total installed capacity [E4tech 2001]. That report even 
includes the predicted share between different parts of the world. Some 
installations of distributed technologies in developing countries are further 
assumed to be cheaper than conventional power systems, down to 50 % in certain 
locations [Petrie et al. 2004]. Before a wide installation of fuel cell systems in 
buildings can be carried out, all standards and organisations for permissions and 
control must be established [Graham et al. 2002, figure p.12]; a work that is 
started in some parts of the world. 

Economy 
Investigations into the total economy of small-scale stationary fuel cells have been 
performed for different areas with varying results. One of the studies shows that 
fuel cells would not be economically viable for an average building in the USA, 
but feasible in certain areas with high electricity/gas price ratios [Kreutz and 
Ogden 2000]. Net metering, i.e. free electricity exchange over time, is at present 
found in about 40 locations in the USA, and is seen as an important parameter for 
feasible small-scale installations, as discussed, e.g. by Lipman et al. (2004).  
 
An early investigation in Germany suggests that the only economically feasible 
situation for a private fuel cell system is in a location distant from the power grid, 
or as a utility-owned system used only for peak-shaving [Bünger et al. 1998]. 
Another investigation shows that fuel cell system installations in Germany can be 
economically feasible in residential buildings [Leisten et al. 2002]. A simulation of 
the whole residential building market in Germany predicts – providing that the 
power price increases by approximately 0.20 SEK5/kWh – that small-scale solid 
oxide fuel cell system could take 10 % of the market [Erdmann 2004]. In that 
study, a “multi utility energy supplier” is seen to take care of everything from fuel 
supply to maintenance. However, other, more restrictive, studies point out the 
importance of increased fuel cell stack lifetime, price picture and some regulation 
supports, e.g. bonus system, before commercial PEFC installations will be seen 
[Lokurlu et al. 2003].  
 
A study of fuel cells in Japanese conditions also shows negative results, although 
mass production is assumed [Kato et al. 2003].  
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Real installations 
Many early presented tests and estimations regard co-generation with PAFC 
systems [e.g. Archer and Wimer 1997, Carlsson et al. 1995, Söderlund et al. 1999] 
e.g. with absorption chilling systems [Seifert et al. 2000]. Scholta and Rohland 
(1995) presents important dynamic data from a 2 kWel PAFC system and 
Holcomb (2000) has made economic calculations of some of the installed PAFC 
systems in the Department of Defence Fuel Cell Demonstration Program in USA. 
Horiuchi and Nakajima (2001) have combined a heat pump with a PAFC system 
in a hotel, and reduced the hotel’s CO2 emissions by 12 %. MCFC systems are 
also analysed in combination with an absorption refrigeration system [Silveira et 
al. 2001]. While PAFC, MCFC and especially SOFC systems [Braun 2002] have 
been examined for small-scale applications (< 250 kWel), the PEFC system is the 
most commonly suggested type for residential buildings. 
 
Hence, many studies of real PEFC system installations are presented [e.g. Inaka et 
al. 2002, Barrovecchio et al. 2001, Paper IV]. Some major test programs are 
ongoing; for example, in Europe with over 30 units, within a European Union 
project [Vaillant 2004], in the USA with the Department of Defence [US DoD 
2004a] testing more than 50 units in the field, and, also within the Japan Gas 
Association [Japan Gas Association 2002] where systems from different suppliers 
are tested in the field. As pointed out in a report by Geiger and Cropper 2003, 
almost half of all (near 2 000) the produced small stationary units are from the 
USA, with most of the remaining systems from Japan or Europe. The state-of-
the-art of PEFC systems are reported in section 2.5.  
 
Remarkably, a “Residential Fuel Cell Demonstration Handbook” has been 
published [Torrero and McClelland 2002]. Schedules of the installation’s 
connections are also reported [Torrero and McClelland 2002, Inaka et al. 2002]. 
Existing PEFC systems are either connected to the power grid or to an energy 
storage such as batteries [Paper V] to cover electricity demand during load 
changes and surges. A hot-water storage tank normally compensates for 
differences in heat demand and supply when the system is used for co-generation. 
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2.5 The polymer electrolyte fuel cell system 

Characteristics 
Fuel cell systems convert the chemical energy of a fuel into electricity with high 
efficiencies and low emission levels. The technique is furthermore quiet (only the 
compressors and fans in the systems could have a disturbing sound level), 
provides high quality electricity, and is presumed to be reliable as the moving parts 
are limited. As the fuel cell stack is build up of single cells with a variable area and 
total number the final power output level is flexible when designing the system. 
The specific advantages with the low temperature fuel cell type polymer electrolyte 
fuel cell (PEFC) are its fast dynamics and high power densities. This makes them 
suitable for load following applications, such as vehicles and demand-driven 
energy supply in a building. 
 
The main problems of the fuel cell systems are still the high costs and limited 
lifetime. The limited lifetime is due to diverse material problems for the different 
fuel cell types. The factors affecting the lifetime of the fuel cell stack, for example 
the load levels, reactant flows, humidification levels and temperatures, are under 
evaluation [Knights et al. 2003, Fowler et al. 2002]. Within fuel cell systems, the 
auxiliary equipment, such as pumps and heat exchangers, still constitute a problem 
since these equipment are not developed for this new type of continuous long-
time use [Carlsson et al. 1995]. The cost of fuel cell systems are decreasing, but 
even the sometimes called commercial PAFC systems cost approximately 4 000-
5 000 USD6/kWel today [Sammes and Boersma 2000]. A couple of years ago the 
initial cost targets for some manufacturers was in the range of 3 000-10 000 
USD7/kWel for small-scale stationary PEFC-systems [Weaver 2002]. Several 
studies, though agree that the system investment costs have to decrease to a few 
hundred of USD/kWel before a broader commercialisation is possible [e.g. 
Willams et al. 2000]. Cost estimates based on learning curves, developed to 
include mass production, indicates that this goal would not be attainable earlier 
than within 10-15 years [e.g. Tsuchiya and Kobayashi 2003].  
 
Early goals set up by U.S. Department of Energy for the first commercial 
stationary PEFC system to be introduced in 2004 included bringing the cost 
below 1 000 USD8/kWel and a lifetime above 40 000 hours [Fiskum 1997]. These 
goals have not yet been met, and furthermore insufficient for a broader 
introduction, but governmental support has helped advance the development of 
the systems. Another goal set up by the U.S. Department of Energy requires a 
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maximum investment of 400 USD9/kWel by 2015 [US DOE 2002]. A 
manufacturer of systems in the single kWel-size has recently presented a lifetime 
target of 90 000 hours and simulations supporting that number [Ibe et al. 2003]. 
Another manufacturer, building a pressurised 250 kWel system, is targeting an 
electrical efficiency of at least 40 % in the load range 50-100 % [Wunderlich and 
Reichenbach 2001]. 
 
Electrical efficiencies of stationary reformate PEFC systems are seen in the range 
of 13 % (LHV) [Paper IV] to 35 % (LHV) [Ibe et al. 2003, Barisic 2001], 
depending on the pressure, load and size. As mentioned, a large demonstration 
programme of PEFC systems is being performed by the US Department of 
Defence and includes more than 50 units in the size 0.5-5 kWel. After 500 000 
produced kWhel the average electrical efficiency is evaluated to 22.9 % and the 
availability to 91 % [US DoD 2004a]. See section 3.4.1 for more examples of 
systems and efficiencies. The U.S. Department of Energy has set a goal for PEFC 
stacks, to increase from a 10 to 90 % load in only 3 seconds, and a start from 
20°C within 1 minute [Simpson et al. 1999]. Tests, reported from a specially 
designed stack showing that the stack could reach 60°C from 20°C within 4 
minutes [Weisbrod et al. 2000]. Another stack test shows that its response time for 
load variation is lower than 0.15 s, while the electrochemical reaction occurs 
within 0.01 ms [Hamelin et al. 2001]. However, for a complete system, the limiting 
factor is likely to be the dynamics of the fuel processers and not the fuel cell stack. 
Newly presented data of a fuel processor for city gas claims a start-up time of 23 
minutes [Miyata et al. 2003]. 
 
Fuel cell systems are predicted to give higher efficiencies than the competitive 
techniques, independent of system size, as illustrated in the Fuel Cell Handbook 
(2002). Compared to present small-scale micro-turbines (electrical efficiency at 
maximal load level: 25-30 %), Stirling engines (15-35 %) and reciprocation engines 
(15-35 %), the electrical efficiency of a PEFC system is not outstanding, but better 
in the smaller power range and for part loads. Their total efficiencies are all 
approximately 75-85 %. Stirling motors in the small kW-range (10 % electrical 
efficiency) using solid fuels are being investigated for distributed co-generation in 
residential buildings [ERA 2002]. Existing micro-turbines (> 25 kWel) are not as 
small as Stirling engines (> 2 kWel) and PEFC systems. A lifetime of 
approximately 20 000 hours for reciprocation engines and micro-turbines, at a 
cost of approximately 1 000 USD10/kWel is much better than fuel cell systems, 
which hitherto have seldom exceeded 10 000 hours and cost at least 3 000 
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USD11/kWel. (Most of the data for comparison was collected by Alanne and Saari 
(2003) where it also is visualised in star diagrams.) 
 
A fuel cell system run on pure hydrogen would not have any emissions at all, as 
the only product is water. Despite this, the materials used [Rydén and Åström 
2000, Lindgren 2003] in the production of the fuel cell stack and system would 
give a negative impact to a life cycle analysis [Pehnt 1998, Vattenfall 2001]. As 
soon as the fuel cell system includes reforming of a hydrocarbon fuel, continuous 
emissions are seen as well. The cost of externalities is calculated to 0.081 
SEK/kWh in a EU project 1999 [Krook Riekkola and Ahlgren 2003] whereof 
0.054 SEK is due to CO2 for fuel cells (type not specified). In these externalities, 
the health and environmental effects of emissions of NOx, SOx, particles and CO2 
are included. According to a study by Bauen and Hart (2000), if a fuel cell system 
were used in a building instead of a conventional heat and power system based on 
gas turbines and gas boilers it would eliminate the emissions of particles and 
reduce the NOx and CO emissions down to only a few percent. The reduction of 
SOx, HC, CO2 and CH4 emissions is due mostly to the higher efficiencies of the 
system and hence the reduced fuel consumption (78 %). An LCA-study by Pehnt 
(1998) also concludes that the main emission reductions are seen for NOx and CO 
plus some savings due to higher efficiencies. A residential building in Sweden 
which converts from electrical heating to a fuel cell system is estimated to reduce 
its emissions each year by: 72 kg SO2, 64 kg NO2, 650 kg CO2 and 2.5 kg 
particulates [Ridell et al. 2003]. It is, nevertheless, insufficient to base energy 
system evaluations for the future on the emission levels, material consumption 
and life-cycle impact of present systems. For example, the use of rare platinum 
[Carlson et al. 2003] in the PEFC is an important area of research, and the 
amounts necessary are decreasing and platinum might even be replaced in the 
future by other catalysts [Jaouen 2003]. 

Status 
Due to the existing infrastructure and supply reserve estimates, natural gas is the 
most common fuel for which stationary fuel cell systems are developed. Propane 
is another common fuel and other studied choices include LPG [Ikeda et al. 2002], 
hydrogen [Kato et al. 2000] methanol [Edlund et al. 2000], ethanol [van den 
Oosterkamp 2003] and biogas [Paper IV]. 
 
Today, close to 2 000 units of the size 0.5-10 kWel have been built [Geiger and 
Cropper 2003]. Parallel with this development, the fuel cell systems are - 
necessarily - further developed both by industry and researchers [Cropper et al. 
2003]. The existing sizes of small PEFC systems vary over the world. In East Asia 
less power is demanded per family building than in Europe and North America. 
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For example, a common size in Japan is in the range 0.5-2 kWel, while common 
systems for use in Europe and US are in the range 3 to 7 kWel. PEFC systems 
exist up to the size of 250 kWel [Pokojski 2000]. An overview of the specific fuel 
cell system activities in Scandinavia has recently been presented by Fuel Cell 
Today [Cropper 2004], which points out that industry activities are small 
compared to the governmental means in Sweden. 
 
Test benches for the development and research of pure hydrogen fuel cell systems 
have been described in the literature, e.g. in the range 0.5 - 1 kWel [Datta et al. 
2002, François et al. 2001, Styczynski et al. 2001]. Results concerning the 
importance of humidification levels of the inlet flows, dynamics in combination 
with the load [Hamelin et al. 2001, Harel et al. 2003, Cross et al. 2000, Paper III] 
and control strategies [Harel et al. 2002, Paper III] have been published. During 
the last few years the number of manufacturers offering test stands for fuel cell 
stacks has increased, and some have now enlarged the product spectra to include 
test equipment for the reforming part of the system as well. Further, test systems 
including both fuel processing and a fuel cell stack may be found at universities 
[ZSW 2000, Mathiak et al. 2003, Paper II].  
 
Important results presented from demonstration units are the conclusions 
regarding system improvements. The suggested improvements often concern 
water handling, component sizing, start-up behaviour or heat transfer [e.g. 
Nakamoto et al. 2000, Barisic 2001, Wunderlich and Reichenbach 2001], but also 
treat real commercial issues such as water quality [Torrero and McClelland 2002] 
and shipping and packaging [Edlund et al. 2000]. Furthermore, the automatic 
control systems for some fuel cell pilot plants have been disclosed in the literature 
[e.g. Lee et al. 2002, Lee et al. 2003 and Heideck et al. 2004]. 
 
Several fuel cell companies and users have presented their fuel cell system 
properties and lay outs [Gigliucci et al. 2004, Mizukami et al. 2003, Ohara et al. 
2003, Wunderlich and Reichenbach 2001, Shindo et al. 2000], but have rarely 
described how the design solutions were found [Paper VIII]. Less central 
components, such as measuring equipment and for example safety valves, are 
given for a few pure hydrogen test bench configurations [François et al. 2001, 
Naso et al. 2000 and Heideck et al. 2004], for pure hydrogen systems [College of 
the Desert 2001] and for a test facility including fuel processing [Paper II].  
 
Various simulation studies of natural gas-fuelled PEFC systems have been 
performed during the last years. For example, researchers have presented the 
dependency of system efficiencies on the system pressure, compressor efficiencies 
[Virji et al. 1998], the reformer type [Arvindan et al. 1999], and part loads [Paper 
I]. Regarding systems including fuel processing, a simulation study [Ahmed et al. 
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2002] has recently been published displaying the water balance for different fuels 
in PEFC systems, including dependencies on fuel processor parameters, steam-to-
carbon ratio, oxygen-to-fuel ratio, fuel utilisation, exhaust gas temperature and 
pressure, and fuel composition. Parameter variations in experiments with natural 
gas reformers have also been presented in the literature [e.g. Vogel 1998], even in 
direct comparison with modelled data [Recupero 1998]. Important facts such as 
start-up times and strategies have also been studied [de Francesco and Arato 2002] 
and dynamics, reactor design and control parameters have been discussed [Zalc 
and Löffler 2002]. Research and development efforts concerning small fuel 
processors for hydrogen production are listed in a report by Ogden (2001). 

Components 
In a fuel cell system, the following main components are required to convert the 
energy in a carbon-based fuel to electrical power and heat: fuel processing units, 
gas clean-up units, fuel cell stack, heat exchangers, pumps, fans or compressors, 
electrical power inverter, converter and conditioner, water handling devices, and a 
control system. The key components are viewed in Figure 1. The components in a 
fuel cell system are, for example, described by Larminie and Dicks (2003).  
 
The principle of the fuel cell stack is given in section 2.6 below. The status of the 
components in a PEFC stack was recently overviewed by Ihonen (2003), which 
points out the catalyst and membranes as important areas for improvement as well 
as stack design optimisation. Today’s PEFC stacks are normally operated in the 
temperature range 60-90 °C, and at rather low pressures in the range 1-5 bar(a). A 
recent development in membrane technology allows higher operation 
temperatures [Jannasch 2003]. With higher operation temperatures, the required 
amount of the - at present, expensive - catalyst would be decreased and the 
sensitivity for fuel contaminants lower, which also implies less stringent gas clean-
up requirements along with further system advantages [Ahluwalia 2002]. 
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Figure 1. The key components in a fuel cell system are the fuel processor, the fuel cell stack and the power 
conditioner. The useful products are electrical power and heat. 
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The choice of fuel will affect the complexity of the system configuration. In fuel 
cells, it is normally required that the fuel be reformed to a hydrogen-rich gas 
before the electrochemical reactions can take place (Figure 1) with the exception 
of systems supplied with pure hydrogen or when using direct methanol fuel cells. 
An overview of fuel processing for fuel cell applications is, for example, given by 
Pettersson and Westerholm (2001). Fuel processing requires high temperatures 
and can hence, for high temperature fuel cells, be performed internally in the fuel 
cell. However, for low temperature fuel cells like the PEFC, external reforming is 
required. Several different reforming methods are developed for hydrocarbon 
reforming, some of which have been used for a long time in the industry [Twigg 
1989]. The most common methods are steam reforming (SR) and partial oxidation 
(POX), and the reactions are normally promoted by catalytic material. Steam 
reforming is more efficient, but slower, more bulky and furthermore endothermic. 
Both of these methods are often combined in system solutions today, giving a 
reforming process without (or with low) heat exchanging needs and with 
advantages from both methods. This method is usually named autothermal 
reforming (ATR) or combinatorial reforming. When using biofuels, a more 
complicated processing is needed [Abe et al. 2002]. For example, biomass requires 
gasification or anaerobic digestion before fuel gas reforming can be performed, 
where anaerobic digestion is a process that normally takes weeks [Agrigas 2002]. If 
the fuel is a liquid, such as ethanol, it must be vaporised before introduced to the 
fuel cell stack anode [van den Oosterkamp 2003].  
 
The reformed gas used in a PEFC may not contain certain pollutants or exceed 
certain levels of carbon monoxide (ca 50 ppm) or sulphur (ca 500 ppb) as it would 
poison the catalysts. For that reason, clean-up units are included in the system. 
The first steps that decrease the CO-level are the water gas shift reactors (WGS), 
which can reduce the CO levels to approximately 1 mol-%. Preferential oxidation 
(PROX), methanisation, membrane diffusion, pressure swing adsorption (PSA) or 
iron sponge purification are common CO clean-up methods [Ledjeff-Hey et al. 
2000]. PROX is the most common method, offering both low hydrogen losses 
and negligible pressure drop. The main reactions to obtain hydrogen from a fuel 
input of methane are as follows: 
 
SR COHCHOH +↔+ 242 3    (2.1) 
POX COHCHO +→+ 242 2½    (2.2) 
WGS 222 COHCOOH +↔+    (2.3) 
PROX  22½ COOCO →+    (2.4) 
 
As the dynamics characteristic are limited by the fuel processor, the fuel cell 
system could be improved by including an intermediate storage tank for 
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hydrogen-rich gas between the fuel processor and the fuel cell stack, as e.g. 
suggested by Emonts et al. (2002).  
 
In the fuel cell system, one of the main components is the power conditioner, 
which converts the direct current to alternating current. The power conditioner 
normally contains a rectifier and an inverter built on commercial products; 
however, further development of the power conditioner is important to improve 
efficiencies, the failsafe functions and to decrease costs [Ridell et al. 2003]. 
Another desired property of the power conditioner is to manage the surge to the 
same extent as the fuel cell stack, without increasing the cost and size [Graham et 
al. 2002].  
 
The fuel cell system could be connected to the power grid to enable electricity 
trading, and possibly to be used as a frequency regulator or for voltage control. In 
the literature, the functions of the equipment needed for connection to the power 
grid are described and an overview is, for example, given by Ridell et al. (2003). 
Amongst other functions, galvanic isolation, filtering and encapsulating are 
mentioned. To enable a soft start, a resistive load will be used, which is also 
connected in case of an unplanned disconnection to prevent high voltage levels. 
Most important are the rules regarding personal safety and to ensure that the 
power grid not will be negatively affected by the connection of the fuel cell 
system. The fuel cell system will be disconnected from the net if either the voltage 
or the frequency is too high or too low. The power conditioner enables Anti-
Islanding Protection, and additionally, an external disconnection could be required 
making the net safe during service. The required function and present 
performance of power conditioners are partly found in the literature [e.g. Lesster 
et al. 2001, Santi et al. 2002]. The IEEE standards applicable for connections in 
fuel cell systems are listed in Graham et al. (2002). 
 
The internal automatic control system of the fuel cell system shall supply the right 
amounts of fuel and oxidant flow, cooling media and, if necessary, a nitrogen 
purge of the fuel cell system. Furthermore, the regulation of control valves and 
safety surveillance is included within the control system. 
 
A typical cost break down for a fuel cell system is that the fuel cell stack, the fuel 
processor and the power conditioner would cost 30 % each, and the auxiliary 
equipment 10 % [Graham et al. 2002]. A cost distribution over nine components 
in a pure hydrogen system is presented in James et al. (1999) for the two 
production cases of 100 and 10 000 units, where the lowest estimate for the total 
cost is 310 USD12/kWel for a 50 kWel system. The stack would stand for 2/3 of 
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the cost, the actuation for 1/6, the air blower for 1/20, and the cost of the other 
equipment follows in mentioned order: radiator, stainless steel pump, piping and 
valves, electronics, iron pump and humidification. 

2.6 The fuel cell 
A fuel cell converts the chemical energy in a fuel into electrical power and heat. 
The fuel and the oxidiser are fed to separate sides of the fuel cell electrolyte, i.e. to 
the anode and the cathode side, respectively. The electrolyte is ion conducting but 
prevents electrons and fuel molecules from passing. The chemical potential 
between the fuel and the oxidiser is the driving force of the reaction. With the 
help of a catalytic material on the anode side, the fuel is split into ions and 
electrons, whereafter the ions pass through the electrolyte as the corresponding 
electrons pass through a connected load, as illustrated in Figure 2. On the cathode 
side, the ions and electrons match the oxidiser and the reaction is fulfilled. The 
process is electrochemical, i.e. electrical power is produced as the spontaneous 
chemical reaction occurs. As the fuel energy is utilised electrochemically, the ideal 
efficiencies are higher for fuel cells than for converters including combustion of 
the fuel, for equal temperatures below 1 100 °C [Kordesch and Simander 1996]. 
 
Fuel cells are divided into different categories, 1) two groups depending on the 
reaction temperature: high and low temperature fuel cells, and 2) five groups 
depending on the electrolyte material: polymer electrolyte (PEFC), solid oxide 
(SOFC), molten carbonate (MCFC), phosphoric acid (PAFC) and alkaline fuel 
(AFC) cells. The characteristics of the fuel cell types are often tabled [e.g. Fuel Cell 
Handbook 2002, Ihonen et al. 2001]. In this thesis, the focus is on polymer 
electrolyte fuel cell. The polymer electrolyte fuel cell belongs to the family of low 
temperature fuel cells, is lightweight and has good dynamic behaviour 
characteristics. Additionally, as the PEFC is suitable to a wide range of 
applications – portable, tractionary and stationary – they are subject of the largest 
global development effort and are therefore closest to a broader 
commercialisation.  
 
The polymer electrolyte fuel cell operates as shown in Figure 2. Hydrogen and air 
are fed to the cell and its products are water, electrical power and heat. 
 

−+ +→ eHH 222   Anode side reaction 

OHeHO 22 22½ →++ −+  Cathode side reaction 
OHOH 222 ½ →+  Overall reaction, electrical power 

and heat are produced 
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Figure 2. A schematic view of a polymer electrolyte fuel cell. The gases are fed through gas channels and the 
gas backings help to spread the gas over the electrodes. The catalysts on the electrodes support the reactions. 
 
As the ideal standard chemical potential between hydrogen and oxygen is only 
1.229 V, several cells are stacked together to offer the total requested voltage. 
Hence, the cell area and design implies the output of current, and the number of 
cells the total power level. The resulting power production naturally depends on 
the mechanical cell and stack design, but also on variable parameters such as 
partial pressure, temperature, gas flows and composition, and humidification 
levels. The humidification level is important since the polymer electrolyte requires 
water to conduct protons. When the fuel cell is run on reformate, it performs 
worse than when run on pure hydrogen. The effects of reformate fuel on the 
anode is under investigation [e.g. Enbäck 2003]. Due to internal losses, such as 
activation potential and internal resistances within the fuel cell, the cell voltage 
decreases as more current passes through the cell. In other words, the larger the 
load, the lower the efficiency. The ideal thermodynamic efficiency of a fuel cell 
decreases with a higher temperature, but as kinetics improve with temperature, the 
actual efficiency has to be investigated.  
 
As the process within a fuel cell generates heat, the cell has to be cooled. A 
circulating cooling media normally provides this cooling duty.  
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The basics of electrochemistry and fuel cells are, for example, found in the Fuel 
Cell Handbook (2002), Kordesch and Simander (1996) and Hibbert (1993). The 
principle of the fuel cell was discovered over 160 years ago [Bossel 2000], but 
modern research and new materials have been required to enable a broader 
interest in the technology [Acres 2001, Costamagna and Srinivasan 2001]. 

2.7 Methods for system design and evaluation  
The technical design of energy systems is normally aided by system simulations 
using mathematical models. Examples of software for thermodynamic processes 
are e.g., Aspen PlusTM, EES, IpsePro, Massbal, gPROMS®, and GateCycle 
[Novem 2004, Assadi et al. 1995], and for building simulations: ENOM (evaluated 
by Nilsson (2004)), HOMER [e.g. Cotrell and Pratt 2003] and TRNSYS [e.g. 
Ulleberg and Mørner 1997]. The programs are either based on equation solving or 
sequential modular methods, where the latter is preferable from a debugging point 
of view. Important differences are, for example, access to incorporated 
component models, their transparency, thermodynamic data and the licence cost. 
Newly published fuel cell system simulations are commonly performed in Aspen 
PlusTM [e.g. Colella 2003a], Matlab/Simulink® [e.g. Paper I], or GCtool [e.g. Doss 
et al. 2001]. Benchmark simulations show small differences in the simulated 
results, which mostly depend on the thermodynamic tables utilised [Kivisaari et al. 
2001]. However, the final choice of the simulation software has to be made on the 
basis of the research goals. 
 
The main method used to design heat exchanger networks is pinch technology 
[Linnhoff et al. 1982]. Pinch technology has been used as a tool to design heat 
exchanger networks, e.g., for SOFC-system [Montanteras and Frangopoulos 
1999], and more generally presented in the literature, for MCFC and PEFC 
systems [Blomen and Mugerwa 1993, Larminie and Dicks 2003]. Further, pinch 
analyses leading to solutions for heat exchanger networks for PEFC systems are 
discussed in Paper I and VIII, and by Colella (2003a) and Godat and Marechal 
(2003).  
 
Exergy analysis is used to evaluate power plants and energy systems, often with 
the aim to find the main system losses and which components have the potential 
for improvement [Moran 1989, Bejan et al. 1996, Dincer 2002]. These studies are 
usually carried out with a fixed environmental temperature, but also with 
environmental temperature which varies over the entire year [Paper VI]. Polymer 
electrolyte fuel cell systems evaluated through exergy analyses, are presented, e.g. 
for pure H2-systems [Cowden et al. 2001] with the focus on the fuel processing 
process [Sorin and Paris 1998], or on an overall level [Paper I], and even in 
comparison with other fuel cell types [Wiens 2004]. The latter comparison 
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includes solid oxide fuel cell (SOFC) systems, for which several exergy analyses 
are published [Bedringsås et al. 1997, Oosterkamp at al. 1993]. The exergy analysis 
of fuel cell systems, as well as other energy systems, is usually presented in graphs. 
The most common graph is the Grassmann diagram [Grassmann 1979, 
Oosterkamp 1993], but alternatives such as “Exergy yield versus load diagram” 
[Sorin and Paris 1999] or “Energy-utilization diagrams” [Ishida et al. 1992] are also 
suggested, or opposed by simplifying methods [Paper I]. 
 
The methods employed for economic evaluations vary, but the annuity method is 
commonly used along with the net present value method and the simple method 
of calculating the pay-off time. In this thesis, the annuity method is utilised. As 
both the cost and the lifetime of the fuel cell systems are to be decided, both these 
numbers have to be assumed in the calculations. The combined effect of these 
factors on the annuity value at a fixed interest rate (8 %) is illustrated in Figure 3. 
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Figure 3. Equal cost lines as a function of the system cost and deprecation time. 
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3 Fuel cell system configurations 

3.1 The fuel cell system components and models 

3.1.1 General overview 

The technology status of the components, as well as other important factors, will 
affect the design of a fuel cell system. Also the application, choice of fuel, external 
connections, storage solutions and economical issues influence the design. In this 
study all fuel cell systems have a fuel supply requiring fuel processing. 
 
The simulation model used for the calculations is developed in Matlab® (see 
overview in Appendix A). This software was chosen to ensure flexibility while 
designing the heat exchanger network, and knowledge of all the model’s 
assumptions. Furthermore, these models could be utilised later in Simulink® to 
provide ready-made blocks when modelling the automatic control system. The 
disadvantage of using Matlab® as the simulation tool is its absence of 
thermodynamic data, as briefly overviewed in the appendices in Paper I. In all 
component models heat losses are excluded and pressure drops are neglected. 
Ideal gas behaviour is assumed. 

3.1.2 The fuel cell stack  

The fuel cell stack model used is available in the literature [Mann et al. 2000]. The 
model, with its semi-empirical approach and zero-dimension feature, is compared 
with other existing fuel cell models in a paper by Haraldsson and Wipke (2004). 
This model is of a general type with the most important parameters set as 
variables. In an earlier version of this fuel cell model, fuel changes were acceptable 
for the model only if the hydrogen mole fraction is high enough; over 60 % is on 
the safe side [Amphlett et al. 1995a]. However, in this thesis the model is assumed 
to cover all calculated reformate compositions, i.e. even at approximately 50 % 
hydrogen.  
 
The fuel cell model parameters used are adopted from experimental results from a 
Ballard’s Mark V fuel cell stack [Mann et al. 2000, Amphlett et al. 1995a, Amphlett 
et al. 1995b]. The fuel cell stack models used in the different studies are simulated 
for various maximum power levels by changing the fuel cell area and the number 
of fuel cells. All fuel cells in the stack are assumed to have the same 
characteristics. The stacks are assumed to run under different, but always 
constant, temperatures and pressures.  
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Typical characteristics from the fuel cell model are shown in Figure 4 and Figure 
5. The polarisation curve illustrates the internal losses in the fuel cell as a function 
of load level. The fuel cell voltage is limited to a minimum of 0.6 V in the studies 
due to limitations in the fuel cell cooling system. This limitation ensures that the 
operating point never passes the point of maximum power output. 
 
 

 

 
Figure 4. An exemplifying polarisation curve 
calculated with the fuel cell model. 

 

 
Figure 5. An exemplifying efficiency and 
electrical power output curve calculated with 
the fuel cell model. 

 
Figure 6 and Figure 7 below show the effect of the operating pressure and 
temperature on the electrical power output of a single fuel cell in the model. A 
higher pressure implies a higher power level. There is an optimal temperature 
giving a maximum power level in the shown range, but the importance of the 
temperature is limited. The hydrogen concentration, however, is important for the 
fuel cell performance. 
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gure 6. Power [W] as function of load level, current density, icell [A/cm2] and pressure, p [atm]. 

 
Power,
[W] 
             

gure 7. Power [W] as function of load level, current density, icell [A/cm2] and stack 
perature, Tstack [K]. 

 the system model the load on the stack is always assumed to be purely resistive. 
he present load together with the present parameters decides the operational 
ltage and current of the fuel cell stack. For each moment, only one combination 
 stack voltage and current density is possible, according to the polarisation curve 
d the voltage limitation due to cooling. 
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3.1.3 The fuel processor  

The main fuel used in the studies is natural gas, which in composition is similar to 
upgraded biogas as the main component is methane. The fuel processor includes 
five separate steps, as argued in the literature. The steps are: desulphurisation, the 
main reactor, the high and low temperature water gas shift (HTS and LTS) 
reactors and the preferential oxidation (PROX) reactor, as shown in Figure 8. The 
main reactor could, as mentioned in section 2.5, contain steam reforming, partial 
oxidation, or both.  
 

PROXLTSHTSMainDe-S

x O2

 
Figure 8. The main steps in the fuel processing of natural gas. 
 
In the fuel processor model, sulphur removal is supposed to be automatic over a 
catalyst, with no further cleansing needed. Chemical equilibrium is assumed at the 
main reactor, the HTS, and the LTS reactor outlet temperatures. The assumption 
of chemical equilibrium [Dybkjær 1995] may be improved by the so-called 
“approach to equilibrium” method, whereby equilibrium is calculated at 
temperature 10 to 20 K [Rostrup-Nielsen 1984] under the outlet temperature. This 
approach is within the uncertainty limits when measuring the outlet and reaction 
temperatures and is therefore neglected. As pointed out by Hochmuth (1992) and 
Tanaka (2003) the closeness to equilibrium depends on the catalysts, but here the 
size of the reactor is assumed to be enough for the equilibrium method to be a 
close assumption. Higher carbons contained in the fuel are assumed to react 
completely in the main reactor. The chemical equilibrium is calculated for H2, 
CH4, CO2, CO and H2O by minimisation of Gibbs free energy [Perry et al. 1997, 
Sloan 1994]. Methane is treated as an inert in the LTS and PROX reactors. The 
gas fed to the main reactor is either mixed only with steam for steam reforming 
(SR), or with steam and air for a more autothermal reforming (ATR) where both 
the endothermic steam reforming and the exothermic partial oxidation reactions 
take place. The PROX reactor has a decided, typical CO selectivity and an 
assumed CO output level. A typical calculated gas composition between a set of 
reaction steps is shown in Figure 9, and in Paper III, where more details about the 
model is also presented. 
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Figure 9. Calculated ideal (dry) gas composition at steady state (incl. CH4 slip), at the ATR inlet, ATR 
outlet, LTS outlet, and PROX outlet, see Paper III for details. 
 
Simulations have been performed for the described fuel processor system varying 
the steam-to-carbon ratio (S/C), oxygen-to-fuel ratio (O/F), ATR temperature, 
LTS temperature, natural gas composition and pressure. The simulations show 
that the most important variables are the ATR temperature and O/F regarding the 
gas composition after the fuel processor. Differences in S/C, pressure, the 
operating temperature of the low-temperature shift reactor and the natural gas 
composition only affect the gas composition to a moderate extent. The impacts of 
these parameter values are well documented in the literature [e.g. Ahmed and 
Krumpelt 2001, Hagh 2003, Chan and Wang 2000, Grotendorst and Dornseiffer 
2000]. A simulation study evaluating 100 different gas compositions of natural gas 
shows that the hydrogen yield will vary greatly with the composition [Chan and 
Wang 2000].  

3.1.4 The auxiliary equipment 

Air compression is carried out with a fan or compressor modelled with a load 
dependent efficiency. The total efficiency of the power conditioner is dependent 
on the fuel cell stack voltage, see Paper VIII for both curves. Although neglected 
in the calculations, the water deionisation is also included in the system, as well as 
water filtration. Further, the performance of the humidification and condensation 
units is assumed to be ideal. The water pump is assumed to work with an 
efficiency of 60 %. The two motors needed for the air fan and the water pump are 
also assumed to have constant efficiencies of 90 %.  
 
Furthermore the fuel burner needed to heat the fuel reforming process is assumed 
to have a full fuel utilisation with a fixed air excess. The heat exchangers used all 

                                                                     31                     
  
 
 
 

 



 
 
 
Design and evaluation of stationary polymer electrolyte fuel cell systems 

 

have sufficient temperature differences and are assumed to give roughly the same 
output temperatures for all load levels.  

3.2 Design of the heat exchanger network 
When the components to be included in a fuel cell system are identified, the next 
step to complete the system configuration is to design the heat exchanger 
network. The design work is started with a system characterisation based on the 
known components and the heat exchange needs, as symbolised in Figure 10. 
 
Pinch technology is used to aid the design of the heat exchanger network of the 
fuel cell system (see section 3 in Paper VIII). The main addition to the common 
way of using pinch technology is that the heat demand (here the demand of 
additional natural gas flowing to the combustor) was included with the available 
streams for the evaluation. The advantage is that the exhaust heat from the 
combustion process as well as the combustion gas preheating system are already 
included in the resulting heat exchanger network. This strategy requires, iterating 
the heat exchange in the simulation code. 
 
The system composite curves were drawn in order to give a good view of the 
possibilities for the heat exchanger network. The composite curves are two curves 
describing a systems total cooling and heating demand, respectively, as a function 
of temperature intervals. For the composite curves, the heating and cooling 
demand between each reactor was calculated, all internal streams were forced to 
their working temperatures, and all heating or cooling demands for all streams 
registered. With the help of the software pro_pi1 from CIT Industriell 
Energianalys AB, every possible match of one hot and one cold stream was 
drawn. It was an efficient tool to find good combinations for the heat exchanger 
network. The designed heat exchanger network was introduced in the model and 
evaluated for various load levels and input parameters. Common to the various 
tests was a high level of heat utilisation. The network is, as preferable, robust. The 
resulting system including heat exchangers, is viewed in Figure 11. The composite 
curves for the completed system are shown in Figure 12.  
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 Figure 10. The fuel cell system components with numbered locations of heat exchange needs [Paper VIII]. 
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Figure 11. The resulting PEFC system configuration [Paper I]. 
 
 

 
 

Figure 12. The pinch composite curves for the PEFC system at maximum load. The upper curve is the hot 
composite curve and lower curve is the cold one. 
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3.3 System evaluation 
The resulting fuel cell system configuration is evaluated with the help of the pinch 
composite curve and energy and exergy analyses. To start with the narrow fit of 
the upper and lower composite curve in Figure 12 ensures a well-designed heat 
exchanger network. The analysed PEFC system configuration, whose details are 
presented in Paper I, has a near optimal total efficiency, 98 % (LHV), but a low 
electrical efficiency, 32 % (LHV).  
 
The energy data of the fuel cell system is shown in Figure 13 and Figure 14, which 
together show the total energy balance of the system. The importance of the 
different losses in the fuel cell system is described by the figures, serving as an aid 
for decisions as to which part of the system more investments would be most 
valuable. 
 
The fuel cell system’s heat and electrical power production is viewed in Figure 13 
and its resulting efficiencies are displayed in Table 2. Note that the higher heating 
value (HHV) is the theoretically correct base since the lower heating values (LHV) 
underestimates the real available energy by excluding the energy available in 
condensing the reaction water. However, since the LHV is more commonly used 
basis all efficiencies are expressed based on the LHV. The heat loss is restricted to 
the exhaust flow and the cathode outlet, both at 45 °C. Figure 14 shows the 
electrical power distribution in the stack and verifies the minor importance of the 
electrical power used by the pump and the control system. The main internal use 
of electrical power is for the air compressor.  
 
Table 2. The efficiencies of the fuel cell system [%].  
 Total 

efficiency 
Electrical 
efficiency

Thermal 
efficiency

Fuel cell 
stack 

Fuel 
processor

DC/DC 
and 
DC/AC 

Aux. 
equip. 

LHV 98.4 31.7 66.8 43.9 84.9 - - 
HHV 89.0 28.6 60.4 37.1 90.8 94.4 90.5 
 
The definitions of the efficiencies based on HHV in the table are as follows13: 
(The LHV-based equations are the corresponding.) 
 

fuelfuel

netnet
total nHHV

QP
*

+
=η     (3.1) 

                                                      
13 net represents the utilisable amount, fuel represents total input fuel (e.g. natural gas),  
H2 represents the hydrogen in the inlet flow to the fuel cell stack, and n the gas flow 

 34                                                                                    
 
 
 
 



 
 
 

3. Fuel cell system configurations 

 

fuelfuel

net
el nHHV

P
*

=η     (3.2) 

fuelfuel

net
th nHHV

Q
*

=η     (3.3) 

22
* HH

net
stack nHHV

P
=η     (3.4) 

fuelfuel

HH
processorfuel nHHV

nHHV
*
*

22=η    (3.5) 

stack

AC
ACDC P

P
=/η     (3.6) 

stack

equipauxstack
equipaux P

PP .
.

−
=η     (3.7) 
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Figure 13. The fuel cell system’s main energy balance. Figure 14. The electrical power production and the 

distribution of electrical power losses.  
 
A sample of the resulting heat exchanger temperatures and heat exchange is 
viewed in Figure 15 to Figure 17, see Figure 11 for the numbering of the heat 
exchangers and abbreviations. 
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Figure 15. The characteristics of the main cooling 
water circuit (HEAT 1). 

Figure 16. The heat exchange from the exhaust gas 
flow. 

 
 

Figure 17. The steps of heating of the process water.  
 
All data presented so far have shown characteristics of the fuel cell system at 
maximum load. Figure 18 shows the effect of the system’s main components on 
the PEFC system’s efficiency as a function of the load. The thermal efficiency 
increases over the same load range from 57 to 67 % (LHV). 

 

 
Figure 18. Calculated electrical efficiency, 
including (added from above):  
the fuel cell stack (1),  
the fuel processor (2),  
the power conditioner (3) and 
the auxiliary equipment (4). The bottom line 
shows the electrical efficiency of the fuel cell 
system. 
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3.3.1 Exergy evaluation 

The exergy balance is calculated from the exergy content of the flows in the 
system, with the water and steam contents taken into consideration, as the 
equations in Appendix C in Paper I show. The exergy balance of the system is, as 
a simplified alternative to the traditional Grassman diagram, listed in Table 3 with 
the exergy destruction distributed per component in Figure 19. The electrical 
exergy efficiency is 30 %, the thermal exergy efficiency 5 % (sum of HEAT 1 and 
HEAT 2 in Figure 11) and the exergy losses 4 % (from flow no 7 and 22 in Figure 
11). The total exergy destruction stands for 62 % of the feed gas. From Figure 19 
it is clear that the fuel cell stack has the largest exergy destruction, and that the 
destruction in the fuel processor is distributed across its separate parts. The work 
to specify the various sources of exergy destruction inside the fuel cell stack is in 
progress [Linnemann 2002, Ishida 2003, Standeart 1998]. In this system, 7 % of 
the total destruction in component 20 (the fuel cell stack) is due to the heat 
transfer to the cooling media. The exergy efficiencies for partial loads are seen in 
Figure 7 in Paper VI. 
 
 
Table 3. Exergy flow distribution in the fuel 
cell system. 
 
Fuel exergy 42.0 kW 
Electrical 
power, net 

12.7 kW 

Heat exergy 
Exergy loss 
Exergy 
destruction 

2.2 
1.6 

25.8 

kW 
kW 
kW 

Balance -0.7 kW 
  

 

  Figure 19. The calculated exergy destruction in the main 
components in the fuel cell system, Figure 11. 

 
 
The exergy balance presented in Table 3 deviates by almost 2 %, which is due to 
simplifications in the thermodynamic equations. The mixing at point 4 in Figure 
19 unfortunately results in a negative value of the exergy destruction for the same 
reason (enthalpy independent of pressure, etc), and is naturally neglected in the 
exergy balance. It does, however, indicate a level of uncertainty in the calculated 
values. 
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3.4 Discussion 

3.4.1 System configurations 

The analysed PEFC system configuration is shown to have a near optimal total 
efficiency, 98 % (LHV), but a low electrical efficiency, 32 % (LHV) compared to 
the goals presented in section 2.5. The detailed presentation of the energy balance 
and exergy destruction in the system points out the importance of the different 
losses in the fuel cell system. The main exergy destruction is found within the fuel 
cell stack. The requirement for a new fuel cell stack, when seeking for a higher 
system electrical efficiency, is that a higher stack efficiency is reached without an 
increased cost. A PEFC developed for higher temperatures is one promising 
option, with lower requirements for the reformate gas clean-up resulting. To 
maximise the thermal efficiency, the return temperature from the heat sink has to 
be decreased, or system parameters such as the cathode excess flow be decreased. 
The total efficiency is valid under the assumption that the equipment is perfectly 
insulated, which would be closer to the reality for larger systems in the PEFC 
system range 2-250 kWel. However, to make the presented results more general no 
heat exchanger efficiencies are included in the presented data above.  
 
In the fuel cell system configuration presented above, the temperatures of the 
HTS and the LTS are allowed to increase (which not was the case in Paper VIII), 
which in turn allows the two internal heat exchangers (no. 12 and 14 in Figure 11) 
used to cool the shift reactors to be removed. The heat exchanger no. 18 might 
also be removed, since it is not necessary as seen by the heat transfer shown in 
Paper I. According to results from experiments with a fuel processor without the 
high temperature shift reactor, it could be convenient to leave that component out 
as well [Paper II]. The input system parameters such as operating temperatures, air 
and water flow rates, the choice of reactors in the fuel processor, and stack design 
is well elaborated in earlier studies, as summarised in section 2.4. However, 
optimising of the fuel cell system for a specific application as a function of 
performance and costs would aid in specifying the practical performance values 
and the best choice of components for the system. Ongoing experiments with 
PEFC systems will also give important input to developing fuel cell systems. 
 
The total efficiency of the heat exchanger network obtained with the design 
approach above stands out well in comparison with other, existing heat exchanger 
networks for PEFC systems with hydrocarbon fuel processing. One unique 
suggestion is to first mix the process gas flows, and then to heat them, which 
simplifies the design process. This fuel processor solution has the same efficiency, 
91 % (HHV), as reported for a system where the process water is split into three 
parts and cools the flow to the WGS reactor and the WGS reactor itself [Miyata et 
al. 2003]. Moreover, the cathode inlet in that system is heated by the anode inlet 
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and only the useful heat obtained is transferred from the fuel cell stack. However, 
in another similar system solution [Mizukami et al. 2003], useful heat is not only 
obtained from the fuel cell stack, but also from the anode inlet and the cathode 
outlet, as suggested in this thesis. In another system solution, similar but simpler 
than the one obtained in this thesis, the process water is split into two streams, 
whereof one is the only flow heated by the exhaust gas from the combustor 
[Ohara et al. 2003]. This solution has resulted in a total efficiency of 70 % (LHV). 
Parallel cooling flows from the hot-water storage tank to the cathode and 
combustor exhausts would maximise the heat transfer, a fact both utilised in this 
thesis and verified in the study by Colella (2003a). The same solution is seen in 
another system presentation, but where the fuel cell stack instead heats the 
process water, whereby the heat recovery is only 25 % (HHV) [Shindo et al. 2000]. 
Its electrical efficiency is around 27 % at full load.  
 
Yet another system recovers heat from the WGS reactor, the PROX reactor, and 
the fuel cell stack. Steam generation in this case is performed with the heat from 
the combustor exhausts and the rest from the WGS reactor. This system solution 
has only given a total efficiency of 50 % (LHV), while the electrical efficiency is 
18 % (LHV) [Gigliucci et al. 2004]. The earlier mentioned pressurised 250 kWel 
system has another heat exchanger solution, where the process water cools the 
flow to the PROX reactor and to the fuel cell stack, while the process air cools the 
WGS reactor and the flow to it. Further, an extra fan is installed to cool the 
cooling medium down to a lower temperature than available by the main cooling 
flow [Wunderlich and Reichenbach 2001]. Regarding the system solution 
presented in this thesis, the reactions of the higher carbons could be done 
separately [Larminie and Dicks 2003] to clarify the separate reaction steps and aid 
in the design of the optimal reaction temperature. The highest thermal efficiency 
for a theoretical system, however, has been presented by Mallant (2000). This 
system included a turbocharger and catalytic partial oxidation (CPO) and reached 
a total efficiency of 96.5 %, which is still below the levels presented in this thesis. 

3.4.2 Methods 

The developed fuel cell system model includes a complete set of thermodynamic 
equations and fulfils the requirement of calculating the system characteristics and 
heat transfer. However, partial load properties of the heat exchangers and heat 
loss and pressure drops have to be included in the model to achieve more 
complete results. Additionally, the model has to be optimised before larger 
evaluation series are performed. Later, the models have to include dynamics to 
reflect transients as a function of automatic control strategies. Further, the fuel cell 
stack model characterises a rather old stack and has to be updated for further 
studies. The recommendation, when regarding the choice of a simulation model 
and tool, is to utilise ready-made models in software already containing 
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thermodynamic properties and hence concentrate on the questions important for 
the proposed research or development. In this study, in-house models were 
developed to calculate the heat exchange needs, and naturally there will be other 
questions to be solved requiring the fuel cell system to be implemented in other 
software. Then the presented models and thermodynamics (including handling of 
condensed water) in this thesis might provide part of the basis to build on. 
 
Introducing the heat demand when constructing the pinch composite curves is 
shown to directly result in a very good design of the heat exchanger network. 
However, the configuration of a heat exchanger network in a real system have 
naturally had many more conditions to fulfil than the ones taken into 
consideration in the network evaluation presented above. Pinch technology is 
more of a tool to evaluate potential for improvement, and the result depend 
greatly on the designers’ experience of the equipment’s limitations. Conditions of 
relevance other than efficiencies and the number of heat exchangers include 
simplicity of control strategies and equipment, material choice and investments. 
These facts are compared by Colella (2003a) for four different PEFC system 
solutions, where the fuel is processed using partial oxidation, and in detail for the 
afterburner sub-system [Colella 2003b]. Pinch technology is the tool chosen for 
exemplification in this thesis, since available optimisation software is still delimited 
to only a few streams. 
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4 Experimental work and model verification 

4.1 The test facility at KTH 

4.1.1 System overview 

A test facility for PEFC systems14 was built-up at KTH with the following goals: 
 to gain practical experience of how the components of the stationary system 

interact, 
 to obtain experimental data to verify computer simulation models being used 

in research, 
 to gain and disseminate a deeper knowledge of fuel cell systems to interested 

parties in Sweden, 
 to stimulate co-operation between the universities and interested companies 

in Sweden in the small-scale stationary fuel cell area. 
 
The research PEFC system, Figure 20, has a flexible configuration and allows fuel 
cell systems from approximately 0.2 to 4 kWel in size to be tested. The main 
components are the fuel processor, the fuel cell stack, and the inverter together 
with the load. It is also equipped with a state-of-the-art gas analysis and control 
system. Numerous temperature, flow and pressure measurements are made in the 
system allowing analysis of mass and energy balances as well as system properties. 
The fuel is either humidified hydrogen or natural gas, which is reformed to a 
hydrogen-rich gas (the reformate) in the fuel processor. 
 
The system components can be seen in the process diagram in Figure 21 and their 
details are presented in Paper II. The main components, i.e. the fuel processor, the 
fuel cell stack and the inverter and load system are described below while the 
auxiliary components and measurement equipment are described in Paper II. 
Detailed reports of the initial experiments are contained in Paper III. 
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14 The Swedish Energy Agency, Elforsk AB, ABB AB, and FMV financed the research PEFC pilot 
plant. 
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Figure 20. The research laboratory. The components in the pilot plant are well spread-out in the room. 
The fuel cell stack is behind the computer in the middle of the figure, the inverter and the control system on 
a rack to the left, and the fuel processor and the gas analysis are to the right outside the picture. 
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Figure 21. A schematic view of the fuel cell system; see Paper II for the list of symbols and detailed 
information on the components. 
 
In the first set-up, the fuel processor is designed for larger load levels than the 
stack. This has resulted in special solutions for the reformate feed and the exhaust 
streams. A limited part of the reformate flow is fed to the fuel cell stack with the 
help of a mass flow controller. Neither the anode exhaust nor the excess 
reformate is fed back to the reformer combustor. Apart from the mismatch in 
size, the fuel cell stack and fuel processor have other mismatches. For example, 
the fuel processor tolerates a maximum back pressure of 0.35 bar(g) but the stack 
is designed to have a back pressure of 0.8 bar(g). However, for this research 
system, the main focus has been to make a flexible configuration where the 
existing components can be exchanged and new components can be added. 

The fuel processor  
The fuel processor is designed to provide reformate corresponding to an 
approximate range of 1-10 kWel15. However, the control parameters have been 
adjusted by the manufacturer to better fit our purposes, i.e., parameters that are 
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15  Approximate values for a fuel cell stack efficiency of approx. 30 % (including non-ideal fuel 
utilisation). 
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more suited for 2-4 kWel

4

. The product gas should contain approximately 50 % 
hydrogen on a dry basis and less than 10 ppm CO and 2 % CH  according to the 
manufacturer. 
 
The fuel processor has three main reactor steps, see Figure 22. The combinatorial 
reforming reactor (ATR) includes both catalytic partial oxidation (CPO) and steam 
reforming (SR). To increase hydrogen production, the steam reforming reactor is 
heated by a combustor as well, this heat is furthermore important at the start-up 
of the fuel processor. The steam-to-carbon-ratio (S/C) and the oxygen-to-fuel 
ratio (O/F) are variable inputs. Desulphurisation is included before the LTS. The 
final CO clean-up is performed in a preferential oxidation (PROX) reactor. The 
internal heat exchangers preheat the flows, produce steam for the steam reforming 
process and cool the reaction flows. The main heat exchanger (HEX) cools the 
combustor exhaust. 
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Figure 22. The fuel processor includes three main reactors, ATR (combinatorial reforming), LTS (low 
temperature water gas shift) and PROX (preferential oxidation), a combustor and heat exchangers. 
Typical inlet and reaction temperature levels are displayed in the figure. 
 
The internal control system for the fuel processor is highly automated with little 
need for interaction from the operator. Further, changes in the parameter settings 
regarding the control strategies are easily performed. To choose the operation 
level, the natural gas flow to the fuel processor is decided. The water and air 
intakes are thereafter controlled internally by total and split flows as a function of 
the natural gas intake and the internal temperature levels. 

The fuel cell stack 
The polymer electrolyte fuel cell stack initially used is designed for a maximum 
output of 2 kWel continuously. The stack has 68 cells, each about 120 cm2. The 
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fuel cell stack is designed for reformate, but can be run on hydrogen as well. The 
stack is cooled by a fluorinated liquid that boils at 60 °C. 
 
On starting-up the fuel cell stack, the load signal (see next section) is gradually 
increased, as are the different gas flows. The stack temperature rises as the stack 
produces power. The power production at low temperatures is limited due to risk 
of condensation in the fuel cell stack. The flows are constant up to a given value 
of the current, when a linear relationship between the mass flows and the current 
develops. 

The inverter and load system 
The inverter is an inverter/charger designed for a solar power system, here 
installed without connection to the power grid.  
 
To enable control of the power output from the fuel cell stack a power-regulating 
module is installed in the system. The module, LC1 in Figure 21, is based on an 
integral 26 A triac and uses variable phase angle control. The output load signal 
(4-20 mA) to LC1 controls the phase angle of the voltage to the load. The voltage 
over the load, VL, is ideally proportional to the signal, and due to the constant 
resistive load the power level, PL, is also proportional to the load signal. The 
power loss of the power control module is negligible (< 2 W), which implies that 
the power output of the inverter, PI, is approximately equal to the power level of 
the load (PI ≈ PL). Consequently, by including the losses of the inverter, the power 
level of the fuel cell stack, PS, is decided (PS ≈ PL/ inverter efficiency). Depending 
on the fuel cell stack parameters, such as temperature, pressure, gas composition 
and gas flow rates, each single cell will reach a working point at which all cells 
together fulfil the required power level. 

4.1.2 The control system 

The control system has three main tasks, namely surveying and controlling the 
system and logging data. Total, 252 variables can be logged. This includes both 
signals and calculated values.  
 
To maximise the usefulness of the test facility it can be run in four different 
modes, namely: the fuel processor alone, the stack alone, the fuel processor and 
the stack at the same time but separately, or as a system where the fuel cell stack is 
run on gas produced by the fuel processor. The different modes and the possible 
transitions between them can be seen in Figure 23. In order to control the switch 
between these modes the control system programming was divided into seven 
sequences, with the pilot sequence being the master. Each sequence is built-up 
with states representing events and the corresponding surveillance functions based 
on IEC programming methodology [e.g. Lewis 1998], similar to the I-sequence 
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illustrated in Figure 9 in Paper II. To move from one step to another pre-decided 
conditions must be fulfilled. The complete description of the sequences, states, 
transitions and conditions is registered in a separate specification, which has to be 
updated as soon changes are performed. The control system with its graphical 
user interfaces (see also Figure 24) and surveillance functions is overviewed in 
section 2.5 in Paper II. 
 

  Stack Reformer

SepOp SysRef
 

 
Figure 23. The four different modes of running the fuel cell system and the possible transitions between 
them. The mode SepOp represents separate but simultaneous operation of the stack and the fuel processor, 
and SysRef when the stack is run on simultaneously produced reformate. 
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Figure 24. A drawing on the graphical user interface from the control system specification. The triangles 
are built up by buttons corresponding to different shut down levels. 
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4.1.3 The results 

Fuel processor 
The fuel processor gives a stable hydrogen content in the reformate gas, but as 
seen in Figure 25 the methane content is too high. This may be due to catalysts 
degradation in the ATR reactor, which we could change. Changes in the input 
parameters have further been shown to cause the operation of the fuel processor 
to be unstable. It takes approximately 4 hours to reach a temperature-based steady 
state for the fuel processor, Figure 26. The response time for a load change of the 
fuel processor is approximately 10 minutes, see Figure 27. This implies that the 
dynamics of the present system is strongly limited. Only a few steady states could 
be obtained for each day in operation.  
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Figure 25. The gas composition of the reformate during start-up. 
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Figure 26. Temperature levels of the combustion and the three reactors in the fuel processor during start-up. 
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Figure 27. A load change from a load level corresponding to 4 kWel to a lower level 2 kWel takes 
approximately 10 minutes. 
 
The measured gas composition is compared to the calculated values from the 
model presented in section 3.1.2, see Table 4. The comparison indicates only a 
small mismatch in nitrogen content. Nitrogen, i.e. air, is added at two points in the 
fuel processor, both to the ATR reactor, and directly to the PROX reactor. The 
ATR air flow is measured by a mass flow meter, but the flow to the PROX 
reactor is assumed by a selectivity factor as described in Paper III. The total 
amount of air could be multiplied by a factor 1.04 to give the modelled hydrogen 
and nitrogen content an exact fit with the measured one; this factor is clearly 
negligible. A constant methane slip through the fuel processor is included in the 
model. The model of the fuel processor is adequate for steady-state purposes, but 
heat losses should preferably be included.  
 
Table 4. Measured (dry) gas composition of the reformate at steady state, and calculated composition.  

 Measured Calculated With adjusted air 
flow 

Unit 

H2 48.4 49.3   48.4 [mol %] 
CO2 17.1 17.3   17.2 [mol %] 
CO 3 6   6 [ppm] 
O2 0.0 0.0      0 [mol %] 
N2 (30.7) 1 29.7   30.7 [mol %] 
CH4 3.4 3.4   3.4 [mol %] 
C2H6 - - -  
C4H8 - - -  
C6H10 - - -  
Ar  (0.4) 1 0.3   0.4 [mol %] 

1) Balance (calculated). 
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The achieved, calculated, efficiency of the fuel processor at the load level 
corresponding to 4 kWel is 62 %, based on the HHV for hydrogen in the 
reformate, and the total natural gas amount. The CH4 slip stands for more than 
13 % of the fuel input (HHV), while the heat losses are approximately 16 %, 
Figure 28. The efficiency for a lower load level corresponding to 2 kWel is as low 
as 46 %. Furthermore, according to the supplier, approximately 300 W auxiliary 
electrical power is needed for the air compressor and control system,. 

 
Figure 28. 
Energy balance for the fuel processor at the 
two load levels, the higher level to the left.  
H2 = Hydrogen in reformate 
CH4 = Methane in reformate 
Qout = Heat in reformate, down to 25 °C  
Exh = Heat in combustion exhaust  
Qloss = The heat loss inside the fuel 
processor 

 
The present fuel processor model cannot deal with dynamic values. When the 
measured start-up temperatures of the fuel processor were introduced into the 
model, and the simulated gas composition was compared to the measured one, 
large deviations were found. 

Fuel cell stack 
The PEFC stack has shown a quite limited power output, and unstable operation 
characteristic, which have worsened with time. For this reason, a new stack will be 
installed in the test facility later this year. An increase in the fuel cell stack power 
level is limited by the time it takes to increase the gas flows. It can take up to 50 
seconds for the cathode air to adjust to new levels with the present settings.  
 
The initial experimental data from the fuel cell stack correlates well with the 
simulation model. During a few hours of stack operation, data for current DC and 
voltage DC was collected and is summarised in a performance curve presented in 
Figure 29. The operating range of the fuel cell stack was quite limited, only one 
fourth of the designed 2 kWel from the fuel cell stack was reached. However, the 
performance is well in line with the utilised stack model presented in section 3.1.1. 
When the model is compared with the measured data it becomes clear that several 
of the parameters, which vary during the displayed time range, are of less 
importance in the model. These factors are inlet temperatures (30-60 °C), mass 
flows (neat hydrogen or reformate, much higher flows than stoichiometric), and 
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slight changes in the operating pressure (1.05-1.2 bar(g)). Within the presented 
ranges the model gives hardly any variations. It is further quite natural that the fuel 
cell stack – not operating at steady state – shows worse results than the model, 
which does not include dynamics, water condensation or start-up. 
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Figure 29. The polarisation curve and the power level as a function of current for the fuel cell stack, data 
collected during three hours of operation on humidified hydrogen. The lines P and V represent the 
calculated power and voltage levels. 
 

Inverter and load system 
The efficiency of the inverter and load system was found to be lower than the 
calculated efficiencies in section 3.1 showing about 94 % at both maximum and 
50 % load. Further, the experimental results unexpectedly showed that the 
efficiency is higher for a lower input voltage, Figure 30. The inverter connected to 
the power regulator has shown a non-constant power output at a constant voltage 
input. The voltage input affects the DC power level to the inverter, and thereby 
the power level to the load. Furthermore, the voltage history affects the present 
power level, which is shown in Paper III. This fact implies that the dynamic 
characteristics of the fuel cell stack, and the inverter and power regulator are 
difficult to separate. 
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Figure 30. The efficiency of the inverter, as function of load level and approximately constant input voltage, 
50 V and 60 V, respectively. 
 

4.1.4 Discussion 

The research PEFC test facility has a simple and flexible configuration, extensive 
measurement equipment, and a rigorous control system, enabling safe future 
experiments. The main limitations in the present system configuration are: the size 
mismatch of the fuel cell stack and fuel processor, the maximum measurable 
pressure 0.2 bar(g), the lack of heat measurements, the inability to continuously 
measure and log the AC power coupled to the load, and the limited number (104) 
of analogue input signal channels. Finally, the system deviates from a real system 
in that the anode flue gases are not combusted.  
 
The division of the control system into modes and sequences simplifies the 
operation and surveillance procedures. The main inconvenience occurs when 
operating the system manually and when the conditions for non-automatic 
equipment must be confirmed. The sequences in the control system have been 
evaluated to be more extensive than necessary. The automated routines of, for 
example, the load level programming, will be more useful later in the project when 
the initial problems regarding the equipment have been solved. The log system has 
been evaluated to be stable, with a sufficient capacity for the number of variables 
and time steps desired. 
 
Work with the control strategies, together with purchasing all the equipment 
needed, have been two time-consuming tasks of the project. Furthermore, it was 
required to the debug the system to make all components communicate and 
operate optimally, a work which will continue during the lifetime of the system. 
The first experiments with the pilot plant have shown additional requirements, 
and the system is continuously re-built. While the re-building process is facilitated 
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by knowledge gained during the main construction period, the latter was 
expensive compared to buying an existing test station which include control 
system and humidification systems for the gas flows in the fuel cell stacks. 
 
Both the model of the fuel processor and the fuel cell stack are verified to be 
adequate for steady-state purposes. A methane slip had to be introduced to the 
fuel processor model and heat losses should preferable also be included. Further 
differences due to load level could be incorporated in the model. However, the 
verification process was the simplest possible. The simulated corrected air flow in 
the fuel processor model might be misleading, there may be other possible reasons 
for the difference in gas composition than the air flow meter showing erroneous 
values and the PROX selectivity being higher than expected. Moreover, due to 
heat losses and limited residence times, the ideal gas compositions were not 
reached, thus the ideal model is not expected to give exactly the same values as 
those measured.  
 
Experiments with the inverter imply that the model might be too optimistic when 
calculating efficiencies near 94 % at partial load. The inverter load system in the 
test facility shows an efficiency under 90 % at the corresponding partial load. The 
peak efficiency given by the manufacturer though is 95 %. The model of the 
inverter is concluded to be more optimistic than the other models in the system 
which correspond better to actual components of today. 
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4.2 The solar-hydrogen-biogas-fuel cell system in 
GlashusEtt 

4.2.1 System overview 

A stationary solar-hydrogen-biogas-fuel cell system16 was installed in GlashusEtt17 
in Stockholm, Sweden in order to better understand and evaluate of the 
prerequisites for sustainable-and energy-saving systems. The alternative energy 
system in GlashusEtt constitutes the first public residential installation of a fuel 
cell system in Sweden. Further, the system combination of a photovoltaic array, an 
electrolyser, hydrogen storage, biogas feed and fuel cell system is unique, see 
Figure 31. The alternative energy system was designed and installed in the building 
after the conventional system. Which itself is dimensioned to cover the entire 
energy demand of the house. In order to evaluate the alternative energy system 
and its automatic control strategies, a semi-empirical simulation model was 
constructed by Hedström (2003). The installation and initial evaluation of the 
alternative energy system are presented in Paper IV. 
 

 
 

Figure 31. The components in the alternative energy system in GlashusEtt [Paper IV]. 
 

                                                      
16 ABB AB and Fortum AB, with financial support from the Local Investment Programme council 
in Stockholm and the Swedish Energy Agency, complemented GlashusEtt with an alternative energy 
system. 
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17 Stockholm Vatten AB, Fortum AB, and The Real Estate and Traffic Committee established the 
GlashusEtt project. 
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The fuel cell system consists of a fuel processor, including a desulphurisation unit 
and a CO clean-up unit, a PEFC stack, and an electrical compartment. The fuel 
cell stack can be run with reformed biogas, or directly using the stored hydrogen 
produced by the electrolyser. The fuel cell system is connected to an inverter to 
deliver the generated electricity as alternating current (AC). The thermal energy is 
absorbed by a coolant loop connected directly to the accumulator tank.  
 
The photovoltaic array (PV) is located on the roof of the building, and consists of 
30 modules. It is placed, with its supporting structures, on top of a shed covering 
an area of 25 m2. The inverters to the PV array, the hydrogen storage, and the 
control system hardware and cabinet is located inside the shed. The solar cells on 
GlashusEtt are of polycrystalline silicon material. The photovoltaic array is divided 
into three different sections. Each section is connected to a DC/AC inverter 
connected to a three-phase electrical system. The 30 modules delivered are rated 
to a maximum power output of about 3 kW. Besides delivering AC to the building 
it is also possible to direct the DC to the electrolyser without first passing through 
the inverters. 
 
The electrolyser is situated in close proximity to the fuel cell system and consists 
of PEM cells. It is connected to the grid and can be operated on AC as well as on 
DC directly from the PV array. The hydrogen output goes directly to hydrogen 
storage tank situated on the roof. The hydrogen produced by the electrolyser is 
stored in gas cylinders at approximately 14 bar(g), which is the delivery pressure 
from the electrolyser. The total capacity amounts to approximately 15 Nm3 of 
hydrogen. 
 
The biogas burner is connected to a temperature sensor on the outside of the 
house and to a correlation curve that, depending on the temperature outside, sets 
the lowest allowable temperature for the water in the accumulation tank. The 
biogas delivers a thermal output of 24 kW, and may only be turned on or off, i.e. 
no partial loads are possible. 
 
The initial control strategy utilised involved operating the fuel cell system on 
hydrogen (produced by the electrolyser) every second week. 

4.2.2 The system model 

The model is constructed with the clear purpose of evaluating different control 
strategies for the alternative energy system. It should be possible to draw 
conclusions about different strategies with regard to an economic as well as an 
energy perspective. The evaluation is based on demand curves, outdoor 
temperatures, irradiation, investment cost and the cost of fuel and electricity in 
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order to evaluate electrical and total efficiencies as well as economic parameters, 
such as annual costs and costs per kWh. 
  
The model is a semi-empirical model, i.e. mainly based on empirical data from the 
system being evaluated. The model was developed in Simulink®. All input data, 
including efficiency, demand, and irradiance tables are easily exchanged. With 
mainly parameter value changes, it is possible to apply this model to different 
houses and different configurations of solar-fuel cell systems. The simulated time 
period for the studies presented in Paper IV is one month, April.  

4.2.3 The results 

The fuel cell system has only been operated at full load (hydrogen or biogas) i.e. 
no dynamics or load dependent behaviour have been tested. Due to the small size 
of the accumulator tank (500 litre), an extra coolant loop had to be installed. This 
extra heat is then released to the air on the roof of the building. Additionally, 
waste heat delivered to the room caused the temperature to rise 8 °C. The 
electrical efficiency for the fuel cell system fluctuate, but is estimated to 13 % 
(LHV biogas). The efficiency of the electrolyser is only 43 %. 
 
There are a few time delays measured on the real system. For the electrolyser start 
sequences down to a few minutes have been measured. It takes 90 minutes for the 
fuel cell system to deliver electricity when operated with biogas. When the fuel cell 
is operated with hydrogen, the start delay is 40 min. There is further a time-delay 
when switching from biogas to hydrogen or vice versa due to control and security 
reasons. 
 
The alternative system is unable to supply the electricity demand in GlashusEtt, 
which implies that even if it were possible to sell electricity to the grid, there was 
no opportunity to do so during this simulation period. The hydrogen storage 
tanks are emptied after 4 hours of hydrogen operation, and refilled by the 
electrolyser within 34 hours. The burner is often turned on and off; nevertheless a 
lot of thermal energy has to be rejected on the roof [Paper IV, Figure 9].  
 
Different control strategies to minimize the amount of thermal energy lost on the 
roof are evaluated with the help of the simulation model. Different correlation 
curves for the biogas burner control were simulated, as exemplified in Figure 32. 
The thermal simulation shows that the choice of correlation curves does not affect 
the outcome significantly. This is due to the facts that 1) most of the thermal 
energy lost during this time of the year results from a lower heat demand than the 
total heat supplied by the fuel cell system, and 2) the small accumulator tank (500 
litres) is not big enough to function as a thermal storage over time. 
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Figure 32. Two of the tested correlation curves for the control strategy of the biogas burner. 
 
It is clearly seen in the simulations that the alternative energy system has a 
significantly higher fuel cost than the reference system in the GlashusEtt 
simulations case. The simulations indicate that the energy prices in southern 
Europe (exemplified by Italy) would suit the local installation better. 

4.2.4 Discussion 

The alternative energy system in GlashusEtt is an evaluation and demonstration 
facility, and as such it has not been optimised for the building. Furthermore, the 
results are the first results from the system, which is being continuously improved. 
The rated thermal power from the supplier was 6.5 kWth, but the measured output 
is almost double. The large thermal contribution from the fuel cell system 
indicated by measurements in GlashusEtt is not fully understood. It was simply 
assumed that the real thermal contribution was the one measured. The gains and 
losses of an identical fuel cell system as the one in GlashusEtt, H-Power RCU 
4500-02, are presented in more detail by a research team in Italy [Gigliucci et al. 
2004]. They present an electrical efficiency of 18 % and a thermal efficiency of 
32 %. The largest identified loss is attributable to the fan cooler of the fuel 
processor, but even then only 83 % (LHV) of the energy value of the fuel is 
specified.  
  
One limitation in the presented simulations is the assumed steady state operation, 
including the constant efficiencies of the fuel cell system as well as the electrolyser. 
Another limitation is the fact that the components are not physically modelled, 
which limits the degree of parameter changes unless an extensive amount of 
empirical data is incorporated into the model. However, the result from the first 
simulations demonstrates the possibilities and limitations of the alternative system 
as well as indicating areas of interest for continued research. Future work includes 
fine-tuning and problem solving so that replace the assumptions made in the 
model may be replaced with empirical data taken from the control system. 
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Additionally, the reason behind the fluctuating efficiencies and the large thermal 
contribution of the fuel cell system has to be examined. 
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5 Fuel cell system installations  

 

5.1 Technical design 
In the design of a co-generation system with a fuel cell system there are many 
prerequisites and limitations to take into account. The basic prerequisites include 
ownership, choice of components and supply strategies, which respectively are 
discussed in Table 5, Table 6 and Table 7. Figure 33 illustrates the alternatives of 
the choice of components. 
 
A fuel cell system of today cannot simultaneously support varying heat and power 
demands by itself. It is not fast enough for direct power supply and not flexible 
enough to change its power to heat ratio on demand. For that reason either 
storage units or grid connections must be used together with the fuel cell system. 
In this thesis mainly the primary solution are studied, as indicated in respectively 
table below. The reason for this is to keep the studies as close to today’s reality as 
possible and to start the analysis by studying initial markets.  
 
Table 5. Possible owner of installed fuel cell systems, and their respectively arguments for the installation. 
Owner Arguments Seen in study 

House owner Tax advantage to produce own electricity. 
(Less savings when selling to the grid.) 

[Paper VIII] 

Power grid owner Power quality improvement on a power grid 
line. (May not sell electrical power in 
Sweden.) 

- 

Utility company, gas 
distributor or 
corresponding 

Instead of re-building or maintaining a 
section of the power grid. A “virtual utility” 
requires less ground property and smaller 
investments than huge power plants. 
Maximise fuel use by CHP production. 
Maintenance of a possible market share. 

[Paper V and 
VII] 
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Figure 33. A selection of conceivable solutions for the fuel cell-based energy system to supply all the heat 
and power demands of a building, for the entire year. Compare with Table 6. 
 
Table 6. Conceivable solutions to the additional heat and power supply. 
Demand Items included in the energy system 

connected to a fuel cell system 
Seen in study 

Connection to the power grid. [Paper VIII and 
VII, Ridell et al. 
2003] 

Storage in batteries, super capacitors, fly 
wheels etc. 

[Paper V] 

Intermediate storage of hydrogen to 
improve dynamic performance. (Requires 
too large a stack to be the only choice.) 

[Emonts 2002] 

Electrical power 

Restrictions, equipment controlling 
momentary load. 

- 

Hot-water storage tank. All studies in this 
thesis. 

Additional burner.  All studies in this 
thesis. 

Heat 

Connection to a local heating network. High 
temperatures might be required for selling 
heat. 

- 
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Table 7. Conceivable strategies for the fuel cell system installations. 
Strategy Comments Seen in study 

Meet heat demand 1) Sizing minimum capacity equal minimum 
demand, 2) not run 24/7 all year, to avoid 
heat losses, or 3) heat dumping not a 
problem. 
Implies electricity trading (heat demand 
larger than electrical power demand). 

[Ridell et al. 2003, 
Paper VIII and 
VII] 

Meet electrical power 
demand 

Important in a stand-alone setting, or where 
backup power is requested. Additional heat 
supply requested, or heat might be dumped. 

[Paper V and VII, 
Ridell et al. 2003] 

Constant load level Power plant usage. [Barisic 2001] 
Varying α (=P/Q)  Only achievable to a small extent. [Colella 2002] 
Stack ≥ reformer Run reformer on a constant load level and 

have a hydrogen storage (minimises the 
electrical storage capacity), alternative to 
buying from net. Reduce investment cost. 

- 

Reformer ≥ stack Produce hydrogen for use in vehicles. [Thomas et al. 
1999] 

Fuel cell vehicle 
connected to building 

Less investment costs but lifetime problems. [See section 2.4, 
e.g. Lipman et al. 
2004] 

 
When the choice of system components and supply strategies for a specific energy 
system solution are made, the next design step is to determine the component 
sizes. A first approach to component sizing can be obtained from a duration 
curve, as seen in the studied cases below. For each case an automatic control 
strategy will decide the fuel cell system’s momentary power level, as well as the use 
of additional equipment, as a function of load levels, existing energy storage, grid 
connections and, on a longer term, maybe the immediate electricity price. 

5.1.1 Studied cases 

For the three main cases studied, analyses have been performed to compare the 
conventional energy supply with a supply based on a fuel cell system. The three 
main cases examine systems with: 1) 25 apartments, 2) 1 residential building, and 
3) 3 stand-alone buildings. The energy facts for the three cases are listed in Table 
8, based on measured demand data [Aronsson 1996]. The technical solutions for 
the fuel cell system installations are visualised in Figure 34 and Figure 36. Figure 
34 illustrates that the heat for tap water and heating of the building is obtained 
from the hot-water storage tank. Heat is transferred from the fuel cell system and 
burner to the storage tank. The power demand is covered by the fuel cell system 
and the power grid connection.  
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Table 8. The system characteristics of the three main cases studied.  

             Case 
 

Parameter 

25 apartments 1 residential 
building 

3 stand-alone 
buildings 

 

Power demand, 
[MWh/year] 

61 5.14 27.3 

Heat demand, 
[MWh/year] 

308 20.5 1161

Suggested reason 
for a fuel cell system 
installation 

Requirements of 
reliability. 
Natural gas 
available.  

Requirements of 
reliability. 
Natural gas 
available. 

Instead of replacing 
an old power grid 
for a few distant 
houses 

Location Gothenburg Gothenburg ≈ 2 km from main 
power grid, Småland 

Study seen in [Paper VIII] [Ohlsson 2001, 
Paper VII,  updated 
in Ridell et al. 2003 ]

[Paper V] 

1) Assumed demand. 
 
 
 

Cold tap water

SYSTEM

BUILDING

TANK

BURNER

Hot tap water

Radiator system

4-18°C

50-65°C

72°C

70°C
>55°C

<65°C

 
Figure 34 System solution for the heat supply to the 25 apartments and the residential building.  
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In Figure 35, it is shown that the three stand-alone buildings are today connected 
to the power grid for electricity and are assumed to cover their heat demand by 
burning pellets. The conventional energy supplies are also referred to as the 
reference cases. 
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Figure 35 The conventional installation for the 
stand-alone case.  

Figure 36 The stand-alone case with a fuel cell system 
installation. 

 
For all three main cases, the sizing of the equipment is based on the available 
energy duration curves. For a typical co-generation system, the sizes of fuel cell 
system, hot-water storage tank and burner must be decided. In a case when the 
building’s average heat demand falls short of the minimum heat supply from the 
fuel cell system some strategies are applicable (Table 7) provided that no heat  
 
 

 
 
Figure 37. The heat demand for the 25 apartments over one year as duration curves, with the sliding 
average heat demand over six hours as dotted line. 
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should be dumped (for economic reasons). Either the fuel cell system is easy to 
start and stop, and hence the problem is solved by having it run under shorter 
periods of the day, or, the system is turned off during that part of the year. In the 
latter method, for example, an additional burner or electric heater must be used 
for at least tap water heating, equipment which is also necessary for peak shaving 
during the winter. 
 
Another alternative to avoid heat losses, utilised in the case for the 25 apartments, 
(Figure 37), is to set the fuel cell system’s minimum heat level to below the 
building’s minimum average heat requirements; thus, early fuel cell system units 
will not be required to have fast start-up times. However, assuming that fuel cell 
systems will most likely be manufactured for certain power levels and the demand 
duration curve will change over the years, a fuel cell system with gross output of 
15 kWel was chosen for the calculations. This PEFC system provides 3.5-32 kWth 
of heat, depending on the load level and the return temperature of the fuel cell 
system cooling media. These two levels are drawn in the same figure as the 
duration curves, see Figure 37. The burner size is then estimated as the difference 
between the fuel cell system maximum line and the upper part of the demand 
curve. 
 
Two different approaches are studied to supply the residential building with heat and 
power from a fuel cell system. First of all, the fuel cell system is assumed large 
enough to completely supply the building with its heat demand. Secondly, the 
requirement is that the fuel cell system must be able to supply 2 kWel to the 
building.  
 
To entirely fulfil the building’s heat demand, the fuel cell system is estimated to 
have a maximum heat output of 8 kWth; its corresponding minimum values is 
shown in Figure 38. The maximum value of the six hours sliding average is 7.2 
kWth, but a margin for colder periods is added to that value. Approximately 0.81 
MWh/year would then be bought from power grid (16 % of the total power 
demand). 
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With a 2 kWel fuel cell system, a larger part of the power would be bought from 
the power grid and a part of the heat demand be supplied by additional heating, 
see Figure 39. Approximately 4.0 MWh/year additional heat will need to be 
provided (20 % of heat demand), plus approximately 1.4 MWh power/year will be 
bought from the power grid (27 % of power demand). 
 

  
Figure 38. The heat duration curve and 
corresponding power demand of the building. The 
minimum heat supply for the 8 kWth fuel cell 
system is marked out. 

Figure 39. The heat duration curve and 
corresponding power demand of the building. The 
supply data of the 2 kWel fuel cell system is shown 
in the figure, i.e. max and min heat supply and 
max power supply. 

 
For the case with the three stand-alone buildings the critical factor in sizing is to balance 
the investment for a fuel cell system and the battery storage. An analysis of the 
measured demand data gives the requirements of the energy system. For the 
present case, the following requirements are needed for an energy system to fulfil 
the buildings’ demands: 
 an immediately increase in the power demand of at least 5 kW should be 

satisfied, 
 a maximum power demand of 20 kW should be possible during at least 5 

minutes, 
 a continuous power supply of 8.5 kW should be possible during at least 3 

hours once in a 24-hours period. 
From the assumed power demand distribution over the year, it can be found that, 
based on an hourly average, the power demand seldomly exceeds 6 kW more than 
once a day. Furthermore, a 6 hour-average value exceeding 6 kW is uncommon. 6 
kWel is therefore chosen as the exemplifying size of the fuel cell system in this 
case. This requires a battery with the possibility to give 12.8 kW during 5 minutes, 
according to the above listed requirements. The sizing is illustrated in Figure 40. 
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Figure 40. The power demand for the 3 stand-alone buildings over one year as a duration curve. The sizes 
of the equipment in the fuel cell system-based energy system are incorporated in the figure. 
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5.2 Economic evaluation 
The main input parameters for the economic studies are collected in Table 9. The 
respective assumptions for each case, for example, the fuel cell system investment 
and lifetime, are chosen from different sources and should not be compared with 
each other. The interest rates are chosen in the range 7-8 % as a common value 
for both private persons and utilities. The taxes and subsidies valid at the time for 
the calculations are included in the results.  
 
Table 9. The calculation facts for the three main cases studied.  

             Case 
 

Parameter 

25 apartments 1 residential 
building 

3 stand-
alone 
buildings 

Unit 

Owner House owner Utility Utility - 
Strategy Heat 

controlled 
Minimum power 
demand1 resp. All 
heat 

Power 
demand 

- 

Fuel Natural gas Natural gas1 
(biogas) 

Ethanol/ 
pellets 

- 

Fuel cell 
efficiencies,  
P/(P+Q) 

Variable  
[Paper VIII, 
Figure 10] 

35/100 35/85 [% LHV] 

Fuel cell system 
investment 

20 0002 13 0003 
resp. 10 000 

15 000 [SEK/kWel] 

System lifetime 7 20, stack 5 5 [years] 
Fuel cost 0.3351  

(0.45, 0.575) 
0.30 0.70/0.344 [SEK/kWh] 

El. cost 0.40 incl. 
subsid.  
(buy for 0.80 
incl. tax) 

0.27/0.34 
 

0.27 
 

[SEK/kWh] 

Interest rate 8 8 7 % 
Other inclusions Natural gas 

grid 
connection 

Burner, natural 
gas pipeline 

Ethanol tank 
and transport 

- 

Study performed  
(Affects basic 
assumptions.) 

Mid-2001 End-2001 Mid-2002 [year] 

1) One of several investigated, some other investigated choices in parenthesis. 
2) All costs included, even those in the other cases split on O&M and unforeseen expenses. 
3) 15 000 SEK, scale factor 0.8 

 
The economic results are presented in Table 10. The results show that the 
installations are unlikely to be economic in the near future, unless the prices on 

                                                                     67                     
  
 
 
 

 



 
 
 
Design and evaluation of stationary polymer electrolyte fuel cell systems 

 

the energy market change substantially, although both a lower initial investment 
cost and a longer economic lifetime are assumed for the PEFC systems than are 
available at the present. The reference cases are 16-26 % cheaper than the 
respective standard cases of fuel cell system installation. The extra cost per 
produced unit electricity are, in all three cases, at least double the base cost of 
electricity. The costs in the three cases cannot be directly compared to each other 
since the prerequisites are different. In the residential building case all investment 
costs including the infrastructure and burner are included, while for the three 
stand-alone buildings even the reference case is very expensive, and in the case of 
the 25 apartments subsidies are included and the owner is a private person. The 
chosen supply strategy also has great impact on the results. Since the results 
presented in Table 10 depend heavily on the assumptions used, a simple sensitivity 
analyses follows for each of the three cases below, see each respective paper for 
more information. 
 
Table 10. The results for the three main cases studied.  

             Case 

 

Parameter 

25 apartments 1 residential 
building 

3 stand-
alone 
buildings 

Unit 

Total cost  206 000 13 800 60 000 [SEK/year] 
Difference in 
cost to the 
reference case 

34 000 3 600 11 000 [SEK/year] 

Extra cost per 
produced unit 
electricity1

0.38 0.712

resp. 1.483
0.44 [SEK/kWhel] 

1) If all extra costs where split onto the produced electricity. 
2) Local installation and minimum power demand, i.e. 2 kWel case. 
3) Local installation and All heat case. 
 
For the 25 apartments case, the fuel cell system would provide the building with 
about 60 %, and at most 96 % of its yearly heat and power demand respectively. 
At the same time, 38 % of the generated power would be sold to the power grid. 
The annual cost consists of: the fuel cell system investment 57 000 SEK/year, 
natural gas 160 000 SEK/year, connection cost to natural gas grid 1 200 
SEK/year, bought power 2 000 SEK/year and the income for sold power 14 000 
SEK/year. The impact of the: power selling and buying price, and the natural gas 
price is presented in Figure 41. The natural gas price has to decrease by 86 % (0.29 
SEK/kWh), or the fuel cell system investment cost by 60 % (34 000 SEK/year) 
for the fuel cell system to be competitive with the conventional system. Another 
option would be to reduce the size of the fuel cell system, i.e. chose another 
supply strategy. Despite these economic shortcomings, the study verifies that an 
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energy system with a fuel cell stack operating at a temperature of 72 °C could fulfil 
the building’s heat requirements. For example, Figure 15 in Paper VIII shows that 
the temperature of the hot-water storage could be held during the entire year 
simulated. 
 

 
Figure 41. Difference in variable costs between the conventional system and the fuel cell based system 
during one year for the 25 apartments. 
 
The cost distribution for the cases with the residential building are shown in Figure 
42 and Figure 43. It is obvious that the fuel costs are of major importance, and 
that the fuel cell system cost is of minor importance for the assumed input 
parameters. The capital cost includes both the investment for the fuel cell system 
and for the burner. With a lifetime of the total system limited to 5 years the capital 
cost of the system would increase to 45 and 50 % for each respective case. Further 
analysis is presented in the next section (5.2.1), for different locations and number 
of buildings. 
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Figure 42. The cost distribution for the fuel cell system installation in the single residential building (when 
100 in total), the 2 kWel case. 
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Figure 43. The cost distribution for the fuel cell system installation in the single residential building (when 
100 in total), the All heat case. 
 
The calculations for the 3 stand-alone buildings show that nearly 40 % of the 
buildings heat demand will be supplied by the fuel cell system. The pellet boiler 
will supply the rest of the heat. A few percent of the generated heat must be 
dumped, but the amount depends on both the automatic control strategy for the 
pellet boiler, and the size of the hot-water storage. The main factor in the 
economic performance is the fuel price, which contributes more than half of the 
annual costs for the fuel cell system-based energy system. The cost of the power 
grid is also a determining factor for the result, whereof the distance to the main 
power grid is the important parameter. 
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An analysis of the results shows that if any of the following should happen, the 
total cost of the fuel cell system installation will reach the same level as the 
conventional installation: 
• The total costs for the fuel decreases with 19 % 
• The cost for a new power grid increases with 19 % (longer distance, worse 

ground conditions) 
• The cost for the fuel cell system would decrease with 43 %  
• The income from the sold heat increases with 79 % (partly by a higher total 

efficiency of the fuel cell system) 
• The variable cost part of the electricity cost increases with 143 % 
Of course a combination of changes of the presented situation would be the case, 
which also increases the probability of the fuel cell system being commercially-
applicable for this stand-alone application. Figure 44 illustrates variations in the 
competitiveness of the PEFC system as a function of the ethanol price, the 
electrical efficiency of the fuel cell system and the variable part of the cost of 
electricity.  
 

 GRID-FC, [kSEK/year] 

Figure 44. Difference between the power grid installation and the fuel cell system installation in the stand-
alone case, as a function of the ethanol price, the electrical efficiency of the fuel cell system (Eta el) and the 
variable part of the cost of electricity. 

5.2.1 System locations 

Three different system configurations, defined by the location of the fuel cell stack 
and the fuel processor equipment, as suggested in Kreutz and Ogden (2000), has 
been developed and evaluated in terms of the cost per residential building in 
Sweden. The system model was built-up by Ohlsson (2001), and the results are 
summarised in Paper VII. The location configurations are called the central-, the 
split-, and the local configuration, see Figure 45, Figure 46 and Figure 47. In the 
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reference system, all the electrical power needed is bought from the power grid 
and in every building a burner supplies all the heat needed in the building.  
 

Fuel Heat

PowerFuel cell system

 
 
Figure 45. The central system configuration where both power and heat are produced centrally. 
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Figure 46. The split system configuration: central reforming, but local heat and power production. (HFC 
stands for a pure hydrogen fuel cell system.) 
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Figure 47. The local system configuration, where both power and heat are produced in each building. 
 
For each system configuration, two demand strategies were investigated in which 
the fuel cell system was either sized to fulfil the entire heat demand, or set to 2 
kWel. With the main prerequisites given in Table 9 above, and further data given in 
Paper VII, the less expensive demand strategy is the 2 kWel strategy, as presented 
in Table 11 below. This is quite natural, since the investment cost is lower and 
since the reference system is the cheapest one in all cases, it is economic to 
minimise the conversion of fuel to electricity. More importantly, it shows that the 
central configuration is the most economically feasible configuration for both 
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demand strategies, when assuming that more than approximately 30 buildings 
have their energy demands met by this system. Furthermore, the split 
configuration is shown to be much more expensive than the other cases, mainly 
due to the high costs for hydrogen pipelines and the lower efficiencies caused by 
lower integration possibilities.  
 
In the reports Ridell et al. (2003), Paper VII and Ohlsson (2001) the parameters: 
power price, fuel price, system investment, interest rate, number of buildings and 
the cost distributions are, amongst others, presented. The cost distribution shows 
that the fuel cost is the main factor in all cases. As shown in Figure 48 the price of 
power must exceed 0.70 SEK before the local configuration would be cheaper 
than the reference system. 
 
Table 11. Total cost per year and building for the three system configurations and two demand strategies. 
Based on 100 residential buildings. 
Configuration Strategy 

 All heat 
[kSEK/year] 

2 kWel
[kSEK/year] 

Central system 13.9 10.7 
Split system 23.6 17.0 
Local system 16.6 13.81

Reference system 10.2 10.2 
1) The case presented as “1 residential building” above. 
 

-  

5 000 

10 000 

15 000 

20 000 

25 000 

0 0.2 0.4 0.6 0.8 1

Price of power  [SEK/kWhel]

C
os

t p
er

 y
ea

r [
SE

K
]

 
Figure 48. The cost per building for parallel installations in 30 residential buildings for the 2 kWel case as 
a function of the power price (without taxes). g Reference,♦ Central, g Split and ▲ Local system. 
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5.2.2 Discussion 

Economy 
The exemplifying fuel cell system installations are predicted to be economic 
unviable for the believed near-term conditions in Sweden. The main factor in the 
economic evaluations is the fuel prices, which contribute more than half of the 
total costs in the most of the studied cases. It could further be doubted if a private 
house owner is willing to install a fuel cell system, taking into account the extra 
work, risks and space requirements, while power grids deliver electricity as reliably 
as in Sweden at present.  
 
Despite the negative economic results, there might naturally be other applications 
and buildings better suited for a fuel cell system installation than the ones 
investigated. Additionally, rather small combined changes to a few of the 
assumptions for the cases presented result in a more optimistic outlook, e.g. 
decreased power demands in combination with lower interest rates. Further, the 
energy prices will change and the situations have to be re-evaluated. The present 
and future public policies, subsidies, legislation and environmental taxes will affect 
the energy market and decide whether or not techniques with the potential to 
decrease emission levels will be promoted. Both actual emissions and other 
environmental parameters such as material consumption have to be evaluated and 
incorporated into the analysis for each case. 
 
The present price pattern in Sweden implies that a fuel cell system installation 
necessary for power supply (of reliability reasons) should be minimised and not 
sized to consistently sell electricity to the grid. It is also shown that an average 
heat demand per day that matches or exceeds the corresponding power demand is 
of major importance for the economic feasibility of the system installation, as heat 
dumping is then avoided. The fact that the fuel is the main annual cost implies 
that other distributed technologies that can work with cheaper, local fuels could 
be better alternatives in rural stand-alone applications than fuel cells, as these 
require clean gaseous or liquid fuels. Naturally, a hydrogen-producing stand-alone 
system would be another option wherever the investment cost is low enough. 
Also, of note is that fuel prices are lower for larger customers, especially for 
natural gas. 
 
The larger the difference is between the average yearly electrical power demand 
and the peak demand for a certain period of time, the more reasonable it is to 
invest in a new power grid instead of installing a distributed generation system. 
However, the smaller electricity the demand and the more distant location is from 
the main power grid, the sooner the utility could start to consider a stand-alone 
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installation, providing an appropriate technology is seen on the commercial 
market. 
 
Another factor favouring a traditional power grid installation over stand-alone 
installations is the possibility of variable power feed. To a certain limit, an existing 
power grid can cover an increased demand due to, for example, newly-built 
buildings. The fuel cell system would not have the margin for additional buildings, 
Moreover, fuel cells are exchangeable and their cost is believed to be quite 
insensitive to size, hence an additional installation could be the solution. 
Furthermore, optimising the dimensions of the energy system should not be 
performed only from the available data; instead a margin must be included in the 
system planning. Another fuel option in the stand-alone case other than ethanol 
would have been LPG, since it has an existing infrastructure and a lower cost 
(0.54 SEK/kWh including taxes [Statoil 2004]). The annual cost for a LPG-based 
system would be close to the power grid alternative, but not competitive at the 
specified conditions. 
 
To simplify future economic evaluations, the fixed cost could be calculated as a 
function of only the annuity cost of the fuel cell system. In this manner, the 
investment cost, lifetime, interest rate and maintenance cost would be treated in 
common when evaluating the required cost level for economic viability. Another 
convenient method is to concentrate on the price gap between the price of 
electrical power and the fuel, as performed, e.g. by Whale (2004). 
 

Demand data 
The energy demand data used as input in this thesis reflects the heat demands in 
the southern part of Sweden. Since the demand data shows that almost all the 
power demand could be supplied by an installed fuel cell system, without having 
to dump heat, the studies are applicable for the same types of buildings in the rest 
of Sweden as well. The difference in the design of the energy systems would be 
that of the additional burner would increase in size the further north the building 
is located. 
 
The demand data consisting of hour averages could be said to correspond to a so-
called “short term” net metering system, performing billing calculations on hour 
averages. As this is not the most likely billing system, the average data corresponds 
to a non-estimated error in the calculated power exchange with the power grid in 
the studies. However, in another simulation study based on measured demand 
data as average values per minute, the annual cost of bought electricity still is less 
than 10 % of the total annual cost [Leisten et al. 2002], although the size of the 
fuel cell system is at most 1 kWel for a residential building of the same size as in 
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this study. Contracts like net metering might play an important role for the future 
of distributed generation in Sweden. 
 
Another objection against basing the simulations on measured demand data, is 
that no dynamic changes in the supply can be investigated, such as providing 
some of the heat wanted slightly in advance. Another objection is that the 
developed control strategies cannot be reliably validated if they can handle a year 
with, for example, severe weather conditions. A stochastic input model would 
increase the reliability of the results, as, for example, Entchev (2003) suggests. 
 
All studied cases have been based on the demand data of today, i.e. the heat 
demand of buildings that are not optimal insulated, and the electrical power 
demand reflects the current usage with today’s low costs. To investigate the 
economic situation for a new or future building it would be convenient to build 
simulation models of them. This is also a way to aid with component sizing for a 
building with unmeasured energy demands; however it is worth remembering that 
house-owners are often well aware of their energy needs and are able to formulate 
the new energy system conditions. Another advantage with such a model is that 
component sizing and corresponding control strategies could be verified to cover 
the demands for more years with different weather data, or locations.  
 
A residential building is, however, analysed for the scenario that the insulation is 
much better and the heat demand is thereby halved [Ridell et al. 2003]. With a heat 
demand strategy, the cost for the fuel cell based system would be 20 000 
SEK/year, to be compared with 11 000 SEK/year with the conventional supply 
system, or 35 000 SEK/year for the original heat demand with a fuel cell system 
based supply. In the both fuel cell system-based cases, the fuel cost stands for 
approximately 70 % of the total costs. 
 

The simulation methods 
Naturally, even the automatic control strategies developed for use in the various 
simulations are important for the results. Figure 50 exemplifies the correlation 
between the 25 apartments’ heat demand and the operation level of the fuel cell 
system. The control strategy used was not optimised, but well elaborated as a 
function of the outdoor temperature and the temperature in the hot-water storage 
tank.  
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Figure 49. The 25 apartments’ heat demand and heat supply from the fuel cell system during three days in 
the summer. 
 
A control strategy that lets the burner turns on and off without restriction implies 
high emission levels due to the amount of starts and stops. Entchev (2003) have 
developed a control strategy that was found to decrease the emissions from the 
burner with 10-15 %. The freedom of control strategy development is limited by 
the size of the heat storage. Through dynamic programming it has been shown 
that the optimal control signal, as a function of the present level of a storage, 
should be calculated as a tangens function [Rutquist 2004]. While his control 
strategy was evaluated for electrical storage in batteries, it seems likely it is equally 
applicable to hot-water storage systems (earlier applied in Paper IV). For example, 
Vosen and Keller (1999) have studied the importance of control strategies in an 
alternative energy system. 
 
The assumed fuel cell system efficiencies are held constant over the stack lifetime 
in the simulations, despite degradation being common for fuel cell stacks. Further, 
the system’s thermal efficiency is most important if the systems are installed 
outdoors (as is common today in USA), since heat losses within the building 
actually are utilised heat. However, heat losses, that are too high as, for example, 
in GlashusEtt [Paper IV], where the indoor temperature rises with 8 °C during the 
fuel cell system’s operation would be a real problem. 
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5.3 Exergy evaluation 
The exergy efficiency for a power plant is normally only calculated for one 
working point and with a constant environment temperature. The major impact of 
using non-constant, dynamic temperatures in the exergy analysis could be 
foreseen, but hardly predicted in detail without any calculations. With the aim to 
describe the impact of a dynamic temperature approach in exergy analyses, the 
exergy efficiencies for the fuel cell-based energy supply system for the 25-
apartment building in Paper VIII are presented [Paper VI].  
 
Both the environment temperature and the heat transfer temperatures are 
considered alternatively dynamic and constant in the calculated examples. The 
efficiencies are compared to the reference energy supply system. The energy 
supply systems are evaluated per time unit during one year, with time steps down 
to one hour. 
 
Two different control volumes were chosen for the calculations. The first control 
volume - the fuel-based control volume - is defined by the dashed line in Figure 
50. Note that the fuel required to generate the bought external electricity is 
included. This is represented by an exergy efficiency, ηb, which is less than one in 
the equations. The second control volume - the reference control volume - does 
not include power generation in the external power plant nor the power grid. This 
is represented by an exergy efficiency, ηb, equal to one in the equations. The heat 
transfer examined is the low temperatures heat extracted from the hot-water 
storage. However, as the heating system in the building would emit heat at even 
lower temperatures, than the storage water, resulting in a lower exergy, it is 
important to note the borders of both the chosen control volumes. The hot tap 
water is treated with the same temperatures as the heating water. 
 
The integral-based Eq. 5.1 should be used for calculating the exergy efficiency of a 
fuel cell-based energy system installation, as seen in Figure 50. This equation 
replaces Eq. 2 in Paper VI18 to better reflect the dynamics of the system.  
 

 

                                                      
18 S. de Oliviera, Escola Politécnica da USP, São Paulo, Brazil, and Robbie Morrison, Institute for 
Energy Engineering, Technical University of Berlin, pointed out the limitation by the original 
equation. 
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As the heat transfer temperature T is assumed to be a single (average) value per 
hour, the following equality can be drawn for Qh and ∆Qstorage: 
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if ts = t, only a specific time unit will be evaluated, e.g. one hour. 
The corresponding nomenclature is shown in Table 12 below, and the applicable 
system is illustrated in Figure 50. 
   
Table 12. Nomenclature for Eq. 5.1 to 5.3 
ε Exergy efficiency 
Exfuel, CV Exergy in fuel into the control volume, [kW]* 
Exfuel Exergy in fuel to the fuel cell system and the burner, [kW]* 
Exstored Exergy stored within the control volume, [kW]* 
Exused Exergy transported through the control volume, to the building, [kW]* 
Pbuy Bought power, [kW]* 
Ph Power demand, building, [kW]* 
Ps Power sold to the power grid, and assumed to be used in the 

neighbourhood, [kW]* 
Psystem Net power from the fuel cell system, [kW]* 
Qh Heat demand, building, [kW]* 
∆Qstorage Heat charge into the hot water storage (negative value means discharge), 

[kW]* 
t Time unit for which the efficiency will be evaluated 
ts Point of time used as a reference in the calculations 
T Assumed as average between Tout and Treturn, [K] 
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T0 Environment temperature, [K] 
Tout Temperature of heat transfer to the building, temperature at the top of 

the hot water storage 
Treturn Temperature of the returning water from the building, Tout – 15°C is 

assumed, [K] 
ηb Assumed electrical efficiency for the generation of the bought electricity 
*) Average values per time unit. 
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Figure 50. Schematic view of the fuel cell system installation and the fuel-based control volume with 
corresponding nomenclature introduced. 
 
Except for the introduction of the time function, the only change caused by the 
introducing Eq. 3 (compared to the equation in Paper VI) is the term for the 
thermal storage. The expression for the power is the same, which is understood by 
the expression: Psystem + Pbuy = Ph + Ps. The results with Eq. 3 during the 
exemplifying year are for the different assumptions of T and T0 approximately the 
same as in Paper VI, even when the year average is calculated from the efficiencies 
of each separate hour. 
 
The following is a summary of the data that are reported in Paper VI: 
• The fuel cell-based energy supply system has higher exergy efficiencies than 

the conventional energy supply system for the building. The difference is 
approx. 10 %-units with the fuel-based control volume. 

• The mean temperature values over a year give approximately the same results 
as mean temperature values for shorter periods of time. This is valid for both 
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the environment temperature and the temperatures of the heat transfer 
through the control volume. The difference between the hourly-based average 
value and the yearly-based average value is approx. 0.4 %-units with the fuel-
based control volume and the fuel cell-based energy supply system. 

• The exergy efficiencies are lower during the colder parts of the year, due to 
the fact that more heat is needed then. Although the amount of electrical 
energy produced is less than the amount of heat energy, the contribution to 
the exergy efficiency numbers is remarkable higher than for heat. The exergy 
efficiency of the heat product is, as is well known, low at these kinds of low 
temperatures. 

• It is favourable to use a varying environment temperature, instead of the 
commonly-used constant (high) environment temperature, especially where 
the outdoor mean temperature is low. In this study the difference is approx. 
3-4 %-units.  

 
Finally, the fuel-based control volume is recommended for use in exergy (and 
energy) analysis, preferably based on the exergy content in the fuel at its source. It 
gives a higher accuracy when evaluating the best way to utilise the available fuel 
resources. 

5.3.1 Discussion 

Exergy analysis is not a sufficient tool for evaluating energy systems providing 
heat. The exergy value of the utilised heat is very low at near ambient 
temperatures, although its economical value per energy unit is high. Methods for 
analysis which include factors other than the exergy efficiency, such as costs and 
environmental effects, are further discussed in the literature [e.g. Bejan et al. 1996, 
Teixeira and Oliviera Júnior 2001, Fragicomo and Gamarotti 2002] 
 
On the other hand, the poor exergy result for heat transfer at low temperatures is 
exactly the reason for using exergy analysis at all – as a tool to find out how the 
limited energy resources should be utilised. A low exergy efficiency indicates that 
there might be better ways to supply the heat demands. 
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6 End discussion  

6.1 Recommendations for future work 

General perspective 
In a sustainable future energy system, energy conversion must be based on 
renewable energy sources and any production or transportation must be 
performed to minimise material destruction and environmental degradation. To 
obtain this necessary state, a massive research and development effort must be 
carried out. Fuel cell systems can be seen as a link to a zero emissions future as 
long as the fuel is pure hydrogen. The fuel cell system acts as a link between the 
renewable energy sources and the end-use of energy. Hydrogen, directly produced 
from the solar energy or indirectly from bio fuels, is perfectly suitable for use in 
fuel cells. However, whether fuel cell systems will be seen as this link or not 
depends greatly on its total life cycle impacts compared to other technologies. 
Higher efficiencies and lower operating emissions than other technologies, even 
when run on reformate, is a good start though. From this perspective, it is 
important to note that the development of the technology has to restrict the 
required amounts of limited resources and other materials, and separate them in 
construction to enable recycling. Therefore, the required longer lifetimes of the 
fuel cell systems are not only needed from an economic perspective, but also from 
an environmental one. 
 
A more unified research structure is required, also in Sweden, in the work towards 
a future global sustainable energy supply. Efforts to create a more concerted 
research effort have been, for example, started in the USA [US DOE 2004b], and 
also in Germany, Iceland and UK [Fuel Cells UK 2003, Farrell 2002] in the 
hydrogen and fuel cell area. A national, co-operation forum supporting the 
recently-presented European hydrogen vision [European Commission 2003] is an 
opportunity which should be supported. As a first step, visions for a future energy 
system must be drawn-up and evaluated, and then an intensive effort is required 
to reach the goals. The question of which future fuels will be used and their 
corresponding energy infrastructure has to be prioritised. Additionally, the work 
of creating standards and new regulations within the EU regarding hydrogen 
technologies and hydrogen storage must be actively followed. 
 
A more organised research structure is additionally necessary within the existing 
research programmes and structures. For all research projects connected to the 
same structures interfaces should be specified in applicable cases to enable the 
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exchange of models developed and software. Configuration management has to 
be a natural part for developed material within the research projects.  

The fuel cell system design and evaluation 
Suggested work for continued research includes the development of further PEFC 
system configurations and models for specific use, for example, simulations of 
power grid connections, or a tool for architects to simulate the alternative energy 
supply systems of a building, which is sustainable for the next 100 years ahead. 
Combined models to evaluate optimal fuel infrastructure of the future, including 
fuel converters, is of high interest and might very well be done for restricted 
regions (e.g. a specific city or an island) in combination with energy storage 
facilities or the energy demand of the transportation sector. This work should 
preferable be performed in cooperation with other research groups. Further 
governmental regulations and ownership questions should also be evaluated. 
 
Addressing the evaluation methods presented in this thesis, methods regarding 
emission levels and material consumption, e.g. life cycle assessments, have to be 
added for a complete picture. To enable a more detailed evaluation, the fuel cell 
system and component models have to be more complex and the properties of 
still-developing components set in advance, although a difficult task. For example, 
a fuel cell stack model, which includes performance degradation as function of all 
important operating parameters would be a valuable tool. 

Experimental work 
The next main goal within the current research project is to evaluate control 
strategies for a PEFC system. A dynamic model of the fuel processor in the test 
facility, including automatic control strategies, will be developed to aid the 
analysis. This will be done with the aim of optimising the dynamics for a general 
fuel processor and of minimising the number of required sensors. This work 
includes further experiments concerning different parameter’s impacts on the 
efficiencies and gas composition from the fuel processor. Parameters to be studied 
are temperature, water and air flows and cooling flows. The study will include 
partial loads. The interaction between a new fuel cell stack and the inverter will be 
more deeply studied. Additionally, an analysis based on an improved control 
system in the test facility could be a help in the work to estimate which sensors 
would be necessary in an optimised system. 
 
The fuel processor may be later modelled on a more detailed level; thus the 
reasons for the various deviations, like the methane slip may be found. 
Additionally, to evaluate dynamic situations such as start-up, a more detailed 
model is required. One important question is how fast a load change could be 
done, which is mostly a question on how fast the process water and gases can be 
heated so that the operating temperatures can be maintained. One question to be 
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taken into consideration, if an internal hydrogen storage is implemented to 
improve the dynamics of a fuel cell system, is whether the water vapour and inert 
gas content of the reformate should be stored or not. 
 
It has to be analysed whether the inverter or the power regulator causes the 
unstable power level to the load. Although the inverter and power regulator have 
shown an unstable output voltage, they are not the only reason for the power level 
of the stack to take minutes to reach steady state, as a delay was also seen with a 
pure resistive load. 
 
In the longer term, different system configurations of the fuel cell system could be 
analysed in the research PEFC test facility. The dynamics of the fuel cell system 
can be analysed in combination with batteries. Further, new components and 
more efficient auxiliary equipment such as humidification and air supply systems, 
could be evaluated in the research PEFC pilot plant in future work. 

The fuel cell system installations 
It will be interesting to follow and continue cooperating with the early projects of 
small-scale stationary fuel cell systems in Sweden, especially in parallel with 
analysis of the future energy market. 
 
The importance of demand data per hour instead of real data should be analysed 
parallel with evaluating the usefulness of new simulation models describing heat 
and power demands for buildings. The power demand could be characterised for 
several applications, from which a pattern could be found as an aid in the 
component sizing, which is a task of special importance for stand-alone settings. 
This work should be performed in cooperation with appropriate research groups. 

Following projects 
On the work presented in this thesis several other projects are already initiated. 
First of all, the current project will continue with one doctoral student 
concentrating on the system level, and another one continuing to evaluate the 
impact of reformate fuels on the fuel cell. Another Ph.D. project evaluating fuel 
infrastructure and the use of stationary fuel cell systems on a regional level has 
also started. Further, two master thesis workers are involved in evaluating fuel cell 
systems connected to an anaerobic biomass converter on a farm, and to a heat 
pump and cooling demand, respectively. The project including the heat pump and 
cooling demand additionally creates a model of a well-insulated building in 
TRNSYS for possible evaluation of for example heat demands for many different 
years. A third, newly started, master thesis project is evaluating the available gas 
clean-up technologies for the reformate in Aspen PlusTM. 
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7 Conclusions  

Design of fuel cell systems 
A model to simulate a stationary PEFC system has been constructed for the 
purpose of system design and evaluation. The system model includes component 
models of the main equipment required, and is further a complete tool for 
evaluating the corresponding thermodynamic properties. The model fulfils the 
requirements of calculating the system characteristics and heat transfer, but is not 
optimised regarding evaluation time nor for the introduction of new functions.  

• The key simulation models are verified by experimental data. The models, 
which assume chemical equilibrium in the fuel processor units, are 
deemed to be adequate for steady-state purposes. The adapted model of 
the fuel cell stack is verified, but characterises an old stack, as reflected by 
the low electrical efficiencies. The model of the power conditioner is 
found to give higher efficiencies than is commercially available today. 

 
Both the methods and the results of fuel cell system design and evaluation, when 
utilising energy balances, pinch technology and exergy analyses, are reported in 
detail. 

• Introducing the external heat demand when constructing the pinch 
composite curves is shown to further aid the design of the heat exchanger 
network. The final design implies a high total efficiency of approximately 
98 % (LHV). 

• The exergy analysis clarifies that the main exergy destruction occurs 
within the fuel cell stack. 

The test facility 
The flexible test facility built for small-scale stationary PEFC systems serves as a 
good platform and basis for future experimental research and development. The 
test facility and the present fuel cell system components shall in no way be 
considered optimal, but rather as an available tool to reach a deeper knowledge of 
the components and their interaction. 

• The developed rigorous control system enables automatic control, 
surveillance and logging. It is somewhat complex, though, to operate the 
system when manual interactions are required and to implement changes.  

• The extensive measurement equipment shall enable the complete 
evaluation of mass and energy balances, and component characteristics. 
Currently, however, certain components in the test facility make such 
balances difficult and need to be either adjusted or replaced. 
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• The experimental data used for the model verifications were taken from 
the test facility. The fuel processor and the initial fuel cell stack both 
showed rather slow dynamics. 

Installations of fuel cell systems 
Fuel cell system installations are predicted to be economically unviable for 
probable near-term conditions in Sweden. The main factor in the economic 
evaluations is the fuel price, which contributes more than half of the total cost in 
most of the studied cases. In general, the fuel price is too high in Sweden 
compared to the electricity price for small-scale fuel cell installations to be 
economically viable. The economic results are, however, short-term and 
somewhat uncertain due to the assumptions (in a pre-commercial state) 
concerning future performance figures and costs. 

• Two main barriers for small-scale stationary fuel cell system installations 
can be found in Sweden today: 1) There is only a very limited market for 
small-scale installations, independent of conversion technology; 2) The 
characteristics of fuel cell systems, such as lifetime, costs and 
consumption of rare materials, are not yet competitive with other small-
scale technologies. 

• Advantages such as reliability or power quality have to be requested 
before a fuel cell system installation will be preferred over connecting to 
the well built-out electrical power grid, which furthermore offers lower 
prices of electricity.  

• An exemplifying fuel cell system in a stand-alone application, where the 
entire electricity demand of a few normal homes has to be supplied, is 
also more expensive than to extend the power grid by several kilometres. 
This result was obtained despite the fact that the fuel cell system’s lifetime 
cost were superior than those today. 

• A central installation covering the energy demands of several residential 
buildings is only advantageous over local installations there are at least 
twenty or thirty buildings in the area. 

• An initial evaluation of the first residential installation of a PEFC system 
in Sweden verifies the immaturity of such systems. Heat losses are large 
and the electrical efficiency is only 13 %. 

 
Technical aspects of designing a combined heat and power energy system for a 
building, based on a fuel cell system, are presented in this thesis. 

• Measured energy demand data has proven very useful for sizing and 
estimating the requirements of the fuel cell system, energy storages, 
network connections and additional equipment. 
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A fuel-based control volume is recommended for use in exergy (and energy) 
analyses to evaluate how the available energy resources are best utilised. 

• A fuel cell system installation covering most of the electrical power 
demands of the exemplifying 25 apartments is shown to have a higher 
exergy efficiency than the conventional energy supply. With a fuel-based 
control volume, an average heat transfer temperature and an environment 
temperature of 25 °C, the exergy efficiency was 32 % instead of 22 %. 

 
Method 
Combining the three main research areas presented within this thesis has been 
valuable. The experimental part gives valuable base-knowledge of the PEFC 
system, essential for both the development of system configurations and the 
installation studies. In the installation studies, limitations such as the dynamics and 
turn-down-ratios of an applicable fuel cell system are necessary inputs for the 
technical design. In the development of fuel cell system configurations, the 
requirements of the applications, e.g., temperature levels and heat-to-power ratios, 
are important. The earlier in the development process the equipment and 
application requirement are investigated, the better the final match can be. 
Further, research by others within the project regarding the PEFC itself gave 
necessary and valuable input for the system studies. 

• The work in this thesis serves as a collected basis for continued research 
and development concerning the design and evaluation of fuel cell system 
configurations, experimental studies and installation simulations. 
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8 Nomenclature and abbreviations 

 
Expression or 
abbreviation 

Explanation 

  
AC Alternating current 
AFC Alkaline fuel cell 
ATR Autothermal reforming (name used for combined POX and SR), 

also called combinatorial reforming 
CPO Catalytic partial oxidation 
DC Direct current 
DC/AC Symbol also used for the combination DC/DC and DC/AC 
DG Distributed generation 
DME Dimethyl ether, a liquid, produced fuel 
DMFC Direct methanol fuel cell 
el Electrical (suffix) 
Fuel cell system Refers mainly to a PEFC system in this study 
Fuel processor Converts a liquid or gaseous fuel into a hydrogen rich gas 
HHV Higher heating value 
IEA International Energy Agency 
LCA Life cycle assessment 
LHV Lower heating value 
LTS Low temperature water gas shift 
MCFC Molten carbonate fuel cell 
NG Natural gas 
O&M Maintenance cost 
O/F Oxygen to fuel ratio, definition mol O/mol fuel 
P Electrical power 
p Pressure 
PAFC Phosphoric acid fuel cell 
PEFC polymer electrolyte fuel cell, but also: 

PEMFC or PEM fuel cell, or polymer electrolyte membrane fuel cell, 
or proton exchange membrane fuel cell 
SPFC or solid polymer fuel cell 
SPE fuel cell or SPEFC or  
solid polymer electrolyte membrane fuel cell 
ion-exchange membrane fuel cell 
ion-exchange polymer blend membrane fuel cell 
low temperature fuel cell 

POX Partial oxidation 
PROX Preferential oxidation 
Reformer See fuel processor 
S/C Steam to carbon ratio, definition mol H2O/mol C in fuel 
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8. Nomenclature and abbreviations 

 

SOFC Solid oxide fuel cell 
SR Steam reforming 
Stack The fuel cell stack, built up of several fuel cells 
th Thermal (suffix) 
US DOE United States Department of Energy 
WGS Water gas shift 
 

8.1 Exchange rates  
 
18 March 2004 
Exchange rate [SEK] 
1 USD 7.54 
1 € 9.25 
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Appendix A – Model overviews 

 
The fuel cell system model is based on thermodynamic properties, physical 
operations and chemical reactions, as described in section 3.1. Each step in the 
fuel cell system is characterised by mathematical functions. After the declaration 
of the flow vector used to characterise the separate gas and liquid flows within the 
fuel cell system, and along with list of the basic functions utilised, the main steps 
of the model are listed. Finally, an illustrative example, taken from Paper VIII and 
presented in section 5.2 of this thesis, is given of how the entire installation is 
simulated. 

Fuel cell system simulation 

Declaration of flow vector 

flow = [H2, CO2, CO, H2O, O2, N2, CH4, C2H6, C3H8, C4H10, Argon, S, p, T, quality] 
H2 = hydrogen [mol/s] 
CO2 =  carbon dioxide [mol/s] 
CO = carbon monoxide [mol/s] 
H2O =  water [mol/s] 
O2 =  oxygen [mol/s] 
N2 =  nitrogen [mol/s] 
CH4 =  methane [mol/s] 
C2H6 =  ethane [mol/s] 
C3H8 =  propane [mol/s] 
C4H10 =  butane, and higher carbons added [mol/s]  
Argon =  argon [mol/s] 
S =  sulphur [mol/s] 
p =  pressure [atm] 
T =  temperature [K] 
quality =  steam quality of water [0-1] 

Basic functions 

Enthalpy (flow)19

Entropy (flow) 
Exergy (flow) 

Chemical Exergy (flow) 
Thermomechanical Exergy (flow) 

Mixing (flows) 

                                                      
19 Parentheses mean ”as a function of”. 
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Split (flow, percentage) 
Condensate (flow) 
Pump (water flow) 
Compressor (air flow) 
Heat Exchanger (flows) 

Heat Exchange (flow, new temperature) ⇒ (flow, heat) 
Heat Exchange (flow, heat) ⇒ (flow, temperature) 

Reactor (flow, type, reaction temperature) 
Combustion (flow, combustion temperature) 

Pre-Reactor (flow) => additional flow demand 
Stack (Load level, flows) 
DC-AC (Voltages) 

Main steps in the fuel cell system simulation 

Initialisation – thermodynamic parameters 
Minimising fuel input loop 
Main input data 

Main function 
Initialisation – temperature levels 
Case - type of main fuel reactor 

Heat exchanger network loop (pre-heat temperature) 
Pre-heat 
All steps in fuel processor – reactors and intermediate cooling 
Pre-stack – humidification, condensation 
Air bleed 
Stack 

Combustion solution 
Pre-heat 
Pre-calculate combustion (anode outlet) 
Calculate extra natural gas demand (pre-heat temperature) 
Combustion (total flow) 

Heat exchangers calculation – heat differences 
Result summation 
Total water, natural gas and air demands 
Power – gross and net 
Heat – available for hot water storage 
Finalising 
Print pinch composite curves 
Check energy balances 
Calculate efficiencies 
Calculate exergy values 

Plot efficiencies (load level) * 
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Installation simulation 
 
Load demand data (period) 
* ⇒ Load fuel cell system size and efficiencies (load level) 
Load hot-water storage tank temperature, size and temperature interval 
Load burner size 
Load costs 

Per time step 
Decide load level of fuel cell system (demand, storage and outdoor temperature, 
automatic control strategy) 
Decide burner on/off (demand, storage and outdoor temperature, automatic 
control strategy) 
Update storage temperature 

Cost loop (chosen parameters) 
Print and plot results – efficiencies and costs 
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