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Abstract

In this thesis the eligibility of a micro combined heat and power (mCHP) system has been inves-
tigated. Focus was pointed at the potential of mCHPs in danish homes. Different technologies
were discussed including fuel cells (FC), internal combustion engines and stirling engines. A
Solid Oxide Fuel Cell (SOFC) was chosen as the technology of interrest, since it has the poten-
tial of a very high electrical efficiency and because it can, via reforming, be run on natural gas
and thereby use the extensive distribution network that is present in Denmark.

To determine the size of the system an analysis was made of five danish single family homes.
The common way of running a mCHP system is to let it follow the heating demand and to buy
or sell the deficiency or surplus of electricity from or to the electric grid. Via data processing,
it was concluded that a 2 [kW] thermal output together with a 350 [L] hot water storage tank
would cover the heating demand of the houses. Since the heat to power ratio of a common
SOFC system is 2:1 it was investigated how much of the electricity demand would be covered.
It was found that in 90 % of the time the mCHP system would be able to supply electricity to
the houses.

The core of this thesis project was to find out which topology of the mCHP system would
yield the highest efficiency, especially which reformer technology would be most suitable. Two
different technologies were chosen and compared: steam reforming (SR) and catalytic partial
oxidation (CPO). All the different main components in the system were modeled: reformer,
FC, catalytic burner, turbomachinery, ejectors, heat exchangers and the heat loss of the vital
components. All these sub-models were connected in a total system which was programmed
in Engineering Equation Solver (EES). In the literature it was found that recirculation of the
cathode off-gas would increase the efficiency, so a total of four models were made: SR without
recirculation (Case 1) SR with recirculation (Case 1 CR), CPO without recirculation (Case 2)
and finally CPO with recirculation (Case 2 CR). As there are several streams that need to be
heated and there is a lot of heat in the exhaust gas a heat exchanger network is a necessity; this
was set up and optimised via Pinch Analysis to obtain the highest amount of heat recovery.

Due to the complexity of the system an optimisation routine was implemented to find
out which system inputs would yield the highest efficiency. Total efficiencies comparable to a
state-of-the-art combustion engine and FC based system were found. The electrical efficiency
exceeded those of the compared. Due to convergence issues it was not possible to implement
anode recycle in the system although it is expected that it could increase the efficiency even
more.

An interesting finding was, that increasing the amount of internal reforming significantly
increased the system efficiency. The amount of internal reforming should however be kept as
low as possible due to the internal reforming can cause carbon depositions on the anode during
long-time operation; it is much easier and cheaper to replace the catalytic material in the
reformer than in the FC stack.

With the emerging technology of SOFCs they are still not compatible with regular IC
systems due to the high price of the FC stack. However, studies have shown that in the
summer, when the heating demand is almost non-existing and the mCHP is operating almost
only to supply electricity, the SOFC mCHP unit can produce an environmental benefit if grid
electricity produced from coal is displaced.
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Preface

This Master thesis is the final project for receiving the Master of Science degree in Energy
Technology at Aalborg University. It has been carried out between February 2nd and June 3rd
2009. Professor Søren Knudsen Kær and Ph.d. student Vincenzo Liso served as supervisors
througout the project. The thesis details the design and optimisation of a micro combined heat
and power system based on solid oxide fuel cells with two different fuel processing technologies,
catalytic partial oxidation and steam reforming.

Readers’ guide
The report has been divided into six parts. The first is an introduction where the basis for
implementing solid oxide fuel cell based micro combined heat and powerplants is being investi-
gated. In the second part all the models used in the simulations are being presented. In part
three a pinch analysis is made to optimise the placing of heat exchanger network. Moreover the
optimisation routine along with the results are presented. Part four is a sensitivity analysis of
the models. In the fifth part all the findings made are being discussed followed by a conclusion
and a presentation of the proposed future work. Finally part six is comprised of appendices
presenting some of the theory used, a thorough description of the fuel cell materials and finally
some of the different codes used in the project.

The Harvard citation system has been used for references in the report. All figures, tables
and equations are assigned a unique number consisting of the chapter number and a distinct
sequential number for each category. All cross-references specify the item type referred to as
well as the number of the item.

On the enclosed CD the following files are placed:

• An electronic version of the report

• The pinch analysis programs (The software “HINT” is necessary to read the files)

• The four EES models

• Matlab and EES auxiliary programs
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Notation

Constants

NA Avogrado Constant 6.0221415 ·1023mol−1

e Elementary Charge 1.602177 ·10−19 Coulomb

Ru Universal Gas Constant 8.314472 J/(mol · K)

Greek Symbols

α Charge transfer coefficient -

γ Exchange current density A/m2

ηel Electric efficiency -

ηth Thermal efficiency -

ηFCrev Reversible Fuel Cell Efficiency -

ηT Total efficiency -

Abbreveations

BOP Balance-of-plant

CE Combustion engine

CGR Cathode Gas Recycled

CR Cathode Recirculation

DIR Direct internal reforming

DOP Degree of pre-reforming

DSFH Danish single family house

ER External reforming

EVD Electrochemical Vapor Deposition

FC Fuel cell

GCC Grand Composite Curve

GHG Greenhouse Gas

HDS Hydrodesulphurisation

ICE Internal Combustion Engine
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IIR Indirect internal reforming

LSM Lanthanum Strontium Manganite

mCHP Micro Combined Heat and Power

NG Natural Gas

PEMFC Polymer electrolyte membrane fuel cell

SE Stirling engine

SOFC Solid oxid fuel cell

TOFC Topsoe Fuel Cell

WGS Water gas shift reaction

YSZ Yttria-Stabilised Zircornia

Mathematical Symbols

Eact Activation Energy kJ/kmol

hm Average Diffusivity m/s

I Current Amp

∆h◦f Enthalpy of formation at standard state value kJ/mol

ṁ Mass flow kg/s

h Enthalpy on a mole basis J/mol

h Enthalpy on a mass basis J/kg

H Enthalpy J

nH Molar quantity of item i -

Uf Fuel Utilisation -

∆rG Gibbs enthalpy of reaction J/mol

kWe Electrical Power kW

Keq Equilibrium constant -

LHV Lower heating value J/kg

y Molar fraction -

ṅ Molar flow mol/s

P Power W

p Pressure bar

Q̇ Heat Flow W

Q Heat J

∆rH Reaction Enthalpy J/mol

∆rS Reaction Entropy J/mol · K
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R Resistance Ω

wt Specific technical work J/mol

v Velocity m/s

V Voltage V

Wt Technical work J
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Chapter 1

Micro Combined Heat and Power
systems

In this chapter the definition of a Micro Combined Heat and Power (mCHP) system is pre-
sented followed by a description of its eligibility. Thereafter a short discussion of the different
technologies applicable is given: internal combustion, sterling engines and fuel cells followed up
by the possible fuels. Lastly the mCHP sizing is discussed.

1.1 Market potential for mCHP

Whenever there is a conversion of chemical energy into electrical energy there will be a produc-
tion of heat. Sometimes this waste heat is just sent into the air, but it is evident that it would
be more feasible to utilise this heat e.g. to warm up a house. In some countries where the
population density is high and a lot of houses or factories are placed close to a central power
plant, the waste heat is used as district heating. Still app. 30 % of the electricity produced in
Denmark is produced at plants where the heat is not utilised [Lindab.dk, 2009]. Regarding the
electricity produced at the power-plant, there can be substantial losses involved in transmitting
it to the end user. According to the Danish company Energinet that owns and manages the
main electrical network in Denmark, the transmission losses in the electrical transmission -and
distribution net in 2006 was app. 6 % [Energinet, 2006]. The reason why centralised heat and
power production has been the configuration chosen for many years is that the electrical effi-
ciency for traditional large systems was higher than for smaller ones and that this high efficiency
has been able to compensate for the transmission losses.

Despite the fact that Denmark has a relatively high population density with 127 people
pr. [km2] [Denmark.dk, 2008], there are 800,000 oil -and natural gas (NG) fired boilers just to
produce heat in residential homes; 370,000 of these are run on NG [Mikrokraftvarme, 2008].
This is not only the case in Denmark; in Western Europe most buildings are heated via cen-
tral heating systems [Paepe et al., 2006]. With new technologies emerging and the existing
ones evolving, the foundation for having large centralised CHP plants is slowly diminishing.
Together with the increase in energy demand and the need to reduce CO2 emissions, the use
of smaller decentralised CHP plants is becoming more interesting. According to the Kyoto
protocol Denmark must lower the greenhouse gas emissions by 21 % in 2012 compared with
1990 figures [Portal, 2009]. Together with an increase in energy demand [Statistik, 2009] this
calls for higher efficiency energy production.

CHPs with an electrical output below 5 [kW] is defined as micro CHP [Paepe et al., 2006],
this is typically applicable for a normal residential house or medium apartment buildings. By
placing a mCHP in each house, transmission losses, both heat and electricity, could be reduced
significantly. As shown in Figure 1.1 a lot of the energy usage is accredited to the households
making this a suitable area for GHG reductions.

The most common way to operate the mCHP is to let it meet the heating demand of the
house and then sell electricity to the grid if there is a surplus and buy it from the net if there

11



12 CHAPTER 1. MICRO COMBINED HEAT AND POWER SYSTEMS

Figure 1.1: Energy consumption in Denmark [Energistyrelsen, 2009].

is a shortage. [DeBruyn, 2006, Paepe et al., 2006].

1.2 Technology review
In order to convert the chemical energy stored in the fuel to electricity and heat in an mCHP
different technologies are applicable. Two overall technologies are considered; the Fuel Cell
(FC) and the Combustion Engine (CE). It is chosen to disregard the usage of turbines for
electricity production, since they are unsuitable for domestic purposes [Singhal and Kendall,
2003]. Mainly due to the power size, i.e. < 5 [kW], and the investment costs.

The CE sets apart by being a matured technology, which has been improved for several
decades, whereas the development of the FC as a commercial product has not begun until
recent. An overview of four different types, normally considered for the use in a mCHP system
[DeBruyn, 2006, Dentice d’Accadia et al., 2003], is seen in the following:

• Fuel Cells

– Solid Oxide Fuel Cell (SOFC)
– Polymer Electrolyte Membrane Fuel Cell (PEMFC)

• Combustion Engines

– Internal Combustion Engine (ICE)
– Stirling engine (SE), i.e. external combustion engine

An FC is capable of producing electricity directly, which assists in giving a higher electrical
efficiency, compared to CEs. Depending on the type of FC the operating temperature varies.
For PEMFC and SOFC the operation temperature intervals lies between 80-180 [◦C] and 700-
1000 [◦C], respectively, hence making them suitable for mCHP systems. Primarily the SOFC
suffers from a low response time to load changes or start-up, since high temperature gradients
can cause mechanical stress and rupture. The same is not the case for PEMFC, its start-up
time and respond to fluctuating load is mainly governed by the fuel processing system needed
[Singhal and Dokiya, 1999].

Benefits of an FC based mCHP system are less NOx, SOx and carbon monoxide emissions
compared to a CE based. This is due to a lower operating temperature and a sulphur cleaning
system. The SOFC possesses an inherent fuel flexibility compared to a PEMFC, since it is not
only capable of tolerating carbon monoxide, but is implicitly able to utilise it. Moreover, it is
also capable of doing internal reforming of even high hydronated carbons.[Singhal and Kendall,
2003]

The FC itself is rather simple constructed and does not have any moving parts, giving a
high reliability. To operate the FC a balance-of-plant (BOP) is however needed. It consist of
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Type Case Efficiency
Electrical ηel [%] Thermal ηth [%] Total ηT [%]

SOFC Hexis AG
Galileo (PC)

25-30 > 60 > 90

TOFC (T) - - 78
PEMFC ECN (T) 28 53 81
IC Senertec Dachs

(C)
26–30 59–63 88–89

SE EA-Technology
SCP 1–75 (C)

24 68 92

Table 1.1: Published system efficiencies based on LHV for selected types of mCHP systems.
They are divided into test systems (T), pre-commercial (PC) and commercial
(C).[Hexis, 2009, Dentice d’Accadia et al., 2003, van den Oosterkamp and van der
Laag, 2003]

a fuel processor, heat exchangers, pumps etc. These auxiliary devices constitute the parasitic
losses.

Among companies already building pre-commercial SOFC based mCHP systems are Sulzer-
Hexis and Siemens Westinghouse. In Denmark Dantherm is currently researching and develop-
ing mCHP systems based on SOFC from Topsoe Fuel Cell (TOFC), low temperature PEMFC
from IRD and high temperature PEMFC from Serenergy. Their involvement includes Dansk
Mikrokraftvarme, which is a mCHP collaboration between leading energy companies in Den-
mark.[Mikrokraftvarme, 2008]

Several ICE based mCHP systems are already commercially available. The domestic use is
a market niche compared to the general ICE system usage that is primarily for schools, hotels,
hospitals and industrial buildings. For domestic purposes the ICE requires a low displacement
engine with a water cooling system and some characteristics regarding running hours, total life
time, four stroke cycle, weight, etc.[Dentice d’Accadia et al., 2003]

An alternative to the ICE is the SE. It utilises an external combustion chamber, i.e. a
furnace, giving a high fuel flexibility. It only needs a heat source and a cooling sink. It could
be run on e.g. solar heat, but to get an output high enough to be utilised in a house it needs
a fuel with a higher energy density. As the combustion takes place in a open chamber almost
anything can be burned, and the combustion can be controlled to make it more complete than
in an IC. Applicable fuels could be anything ranging from household waste to coal, natural gas
or even hydrogen, including gasoline and diesel. Of course the pressure and the nozzle have to
be changed in accordance with the fuel. The efficiency does lower with time due to fouling of
the heat exchanger used inside the SE.

The SE system can operate in two different ways: crank-driven and free piston. The crank-
driven drives a generator producing electricity, whereas the free piston contains a generator
inside the cylinder. The piston is integrated with a magnet and an alternate coil that produces
a single phase voltage of 50 [Hz] (if used in Europe). Such a system can be connected directly
to the grid. The SEs main advantaged is a rapid responds to load change, high thermodynamic
efficiency, low noise, long maintenance interval and that it is a well established technology.
However, it has a relative low electrical efficiency.[Smith, 2005]

In Table 1.1 the state-of-the-art system efficiencies of different test, pre-commercial and com-
mercial mCHP systems are given. From the selected systems it appears that the pre-commercial
SOFC system by Hexis has similar efficiencies as the SE system from EA-Technology. In
[van den Oosterkamp and van der Laag, 2003] it was assessed that the Hexis system had an
possibility of an increase in electrical efficiency of > 10 %. In the long run it can give a much
higher power-to-heat ratio compared to the other types, emphasising the quality of such a
system. Further, the demand of fast transient response of mCHP systems is not necessarily
connected to the FC or CE itself. A heat reservoir and the electrical grid can be used for peak
periods; this removes the main advantage of the CE over the FC. Finally, it should be pointed
out that it is very hard to compare prices of these systems at the moment, since the FCs are
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still not commercialised.

1.3 Fueling of a mCHP
Depending of what kind of technology used there are different fuels applicable to run the mCHP
plant on. In this section some of the fuels usable for SE, ICE, PEM FC and SOFCs will be
presented.

In the first stage of the testing of the mCPH plants by Dansk Mikrokraftvarme, 10 houses on
Lolland have been connected via a hydrogen network where the hydrogen has been produced
via electrolysis. However, hydrogen from electrolysis will not be considered as a fuel in the
following due to the infrastructural investment necessary.

1.3.1 Coal and coal gasses
Coal is the most abundant of all fossil fuels, but in its pure form it is not that applicable to any
of the mCHP technologies described above. Ground coal can be used as fuel in a SE but due
to the combustion temperature and composition of the coal, the uncleaned flue gas would be
to polluting. What could be more interesting could be coal gasses also called syngas. Coal can
be gasified in a number of ways but in short coal is reacted with steam and oxygen or air . The
relative proportion of the product gasses depend on the type of coal, the temperature and the
pressure.[Valenzuela and Zapata, 2007a] Many of the gasses produced can be utilised in an IC
engine but if they are to be used in a FC they have to be cleaned to remove contaminants. Some
FCs see some gasses as contaminants whilst others do not. Regarding fuel tolerances PEM FCs
can be divided into low temperature in the region 50 [◦C] - 90 [◦C] and high temperature from
160 [◦C] to 180[◦C]. LT PEM FCs must be run on a relative high hydrogen purity since they
are very intolerant to CO in the fuel. In [Zhang et al., 2006] they present a CO tolerance of
only 50 [ppm] for LT PEM and as high as 3% for HT PEM. The problem with CO is that
it occupies the reaction sites in the platinum catalyst, preventing the hydrogen from reaching
them [Larminie and Dicks, 2003]. In practice it means that operating a LT PEM on reformate
gas requires extensive post-processing of the gas before it is fed to the FC whereas systems with
HT FCs can be less extensive.

Because the SOFC is operated at a highly elevated temperature it has a very high fuel
flexibility compared to a PEMFC as described above. Actually the SOFC can use CO as fuel,
but more interestingly, the high operating temperature means that there is heat available for
the extraction of hydrogen from the more available natural gas described below.

1.3.2 Petroleum
Petroleum-derived fuels account for up to one half of the world’s energy supply [Larminie and
Dicks, 2003]. Most of the compounds of petroleum can be separated via simple distillation
due to their different boiling points. Diesel and similar oils are the most common fuels for IC
engines but also ethanol can via various processes be derived from petroleum and used as fuel.

1.3.3 Natural Gas in Denmark
Since the implementation of NG in Denmark in 1984 the network has been expanded substan-
tially so now 370,000 homes is provided with a piped connection. Since there is no extensive
hydrogen infrastructure and no easy way of storing or transporting it, NG is seen as the fuel
for the first large scale stage of danish mCHPs. The NG is retracted from the Danish oil and
gas fields in the Northern sea and distributed to most larger cities. The contents of the NG can
be seen in Table 1.2.

The numbers presented in the table represents the content after the gas has been processed;
when the gas arrives at the treatment station in Nybro all liquids and sulphur is removed. The
pressure is regulated to around 80 [bar] in the transmission grid. In the distribution grid the
pressure is reduced to around 7 [bar] and as a safety precaution an odorant is added. This is
done because the gas in itself is odorless and to make it possible for the consumers to detect a
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Gas Chemical formula Mole fraction
[%]

Methane CH4 87.2
Ethane C2H6 6.8
Propane C3H8 3.1
iso-Butane C4H10 0.4
n-Butane C4H10 0.6
iso-Pentane C5H12 0.1
n-Pentane C5H12 0.07
Hexane+h C6+ 0.05
Nitrogen N2 0.3
Carbon dioxide CO2 1.4

Table 1.2: Composition of natural gas in Denmark. [Association, 2001]

possible gas leakage. The problem with the odorant is, that it is sulphur based which acts as a
poison to the SOFC. According to [Energinet.dk, 2009] there was app. 7 [ppm] of the odorant
tetrahydrothiophene (C4H8S) in the NG in Denmark in 2007. This is in good accordance
with [Singhal and Kendall, 2003] where it is described that C4H8S is a common odorant that
is normally added in concentrations of app. 5 [ppm]. As will be described in detail later,
concentrations of only 1 [ppm] can be poisonous why the sulfur has to be removed as described
in section 5.2.1. When the NG reaches the individual homes the pressure is between 0.022 and
7 [bar], but most commonly 4 [bar].[Center, 2009] It is expected that the NG resources will
last approximately 60 years [Center, 2009], so since it is an easy solution it is expected that
the first generation of mCHPs will be run on NG. Maybe in the future, when the production
of hydrogen becomes more feasible, the mCHPs can begin operating on pure hydrogen. The
existing NG grid can, to some extend distribute hydrogen [Iskov, 2005], but if more homes are
to be supplied with NG or hydrogen, the grid has to be extended.

1.4 Sizing the mCHP

The most important issue regarding the sizing, since a domestic house in this case is disconnected
from district heating network, is to meet the heating demand. Still, sizing of a mCHP is not
a trivial task. It depends on whether the mCHP system heat output should be able to follow
the demand fully or partly. In the latter case, to what extend and is there a need for a heat
tank or an auxiliary heater? However, not only the heating demand, but also the hot water and
electricity demands need to be clarified to get a full overview, since they are interconnected.
In the following this discussion is avoided by simply recognising that Dantherm has decided to
built a 1 [kWe] SOFC mCHP unit. Instead the task is to investigate the feasibility of this size
compared to the Danish domestic market by analysing the power consumption. In the following
analysis a heat-to-power ratio of 2:1 for the mCHP system is assumed, based on experience with
similar SOFC systems [Hexis, 2009] and based on an interview with Dantherm.

In order to perform this analysis average daily power load curves for heating, hot water
and electricity of a typical Danish Single Family House (DSFH) during winter, spring and
summer are generated. Here, winter is defined as December, January and February, spring
as March, April and May, and summer as June, July and August. The average daily heat
and power demand is generated based on measurement data of the heating, hot water and
electricity consumption of five DSFHs during one year. The data was measured every 15
minutes starting from January 1st 1991 [Korsgaard, 2007]. The averaging is done by calculating
an average measurement point at a particularly time interval within 24 hours for the specified
season and DSFH, and then, by afterwards taking the average of these individual DSFH load
curves at each time interval. The developed MatLab program is included on the CD-rom
(daily_load_curve.m). The processed data is seen in Figure 1.2 to 1.5 and in Table 1.3.

In Figure 1.2 the daily power consumption is shown. From winter to summer a quite
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Figure 1.2: Daily total energy load
curve
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Figure 1.3: Average daily room heating
load curve.
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Figure 1.4: Average daily electricity
load curve.
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Figure 1.5: Average daily hot water
load curve.

significant drop in power consumption can be observed; equal to an average drop of approx.
50 % from season to season. In winter, spring and summer the average power consumption is
2.33 [kW], 1.29 [kW] and 0.68 [kW], respectively. Furthermore, almost the same hourly demand
characteristics can be seen all year round, with peaks in the morning, i.e. around 6-8 am, at
afternoon, i.e. 4-6 pm, and at evening, i.e. 8-10 pm. What is not apparent from the figure is
the real peak loads, since the data has been averaged. In the data peak loads of up to approx.
14 [kW] are present.

The main contributor to the total power consumption in the winter and spring is the heating
load, as seen in Figure 1.3. The demand in the summer is, as one would expect, much lower,
also in comparison to the hot water and electricity demand. This could suggest that shutting
down the heating during summer could be feasible. There are seen drops in the daily heating
during normal working hours.

As a supplement to the daily heating load curve, the electricity and hot water load curves are
given in Figure 1.4 and 1.5, respectively. It is seen that the change in power demand for heating
the water is fairly constant from winter to spring, in contrary to the central heating demand
that decreases significantly; most noticeable during the summer months. It is conspicuous that
the maximal peak demands of the hot water is during spring and summer. Further, there seems
to be a clear tendency that peak periods occur in the morning, at noon and in the evening.

When considering both central heating and hot water together for winter, spring and summer
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Figure 1.6: Load duration of heating in
an average DSFH per year.
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year, 8700 hours.
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Figure 1.8: The average daily heat de-
mand from the mCHP each
season.
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Figure 1.9: The daily temperature
curve of the heat storage
tank for each season.

the mean consumption becomes 1.79 [kW], 0.91 [kW] and 0.30 [kW]. However, in the summer
the total heating demand is lower than the electricity demand, thus it could be necessary to
buy electricity from the grid, when following the total heating demand from an operational
point of view.

The electricity has the most stable demand during the year. Still, it has the same season
dependency as the other demands. In contrary it has a long peak period from 3 to 11 pm regard-
less of season. Figure 1.5 is a bit misleading in a sense; it does not show the real fluctuations
occurring. To assess the magnitude of this issue a load duration curve was calculated, as shown
in Figure 1.7. The curve shows the electricity demand as a function of time fraction. From the
figure it can be deduced that in 90 % of the time, or during 7830 hours a year, the electricity
demand is below 1 [kW]. If the electrical output of the mCHP were to be 10 % higher i.e. 1.1
[kW] the demand would be met 91 % of the time and if it was at 900 [W] the demand would be
met 88% of the time. Moreover, covering a 90 % time fraction is equivalent to supplying approx.
75 % of the energy demand. Consequently, this relates to buying 1305 [kWh] a year and selling
5655 [kWh] a year. Thus, a rather large energy surplus exists and an economical benefit would
be possible. Further, a system sized to meet the average demand would be capable of doing so
75 % of time.
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Type Season Mean Max Min Std
[kW] [kW] [kW] [kW]

Total Winter 2.33 4.33 1.60 0.40
Spring 1.37 3.30 0.79 0.49
Summer 0.68 2.14 0.35 0.32

Central heating Winter 1.45 1.93 1.03 0.17
Spring 0.60 1.07 0.22 0.17
Summer 0.07 0.14 0.02 0.02

Electricity Winter 0.54 0.95 0.29 0.18
Spring 0.46 0.92 0.23 0.18
Summer 0.38 0.65 0.26 0.11

Hot water Winter 0.33 1.08 0.05 0.20
Spring 0.31 1.62 0.04 0.28
Summer 0.23 1.42 0.02 0.23

Table 1.3: Summary of mean, maximum, minimum and standard deviation of heat along
with the electricity requirements.

The total heating demand has also been depicted, as seen in Figure 1.6. In the case of no
heat storage the mCHP system would only be able to meet 72 % of the demand. Therefore,
a heat storage tank is necessary when utilising a 1 [kWe] mCHP system. A total heating of 2
[kW] is above the average heat consumption, and should therefore suffice if the storage tank is
large enough to meet the peak loads.

At Dantherm they use a 350 [L] water storage tank that is operated at an average tem-
perature of 65 [◦C]. To investigate whether this suffices or an auxiliary heater is necessary, a
MatLab Simulink model was made of the heat storage tank and the interaction with the mCHP,
the surroundings and the heating demand. The model is based on a thermal lumped energy
balance and can be found in Appendix G and on the included CD-rom. To ensure a constant
temperature in the tank a PID regulator was implemented for controlling the mCHP heat out-
put. The resulting response of the mCHP is seen in Figure 1.8. The PID was tuned so the
demand gradient had a large curvature, to avoid thermal stresses in the SOFC. The resulting
temperature variation of the heat storage tank is seen in Figure 1.9. A fairly constant temper-
ature profile is seen. The temperature after a given day does not equal the start temperature,
however in average, over several days, the temperature is kept at 65 [◦C]. However, during a
very long cold period the temperature of the tank could fall below 65 [◦C].

It is assumed that it suffices with an maximum electrical output of the mCHP of 1 [kW],
since a higher demand can be taken from the grid. The numbers shown in Table 1.3 are in good
accordance with [Nørgård and Skytte, 2005] where they find values of average electricity and
heat use of 0.48 [kW] and 1.9 [kW], respectively. It is also in accordance with [de Wit et al.,
2006] where they investigate the power demand in 25 single-family houses and come up with
an average heating demand of 1.5 [kW] and an electricity demand of 0.55 [kW].

1.5 Summary
In this chapter the reason for implementing a mCHP in a residential house has been presented.
A comparison of four of the most promising technologies have been conducted together with a
description of different fuels. Dantherms SOFC based solution has been chosen as case for the
further study with natural gas as preferred fuel. This is leading to the problem statement of
the project which will be presented in the following.



Chapter 2

Problem statement

In this thesis project it is chosen to investigate a 2 [kWth] SOFC based mCHP system. The
reason for choosing SOFCs is that it a very promising technology and it has the potential of
becoming the most efficient. The emphasis will be put on investigating the system design in
relation to catalytic partial oxidation and steam reforming.

It has already been concluded that a heat storage tank is necessary to cover the heat demand
during winter, however no auxiliary heater is needed in Denmark. Moreover it was possible to
collaborate with Dantherm that is working on the development of a mCHP of the desired
specifications. As fuel for the mCHP, NG is chosen because the infrastructure is already in
place. These conclusions lead to the following problem statement:

“Design and optimisation of a mCHP system based on SOFC with different fuel processing
technologies.”

2.1 Problem restriction
Denmark might not be the biggest market but still, the project has been limited to only taking
danish homes into consideration. According to d’Accadia et al. [2003] the predicted largest
markets in Europe are Germany , UK and the Netherlands. This is due to the climate, a
tradition of distributed co-generation on both supplier and user side, and due to the fact that so
many homes are connected to the NG grid. The situation in Denmark shows many similarities
although the population of Denmark is significantly lower. Another reason for limiting the
project to Denmark is because data only from danish homes were available.
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Chapter 3

Methodology

Based on the problem statement, derived in the previous chapter, the methodology, by which
the problem is further investigated and solved, is hereby described.

In chapter 4 the SOFC by TOFC is described together with issues affecting its interaction
with the system. In the next chapter, the components of the mCHP system and problems
regarding its design is investigated. This analysis leads to the design of four different system
configurations.

In the next part of the thesis, chapter 6 and 7, the proposed systems are modeled. Modeling
is done on two levels: system and sub-system level. Here system level describes the interaction
between the mathematical models, and sub-system level is the mathematical modeling of a
given component.

To be able to compare the systems, an optimisation of each case is necessary, which is done
in the next part. In chapter 8 a pinch analysis is first carried out to investigate whether the
proposed topology needs to be optimised. Then, in the following two chapters the optimisation
problem is stated and the results are analysed and discussed.

In the second last part, before concluding the thesis with a overall discussion and conclusion,
the sensitivity of the models towards changes in the parameters is analysed and discussed. This
is done with two methods: Uncertainty propagation and a parameter study.
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Chapter 4

Solid Oxide Fuel Cells

The scope of this chapter is to describe how an SOFC works and to present an in depth
description. Moreover, the scope is to present the SOFC developed and manufactured at Topsoe
Fuel Cell, which is used in the mCHP system developed at Dantherm, and finally to describe
some of the thermodynamic effects in an SOFC. A more thorough description of the materials
used is presented in Appendix A.

4.1 Working principle

The development of the SOFC can be traced back to 1899 when Nernst was the first to describe
zircornia as an oxygen conductor [Larminie and Dicks, 2003]. Two common SOFC designs
exists, tubular and planar. One advantage of tubular designs is that high temperature gas tight
seals are eliminated, but the planar design that resembles the design of PEM FCs, is easier to
fabricate and is also the one chosen by Topsoe Fuel Cell.

The SOFC operates at temperatures around 700-1000 [◦C] and uses a special ceramic ma-
terial as electrolyte. Instead of transferring protons, as in e.g. PEM FCs, it is the oxygen ions
(O2−) that are transported through the electrolyte. The reactions taking place at the electrodes
with hydrogen and air (oxygen) as reactants can be seen in Equations 4.1 and 4.2.

Anode: 2H2 + 2O2− → 2H2O + 4e− (4.1)

Cathode: O2 + 4e− → 2O2− (4.2)

In contrast to most other FCs the water is being produced at the anode in SOFCs. Where
CO acts as a poison in most FCs, it can theoretically act as a fuel in an SOFC according to the
anode reaction shown in Equation 4.3.

Anode: 2CO + 2O2− → 2CO2 + 4e− (4.3)

The different components of the SOFC are depicted in Figure 4.1. From the top and down
are: the interconnects that electrically connects the neighboring cells and distribute the reactant
gases, the anode where the fuel reacts with the oxygen ions, the electrolyte that transports the
oxygen ions, the cathode where the oxygen in the air reacts and finally another interconnect.
The anode, cathode and electrolyte are normally based on ceramic materials, and in order to
facilitate internal reforming of NG, Nickel can be added to the anode. But by doing this the
SOFC becomes highly intolerant to sulphur, concentrations as low as 1 [ppm] can poison the
FC [Larminie and Dicks, 2003].

Due to the high working temperatures there are some advantages and disadvantages com-
pared to other FCs [O’Hayre et al., 2006].
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Figure 4.1: Overview of a single planar
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Figure 4.2: Tubular SOFC.

• Advantages

– Fuel Flexibility due to the possibility of internal reforming

– Non-noble metal catalyst

– High quality waste heat

– High power density

• Disadvantages:

– Material issues due to the high temperature

– Sealing problems

– Expensive components/fabrication

– Heat losses

Another seeming disadvantage of running the FC at highly elevated temperatures is, that the
Gibbs free energy is lower, but in contrary some of the losses ( e.g. the activation losses) are
lower due to the temperature which increases the electrical efficiency.

4.2 The SOFC from Topsoe Fuel Cell

Due to confidentiality issues the information about the TOFC has all been obtained via their
webpage, www.topsoefuelcell.com.

Topsoe has more than 100 years of accumulated experience and is one of the major SOFC
companies in Europe. Right now they have developed their second generation FCs and are
working on their third. This section will mostly focus on the proved 2G technology.

Figure 4.3 depicts the composition of the FC; the temperature under which it is run is
around 750 - 800 [◦C] making the use of thin metallic interconnects possible. [Christiansen
et al., 2006]
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Figure 4.3: The different layers in an
SOFC from Topsoe.

Figure 4.4: The principle of tape cast-
ing.[Institute, 2009]

The stack that is used for the mCHP is a 1 [kWe] stack based on 12x12 [cm] SOFC cells; the
stack is fully sealed and internally manifolded. The degradation is <0.5% per 1000 hours. The
manufacturing methods applied include tape casting, spray coating, screen printing, punching,
laser cutting, sintering and several other processing steps

For the anode supported FC that TOFC is developing, the manufacturing technique tape
casting is used, the principle can be seen in Figure 4.4.

4.3 Thermodynamics
In the following the ideal reversible FC will be described followed by a presentation of the
irreversible effects. The voltage losses in the SOFC is mainly governed by ohmic losses due to
the high operating temperature [Larminie and Dicks, 2003].

4.3.1 The reversible Fuel Cell
An FC is an electrochemical device that converts the chemical energy of a fuel and an oxidant
into electricity; here the Gibbs free enthalpy sets the thermodynamic maximum value. Two
effects work to reduce the electrical energy of the reversible FC namely the ohmic resistance
which generates heat and the irreversible mixing of the gasses that causes a voltage drop.
Activation losses and concentration losses are also present in FCs, but are mostly significant
in the lower and higher current density operating areas, respectively. In the operating point of
the practical SOFC the activation and concentration losses can be neglected[Braun, 2002].

In Figure 4.5 the energy balance of an FC is illustrated.

Fuel Cell

T, p

-Wtrev

Qrev

ΣnjHj

ΣniHi

Figure 4.5: The energy balance and system boundary of a reversible FC.

The reactants deliver the total enthalpy to the system
∑
niHi and the total enthalpy leaving

the system is
∑
njHj . −Wtrev is the reversible work transferred from the FC to the environment

and Qrev is the heat extracted from the FC to the environment. To obtain the reversible voltage
it is assumed that the fuel and air is separated as non-mixed gasses consisting of the different
components. Moreover the chemical potentials of the fluids are converted into electric potentials
at each specific gas composition.[Bove and Ubertini, 2008] The first law of thermodynamics give:
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qFC + wtFC = ∆rH (4.4)

The molar enthalpy of reaction ∆rH of the oxidation consists of both work and heat. The
second law of thermodynamics applied on reversible processes yields

˛
dS = 0 ⇒ qFC = qFCrev = TFC ·∆rS (4.5)

, where the reversible heat exchange with the environment equalises the generated reaction
enthalpy, and we get:

qFCrev + wtFCrev = ∆rH (4.6)

The reversible work wtFCrev of the reaction is equal to the Gibbs free enthalpy of the
reaction:

wtFCrev = ∆rG = ∆rH − TFC ·∆rS (4.7)

The reversible efficiency ηFCrev is the ratio of the Gibbs free enthalpy and the enthalpy of
reaction:

ηFCrev =
∆rG

∆rH
=

∆rH − TFC ·∆rS

∆rH
(4.8)

In Figure 4.6 the different transport processes in an SOFC with hydrogen as fuel can be
seen.
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Figure 4.6: Sketch of the transport processes in an SOFC with hydrogen as fuel.

As shown in Equation 4.1 and in Figure 4.6 two electrons are released for every mole of
hydrogen reacting on the anode. Hydrogen is adsorbed at the anode, ionised and the electrons
are removed by the interconnects transferred to the external load where the electrical work
is used. Oxygen is adsorbed at the cathode, ionised by the arriving electrons and conducted
through the electrolyte to the anode. The protons and the oxygen ions form one molecule
of water. As shown in Figure 4.6 the product water is mixed with the anode gas and its
concentration increases with increasing fuel utilisation Uf which is defined by:

Uf = 1− ṁFAnO

ṁFI
(4.9)

where ṁFI is the fuel mass-flow at the inlet and ṁFAnO is the fuel mass-flow at the anode
outlet.

As described above the molar flow of electrons is two times the molar flow of hydrogen, thus:

ṅel = 2ṅH2 (4.10)
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The electric current I is a linear function of the molar flow of electrons, shown in Equation
4.11

I = ṅel · (−e) ·NA = −ṅel · F = −2ṅH2 · F (4.11)

The elementary charge e is (1.602177)·10−19 [C] and the Faraday constant F = e · NA =
96485.309 ± 0.029 [C/mol][Singhal and Kendall, 2003]. NA is the Avogadro constant which is
6.0221415 · 1023 [mol−1].

The reversible power can be written as a product of the reversible voltage VFCrev and the
current I as well as the product of the Gibbs free enthalpy and the molar flow of the fuel:

PFCrev = VFCrev · I = ṅH2 · wtFCrev = ṅH2 ·∆rG (4.12)

The reversible voltage VFCrev results from Equations 4.11 and 4.12

VFCrev =
−ṅH2 ·∆rG

ṅel · F
(4.13)

The above equations are for hydrogen as fuel, but the reversible voltage for any fuel can be
written as:

VFCrev =
−∆rG

nel · F
(4.14)

The reversible voltages for CO, CH4 and H2 as fuels have been calculated and are depicted
in Figure 4.7. The reactions used are:

H2 +
1
2
O2 → H2O (4.15)

CO +
1
2
O2 → CO2 (4.16)

CH4 + 2O2 → 2H2O + CO2 (4.17)

In the reactions in Equations 4.15and 4.16 two electrons are released per mol of fuel and in
the reaction in Equation 4.17 8 electrons are released.
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Figure 4.7: Reversible cell voltages for different fuels as function of temperature at 1 [bar].

The calculations has been done for a pressure of 1 [bar] since this is the pressure where the
mCHP from Dantherm is operated. The EES program is included in Appendix C.

From the above figure it would seem like it is better to run the FC on CO at temperatures
below 1100 [K], but due to the chemical reaction kinetics the CO reaction is slower than using
hydrogen as fuel. The reason why the voltage when using CH4 is hardly changing is that the
cumulative volume of the reactants and the products of the oxidation reaction is the same.
Thus there is no change in entropy.

By assuming ideal gasses the Nernst potential, or Nernst voltage VNc an be expressed as
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VN =
−∆rG(T )
nel · F

− Ru · T · ln(K)
nel · F

(4.18)

, where Ru is the universal gas constant and the equilibrium constant

K =
∏
j

(
pj
p0

)vj

(4.19)

, vj is the fuel-related quantity of the component j in the oxidation reaction equation and
p0 is the standard pressure (1 [bar]). [Singhal and Kendall, 2003]

4.3.2 Voltage losses due to mixing effects
As already described, the mixing of the gasses in the SOFC makes the reversible operation
impossible. These influences and the followed voltage reduction can be calculated by considering
the fuel utilisation connected with a change in the partial pressures of the components within the
system [Singhal and Kendall, 2003]. An example to illustrate this is the oxidation of hydrogen

H2 +
1
2
O2 → H2O (4.20)

The partial pressure pi of the component i is

pi = yi · p (4.21)

Equation 4.9 can be expressed as

Uf =
yFI · ṅAnI − yFO · ṅAnO

yFI · ṅAnI
(4.22)

by the molar flow of the fuel F as the product of the molar concentration x and the total
molar flow at the inlet I and the outlet O of the anode side, An. The local Nernst voltage
as a function of the fuel utilisation (NN (Uf )) depends on the local gas concentration. In the
example of hydrogen as the fuel, the molar flow on the anode side is constant:

ṅAnI = ṅAnO = ṅ∗ (4.23)

and Equation 4.9 yields

UfH2 = 1− yH2,O

yH2,I
(4.24)

The number of moles of utilised oxygen is equal to twice the moles of hydrogen used

ṅO2,U =
1
2
· ṅH2,U (4.25)

Normally, SOFC systems are run with air instead of oxygen and with excess air (λ > 1).
The incoming air at the cathode is defined as [Singhal and Kendall, 2003]:

ṅCaI =
1
2
· λ · ṅ

∗

0.21
(4.26)

And the outlet flow:

ṅCaO =
1
2
· λ · ṅ

∗

0.21
− 1

2
· ṅH2,U (4.27)

The related oxygen flow at the inlet and outlet is respectively:

ṅO2,I =
1
2
· λ · ṅ∗ (4.28)

ṅO2,O =
1
2
· (λ · ṅ∗ − ṅH2,U ) (4.29)



4.3. THERMODYNAMICS 27

Equations 4.27 and 4.29 can now be expressed as a function of Uf :

ṅCaO =
1
2
· ṅ∗ ·

(
λ

0.21
− ṅH2,U

ṅ∗

)
=

1
2
· ṅ∗ ·

(
λ

0.21
− UfH2

)
(4.30)

ṅO2 =
1
2
· ṅ∗ ·

(
λ− ṅH2,U

ṅ∗

)
=

1
2
· ṅ∗ · (λ− UfH2) (4.31)

Now the molar concentrations xi can be written as a function of Uf :

yH2,O = 1− UfH2 (4.32)

yH2O,O = UfH2 (4.33)

yO2,O =
λ− UfH2

λ/0.21− UfH2

=
ṅO2,O

ṅCaO
(4.34)

Finally the Nernst voltage (EN ) can be expressed as a function of the fuel utilisation:

EN =
−1

nel · F

∆rG(T ) + T ·Ruln

 UfH2 (λ/0.21− UfH2)
1/2(

1− UfH2 [(λ− UfH2) · p]1/2
)
 (4.35)

The current is proportional to the fuel utilisation in the following manner [Bove and Ubertini,
2008]:

Uf =
I

nel · ṅFI · F
(4.36)

For a specific fuel the only variable that influences the relation between the current and the
fuel utilisation is the fuel inlet flow. Equation 4.35 is valid for 0 < Uf < 1, in the regime where
the real SOFC is working [Bove and Ubertini, 2008].

Even though it has been decided that the SOFC is to be run at an atmospheric pressure, the
Nernst voltage as function of fuel utilisation and pressure has been calculated and is presented
in Figure 4.8, the EES-code is presented in Appendix D.
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Figure 4.8: Nernst voltage as function of fuel utilisation and pressure, T=800 [◦C], λ=2,
Fuel: H2 . Made with inspiration from [Bove and Ubertini, 2008].

It is seen that an increment in pressure from 1 to 2 [bar] only results in an increases of
Nernst voltage of app 10 [mV] which is caused by an increase for the partial pressure of oxygen
whereas a fuel utilisation increase from 0.1 to 0.9 results in a decrease of more than 120 [mV].

The design of the SOFC system strongly depends on the excess air λ. Figure 4.9 shows the
Nernst voltage as dependency of λ at different pressures, the EES-code is presented in Appendix
D.
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Figure 4.9: Nernst voltage as function of lambda. Made with inspiration from [Bove and
Ubertini, 2008].

It is seen that it is especially in the region from 1 to 2 that there is a big influence on the
voltage, above 2 the dependency is less significant.

The maximum power (Pelmax) of one cell is determined by the Nernst voltage (VNO) and
the corresponding current (IO) depending on the fuel utilisation according to Equation 4.36
and can be written as:

Pelmax = VNO · IO (4.37)

In the left side of Figure 4.10 it is seen that the power is limited by the lowest Nernst voltage
determined by the fuel utilisation. By coupling several cells in series the total power can be
increased as shown in the right side of the figure.
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Figure 4.10: The increment in power by coupling several cells in series. The red area in the
right part of the figure represents the increment. Made with inspiration from
[Bove and Ubertini, 2008].

This concept is only theoretical since economic analyses have shown that the optimal cell
voltages are in the range of 0.6 - 0.7 [V]. In this range the coupling of several cells is not
necessary from a physical point of view [Bove and Ubertini, 2008]. Another benefit of coupling
several cells is that the total current can be reduced, thus reducing the ohmic losses.

4.4 Summary
SOFCs are due to their high electrical efficiency and high value waste heat a good candidate for
mCHP systems. Due to the high operating temperature, expensive catalytic materials, such as
Platinum used in e.g. PEM FCs, are not needed. However, the high temperature also imposes
some problems such as long start-up time to avoid thermal stresses. To reduce start-up time
and in general to avoid problems related to high temperature, a lot of effort is put into reducing
the temperature. To do this, rather exotic composite materials are being developed.
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The FC thermodynamics have also been described showing that at temperatures below 1000
[K] CO should be a better fuel, but due to the reaction kinetics H2 is the best fuel why it is
important to have as high an amount of hydrogen in the reformate gas as possible.

Moreover it has been shown that increasing the pressure of the stack increases the Nernst
voltage, but since it has already been decided that the stack is to be run at 1 [bar], this is not
discussed further. The effect of λ has also been shown, and it was evident that the increase
in Nernst voltage was most significant below 2, but in the real stack, the air will also be used
to cool the stack providing the cells with a λ significantly higher. Finally the advantages of
coupling several cells in a stack to increase the efficiency was shown.

Since the characteristics of the SOFC are now documented, the integration of the SOFC
into a mCHP system can be done and will be presented in the next chapter.



Chapter 5

SOFC based mCHP

The scope of this chapter is to describe and explain the BOP required for an SOFC based mCHP
system. The different parts incorporated in the system are explained afterwards in more detail.
Emphasis is on purpose and interaction with the system.

5.1 System overview

An SOFC based mCHP system needs in general: a fuel processor, SOFC, inverter, auxiliary
devices, heat storage and thermal management, as shown in Figure 5.1. Each component has
a vital function, and the extent depends on fuel and system configuration.

The main purpose of the fuel processor is to treat the incoming fuel. Different considerations
play a part in the design: life time effects on the SOFC, cost and system efficiency. A sketch
is shown of the fuel processor in Figure 5.2. Since the fuel in question is natural gas, it has to
be desulphurised, because even an small sulphur content (1 ppmv H2S) can cause deactivation
of the anode catalyst in the SOFC, hereby significantly degrading both the cell voltage and
the Direct Internal Reforming (DIR) activity of the cell [Smith et al., 2009]. As explained, the
SOFC can do DIR as apposed to indirect Internal Reforming (IIR), i.e. an integrated reformer
into the SOFC stack, or by External Reforming (ER), i.e. before the SOFC. The issue regarding
DIR is concerned with carbon deposition on anode causing deactivation. It is beneficial to do
pre-reforming by the ER and hereby eliminate higher hydrocarbons that especially cause carbon
deposition.

The pre-reformer can either be by Steam Reforming (SR), Catalytic Partial Oxidation
(CPO) reforming or Autothermal Reforming (AR). These are described more in depth in sec-
tion 5.2.2. On the other hand internal endothermic reforming can be carried out inside the
SOFC, hereby minimising the cooling demand with excess air and help increasing the electrical
efficiency. Further, the fuel has to be preheated to avoid thermal gradients inside the SOFC.
Such gradients can also be caused by internal reforming.[Singhal and Kendall, 2003]

The configuration of the utility system depends to a high degree on the pre-reformer. The
use of either air or water influences whether or not an air compressor or a water pump is needed,

Fuel Processor SOFC Heat reservoir

Inverter

Natural gas

Net AC Power

Central Heating

Electricity

Heat

Thermal Management

Figure 5.1: Flowchart showing the general system interaction of an SOFC based mCHP
system.
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Desulphuriser Pre-reforming Internal reforming

Fuel processor

Figure 5.2: The fuel processor consisting of a desulphuriser, pre-reformer and internal re-
former.

and hence the extend of parasitic losses.
After the fuel processor the SOFC receives the cleaned and pre-reformed fuel. The remaining

natural gas is then internally reformed and a DC current is produced electrochemically in the
stack. The DC current is transmitted to the DC/AC inverter. This AC current is then used to
drive the utility system and the net AC power is distributed to the grid.

Concurrent, exhaust gas at a temperature around 750 [◦C] is produced. At the anode the
exhaust consists primarily of carbon dioxide and steam. Since it is common to operate the
SOFC with an overstoichiometry of fuel, some amount of hydrogen and carbon monoxide can
still be present. This can be burned in a combustor by using the hot air from the cathode as
oxidiser.

It has been shown that recycling of the anode and cathode exhaust enhances system effi-
ciency. The cathode and anode streams are ejected back before the SOFC and the pre-reformer,
respectively. The cathode recycling reduces the need of an air preheat duty and system air in-
put. Even though the static pressure requirement of the air blower increases, the net power
demand decreases, because the air input is lower. The anode recycling likewise helps in in-
creasing the system efficiency by eliminating the demand for external water, since the recycling
can deliver enough water for the chemical process. Therefore, a water pump and boiler is not
necessary. However, the recycling slightly lowers the electrical efficiency of the FC, since the
hydrogen and carbon monoxide concentration gets diluted. With internal reforming this side
effect can be eliminated.[Braun et al., 2006, Singhal and Kendall, 2003]

The produced hot exhaust gas can be utilised by the thermal management to supply the
necessary heat for the pre-reformer and the heat exchangers needed for e.g. preheating air or
boiling water, before supplying heat for the heat storage that is connected to central heating
system.

5.2 Fuel processor

In the following the desulphuriser, pre-reformer and internal reformer are explained more in
depth.

5.2.1 Desulphuriser

As described in section 4.1 and 5.1 both the reformer and the SOFC are highly intolerant to
sulphur. If the anode of the SOFC is not fabricated so that internal reforming takes place, it
will only be in the reformer that sulphur poisoning will take place. According to [Larminie and
Dicks, 2003] even sulphur concentrations as low as 0.2 [ppm] can cause some deactivation of the
reformer catalysts. If the concentration is very low the deactivation is reversible; by flushing
the poisoned catalyst with sulphur-free hydrogen or exposing it shortly to steam, it can be re-
activated [Singhal and Kendall, 2003]. In section 1.3.3 it was presented that the concentration
of C4H8S and thereby sulphur in the danish NG is as high as 7 [ppm], it is crucial for the system
that it be removed. Large conventional CHP plants use scrubbers to clean the flue gas but it
is not efficient enough for the purpose of FCs.

If there is a source of hydrogen in the FC system it is common practise to recycle part of
it back to a hydrodesulphurisation (HDS) reactor. In this reactor the organic sulphur com-
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pound, in this case C4H8S, is converted over a supported nickel-molybdenum oxide or cobalt-
molybdenum catalyst. The conversion is shown in Equation 5.1

C4H8S + 2H2 → C4H10 + 2H2S (5.1)

The products from the reaction are butane and H2S. The butane can be used in the reformer,
but H2S has to be removed. The HDS reaction rate increases with increasing temperature and
is normally conducted under temperatures of 300 to 400 [◦C] and in the presence of excess
hydrogen the reaction is normally complete. [Larminie and Dicks, 2003] The H2S is normally
absorbed over a bed of Zinc oxide producing water and Zinc as shown in Equation 5.2

H2S + ZnO → ZnS +H2O (5.2)

Although zinc oxide should be regenerable in theory, it degrades over time and must be
replaced.

Another way to remove sulphur from NG is to use activated carbon at room temperature.
The carbon is normally derived from materials such as wood, coconuts shells or coal [LTD,
2009]. Thereafter the carbon is activated either by steam activation or in another chemical
atmosphere such as N2. This produces an activated carbon with an extensive network of pores
and an extremely high surface area (typical range is 300 to 2000 [m2/g]). The pores provide
sites for the adsorption of chemical contaminants in gases or liquids. The different activation
processes create different characteristics in the carbon. Sometimes the activated carbon is
improved by oxidation and metal impregnation [Cui et al., 2008]. The advantages of using
activated coal over HDS is that it is not needed to heat it and to recycle hydrogen back to
the device. The disadvantage is that it has to be changed more often and the possible higher
pressure loss. The desulphuriser used in the Dantherm mCHP is the activated carbon based.

5.2.2 Pre-reforming
Natural gas consist primarily of alkanes, as seen in Table 1.2. Thus, the chemical reactions in
the following are shown for methane as well in general for alkanes.

Steam reforming

SR of NG is a mature technology. It is the most widely used process in the industrial manu-
facture of hydrogen [Haussinger and Watson, 2002]. The overall SR reaction of methane and
higher hydrocarbons is given by:

CH4 +H2O → 3H2 + CO︸ ︷︷ ︸
syngas

, ∆h◦f = 206[kJ/mol] (5.3)

CnH2n+2 + nH2O → (2n+ 1)H2 + nCO, endothermic (5.4)

The reactions are endothermic and are as such energy intensive and require an external heat
source. Hence the stream is preheated before entering the reactor to typically 450 to 650 [°C].
The reactions then take place in a nickel-based catalyst bed at temperatures at about 750 to
900 [°C], since highest methane conversion is possible there, as seen in Figure 5.5. That it has
to be heated up to these temperatures and that an external heat source is required gives a slow
transient response.

Further, it is apparent from the figure that a high molar fraction of hydrogen to carbon
monoxide is possible with SR. This gives a higher SOFC efficiency than with other reforming
technologies [Hoogers, 2003]. Moreover, due to the high hydrogen fraction produced it is called
the most economical route to produce hydrogen [Rostrup-Nielsen et al., 2002]. The equilibrium
composition in the figure was generated with CEA NASA at a steam-to-carbon ratio of 1 and
by considering additional hydrocarbon species. The SR process can further if necessary run at
high pressures.

Since the reactions require a large amount of heat the reactor is often build as a heat
exchanger as shown in Figure 5.3.
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Catalytic pellets

Tube inlet

Tube outlet
Shell outlet

Shell inlet

Figure 5.3: Sketch of a possible steam
reformer design.

Figure 5.4: Sketch of a CPO reac-
tor.[Raimondi et al., 2007]

At the shell inlet the hot flue gas from the burner is fed to heat up the tubes, the flue
gas is then cooled down and escapes from the reformer at the tube outlet.. Inside the tubes
catalytic pellets, normally Ni-based are placed. At the tube inlet the desulphurised NG mixed
with steam is fed and at the tube outlet the product gasses come out. It should be emphasised
that Figure 5.3 is a principle representation; many different designs exist.

Often the reaction is carried out with excess steam-to-carbon ratios above 2.5, to avoid car-
bon deposition (coke) on the catalyst surface, as explained more in depth in section 5.2.3.[Valen-
zuela and Zapata, 2007b]

In addition to the SR, the Water Gas Shift (WGS) reaction is seen:

CO +H2O � CO2 +H2, ∆h◦f = −41[kJ/mol] (5.5)

The outlet composition contains hydrogen, water, carbon monoxide, carbon dioxide and
unconverted methane. WGS reactions are thermodynamically favored at low temperature and
pressure. [Newsome, 1980] However, due to slow reaction kinetics a catalyst is normally used.

Normally, focus is on utilising the WGS reaction to lower the amount of carbon monoxide
and increase the amount of hydrogen in the synthesis gas. In theory this is not necessary in the
case of an SOFC, since carbon monoxide can be used as fuel. In practice CO is not favourable
as fuel which is described later. The advantages and disadvantages of SR are in the following
summed up:

• Advantages

– It is the most economical route to produce hydrogen

– Low carbon deposition

– Suitable for high-pressure processes

– A high hydrogen to carbon monoxide ratio

• Disadvantages

– Energy-intensive process

– Slow dynamic response
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According to the literature, the SR can be modelled by considering only chemical equilibrium.
Hence, it is possible to predict the outlet composition by only knowing the H/C, O/C, pressure
and temperature. This claim is based on measurement validation.[Dicks, 1996]

Catalytic partial oxidation reforming

The CPO is in the literature considered a good alternative to SR for decentralised applications
[Armor, 2005]. A sketch of a CPO reactor is shown in Figure 5.4. The reactor is divided into
three zones; first the reactant gasses are heated and mixed in a quartz particle bed. The second
zone is the reaction zone where the gasses react in a catalytic particle bed, normally Ni or
Rh-coated Al spheres. The third zone is a gas cooling zone where the water-gas-shift reaction
takes place, the reason why it is a cooling zone is to get as high a hydrogen yield as possible.

The overall reaction for methane and the higher hydrocarbons is given by:

CH4 +
1
2
O2 → 2H2 + CO, ∆h◦f = −38[kJ/mol] (5.6)

CnH2n+2 + (3n+ 1) /2O2 → nCO2 + (n+ 1)H2O, exotherm (5.7)

The CPO reforming is a slightly exothermic process in comparison to complete combustion
of methane, which has an enthalpy of reaction of -802.3 [kJ/mol]. Due to the exothermic nature
of the reactions no external heat source is required, thus making it more energy saving. Normal
operation temperatures are at 800 to 900 [°C], which is in good accordance with Figure 5.6.
In the generation of the chemical equilibrium air was used as oxide. Due to the high nitrogen
content in the air the molar fraction of hydrogen and carbon dioxide is relatively low. A bi-
product of this is as well that it is capable of a fast transient response, since it heats up itself
by adding air.

From a system design point of view and for safety reasons, no excessive heating of the
inlet NG and air is necessary since the temperatures of the inlet gases must be kept low.
This, however, increases the oxygen consumption to obtain the needed temperature out of the
reformer [Aasberg-Petersen, 2004]. Another concern is the risk of hot spot formation in the
catalyst bed which can cause catalyst sintering. The advantages and disadvantages of CPO
reforming are summed up in the following:

• Advantages

– Slightly exothermic reaction
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– Energy saving
– Fast transient response

• Disadvantages

– Hot spot may occur in the catalyst bed
– Low molar fraction of hydrogen and carbon dioxide

Autothermal reforming

This process is a combination of SR and CPO reforming. Into a catalyst bed reactor water,
air and NG is fed simultaneously. By employing a tailored catalyst that controls the reaction
pathways, a controlled product yield and a lower temperature process than in the CPO and
SR can be obtained.[Leea et al., 2005] The exothermic reactions give a fast start-up time and
deliver heat for the endothermic reactions. It can either be designed so the reaction occur in
two separate reactors or in a single catalytic reactor.[Hoogers, 2003] The idealised ATR reaction
can be stated as follows.

CH4 + x (O + 3.76N2) + (2− 2xa)H2O(l) → CO2 + (4− 2x)H2 + 3.76xN2, (5.8)

It should be noticed that no preheating of the water is necessary, since it evaporates in
the reformer. Principally, the ATR consist of the same reactions as in Equation 5.3 to 5.7.
The reforming process is defined as autothermal since the reaction enthalpies of the different
reactions are balanced to give at net reaction enthalpy of zero, ∆H = 0. In practice this is not
the case. Because of heat loss and the risk of coke formation due to low temperatures a surplus
of heat is used, i.e. by feeding additional air into the reactor.[Leea et al., 2005]

• Advantages

– Combines the advantages of CPO and SR
– Good transient response

• Disadvantages

– Lower molar fraction of hydrogen and carbon dioxide than SR but higher than CPO

5.2.3 Internal reforming
IR increases the mCHP system efficiency significantly by recuperating waste heat from the
electrooxidation of the fuel and simplifies the balance of plant [Braun et al., 2006, Finnerty and
Ormerod, 2000]. A better heat transfer effectiveness is obtained and the parasitic power loss to
cooling of the SOFC is minimised. As such IR is by SR and WGS only.

In the following, the mechanisms of direct, indirect and dry reforming are described along
with carbon deposition.

Direct reforming

The process of DIR occurs as conceptually sketched in Figure 5.7. By utilising the heat released
from the electrooxidation of hydrogen and carbon monoxide the NG and steam mixture is
directly reformed by SR on the porous nickel anode cermet. However, DIR comes with the risk
of carbon deposition leading to the build-up of deactivating carbon and a loss in cell performance
[Morrison, 2001]. Another issue still undermining the practical use of DIR is the risk of large
thermal gradients due to the cooling at the entrance and heating at exit of each cell.

Indirect reforming

IIR takes place in a compartment separated from the cell it self. Heat is released from the cells
electrooxidation process through radiation and/or conduction heat transfer, which is illustrated
in Figure 5.8.
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Dry reforming

If recycling of the anode stream is employed the possibility of another kind of reforming exist.
The carbon dioxide present in the anode exhaust gas can be utilised as an oxidant for hydro-
carbons in the presence of suitable catalyst. This reaction is called dry reforming, as shown in
Equation. 5.9 and 5.10.

CH4 + CO2 → 2CO + 2H2, 247.3 [kJ/mol] (5.9)

CnH2n+2 + nCO2 → 2nCO + (n+ 1)H2, endothermic (5.10)

Carbon deposition

Carbon deposition can result from hydrocarbon pyrolysis of methane and higher hydrocarbons
(Equation. 5.11, 5.12), especially on the nickel cermet anode, via the disproportionation of CO
in the Boudouard reaction (Equation. 5.13) or by reduction of carbon monoxide by hydrogen
(Equation. 5.14) [Singhal and Kendall, 2003]. The nickel anode has a high susceptibility
to catalyse the pyrolysis. The problem of carbon deposition is enhanced if dry reforming is
occurring in the presence of a nickel based catalyst.

CH4 � C(s) + 2H2, 74.82 [kJ/mol] (5.11)

CnH2n+2 � nC(s) + (n+ 1)H2, endothermic (5.12)

2CO � C(s) + CO2, −173.3 [kJ/mol] (5.13)

CO +H2 � C(s) +H2O, −131.3 [kJ/mol] (5.14)

Hydrocarbon pyrolysis favors carbon deposition at the reactor inlet due to high concentra-
tions of hydrocarbons. To avoid carbon deposition it is necessary to operate at lower temper-
atures and pressures in the beginning of the reforming process. The Boudouard and carbon
monoxide reduction are thermodynamically favored at low temperatures, i.e. below 750 [◦C],
and high pressures when carbon monoxide is formed. However due to slow reaction kinetics it
is likely that no significant formation is observed over the catalyst life time. In general it is
difficult to determine when carbon deposition occurs if experiment based kinetic rate equations
are not available.[Braun, 2002, Wagner and Froment, 1992]

These reactions are typically avoided in SR by running at an overstoichiometry of water,
hereby e.g. shifting equilibrium towards the production of hydrogen in the SR and carbon
dioxide in WGS (Equation. 5.5). A conservative guess regarding the steam-to-carbon ratio,
according to [Wagner and Froment, 1992], is of minimum 1.6. However, it is customary to a
higher ratio to be conservative.
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The downside is increased cost and complexity of using large quantities of steam. In this
regard the feasibility of using CPO in SOFC systems running on natural gas has been demon-
strated [Forbes, 2001]. Using only air simplifies the system configuration and is therefore less
costly. Though, to avoid carbon formation, water is typically added.

5.3 Recycling

As mentioned in the beginning of the chapter and shown in the literature, recycling of cathode
and anode gasses can increase system efficiency. This recycling can be accomplished by either a
recycling blower or an ejector. The issue of whether to implement the one or the other is partly
a discussion of investment cost and efficiency increase. In [Braun et al., 2006] this problem
was discussed. It was assessed that due to the high temperatures the recycle blower has to be
produced from special alloys, hereby increasing its price substantially. However, it could give
better control possibilities and higher system efficiency, if feasible. On the other hand, a simple
ejector recycling likewise does offer a system efficiency increase, compared to a system without
recycling. However, the increase is highly dependent on the ejector efficiency. For an improved
system efficiency an ejector efficiency > 15 % was shown necessary. In the literature an ejector
efficiency of around 25-30% is realisable [Neto and de Melo Porto, 2004].

5.4 Heat Storage

Due to peak loads of more than 2 [kW], which is the maximum heat output of the mCHP, there
is a need of a heat reservoir. The implementation of an auxiliary boiler could reduce the size
of the reservoir but it would at the same time increase the system complexity unnecessarily.

In this project a heat storage consisting of a 350 [L] cylindrical insulated water tank was
determined suitable. In Section 1.4, a simple simulation was performed to show that the mCHP,
in combination with the heat storage, is able to meet the heating demand of the house with
only a few degrees variation in the water outlet temperature. Another reason why there is a
need of a heat storage is that due to the transient heating demand, the SOFC would, even if
sized to meet the peak loads, not be able to respond fast enough. There are three characteristic
time constants affecting the SOFC response. One due to electrode kinetics and the double-
layer capacitance, which is in the order milliseconds and therefore not an issue. Another due
to mass-transport dynamics inside the SOFC, which are in order of seconds. The last is due to
the energy transport characteristics of the system, which are in the scale of minutes, and are
as such dominating. Thus, if the SOFC is hot, induced thermal stresses are not necessarily the
largest concern; it is how fast the system response.[Bhattacharyya and Rengaswamy, 2009]

It is advisable that the water tank be fitted with an electrical heater just in case that there
is a long period of high heating demand and to be able to meet the heating requirements during
service shut-down of the mCHP plant.

One problem with the heat reservoir is the substantial size that it takes. It is approximately
the same size as normal household refrigerator. This means, together with the rest of the
mCHP system, that the total space required is the same as two household refrigerators which
is approx. double the space of a conventional NG boiler.

5.5 System configuration

To determine the most efficient and suitable system, different system configurations have to
be investigated. Overall, the systems are split into a Case 1 and 2 category. Case 1 is based
on a steam reformer and Case 2 is build up around an CPO. System sketches of the baseline
configuration of each case are shown in Figure 5.9 and 5.10, respectively. A SR based system
was chosen because it gives a high molar fraction of hydrogen and carbon monoxide. For
Case 2 it was chosen to investigate a CPO, since this is what Dantherm uses and because it is
energy efficient has good transient response. The configurations were chosen based on the issues
discussed in the preceding sections. In addition to these cases, improved system configurations
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Figure 5.9: Case 1 based on an SR.

with recirculation of cathode gases are being investigated for each case. A system sketch of
each configuration is shown in Appendix H.

In the following the system configurations are explained.

5.5.1 Case 1

The NG enters the system at node 0 and is compressed to overcome the pressure loss through
the system and to obtain the correct operational pressure. The NG stream is split up in a
3-way-valve. A part of the NG continues into the desulphuriser (node 2) and the rest flows
directly into the burner (node 18). The sulphur is removed by means of a low temperature
active carbon desulphurisation as presented in Section 5.2.1, since this increases the system
efficiency. The disadvantage of this approach is that it needs to get replaced more often than a
high temperature reactor. The clean NG is then preheated and mixed with steam. At node 9
the mixture enters the SR at a temperature above 400 [◦C], where long chained hydrocarbons
and some of the methane is converted primarily into hydrogen and carbon monoxide. This pre-
reformed gas enters the anode side of the SOFC stack at node 10, where the residual methane
is initially converted and the hydrogen electrooxidated. The SOFC is operated at 750[◦C].
Simultaneously air is blown into the cathode side. This air entered the system at node 12. It is
filtered, compressed and then preheated before entering. Meanwhile a given amount is passed
around the heat exchanger at node 19 and is blown directly into the combustor to be able to
control the flame temperature at node 20.

Electricity is generated and transmitted to an inverter which converts from a DC to a AC
current. This current then supplies pumps and blowers in the system. The residual electricity
is the net AC power. In addition, the SOFC also produces exhaust gas.

The cathode and anode exhaust gasses are now mixed and combusted in a catalytic burner
together with additional air and NG. The addition of air and NG is necessary, both to control the
catalytic combustion temperature and to satisfy the thermal demand. The system structure
enables the control of heat supply. The hot product gas flows into the SR and to the heat
exchange with the reformer to deliver the heat required by the reforming process. This hot
gas afterwards heat exchanges further with the NG, the water feed and the cathode air, before
finally heat exchanging with the central heating system. The heated water for the central
heating is pumped into a storage tank.

The cooled gas contains water which is separated and accumulated in a water tank and
afterwards pumped into the water stream used for the reformer. Hereby minimising the water
demand of the system.
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Figure 5.10: Case 2 based on an CPO.

5.5.2 Case 2
The difference from Case 1 is apparent after the desulphurisation. Into the NG gas, in addition
to water, air is fed via an ejector. An ejector is used to avoid the necessity of a compressor.
A separate air blower for the CPO is required to be able to regulate the temperature of the
CPO. The gas mixture then enters the CPO at a temperature around 300 [◦C]. A temperature
increase across the length of the reactor is seen due to the exothermic nature of the reaction.
The pre-reformed gas mixture exits at around 700 [◦C]. As in Case 1, the exhaust gasses are
catalytic combusted and used for heating the feed streams and to satisfy the thermal load.

5.6 Summary
The design of a SOFC based mCHP system was investigated and designed. Two types of
configurations were proposed. Each type has been proposed with possibility of recirculation for
the improvement of electrical and thermal efficiency.
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Chapter 6

System modeling

To give an overview of the models used in each system a component list is given in Table 6.1.
It should be noticed that CPO based systems require more components than the SR based.
This is mainly due to the fact that water is also used in the CPO in practise, to avoid carbon
formation and soot. In the table “CR” stands for Cathode Recirculation.

Component Case 1 Case 1 CR Case 2 Case 2 CR

SOFC x x x x
CPO x x
SR x x
Boiler x x x x
Recuperator xx xx xxx xxx
Air compressor x x x x
Fuel compressor x x x x
Air blower x x
Cathode ejector x x

Table 6.1: Component list for each system.

The system and sub-systems are modeled in EES, since it is capable of solving large systems
of non-linear equation and has build-in thermal properties. The sub-systems are made with
modules and connected according to the system design.

6.1 Assumptions
To facilitate low computational time and numerical stability in EES, the system has been
modeled under different assumptions and simplifications. These assumptions are listed below:

• NG is approximated to consist 100 % of methane

• The chemical reactions of the CPO and SR are assumed to reach chemical equilibrium

• Carbon formation in the system is not modelled, since it is assumed avoided by using
high steam-to-carbon ratios

• All components except reformer, SOFC and burner, have been modeled as being adiabatic

• Air is approximated to consist of 21 % O2 and 79 % N2 per volume

• Pressure losses due to piping are neglected, since the components are closely placed. How-
ever, component pressure losses are approximated based on values found in the literature

• The system is evaluated at steady state, neglecting transient effects, and thereby reflecting
nominal use
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• The power electronic DC/AC inverter is approximated as a black box model with an
electrical efficiency of 92 % [Andersen et al., 2002]

• The SOFC is assumed as being thermodynamic lumped

Approximating NG as methane is a simplification which simplifies the reformer models and
gives higher numerical stability of the EES-program. The issue of numerical stability in the
case of higher hydrocarbons is due to the modeling approach depicted in Section 7.1. Here non-
integer powers and powers above 3 appear, which complicates convergence of the equilibrium
equations when coupled to the energy equations. The assumption of pure methane is further
acceptable since NG primarily consist of methane as described in Section 1.3.3. The higher order
hydrocarbons are converted fully into other molecules. However, when approximating the gas
as methane the carbon-to-hydrogen ratio is shifted, since the higher order hydrocarbons have
a higher carbon-to-hydrogen ratio.

It is common in the literature to model a CPO and a SR as to reach chemical equilibrium
due to the fast reaction kinetics [Dicks, 1996, Braun et al., 2006, Lisbona et al., 2007]

The steam-to-carbon ratios have been chosen to avoid carbon formation and are based
on empirical knowledge from TOFC and Dantherm. It therefore seems acceptable to neglect
any modeling of carbon formation. Any modeling of carbon formation would further require
experimental knowledge about the real reactor design.

6.2 Sub-system interaction

The core of modeling the designed systems is the desired heat output of the system. As described
in section 1.4 it was concluded that it is most feasible to follow the daily heating demand. The
conclusion further stated that an average production of 2000 [W] thermal power in addition to
a water tank, was sufficient to satisfy the central heating demand. Thus, the thermal load is
the primary input to the model. Further, Dantherm have stated that they intend to operate
the stack at a nominal operational electrical power production of 1404 [W]. This gives, in their
experience, a net electrical AC power output of 1000 [W], when accounting for parasitic losses
[Dantherm, 2009].

A model flow chart of Case 1 CR is seen in Figure 6.1. It is taken as an example since other
models are solved in a similar fashion.

The thermal load is set as a data input to the central heating heat exchanger, in addition
to temperature inputs. It is assumed that hot water returns from the central heating at 40 [◦C]
and is pumped back at 65 [◦C]. A pinch temperature of the system is set to minimum 20 [◦C]
between in and out. The electrical load is set as data input into the SOFC, together with a
fuel utilisation and operation temperature.

Information flow is set up as sketched in the flow chart. The central heating is coupled with
the heat exchanger network which supplies a given heat flow that orients from the catalytic
burner. In the heat exchanger network the temperatures are specified as inputs. The heat
exchangers need to preheat the different fluids to specified temperatures into the reformer and
SOFC. These can be varied to optimise the system. The heat exchanger network is further
coupled with the SR. From the SR information are sent about the molar flow of water and
methane that needs preheating, and the thermal mass from the catalytic burner to the heat
exchanger network. The SR sub-system determines the methane flow based on the amount of
hydrogen required by the SOFC and the water flow based on the steam-to-carbon ratio. The
SR further tells the compressor how much methane is required.

The SR is finally coupled directly to the catalytic burner. The burner gets the unused
highly diluted hydrogen gas from the SOFC. To deliver the required thermal power the burner
specifies an amount of additional methane and air which is necessary. This information is sent
to the air and fuel compressors.

Finally, the SOFC requires air for cooling. In the case of an ejector this information is sent
to it. The ejector calculates a pressure increase and resulting SOFC input temperature based
on its data input. The pressure increase is sent to the air compressor and the required air to
the heat exchanger network.
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Figure 6.1: System model flowchart for Case 1 CR (cathode recycle).

6.3 System parameters
The primary parameters of the system design are the thermal, electrical and total efficiencies.
These parameterst are used to compare system feasibility. They are stated as follows:

ηel =
Pηinverter −Wparasitic

HHVCH4ṁCH4

(6.1)

ηth =
Pth

HHVCH4ṁCH4

(6.2)

ηtot = ηel + ηth (6.3)

where P is the electrical power output of the SOFC [W], ηinverter is the inverter efficiency
[-], Wparasitic is the parasitic work loss due to compressors, pumps or blowers [W], HHV is the
higher heating value [J/(kg · s)] and ṁCH4 is the mass flow rate of methane in [kg/s].

Among other factors, the system efficiency depends on the amount of methane pre-reforming,
since the more internal reforming the better cooling of the SOFC and thus less air is needed.
The Degree Of Pre-reforming (DOP) is therefore stated as follows to monitor this parameter:

DOP = 1− ṅCH4,out

ṅCH4,in
(6.4)

where ṅCH4,out and ṅCH4,in is the molar flow out and in to the pre-reformer. The system
efficiency further depends on the amount of Cathode Gas Recycled (CGR), this is stated as
follows:

CGR =
ṁrecycled

ṁSOFC,out
(6.5)



Chapter 7

Sub-systems

In this chapter the implemented sub-system are described mathematically and the assumptions
they are based on are presented. The models are divided into the following sections:

• Reformer

• Fuel cell model

• Catalytic burner

• Turbomachinery

• Ejectors

• Heat exchangers

• Heat loss

In the end of each sub system section, a table of the most important inputs and outputs of the
sub-model is given.

7.1 Reformer

The chemical reactions in the SR and CPO reactor are initially modeled as being in chemical
equilibrium. This approach assumes that the reaction rate is high, which is supported in the
literature [Dicks, 1996]. In the reforming process a limited numbers of reactions are considered.
In the following it is chosen to consider NG as consisting of carbon dioxide, methane, ethane
and propane. However, due to convergence challenges of the EES-code the fuel was considered
to consist of CH4 alone in the model itself; this should not introduce to large an error since NG
consists of 87.2 % CH4 as presented in Section 1.3.3. In the following all reactions for NG are
shown and described even though only methane is implemented in the model.

7.1.1 The reactions

The composition of NG and the overall reaction mechanism inside the SR and CPO was depicted
earlier. Since NG primarily consists of methane, ethane and propane these are the only gasses
considered. Higher hydrocarbon make up 1.22 % of the total number of moles. In SR reaction
7.1 to 7.4 is given. The CPO is operated with a high water content and SR reactions are present
as such; the CPO reactions therefore constitute of reaction 7.1 to 7.7.

CH4 +H2O � CO + 3H2 (7.1)

C2H6 + 2H2O � 2CO + 5H2 (7.2)

44
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C3H8 + 3H2O � 3CO + 7H2 (7.3)

CO +H2O � CO2 +H2 (7.4)

CH4 +
1
2

(O2 + 3.76N2)� CO + 2H2 + 1.88N2 (7.5)

C2H6 +O2 + 3.76N2 � 2CO + 3H2 + 3.76N2 (7.6)

C3H8 +
3
2

(O2 + 3.76N2)� 3CO + 4H2 + 5.64N2 (7.7)

A sketch of the input and outputs of the SR and CPO model are shown in Figure 7.1 and
7.2.

The numbers assigned to each reaction are used as notation for a given reaction in the
following modeling.

7.1.2 Steam reformer

Chemical equilibrium model

The chemical equilibrium constant can be modelled by evaluating the thermodynamic properties
in Equation 7.8, i.e. based on the change in Gibbs free energy, and by the activity of the
reactants and products in Equation 7.9. In the latter equation ideal gas behaviour is assumed
in the rewriting.

Keq,j = exp
(
−∆Gj
TR

)
(7.8)

Keq,j =
acCa

d
D

aaAa
b
B

=
(
ycCy

d
D

yaAy
b
B

)
p∆N , where ∆N = −a− b+ c+ d (7.9)

where Keq,j is the equilibrium constant, ai = fi/f0 is the activity constant given as function
of the Fugacity constant f , y is molar fraction, p is the pressure [bar] and ∆N is the change
in moles. The activity and Fugacity do not have a strict physical meaning. They are used in
transforming an ideal system to a real system. Fugacity can however be regarded as an effective
pressure and activity as an effective concentration relative to standard state.[Smith, 2008]

For reaction one to four the equilibrium constants are given as:
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K1 =
yCOy

3
H2

yCH4yH2O
p2 (7.10)

K2 =
y2
COy

5
H2

yC2H6y
2
H2O

p4 (7.11)

K3 =
y3
COy

7
H2

yC2H6y
3
H2O

p6 (7.12)

K4 =
yCO2yH2

yCOyH2O
p (7.13)

where p is pressure [bar]. Thus, an inconsistent set of equations is given; 4 equations and
7 variables. In order to get a consistent set of equations the extent of reaction method is used
[Ovenston and Walls, 1979]. The molar flow exiting the reactor can be stated as follows:

ṅie = ṅi0 +
N∑
i=1

νi,jXj (7.14)

ne = n0 + νX (7.15)

where i is the species, j is the reaction, ni0 and nie are the inlet and outlet molar flow
[mol/s], respectively, ν is the stoichiometry constant and X is the extent of reaction. From a
modeling point of view, it is preferential to rewrite the molar flow as function of molar fraction:

ṅie = yieṅtotal,e (7.16)

ne = yeṅtotal,e (7.17)

where y is molar fraction. For the reactions considered in SR the following set of equation
can be stated:

ṅtotal,e



yCH4,e

yC2H6,e

yC3H8,e

yH2O,e

yCO,e
yH2,e

yCO2,e


=



ṅCH4,0

ṅC2H6,0

ṅC3H8,0

ṅH2O,0

0
0

ṅO2,0


+



−1 0 0 0
0 −1 0 0
0 0 −1 0
−1 −1 −1 −1
1 1 1 −1
3 5 7 1
0 0 0 1




X1

X2

X3

X4

 (7.18)

ṅtotal,e = ṅCH4,0 + ṅC2H6,0 + ṅC3H8,0 + ṅH2O,0 + 2X1 + 4X2 + 6X3 (7.19)

Summed up this gives a set of 11 non-linear equations and 11 variables.

Energy conservation

For a small sized reactor the potential and kinetic energy can be neglected. Further, no work
is done within the system. Therefore, only the transfer of energy through movement of fluid
streams in and out, along with the heat of reaction, the required heat for the endothermic
reaction and the heat loss to the surroundings are modeled:

N∑
i=1

ṅi

(
h
◦
f,i + hi − h

◦
i

)
︸ ︷︷ ︸

In

=
M∑
j=1

ṅj

(
h
◦
f,j + hj − h

◦
j

)
︸ ︷︷ ︸

Out

+ Q̇loss + Q̇heating (7.20)

where h is the enthalpy on a mole basis [J/mol], h
◦
is enthalpy at standard state [J/mol], h

◦
f

is enthalpy of formation at standard state [J/mol], and Q̇loss and Q̇heating is the heat loss and
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required heat for the endothermic reaction [W], respectively. Modeling the required heating is
not trivial. Due to the endothermic nature of the reforming process, the heat exchange does not
exhibit the classical logarithmic temperature tendency along the reactor length, as exemplified
in Figure 7.3. The temperature curve depends not only on the enthalpy of reaction, but also
the reaction rate and therefore cannot be known, as illustrated in Figure 7.4. If the reaction is
only slightly endothermic, the logarithmic mean temperature can approximate the temperature
difference because the reaction would not lower the temperature significantly. However, SR is
very endothermic, thus the logarithmic mean temperature difference cannot be used.

The heat exchange between the heating fluid and reaction channel is therefore modelled by
assuming that the required heat is the heat released:

Q̇heating = ṁhf (hhf,in − hhf,out) (7.21)

where ṁ is mass flow [kg/s] and h is enthalpy [J/kg]. Since the temperatures curve as a
function of reactor length and thus the heat transfer per length is not known, the size of the
heat exchanger cannot be estimated.

7.1.3 Catalytic partial oxidation

Chemical equilibrium model

Under the same assumptions as in subsection 7.1.2 the following equations can be stated:

K5 =
yCOy

2
H2

yCH4y
0.5
O2

p1.5 (7.22)

K6 =
y2
COy

3
H2

yC2H6yO2

p3 (7.23)

K7 =
y3
COy

4
H2

yC3H8y
1.5
O2

p4.5 (7.24)

In addition, the equilibrium constants from the SR equilibrium model are used, i.e. Equation
7.10 to 7.13. The extent of reaction method for CPO gives:
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ṅtotal,e
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(7.25)

ṅtotal,e = ṅCH4,0+ṅC2H6,0+ṅC3H8,0+ṅH2O,0+ṅO2,0+ṅN2+2X1+4X2+6X3+2.5X5+4X6+5.5X7

(7.26)

Energy conservation

The same assumptions set up for SR regarding the energy conservation apply for the CPO.
However, as the reforming is exothermic, no external heat is necessary:

N∑
i=1

ṅi

(
h
◦
f,i + hi − h

◦
i

)
=

M∑
j=1

ṅj

(
h
◦
f,j + hj − h

◦
j

)
+ Q̇loss (7.27)

Model validation

In Appendix E a validation of the CPO model is seen. The CPO model is able to obtain the
same temperature as reached in a test by TOFC. The composition deviates a bit from the test.
It seems like chemical equilibrium is not reached yet. The CPO model therefore over estimates
the hydrogen content by a small amount. Still the model seems reasonable.

7.1.4 Input and output

Input Output

SC ṅ of CH4

T in Gas composition out
ṅ of H2 needed by FC Heat loss

Pressure
T out

Heat from FC and Burner

Table 7.1: Inputs and outputs of the model.

7.2 Fuel Cell model
The FC model is comprised of two parts, firstly a direct internal reformer and thereafter the FC
model itself. The mechanism behind the internal reforming is rather difficult to model since the
gas composition changes along the FC as the hydrogen concentration decreases and the water
concentration increases. It is therefore based on empirical values obtained from Dantherm.
The FC model is a semi-empirical model that is fitted to a polarisation curve obtained by
Dantherm. However, the data is limited to only one temperature. Therefore, the model is
only applicable around the nominal operational point of the FC. Both models are defined as
so-called zero dimensional, since no discretising is made. The SOFC is modelled as lumped to
avoid discretising in space even though the temperature gradients can get rather high [Paalsson
et al., 2006].
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Nominal operational parameters Value

Temperature of FC 750 [◦C]
Temperature of the air inlet 650 [◦C]
Temperature of the fuel inlet 650 [◦C]
Number of cells 100
Area of cell (0.12 · 0.12) [ m2]
Pressure 1 [bar]
Fuel utilisation 92%
Insulation Alumina

Table 7.2: SOFC model constants.

7.2.1 Internal reformer
From the external reformer a mixture of CO, CO2, CH4, H2O and N2 can be transferred,
depending on the reformer type. In the case of CPO, O2 is initially present, however this is
fully consumed in the reactor due to the high reaction rate of catalytic partial oxidation. When
the methane and water reaches the Nickel catalyst at the anode the following reforming reaction
takes place:

CH4 +H2O → CO + 3H2 (7.28)

The equilibrium constant, which has been obtained empirically by Dantherm was found to
be K = 1, meaning that 100% of the methane is converted into carbon monoxide and hydrogen.
It is assumed that methane present cannot be electrochemically oxidized. This approach is in
good accordance with the modelling done in a similar case by [Lisbona et al., 2007].

The next reaction taking place is the water-gas shift reaction where carbon monoxide reacts
with water to form hydrogen and carbon dioxide. It is again assumed that no carbon monoxide
is electrochemically oxidized.

CO +H2O � H2 + CO2 (7.29)

As hydrogen is consumed inside each cell the reaction is shifted towards the production of
hydrogen. Dantherm has determined a K = 0.63. The total mol-flow into the electrolyte is
the sum of the mol-flow from the external reformer, the internal steam reformation and the
water-gas shift reaction.

7.2.2 Fuel Cell
The relationship between the voltage and current could theoretically be described via the equa-
tions in Chapter 4 but since so many factors have an effect it is more reliable to use real
measurements; these were available from Dantherm. The data points were obtained at a mean
stack temperature of 750 [◦C]. The downside of only having a voltage-current relationship ob-
tained in a single operating point at a single temperature is that the model has to be applied at
that point. Moreover it is not guaranteed to be valid at any other temperature or gas compo-
sition. Therefore, to be able to apply the model under varying gas compositions a theoretical
model is fitted to the data, so a semi-empirical model at a constant mean stack temperature is
obtained.

In addition to the polarisation curve, the FC model itself is based on experimental and
empirical values obtained from Dantherm and TOFC. The fuel utilisation (Uf ), as also described
in Equation 4.36, was presented by TOFC in [Hansen et al., 2005] to have a value of 92 %,
meaning that 92 % of the hydrogen sent into the FC is used. The inlet temperature of air
and the pre-reformed fuel has to have a minimum temperature to avoid thermal stresses in
the SOFC. According to [Lisbona et al., 2007] and [Braun et al., 2006] the temperature can be
modelled as being 100 [◦C] below the SOFC operational temperature.

Air is blown in at the cathode to provide oxygen to the electro-chemical reaction and to
act as cooling. The model maintains a constant temperature of the FC by varying the air-flow.
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The oxygen consumed is half the amount of hydrogen consumed which is 92 % of the hydrogen
provided to the FC. The amount of water molecules produced is the same as the amount of
hydrogen molecules consumed. The inlet air is assumed to contain 21 % oxygen and 79 %
nitrogen so the amount of nitrogen put in to the FC is 3.76 times the the amount of oxygen.
The nitrogen at the cathode and anode are inert. The hydrogen not consumed in the FC is
passed on to the burner.

To be able to model the SOFC without discretising in space, some assumptions are necessary.
It is assumed that the internal reforming happens initially. To account for the change in molar
fraction due to fuel consumption the average between the molar fraction after internal reforming
and the exit molar fraction is assumed as representative.

yi =
yi,in + yi,out

2
(7.30)

This assumption is a bit crude, because of the non-linear nature of overvoltage losses and
Nernst potential as a function of molar fraction, and since the molar fraction does not change
linearly with distance covered.

Activation overvoltage To drive the chemical reactions at the anode and cathode some volt-
age is lost to overcome the activation energy barrier of the exothermic reaction. The activation
overvoltage is proportional with current density and can be determined with the Butler-Volmer
equation:

i = i0

[
exp

(
α

neF

RuTSOFC
Vact

)
− exp

(
− (1− α)

neF

RuTSOFC
Vact

)]
(7.31)

where i0 is the electric exchange current density, α is the charge transfer coefficient, ne is
the number of electrons transferred per hydrogen molecule reacted, F is Faradays constant and
Ru is universal gas constant. The exchange current density gives the equilibrium rate at which
reactants and product species are exchanged equally, i.e. zero current density and thus in the
absence of an activation overvoltage [O’Hayre et al., 2006]. The activation overvoltage is solved
for both the anode and cathode, by substituting their respective exchange current density that
are calculated as follows [Lisbona et al., 2007]:

i0,anode = γanode
yanodeH2

Panode

P 0

(
yanodeH2O

Panode

P 0

)−0.5

exp

(
−Eact,anode
RuTSOFC

)
(7.32)

i0,cathode = γ

(
ycathodeO2

Pcathode

P0

)0.25

exp

(
−Eact,anode
RuTSOFC

)
(7.33)

where γanode and γcathode are exchange current density constants for the anode and cathode,
yi is the molar fraction of species i and Eact,anode and Eact,cathode is the activation energy at the
anode and cathode, respectively. The total activation voltage is then the sum of each individual
activation overvoltage:

Vact = Vact,anode + Vact,cathode (7.34)

The anode overvoltage is typically very low compared to the cathode. It should further
be noticed that activation overvoltages are rather low due to the elevated temperatures, as
explained in chapter 4.

Concentration overvoltage

The concentration overvoltage describes the incremental voltage loss due to reactant depletion
in the catalyst layer. Thus, it can be calculated as the difference between the Nernst potential
at the catalyst layer and the bulk flow at both anode and cathode. Based on the limiting
current the total concentration overvoltage can be expressed as follows:
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Vconc =
RuTSOFC

2F
ln

[(
il,H2

i− il,H2

)(
il,O2

i− il,O2

)0.5
]

(7.35)

where il,H2 and il,O2 are the limiting current densities for hydrogen and oxygen, respectively.
The limiting current density is defined as the case where the reactant concentration in the
catalyst layer drops to zero at steady-state, i.e. representing the maximum possible current
density. It can be determined using the following equation:

il,i =
enFD

effCi,0
νiδ

(7.36)

where Deff is effective diffusivity, Ci,0 is the concentration of species i of the bulk fluid and
νi is the stoichiometry coefficient of species i in the reaction. The effective diffusivity depends
on the porous structure of the electrode and can be expressed as follows at high temperatures
[O’Hayre et al., 2006]:

Deff = D
ε

τ
(7.37)

where ε is the porosity, i.e. pore volume to total volume, and τ is the tortuosity, i.e.
impedance to diffusion caused by a tortuous or convoluted path. If ideal gas behavior is assumed
the concentration of species i can be calculated with:

Ci,0 =
yiP

RuTSOFC
(7.38)

where P is pressure [Pa].

Ohmic overvoltage

The ohmic voltage loss can be described by Ohm’s law of conductivity. The total resistance is
given as the sum of the resistance through the electrodes, electrolytes and the interconnectors:

Vohm = iR = i
∑

rj (7.39)

Usually the electrolyte resistance dominate [Singhal and Kendall, 2003].

Operational voltage

The governing equation for the irreversible cell voltage can thus be calculated as the OCV
minus the sum of the overvoltages:

Vcell = VOCV − Vact − Vconc − Vohm (7.40)

The stack voltage, current and power are given by the following equations:

V = ncellVcell (7.41)

I = iAfc (7.42)

P = V I (7.43)

where P is the electrical power drawn [W], I is current [A], ncell is the number of cells and
Afc is the effective cross sectional area [m2]. The hydrogen consumption can be related to the
current drawn by Equation 4.11 and multiplied by the number of cells in the stack.
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7.2.3 Data fitting

To fit the described model to the experimental data a least square non-linear regression method
is employed. The method calculates the difference between the measured voltage and the
calculated voltage and then squares the difference, as seen in equation 7.44. The latter secures
a positive distance, that can be minimised by an optimisation procedure.

σ =
N∑
j=1

(
V ′j (i)− Vj(i)

)2 (7.44)

where N is the number of data points, V ′ is the calculated voltage as a function of current
and material properties, and V is the measured voltage. The task of the optimisation method
is to minimise σ by varying the physical properties that the overvoltages is a function of:

min
i

σ (V ) (7.45)

where

V = f (i, γanode, γcathode, Eact,anode, Eact,cathode, hm,H2 , hm,O2 , R) (7.46)

where i is the current, γ is the exchange current density , Eact is the activation energy, hm
is the average diffusivity and R is the resistance. When fitting a function to an experimental
data set, the number of data points must be higher than the number of variables to minimise
the statistical error. Since a set of only seven points are available, it is unsuitable to fit seven
variables. By neglecting the anode activation overvoltage two variables can be subtracted from
the set. This approach assumes that Vact,anode � Vact,cathode, which is a valid assumption
[Larminie and Dicks, 2003]. Thus, the irreversible voltage is given as follows:

V = f (i, γcathode, Eact,cathode, hm,H2 , hm,O2 , R) (7.47)

In addition to the physical properties of the SOFC, the voltage depends on the gas compo-
sition and pressure.

Results

The inlet gas composition and pressure needed for the SOFC was obtained from Dantherm.
As a starting guess for the non-linear regression the model data from [Calise et al., 2006] was
used. The results of the model can be seen in table 7.3. The resulted stack polarisation curve
together with measurement data is seen in figure 7.5.

Variable Value

Eact,cathode 107,400 [kJ/kmol]
γcathode 1.23·108 [A/m2]
hm,H2 0.0120 [m/s]
hm,O2 0.020 [m/s]
R 6,621·10−5[Ω ·m2]

Table 7.3: Results of the non-linear regression.

Due to the limited number of data points the model can not be considered valid outside
the data range, I ∈ [0; 26]. It is striking that the OCV is much lower for the model than for
the measurements, respectively 104 and 110 [V], i.e. a difference of 6 [V] is seen. However, the
calculated OCV of 1.04 [V] per cell has been compared with published OCV in [Singhal and
Kendall, 2003] and verified. This does suggest a measurement error at 0 [A] or a bias in the
measurement. Still, the model seems to fit well in the operational range around 15 [A].
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Figure 7.5: The stack polarisation curve of measurement data and non-linear regression
model.

7.2.4 Energy conservation
The SOFC temperature is controlled by controlling the air stoichiometry into the SOFC. To
be able to control the temperature an energy balance is set up in equation 7.48, where the
air molar flow is set as a variable. This modeling approach assumes that changes in kinetic
and potential energy are negligible compared to the thermal energy changes, and a uniform
temperature distribution through the SOFC stack. The latter assumption is rather rough,
since a temperature difference of up to 200 [◦C] can be seen. Further, it is assumed that
the temperature of fluids leaving the stack are equal to the stack temperature. This is a fair
assumption if the mass flow rate is low through the channels.

N∑
i=1

ṅi

(
h
◦
f,i + hi − h

◦
i

)
=

M∑
j=1

ṅj

(
h
◦
f,j + hj − h

◦
j

)
+ Q̇loss + V I (7.48)

7.2.5 Input and output

Input Output

Electrical power Heat loss
Anode inlet molar flow Anode outlet molar flow

Cathode inlet composition Cathode outlet molar flow
Cathode inlet molar flow

Air stoichiometry

Table 7.4: Model inputs and outputs.

7.3 Burner
The catalytic combustion partially burns the exhaust gas from the SOFC and partially addi-
tional NG, which is bypassed into the burner, to supply enough heat for central heating. The
advantage of employing a catalytic burner as opposed to a pyrolytic burner is a lower operational
temperature. Thus, the material demand for constructing the components decreases.

7.3.1 Reactions
Since NG is modelled simplified as methane, the catalytic combustion therefore only considers
methane, hydrogen and carbon monoxide as being combustible. The overall reaction mechanism
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can be described as follows:

CH4 + 2O2 → CO2 + 2H2O (7.49)

H2 +
1
2
O2 → H2O (7.50)

CO +
1
2
O2 → CO2 (7.51)

Based on the considered fuel the air stoichiometry can be stated as follows:

ṅO2,stoich = 1/2ṅCH4 + 2ṅH2 + 2̇nCO (7.52)

λair =
ṅO2

ṅO2,stoich
(7.53)

7.3.2 Energy conservation

The catalytic combustion temperature is controlled by the air flow blown into the burner. It
very important that the air flow is controlled, since the risk of pyrolytic combustion is present.
The combustion temperature could become around 2000 [◦C], which would melt the burner.
An energy balance therefore has to be set up:

N∑
i=1

ṅi

(
h
◦
f,i + hi − h

◦
i

)
=

M∑
j=1

ṅj

(
h
◦
f,j + hj − h

◦
j

)
+ Q̇loss (7.54)

7.3.3 Input and output

Input Output

Gas composition from FC Heat loss
ṅ air ṅ CH4 in

T burner
Gas composition from burner

Table 7.5: Inputs and outputs of the model.

7.4 Turbomachinery

The systems need a fuel compressor, air compressor and a water pump to overcome the pressure
loss through the system. Furthermore, a blower is used.

Due to lack of performance curves of compressors, blowers and pumps, estimates of efficien-
cies are used. The following subsections are based on [Smith, 2008].

7.4.1 Compressor

The type of compressor chosen for the systems is a centrifugal compressor. As opposed to a
reciprocating compressor, it delivers a continuous flow, which is important to be able to control
the temperature of the SOFC by means of the air flow. Further, it is more appropriate for low
volumetric flow rate, as opposed to an axial compressor which is typically used for very high
flow rates.
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A centrifugal compressor increases gas pressure by accelerating it radially outwards through
an impeller or wheel. This type is usually modelled as being based on a polytropic compres-
sion. A polytropic compression is neither adiabatic nor isothermal. It depends on the physical
properties of the gas and the machine design. The required work can be calculated as follows:

W =
(

n

n− 1

)
pinV̇in
ηp

[
1−

(
pout
pin

)n−1
n

]
(7.55)

where ηP is the polytropic efficiency, i.e. ratio of polytropic power to actual power, n is the
polytropic coefficient, Vin is the volumetric flow [m3/s], Pin and Pout are the pressures in and out
of the compressor, respectively. Since the polytropic efficiency depends on physical properties of
the gas and machine design and no such were available, an estimate of the polytropic efficiency
as a function of volumetric flow rate can be given by:

ηP = 0.017 ln V̇in + 0.7 (7.56)

In general the efficiency is proportional to the volumetric flow rate. The polytropic efficiency
can be estimated by the following relationship:

n =
γηP

γηP − γ + 1
(7.57)

where γ is the heat capacity ratio. Due to the compression of the gas the temperature
increases as well, if the real compression is assumed to follow an polytropic compression:

Tout = Tin

(
Pout
Pin

)n−1
n

(7.58)

where Tin and Tout is the temperature in and out of the compressor [K].

7.4.2 Pump

The volumetric flow rate of water entering the pump is very low compared to the one entering
the compressor. This is to some extent due to the high density of water at ambient temperature
and pressure, and partly because the required water is only needed in a ratio around 1:2.5 in
proportion to the amount of natural gas needed on a molar basis. Therefore, the type of pump
required is a positive displacement pump, since it can handle low flow rates. The pumping
power for a given pumping duty can be calculated from:

W =
V̇∆P
η

(7.59)

whereW is power required for pumping [W], V is volumetric flow rate [m3/s] and η is pump
efficiency. A value of 85% has been chosen in accordance with [Smith, 2008], the exact value is
not that important since the flow is very low and a change in efficiency will have little effect on
the overall parasitic loss.

7.4.3 Blower

A blower is used in Case 2 and does not have to overcome a high pressure loss. This is
characteristic for blowers. The blower power can be estimated as well by equation 7.59. A
blower efficiency of 65 % has been chosen, in accordance with a lot of practical blowers [Pukkila,
1987].
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7.4.4 Input and output

Input Output

Pressure loss Power
V̇ T increase

Temperatures in Efficiency

Table 7.6: Inputs and outputs of the model.

7.5 Ejectors
In the mCHP system ejectors are implemented where recirculation of anode and cathode gas is
used, see e.g. Figure H.2 where the cathode ejector is implemented. The ejector is sometimes
referred to as a jet-pump because it in some cases is capable of replacing a pump and thereby
increasing the system efficiency while reducing the capital costs [Braun, 2002]. In the following
the basic working principle of ejectors will be presented followed by a description of how it is
modelled.

7.5.1 Working principle
Figure 7.6 shows the basic components of an ejector. There are three connections. One for the
high pressure gas, one for the gas sucked in and one for the discharge. There is a nozzle for
converting the pressure energy of the high pressure fluid into kinetic energy.

Recirculation of fuel cell exhaust gases can be achieved by blowers, hot gas fans, or ejectors
[Braun, 2002]. The most cost-effective is the use of an ejector [Riensche et al., 1998]. However,
higher compression energy for the natural gas driven ejector is necessary to accomplish the
recycle and is the primary disadvantage of the concept [Braun, 2002].

When recycling the cathode gas the main objective is to preheat the incoming air by direct
contact mixing with the hot cathode exhaust gas. This method of heat exchange reduces the size
of the air preheater and can also reduce the size of the air blower. The primary disadvantage is
the dilution of oxygen at the cathode inlet which then results in an increase in required number
of cells to produce the same power.[Braun, 2002]

Figure 7.6: Principle of an ejector. Technology [2009]

7.5.2 Modeling Ejectors
For the different set-ups in the project there are ejectors at different positions driving different
fluids but they are all modelled the same way. The ejector model assumes adiabatic operation
with steady, fully developed turbulent velocity profiles, negligible shear stresses on the pipe
wall, no changes in potential energy, and ideal gas behavior with two inlets and one outlet as
shown in Figure 7.7. The driving fluid is denoted as 1, the recirculate gas as 2 and the mixture
as 3. Finally the model assumes that the outlet of the ejector is far enough from the inlet that
all the gasses have mixed completely.
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Figure 7.7: Sketch of the ejector used for modelling.

Simulating the ejector requires that mass, momentum, and energy balances between the
inlet and the outlet according to the following conservation equations:

Mass: ṁ1 + ṁ2 = ṁ3 (7.60)

Momentum: (ṁ1 · v1 + p1 ·A1) + (ṁ2 · v2 + p2 ·A2) = (ṁ3 · v3 + p3 ·A3) (7.61)

Energy: ṁ1 ·
(
h1 +

v2
1

2

)
+ ṁ2 ·

(
h2 +

v2
21

2

)
= ṁ3 ·

(
h3 +

v2
3

2

)
(7.62)

where ṁi is the mass flow at location i in [kg/s] , v is the velocity of the gas in [m/s], p is
the static pressure in [Pa], A is the cross-sectional flow area [m2], and hi is the gas enthalpy at
location i [J/kg]. Solving these equations is constrained by the ejector efficiency, defined on an
energy basis as follows:

ηejector =
V̇2

V̇1

P2 ln (P3/P2)
P1 − P3

(7.63)

where V̇ denotes the volumetric flow.
When modelling the ejectors with the model based on the one found in [Braun, 2002] ve-

locities of over 2000 [m/s] was encountered due to the restrictions made in the code that the
diameter-ratio was held constant. The extremely high velocities were assumed non-feasible for
the current design. To get around this, the relationship between diameters were not held con-
stant in the model, but made as a function that varies the relationship as function of fraction
of recirculation. The relationship between degree of recirculation and diameter-relationship is
depicted in Figure 7.8.

With reference to Section 5.3 a constant ejector-efficiency of 30 % was chosen together with
a constant velocity of the driving fluid of 175 [m/s]. A reason for choosing the relatively low
velocity is to make the pipe diameter big enough to make it feasible to build.

The diameter-relationship was calculated for 6 different recirculation fractions and a cubic
spline interpolation was made to make a look-up table used in the model.
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Figure 7.8: Relationship between fraction of recirculation [r] and diameter-relationship [δ].

7.5.3 Input and output

Input Output

Ambient temperature Temperature of the outlet gas
Temperature of the two inlet

streams
Pressure of the driving gas

Molar flow of inlet streams Molar flow out
Pressure loss from outlet ejector
to inlet of ejector at stream 2
Diameter of the high pressure

pipe and the outlet pipe

Table 7.7: Inputs and outputs of the model.

7.6 Heat exchangers

Case 1 and Case 2 consist both of one central heating heat exchanger besides 2 and 3 different
heat exchangers, respectively. Each of the latter heat exchangers either heat up an air or water
stream flowing into the system. It is in general given for the heat exchangers in the system that
the inlet and outlet temperatures of the cold stream are known; determined from operational
conditions. Further, the catalytic burner is controlled such that a given temperature is obtained.
Thus, the hot stream inlet temperature of the first heat exchanger is known. In this case the
LMTD method is applicable for determining the heat exchanger size. As the heat exchangers
are placed one after another, all the inlet temperatures of the heating fluid can be determined.
The heat exchangers are modeled as simple counter flow heat exchangers in the following.

7.6.1 LMTD method

The LMTD method is suitable for determining the size of the heat exchangers when the tem-
peratures are known. The method first determines a suitable heat exchanger. Then, if any
unknown inlet or outlet temperature exist, an energy balance is set up for the heat transfer
rate, as seen in equation 7.64. Next step is to determine the log mean temperature difference
∆Tlm and a correction factor if necessary. Finally a heat transfer coefficient is obtained and
the heat transfer coefficient calculated:

Q̇ = ṁc (hc(Tc,out)− hc(Tc,in)) = ṁh (hh(Th,out)− hh(Th,in)) (7.64)
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Figure 7.9: Superheated boiler.

∆Tlm =
∆T1 −∆T2

ln
(

∆T1
∆T2

) (7.65)

Q̇ = UAs∆Tlm (7.66)

where ṁc and ṁh are the mass flows of the cold and hot stream [kg/s], respectively, ∆Tlm
is the log mean temperature difference and h(T ) is enthalpy at a given temperature. These
equations are based on different assumptions. It is assumed that the heat exchanger operates
in steady state, and that the velocity and elevation changes are little or non, so kinetic and
potential energy changes are negligible. Further, it was assumed, in the derivation of the log
mean temperature difference that the specific heat of a fluid and the heat transfer coefficient is
constant in the given temperature interval, that axial heat transfer along the pipe is insignificant,
and that the heat exchanger is well insulated, so heat loss is negligible.[Cengel, 2006]

Boiler

A boiler differs from other heat exchangers since a phase change occurs. Thus, the temperature
of the cold fluid is constant during this period. This gives raise to the following energy balance:

Q̇ = ṁh (hh(Th,out)− hh(Th,in)) = ṁchfg (7.67)

The boiler is modeled as superheated, i.e. the vapor is heated additionally after boiling.
The heat exchanger can therefore be split up into a preheating, boiling and super heating
zone, as shown in Figure 7.9. An energy balance is set up for each zone to give the necessary
temperatures, such that the LMTD for each zone can be calculated and thus the area of each
zone.

7.6.2 Input and output

Input Output

T out cold stream T out hot
T in cold stream Q out

Q in
T in hot stream

Table 7.8: Inputs and outputs of the model.
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7.7 Heat loss

There is clear advantage of placing the three main components, burner, reformer and SOFC
together in the same box to reduce the overall heat loss. This approach is recognised in the
literature [Holtappels et al., 2005]. The details will be described more in detail in the following.

System with Steam Reformer

As two of the main components produce heat (FC and Burner) and one needs heat (SR) it
seems reasonable to build them into the same box and let them benefit from each other; this is
shown in Figure 7.10.
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Figure 7.10: Sketch of hot-box with gas flows.

All the gas connections are shown in the figure too, to visualise the gas flows in, out and
between the different units.

System with CPO

The incentive of placing the CPO reformer in the same hot-box as the burner and the SOFC is
to minimise the overall surface area and in that way reduce the heat loss.

Modeling

The heat loss to the surroundings is modelled as first being conducted to the outer surface of
the insulation and the transported further by natural convection; between each unit the heat
loss is assumed to be pure conduction. The radiation effects are neglected; this can be justified
by placing the unit in e.g. a steel casing is used as radiation shield.

The system is run at constant temperature why a steady-state analysis of the heat trans-
portation is a reasonable assumption. The general heat transfer rate can be calculated by the
following equation:

Q̇ =
T − T∞
L
k·A + 1

h·A
(7.68)

, where T is the temperature of the unit in [K], T∞ is the temperature at the outer side of
the insulation, also in [K], A is the surface are [m2], L is the thickness of the insulation [m], k is
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the thermal conductivity coefficient [W/m·K], and h is the convective heat transfer coefficient
[W/

(
m2 ·K

)
]. The conductivity changes with temperature according to:

k = 0.0002 · T + 0.1128 (7.69)

where T is the temperature in [K].
To obtain an overall heat loss similar to what is found in the literature, see e.g. [Singhal and

Dokiya, 1999] the box is made of a material called Alumina insulation which besides having a
low thermal conductivity is capable to withstand very high temperatures.

The convective heat transfer coefficient of Alumina is 6 [W/
(
m2 ·K

)
] [Ceramics, 2009] and

the thermal conductivity is a function of the temperature why a function is being called in
EES. The temperature at which the conductivity is taken is the average temperature on each
side of the insulation. To have as low a heat loss as possible and still not occupy the entire
volume of the mCHP system the thickness of the outer insulation is chosen to be 10 [cm] and
the insulation between each unit to be 4 [cm]. The reason for placing insulation in between
the units is to minimise the heat gradient and thereby to avoid thermal stresses. Each unit is
assumed to have a height and width of 15 [cm] and a length of 20 [cm].

7.7.1 Input and output

Input Output

Geometry of components Heat loss/gain from and to components
Thickness and type of insulation Total heat loss
Temperature of components

Table 7.9: Inputs and outputs of the model.

7.8 Pressure Losses

The pressure losses through the different components in the system was estimated in accordance
with [Little, 2001] and [Braun, 2002] and depicted in Table 7.10.

Component Pressure drop [mbar]

Air Filters 10
Air preheaters 100

Boiler 15
Burner 15

SOFC anode side 20
SOFC cathode side 30

Desulphuriser 100
Fuel prereformer (both sides) 25

Table 7.10: The used pressure drops in the system. [Little, 2001, Braun, 2002]

The pressure drops are assumed constant and not as a function of the volumetric flow rate
which is an assumption made to simplify the calculations. Moreover the pressure losses through
the various piping is not taken into account.

7.9 Conclusion

All the different sub-systems have now been presented together with the overview of how they
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are interconnected. The reactions in the reformer model are calculated as being in chemical
equilibrium and extent of reaction method has been used in setting up the equations. To simplify
the calculations, the inlet is assumed to be comprised of methane alone. The FC model was
divided in two parts, internal reformer and FC itself. The internal reformer was modeled as
being external to avoid discretising. The FC model was fitted to experimental data obtained by
Topsoe Fuel Cell. The catalytic burner was modeled by having a chemical equilibrium with the
exhaust gasses from the FC and methane as fuel and air as oxidant. In the turbomachinery-
model, the polytropic efficiency of the compressors was estimated by a volume-flow imperial
relation. Since the same relation does not apply to pumps and blowers, practical efficiencies was
found in the literature. Instead of using expensive blowers when implementing recirculation it
was decided to use an ejector. The ejector model was based on mass, momentum and energy
conservation. The size of the heat exchangers in the system was calculated using the LMTD
method assuming simple counter flow heat exchanger design. To reduce the overall heat loss
from the system it was decided that the burner, the FC and the reformer to be placed in one
insulated hot-box with Zircar Alumina as insulating material. The thickness of the material
was chosen so an overall heat loss resembles the one found in literature. The pressure losses
through the system was set to be equal to the losses found in [Braun, 2002], while neglecting
pressure loss in the piping.

In the next chapter a Pinch Analysis i made to evaluate the placing of the heat exchangers
in the systems and if a topology optimisation is necessary.



Part III

Optimisation

63



Chapter 8

Pinch Analysis

In Appendix B the the general approach in pinch analysis is presented. In the following chapter
an analysis of the mCHP system, first with steam reformer and secondly the system with the
CPO is conducted, in the same order as in the appendix. The Pinch Analysis is an iterative
process so it has been conducted together with the system topology decisions.

8.1 Pinch Analysis of mCHP system with Steam Reformer

The mCHP EES-model is set up in a way so that the burner produces the deficit heat required
to provide the central heating with 2 [kW] and to overcome the heat losses in the system. In
that way there is no need of external heating or cooling why the system is already optimised
in a way. Therefore the pinch analysis is mostly done to double-check the model and more
important, to visualise the energy flows in the system. In the following Case 1, the system with
steam reformer without recirculation, will be submitted to a pinch analysis.

The burner, the SOFC and the steam reformer are all components where chemical reactions
take place and are in that way difficult to analyse with normal pinch analysis. Therefore all
three components have been replaced with heat exchanger systems. In Figure 8.1 a simplified
overview of the mCHP system is shown.

In Kemp [2007] it is suggested that when streams of different compostion and temperatures
are mixed and heated or cooled, they should be modelled as first being heat exchanged and
then mixed. This procedure is conducted and also shown in Figure 8.1 at the SOFC and the
burner.

To follow the procedure from Figure B.1 the hot and cold streams are determined. The
thermal data for the base system are found in the EES model. For the three equivalent heat
exchanger systems for the SOFC, the burner and the steam reformer, a heating (-) or cooling
(+) value equal to the thermal energy difference of the out /and inflow is chosen and shown
in the square boxes. The chemical reaction energy is not taken into account why the numbers
differ from the EES-model; this is done to simplify the system. This simplification is assumed
valid since the goal of the pinch analysis only is to optimise on the number and placing of
heat exchangers and not the exact heat transfer values. All the thermal data of all streams are
depicted in Table 8.1.

The numbers in the “Node” column refers to the numbers in Figure 8.1.
The third step in the analysis is to choose DTmin. A value of 20 [K] was chosen with

reference to Table B.1 and Smith [2008].
The fourth step is to draw composite curves, these are shown in Figure 8.2. A commercial,

free software named HINT was used to construct the composite curves as well as the heat
exchanger network presented later. The HINT code is on the enclosed CD under the name
HINT_SR.

The curves have already been moved horisontally to increase the amount of overlap, and
as it is seen the need of hot and cold utilities is non-existing. But, as already mentioned, the
model is set up in a way so that there should be no need for utilities at all. It is seen in Figure
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Figure 8.1: Simplified system overview.

Stream Nodes Type Heat type Tin [K] Tout [K] 4H [kJ] CP [J/s·K]

1 3-4 Cold Sensible 331.6 558 0.0436 19.27
2 20-25 Hot Sensible 1173 333.2 -4.668 5.56
3 7-7a Cold Sensible 293 373 0.031 0.39
4 7a-8a Cold Latent 373 373 0.209 -
5 8a-8 Cold Sensible 373 558 0.034 18.45
6 15-16 Cold Sensible 329.2 923 1.837 3.09
7 29-30 Cold Sensible 313.2 338.2 2. 80
8 16-17 Cold Sensible 923 1023 0.2432 2.43
9 Burner Hot Latent 1193 1193 -1.67 -
10 Steam Reformer Cold Latent 800 800 0.512 -
11 SOFC Hot Latent 1100 1100 -0.646 -
12 10-11 Cold Sensible 929 1023 0.404 4.29
13 11 Cold Sensible 1023 1173 0.081 0.54
14 17 Cold Sensible 1023 1173 0.486 3.24
15 18 Cold Sensible 331.6 1173 0.101 1.20
16 19 Cold Sensible 329 1173 1.005 1.19

Table 8.1: Thermal data of streams.
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Figure 8.3: Grand Composite Curve.

8.2, but maybe more clearly in Figure 8.4 that the pinch point is where the hot curve is 313
[K] and the cold curve is 293 [K].

Another way of visualising the system is to draw a grand composite curve (GCC). It repre-
sents the difference between the heat available from the hot streams and the heat required by
the cold streams. Kemp [2007]The GCC for the SR system is shown in Figure 8.3. The pinch
point is where the graph touches the temperature axis, the figure is a bit misleading, but the
pinch is still at 303 [K].

The fifth and final step is to design the heat exchanger network, this was also done in HINT
and the result is presented in Figure 8.4.

The numbers in the quadratic boxes refer to the stream number, the numbers in the circles
to the heat exchanger and the numbers in the oblong boxes are the amount of heat transferred.
The numbers in the left column is the enthalpy of the streams. The other values are the
temperatures of the streams. When checking the amount of heat exchangers the values can be
inserted into Equation B.1; the result becomes 15 as seen in Equation 8.1.

Nmin = (Nh +Nc +Nu)AP+(Nh +Nc +Nu − 1)BP = (3+13+0)+(0+0+0−1)BP = 15 (8.1)

This number disagrees with the 13 heat exchangers shown in Figure 8.4. This is because
the equation does not take the streams into account that balances eachother out which is the
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Figure 8.5: System overview CPO-system.

case between several of the streams in the system. Therefore the number of heat exchangers is
vaild. Smith [2008]

8.2 Pinch Analysis of mCHP system with CPO

The analysis os done in the same manner as the SR system. The only changes are that the
heat exchanging at the reformer is removed and a second recuperator is added. Moreover the
heating values of the SOFC and burner are changed. The system overview is shown in Figure
8.5 The HINT code is on the enclosed CD under the name HINT_CPO.

The stream data extractred from EES are shown in Figure 8.2.
The composite curves are shown in Figure 8.6.
The initial heat exchanger network is shown in Figure 8.7.

8.3 Optimisation

A way the system could be optimised theoretically could be to split the hot stream out of the
burner by the boiler. In that way more energy could be recovered in the exhaust gas since the
inlet temperature of the central heating water is 20 [K] higher than the inlet temperature of
the water supply. But since the mass flow of the water is so low, the amount of energy that
could be gained is only some 7 [W] why this would be infeasible due to the increased system
complexity.

The specifications for the real heat exchangers were calculated, the results are presented in
Table 8.3.

The UA value was calculated, which is the sum of the total heat transfer and the area for
each heat exchanger. If it is assumed that the U-value is the same for all heat exchangers, it
is evident from the table that the cathode air preheater and central heating heat exchangers
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Stream Nodes Type Heat type Tin [K] Tout [K] 4H [kJ] CP [J/s·K]

1 3-4 Cold Sensible 337 684 0.0599 0.173
2 12b-13 Cold Sensible 373 684 0.0611 0.196
3 12a-12b Cold Latent 373 373 0.222 -
4 12-12a Cold Sensible 298 373 0.0338 0.450
5 7-8 Cold Sensible 298 684 0.094 0.244
6 20-21 Cold Sensible 333 923 3.91 6.629
7 33-34 Cold Sensible 313 338 2 80
8 21-22 Cold Sensible 923 1023 0.71 7.09
9 15-16 Cold Sensible 929 1023 0.079 0.841
10 16 Cold Sensible 1023 1106 0.0639 0.77
11 22 Cold Sensible 1023 1106 0.576 6.941
12 23 Cold Sensible 337 1106 0.028 0.036
13 24 Cold Sensible 333 1106 0 0
14 25-30 Hot Sensible 1106 333 -6.382 8.257
15 Burner Hot Latent 1126 1126 -0.668 -
16 SOFC Hot Latent 1100 1100 -0.788 -

Table 8.2: Stream data of the CPO-system.
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Figure 8.6: Composite curves of the CPO system.

Case 1 [W/K] Case 1 CR [W/K] Case2 [W/K] Case 2 CR [W/K]

CH4 Preheater 0.1004 0.0928 0.1723 0.1499
Cathode air preheater 30.12 4.450 34.93 4.61

Boiler 0.675 0.662 0.572 0.552
Central Heating 28.64 17.12 29.29 17.23

CPO air preheater - - 0.262 0.254

Table 8.3: UA values for the heat exchangers in the systems.
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are substantially larger than the rest. Moreover it can be seen that implementing cathode
recirculation significantly reduces the size og the cathode air preheather which makes sense
since less extra air has to enter the system and be heated.

8.4 Conclusion
Via the pinch analysis made on both systems, the heat streams have been visualised and the
heat exchanger network has been checked. It can be concluded that with the present heat
production and heat consumption the configuration presented is the optimal; moreover, there
is no need of utilities. It should be noted that the pinch analysis was done early in the project
why it has only been done on the base cases and not on the optimised however, the placing
of the heat exchangers are not changed, only the temperatures and CP values have changed a
slightly.

The analysis on the optimised systems regarding heat exchanger size showed that there is a
relativly big advantage in implementing cathode recycling. In both systems all heat exchangers
are reduced in size and the cathode air preheater heat exchanger is reduced by a factor of seven.

The next chapter will include an optimization routine. This was chosen to investigate which
system configuration would yield the highest efficiency. When so many models have to interact
is can be very difficult to analytically predict how different results interact with each other,
this is where optimization can be used with great advantage. Especially, it can be difficult to
predict how the different temperatures and degree of recirculation must be to have the most
efficient system, why optimisation is a crucial tool.



Chapter 9

System optimisation

The scope of this chapter is to formulate the optimum design problem and explain the optimi-
sation method used.

Solving the task of optimisition is a part of the optimum design process, shown in Figure
9.1. This process is an iterative process that is dependent on the problem at hand and the
designer.

Formulating the optimum design problem is done according to [Arora, 2004], in the following
fashion:

• Step 1: Problem statement

• Step 2: Data and information collection

• Step 3: Identification/definition of the design variables

• Step 4: Identification of a criterion to be optimised

• Step 5: Identification of constraints

Step two was done in the preceding chapters. However, the remaining steps are presented in
the forthcoming sections.

An empirical study of the EES models showed that they are very sensitive to guess values.
Therefore, a global optimisation tool as a Genetic Optimisation is not well suited. Thus, a local
optimisation method was used. In this project a Direct Search Method and conjugated gradient
method was used. The optimisation procedure was, in accordence with the optimum design
proces, an iterative proces, where local optima and contraints were analysed before accepting
or rejecting.

9.1 Problem statement

The agenda of the optimisation is to obtain the highest possible system fuel utilisation of each
system, to be able to compare which system is more feasible.

9.2 Independent variables

The following list shows the independent variables used in the optimisation of each system. The
numbers in the brackets signalises in which system the different variables are used; 1 is baseline
and 2 is CR:

• Case 1

– SR inlet temperature (1, 2)

– SR outlet temperature (1, 2)
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Figure 9.1: Optimum design process. Made with inspiration from [Arora, 2004].

– Added air mass flow into burner (1, 2)

– CGR (2)

• Case 2

– Added air mass flow into burner (1, 2)

– CPO inlet temperature (1, 2)

– CGR (2)

The inlet temperature of the SR effects how much energy is extracted from the hot gas exiting
the catalytic burner. The outlet temperature of the SR effects the outlet gas composition and
thus the DOP. However, in the case of a CPO the inlet temperature both effects the composition
and the outlet temperature due to its exothermic nature. Further, both outlet temperatures
effect the heat input into the SOFC.

The CGR effects the pressure loss due to the ejector, since its dimensions changes with
CGR.

In the system optimisation, the SC and AC ratio are not used as independent variables, since
they first and foremost depend on carbon formation and thus partially dependent on empirical
knowledge. Thus, SC and AC values were obtained from TOFC and Dantherm.

Further, the cathode temperature is not used as an independent variable, since it gives the
highest cooling effect when it is set to the temperature limit of 650 [◦C].

9.3 Objective function

According to the problem statement the cost function, or so-called objective function, can
be stated. Thus, the optimisation is to maximise the fuel utilisation of the system, which is
equivalent to optimising the total system efficiency:

max ηtot = f (x) (9.1)
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subject to the p equality constraints:

hj (x) = 0; j = 1 to p (9.2)
and the m inequality constraints:

gj (x) 5 0; i = 1 to m (9.3)
where x is the independent variables.

9.4 Variable constraints
Several parameters in the system are constrained. In Table 9.1 the inequality constraints are
listed. The gas temperature into the CPO and SR are constrained since they have to be elevated
to above 300 and 400 [◦C], respectively, due to slow reaction kinetics at lower temperature,
before entering. The bounds are chosen based on empirical knowledge found in the literature,
as explained in subsection 5.2.2.

As explained earlier the temperature difference of the inlet gasses to the SOFC may not
exceed 100 [◦C], because of the thermal stresses that will be induced in the ceramics.

A boundary is set on the DOP to avoid too high a degree of internal reforming, since the
reforming capability of the stack is unknown.

The lower air stoichiometry into the cathode and burner is limited to 1 to secure fully
catalytic combustion and avoid carbon formation.

Variable Lower limit Upper limit

CPO inlet temperature [◦C] 300 1123
SR inlet temperature [◦C] 400 1123
SOFC inlet temperature [◦C] 650 850
DOP [-] 0.75 1
Cathode air stoichiometry 1 -
Catalytic burner air stoichiometry 1 -
Ejector inlet diameter [m] 0.001 0.03
Ejector outlet diameter [m] 0.001 0.07
CGR [-] 0.001 1

Table 9.1: Variable bounds for all cases.

Further, in the case of cathode recycle a physical constraint is set on the ejector efficiency.
Referring to section 5.3, it was chosen to set the ejector efficiency to 30%. Thus an equality
constraint is given:

ηejector (x) = 0.30 (9.4)
This efficiency limits the ejector dimensions and CGR.

9.5 Optimisation method
The applied optimisation methods consist of the built in rutines in EES. Due to numerical
difficulties, depending on the start guess and if the solution is on a contraint, two different
methods are used: Direct Search Method (DSM) and Variable metric method or better known
as a Conjugated Gradient Method (CGM). The latter method determines numerical gradi-
ents to determine the search direction, hereby making it faster, however more sensitive to the
aforementioned numerical difficulties.

These methods determine the search direction, whereas the step size is determined by the
Golde Section Search (GSS) method. This method is preferred in EES for multidimensional
optimisation, in contrary to a recursive quadratic approximation, since it is more reliable,
though slower.[Klein, 2001]
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9.6 Summary
The optimisation problem has been stated. Objective function, independent variable and con-
traints identified. Further, the optimisation methods are described.

In the next chapter are the determined optimised systems presented.



Chapter 10

Optimisation results

The scope of this chapter is to present the optimisation results, both independent variables and
selected parameters are shown.

10.1 System results

In Table 10.1 the obtained independent variables are listed. The temperatures obtained for Case
1 and 1 CR are at the specified constraints. Lowering the SR outlet temperature or the SOFC
anode inlet temperature cools the SOFC. To lower the temperature is therefore more beneficial
than to increase the temperature and increase the hydrogen molar fraction, i.e. to shift the
chemical equilibrium. This, is however not surprising becasuse of IR; all residual methane is
converted insde the SOFC. Further, there seems not to be any necessity for additional air into
the catalytic burner.

Parameter Case 1 Case 1 CR Case 2 Case 2 CR

Added air mass flow into burner [kg/h] 0 0.00005784 0 0
CGR [-] - 0.6 - 0.615
CPO inlet temperature [K] - - 780 772
SR inlet temperature [K] 723.2 723.2 - -
SR outlet temperature [K] 923.2 923.2 - -

Table 10.1: The determined independent variables.

In Table 10.2 the maximum cost function value and the selected parameters for each case
are shown. In the following these results are compared and analysed.

10.1.1 Discussion

The obtained efficiencies of Case 1 and 2 give similar total efficiency. Case 1 has a slightly higher
total efficiency. The difference is caused by a larger electrical efficiency in Case 1. However,
some of this difference is minimised by a higher thermal efficiency in Case 2.

The electrical efficiency in Case 2 is lower mainly due to the higher compressor and blower
power consumption. The increased power consumption is due to a higher air flow, e.g. increased
air stoichiometry. This is due to the higher DOP. Ergo, internal endothermic reforming in Case
1 is cooling more than in Case 2. The disadvantage of the difference is that it hinders a fair
comparison.

The driving voltage of the SOFC is likewise effected due to higher concentration overvolt-
age and lower OCV, since the CPO produces a more diluted hydrogen gas. However, at the
operation point the concentration overvoltage is not significant, and thus relative unimportant.
Only a difference of 0.41 [V] is seen from Case 1 to Case 2.

76



10.2. MASS FLOW, TEMPERATURE AND PRESSURE 77

Parameter Case 1 Case 1 CR Case 2 Case 2 CR

Electrical efficiency. ηel [%, HHV] 25.84 28.48 24.86 27.93
Thermal efficiency. ηth [%, HHV] 51.85 52.9 52.07 53.58
Total efficiency. ηtot [%, HHV] 77.7 81.38 76.94 81.51

Heat-to-power ratio [-] 2.01 1.86 2.09 1.92
Methane consumption [kg/h] 0.250 0.245 0.249 0.242
DOP [%] 82.93 82.93 93.47 93.03
Net electrical power [W] 996.7 1077 955 1042
SOFC voltage [V] 78.72 77.74 78.31 77.44
Unused exhaust heat [W] 285.9 146.7 306.7 152.6
Cathode stoichiometry [-] 9.96 9.25 10.58 9.77
Burner stoichiometry 12.73 5.077 27.29 11.3
Air compressor work [W] 288.3 208.2 320.3 224.4
Air blower work [W] - - 10.18 15.05
Fuel compressor work [W] 6.72 6.58 6.281 9.841
Pump work ~ 0 ~ 0 ~ 0 ~ 0

Table 10.2: Optimisation results for all cases.

Incorporating the CGR in each case gives a significant efficiency increase; both in electrical
and thermal efficiency. This results in a relative increase in total efficiency of 4.7 % in Case
1 CR and 5.9 % in Case 2 CR. The increase in electrical efficiency is, as one would expect,
because less air is blown into the system. The cell voltage is lowered, since the air composition
is diluted, i.e. the nitrogen-to-oxygen ratio is increased, due to the recycling. This increases
cathode activation overvoltage. However, this is not significant compared to the reduction in
air flow.

Furthermore, a decrease in the heat-to-power ratio is seen, hereby increasing the number of
hours the electricity demand is met in domestic house.

It can further be noticed that Case 1 has less unused heat than in Case 2 in the exhaust
gas. By utilising the cathode recycling, this value in both systems is decreased significantly
with 48.69 % in Case 1 CR and 50.24 % in Case 2 CR.

10.2 Mass flow, temperature and pressure

In Figure 10.1 and 10.2 mass flows, temperatures and pressures for different locations in the
system are shown.

The pressures varies from ambient to 137000 [Pa] and the temperatures from ambient to
1193 [K] (not shown in the figures). It is noticeable that the mass flow is much higher at the
cathode side than the anode side: This is due to the fact that the air stoichiometry i rather
high and because 79 % of the air is comprised of nitrogen.

10.3 Energy Flow

The energy flows of Case 1 and Case 2 are represented in Sankey diagrams in Figure 10.3 and
10.4, respectively.
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Figure 10.1: Mass flow, temperature and pressure for Case 1.
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Figure 10.2: Mass flow, temperature and pressure for Case 2.
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Figure 10.3: Energy flows in the basic case with steam reformer.

The yellow boxes are the inputs to the system, the green are the outputs, the red lines are
chemical power converted to heat in [J/s] and the blue are electric power in [W]. The width of
the arrows is shown proportionally to the flow quantity but independent of each other; since
the exergy is higher for electricity, the blue lines are made thicker than the red ones.

Figure 10.4: Energy flows in the basic case with CPO.

From the diagrams it is also visualised that it is only part of the enthalpy from the oxidation
reaction that is available as external work. The rest is dissipated in the fuel cell as heat and
mainly removed with the exhaust gasses.

The HHV has been used to calculate the energy input into the system. The HHV is used
since water out of the system is condensed. There is a small imbalance in the system in the order
of 50 [W] which is due to the simplifications made in the model regarding the compressors and
blowers; they are modeled as polytropic which causes the difference, since it is not adiabatic..

Both energy flows are based on modeling the reformer, burner and SOFC as being in the
same box, as described in Section 7.7. From the figures it is also seen that the waste heat is
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Parameter Case 1 Case 1 CR Case 2 Case 2 CR

Heat from Burner to Reformer [J/s] 79.2 110.3 53.69 79.48
Heat from FC to Reformer [J/s] 44.61 44.61 38.61 39.5

Total heat loss to surroundings [J/s] 418.43 442.63 410.46 417.55

Table 10.3: Heat transfers in the system.

larger for the CPO system than for the SR system as also shown i Table 10.2.

10.3.1 Heat Transfer
In the section above the heat flow for the two base-cases were depicted in the Sankey diagrams.
The heat flows from burner and SOFC to the reformer and the total heat loss in all four cases
are shown in Table 10.3.

The system has been modeled as presented in Section 7.7 with the three components in the
same hot-box. So the heat released by the burner and SOFC is transferred to the reformer.

10.3.2 Discussion
With cathode recycling less air is fed into the burner, hence the higher flame temperature
causing the higher heat transfer to the reformer, this is true in both SR and the CPO based
system. The reason why the heat transfer from the FC to the reformer is higher in Case 1
is that the average temperature of the SR is higher than the CPO in Case 2. The total heat
loss is the sum of the individual heat losses of the three parts. The heat loss of the burner is
the same in every case. The heat loss of the SR is a bit higher than for the CPO due to the
higher average temperature and the temperature of the burner is, as just explained, higher in
the cathode recycle cases. The total heat loss of around 0.5 [kJ/s] is pretty high compared to
the thermal output of 2 [kJ/s]; the type of insulation is fairly good, so the only way to reduce
the heat loss would be to increase the thickness of the insulation. Of course the insulation
thickness is limited by space restrictions but it should be emphasised that the insulation be as
thick as possible in the given system. Alternatively could the possibility of natural convection
be limited by shielding it better and circulating air motion around the box.
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Chapter 11

Sensitivity analysis

To investigate the sensitivity of the obtained system two approaches are taken: uncertainty
propagation analysis and parameter study. The motivation behind the sensitivity analysis is
to identify important parameters in the modeling, and hereby to gain a better understanding
of the mechanisms interacting in the system along with the possibility of improving a future
design and optimisation.

11.1 Uncertainty propagation
To evaluate the sensitivity towards changes in the independent variables and the system specific
variables on the total system efficiency, the law of uncertainty propagation is evaluated. The
uncertainty propagation determines the uncertainty of a calculated variable as a function of the
uncertainties of each variable. By assuming the individual measurements are uncorrelated and
random, i.e. neglecting covariance, the uncertainty of the total system efficiency can be stated
as follows:

Uηtot
=

√√√√∑
i

(
∂ηtot
∂Xi

)2

U2
X (11.1)

where ηtot = f (X1, X2, ..., XN ) and UX is the standard uncertainty assigned to the func-
tion variable. The partial derivative ∂ηtot/∂Xi is often referred to as the sensitivity coeffi-
cient.[Taylor and Kuyatt, 1994]

11.1.1 Results
A fixed standard uncertainty of 5% for each variable is used, with the exception of the insulation
material thickness and the degree of natural convection which are set to 20%. The latter is
because they are very dependent on the real design of the mCHP system. In the modeling
of the heat loss these parameters were set to give a loss according to similar cases found in
literature and are as such very uncertain in comparison to the other parameters.

The results of the uncertainty propagation in EES are shown in Table 11.1 and 11.2.
In Case 1 a rather large uncertainty is determined. The main contribution derives from

variation in the cathode inlet temperature. This temperature affects the degree of SOFC cooling
and as such the amount of air blown into the system. Thus, the lower temperature, the lower
the air compressor work. This parameter is therefore critical from a system point of view.
Subsequently, the cathode activation energy is the second largest contributor. It largely affects
the stack voltage and thereby the electrical efficiency.

Further, it can be seen that the steam-to-carbon ratio is not affecting the system efficiency
particularly, in comparison to the other parameters. This partly legitimises that it was not
considered in the optimisation.

When shifting attention towards the cathode recirculation in Case 1 CR, the total un-
certainty and each parameter contribution is changed. The effect of the previous two main
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contributors is lowered noticeable, and the total variation is reduced by half. The importance
of the reduction is due to a reduction in volumetric air flow blown into the system. The effect
of a temperature change into the cathode is lowered, since it effects the amount of air blown
into the system less. The cathode activation energy sensitivity is likewise reduced.

It should be noticed that the effect of heat loss is now more distinct. The insulation thick-
ness contributes with more than half of the total variation. In addition, four other parameters
are equally important: natural convection const., SR outlet temperature, Cathode inlet tem-
perature and Cathode activation energy.

Parameter Case 1 Case 1 CR
% of uncertainty

Natural convection const. 1.30 12.23
Insulation thickness 6.44 60.44
Cathode activation energy 24.05 9.99
Cathode exchange current density 0.15 0.06
Ohmic resistance 0.08 0.04
Cathode diffusion constant per
electrode thickness

0.00 0.00

Anode diffusion constant per electrode
thickness

0.00 0.00

Steam-to-carbon ratio 0.15 0.12
Fuel utilisation 0.14 0.01
Methane conversion in SOFC 0.02 0.01
Water shift conversion in SOFC 0.00 0.00
SR inlet temperature 0.12 0.64
SR outlet temperature 7.64 8.10
Cathode inlet temperature 59.90 8.36
CGR - 0.01

Total system efficiency 77.7± 3.949 [%] 81.38± 1.66 [%]

Table 11.1: Uncertainty propagation in Case 1 and 1 CR.

The determined uncertainty in Case 2 is close to the one obtained in Case 1. However,
the sensitivity towards certain parameters is different. Amongst these is the cathode inlet
temperature, which is more distinct. Since more cooling is necessary in Case 2, due to the
higher DOP compared to Case 1, this parameter becomes more important.

It should be noticed that the fuel utilisation parameter is more sensitive than in Case 1.
This could partially be because the reformate gas is more diluted; and by lowering the fuel
utilisation, the average molar fraction of hydrogen is increased, thus increasing cell voltage.

In Case 2 CR, the same tendency as in Case 1 CR is visible. The cathode inlet temperature
and cathode activation energy effect is reduced and the heat loss parameters become more
sensitive. Likewise, the effect of the fuel utilisation is decreased. Further, the uncertainty effect
is reduced noticeable by slightly more than 60%.

For both Case 1 and Case 1 CR the air-to-carbon ratio is much more important than the
steam-to-carbon ratio. The air delivers the necessary oxygen for the exothermic reaction that
heats up the reacting gas stream and therefore is critical.

11.2 Parameter study

To be able to better understand how the individual parameters affect the system, particularly
the total system efficiency, parameters are varied in the following. The following relations are
studied:

• Electrical efficiency and air mass flow into system as a function of CGR
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Parameter Case 2 Case 2 CR
% of uncertainty

Natural convection const. 1.21 14.87
Insulation thickness 5.81 71.89
Cathode activation energy 13.72 0.07
Cathode exchange current density 0.08 0.00
Ohmic resistance 0.05 0.00
Cathode diffusion constant per
electrode thickness

0.00 0.00

Anode diffusion constant per electrode
thickness

0.00 0.00

Fuel utilisation 1.10 0.12
Methane conversion in SOFC 0.00 0.00
Water shift conversion in SOFC 0.01 0.00
Air-to-carbon ratio 0.61 0.23
Steam-to-carbon ratio 0.02 0.00
CPO inlet temperature 0.59 2.17
Cathode inlet temperature 76.79 10.34
CGR - 0.34

Total system efficiency 76.94± 3.91 [%] 81.51± 1.45 [%]

Table 11.2: Uncertainty propagation in Case 2 and 2 CR.

• Compressor pressure ratio and power consumption as function of CGR

• Total efficiency as a function of fuel utilisation

• Stack voltage as a function of fuel utilisation

• Total efficiency as a function of DOP

• Efficiency as a function of heat-to-power ratio

• Total efficiency and heat loss as a function of insulation thickness

The electrical efficiency and air mass flow into the system as a function of CGR is seen in Figure
11.1. The graph is based on Case 1 CR. The same tendency is present in Case 2 CR and is
therefore not shown.

With increasing CGR, an increase in electrical efficiency, till around 0.6, is seen. Then, the
efficiency drops; initially relative slowly, however then very steeply. Still, it is seen that the air
mass flow into the system decreases linearly. Thus, it is apparent that the compressor pressure
ratio, due to the pressure loss in the ejector, begins to dominate.

The compressor pressure ratio and power consumption as function of CGR is seen in Figure
11.2. The compressor work decreases until around 0.6 and then increases rapidly. This is in
agreement with an increasing pressure ratio.

In Figure 11.3 the total efficiency as a function of fuel utilisation is shown for Case 1. The
same tendency is given for Case 2 and thus not shown.

Interestingly, the total system efficiency tops at around a fuel utilisation of 47.5 %. Coincid-
ing with a low exhaust waste heat. This suggest that though the electrical efficiency increases
due to the increased cell voltage, by lowering the fuel utilisation, a maximum is reached. Thus,
the unused hydrogen from the SOFC does not serve any purpose any longer in the system, i.e.
the system begins to release unused hot gas. In Figure 11.4 can the electrical efficiency, thermal
efficiency and stack voltage as a function of fuel utilisation be seen. It supports the idea, that
though the stack voltage increases, the thermal efficiency drops faster as the fuel utilisation
decreases. The drop in electrical efficiency is caused by a sudden increase in methane system
mass flow input to support the the electrical and thermal demand. The total efficiency gain
from lowering the fuel utilisation is further relatively low.
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Figure 11.1: Electrical efficiency and
air mass flow into system
as a function of CGR.
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In Figure 11.5 the total efficiency in Case 1 CR is shown as a function of fuel utilisation.
In contrary to Case 1, by decreasing the fuel utilisation, the total efficiency decreases gradually
from a high fuel utilisation to a low. By decreasing the fuel utilisation the unused exhaust gas
increases, hereby lowering the total efficiency more than the increase in stack voltage.
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In Figure 11.6 the total efficiency as a function of DOP for Case 1 is seen. The DOP is
changed by shifting the SR reaction of methane towards methane and water, hereby simulating
a non-chemical equilibrium in the SR. This approach is reasonable due to the relative slow
reaction kinetics; it correlates to making the pre-reformer smaller or shorter. This approach
is however not appropriate in Case 2, since the reaction kinetics of the CPO are much faster.
Here the air input has been decreased similar to the SR reaction. The obtained relation is
shown in Figure 11.7. The total efficiency terminates around 0.4 due to numerical errors in the
simulation.

For both Case 1 and Case 2 a clear connection between a decreasing DOP and the total
efficiency is seen. The demand for cooling is decreasing by increasing internal reforming, since
DOP and internal reforming are reversibly proportional. This is seen clearly in the reduction
of cooling air mass flow with falling DOP. It should be noticed that the efficiency increase is
rather large in both cases. The effect on the total efficiency for Case 1 CR and Case 2 CR is
the same, however smaller. Another effect not apparent is that a reduction in exhaust waste
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heat is a side benefit. This can be seen in Figure 11.8 for Case 1 CR. The effect applies to each
case.
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Figure 11.8: Efficiency and exhaust
heat as a function of DOP.

In Figure 11.9 the variation in electrical, thermal and total efficiency as a function heat-to-
power input for Case 1 is depicted. It was generated by keeping the electrical load constant
while varying the thermal load. The shown tendency is independent of system configuration. As
the heat-to-power ratio increases the total efficiency increases. This coincides with the thermal
efficiency increasing more than the electrical efficiency drops.

In Figure 11.10 the heat loss and total total efficiency as a function of insulation thickness
is seen. By varying the thickness between 0.01 and 0.2 [m] a total efficiency increase of 14 %
can be observed. This is due to a variation in heat loss from 1200 to 250 [W]. The natural
convection constant has a similar effect.

11.2.1 Discussion

It would appear that when running the mCHP without circulation it would be an advantage
to run on a lower fuel utilisation and this should be considered; however, not when CR is
implemented.
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Figure 11.10: Total efficiency and heat
loss as a function of in-
sulation thickness.

The analysis of DOP supposes that the SOFC is capable of doing IR. However, since SR
at 650 [K] reforms less methane than the CPO, Case 1 inherently has an advantage. However,
if it was assumed that IR is prevented, Case 2 would require less NG input into the reformer
if the inlet temperature of the SOFC was fixed. An optimisation should in that be performed
again, since the heat input could become less important.

The depicted efficiency depends on heat-to-power ratio entails that running either system
at a higher heat-to-power ratio could improve both the total efficiency, but also the ability of
the system to follow high heat peak periods in the winter. Likewise, during summer the system
efficiency would decrease due to the lower heat demand.

By varying the heat-to-power ratio it was shown that the low electical efficiency at the
nominal operation point is casused since the electrical load is fixed in proportion to the thermal
load.

From the sensitivity analysis it appears that the parameters regarding heat loss are very
critical parameters in obtaining a high total efficiency. It casts light on an issue which should
be modeled more intensively.

An issue pointed out in the uncertainty propagation is the importance of the cathode inlet
temperature. When controlling the mCHP system the total efficiency would be highly depen-
dent on the ability to keep a constant temperature. With recirculation this is more complicated,
since the CGR has to be controlled simultaneously.
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Chapter 12

Discussion

Since the system is to produce both heat and power it should be the total efficiency that is
most important as long as the heating demand of 2 [kW] is satisfied. The heating demand is
essential since it is assumed that no other heating source is available in the house.

In the sizing analysis it was shown that the electricity demand is highly fluctuating why the
system has to be connected to the grid to accommodate the needs since the transient response
of a SOFC system is relatively slow. This fact applies to the thermal load as well however, this
is easier accounted for by using a hot water storage tank. With connection to the grid and a
water tank, a 1 [kWe] and 2 [kWth] system is able to meet the electricity demand 90 % of the
time and the heat demand 100 % of the time in an average danish house.

Interestingly, the designed system is able to change the heat-to-power ratio, simply by
regulating the amount of NG blown into the burner and thus without changing the nominal
operation condition of the SOFC. Thus, the system should be able to follow the change in
demand pattern with change in season without affecting the SOFC, i.e. by running on a high
heat-to-power ratio during winter and a lower ratio during summer, where less heat is necessary.
Further, it was shown in the parameter study that increasing the heat-to-power ratio increases
the total efficiency. The implication of this is that the system becomes more efficient during
the winter, where the demand is highest. Further, a smaller storage tank could be used.

In the mCHP system analysis it was found the FCs are competing with SE based systems
since they have similar total efficiencies. The SE based system has a much faster response time,
but on the other hand a lower electrical efficiency. The highest total efficiency obtained for Case
2 CR based on the LHV is 90.27 %. This efficiency can be compared with the efficiencies listed
in Table 1.1. The obtained efficiency is similar to the one obtained by the SOFC by Hexis and
bit lower than the one of the SE by EA-Technology. As expected a higher electrical efficiency to
thermal efficiency is obtained. Thus, when decreasing heat loss of the system, a total efficiency
closer to the one by EA-Technology seems possible.

With the analysis made in this project it is difficult to say something conclusive about which
system is better; with an SR or CPO. Both with and without recirculation the difference is in
the order of 1 % total efficiency. If just looking at the figures calculated and presented in Table
10.2 the Case 1 system is the most efficient without recirculation and Case 2 CR is the most
efficient with. The difference in total efficiency between Case 1 and Case 2 is biased by the
difference in DOP. The difference in DOP is large enough to account for the advantage that
Case 1 has towards Case 2. This argument is strengthened by the fact that the advantage of
Case 1 disappears with CGR. With CGR, Case 2 CR is more efficient, since the importance of
cooling from internal reforming is minimised. However, Case 1 and Case 1 CR have less unused
waste heat.

Employing anode recycling could as well be used. Due to lack of time the anode recycling
was not studied. According to the literature, using anode recycling could increase the total
efficiency by eliminating the use of a boiler during nominal use.

The waste heat plays a crucial role in all system configurations, since between 4-8 % of the
incoming power is lost in the exhaust. There are two obvious possibilities ways to recover more
heat. Either by lowering the DTmin from 20 to e.g. 10 [K], thus utilising more heat, or by using
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the waste heat to preheat different inlet streams. The latter is however not efficient.
Another very important aspect when discussing the two systems is the different topologies.

In general the two systems are very similar apart for the different reformers and the extra
blower in the CPO based. Since economic studies were not a part of this project it has not been
investigated which reformer type is more expensive; the extra contribution of the extra blower
to the total system is expected to have no noticeable effect on the final price.

To be able to get at a stable ejector model an empirical relation between the diameters
was developed. This relation was based on a qualitative judgement of the obtained driving
velocities. However, a further study would be interesting of a real ejector. To be able to
validate the model.

Moreover it was shown that when implementing cathode recirculation it is possible to reduce
the cathode air preheating heat exchanger size by a factor of seven.



Chapter 13

Conclusion

This thesis is the result of the design, modeling and optimisation of two different micro combined
heat and power systems for residential purpose. One based on steam reforming (SR) and the
other on catalytic partial oxidation (CPO) of methane.

The requirement of both systems was determined to be a heating demand of 2 [kW] and
electrical demand of 1 [kW] to cover the demand 100 % and 90 % of the time respectively, in
a residential house in Denmark. In the literature studied, it was proposed that recirculating
anode and cathode gasses would increase system efficiency. Due to convergence issues and
limited time only the base case and cathode recycling was investigated.

Both systems were modeled in Engineering Equation Solver with the same assumptions and
simplifications. Both systems were optimised using build-in optimisation algorithms. The key
results of the optimisations are shown in Table 13.1.

Parameter Case 1 Case 1 CR Case 2 Case 2 CR

Electrical efficiency. ηel [%, HHV] 25.84 28.48 24.86 27.93
Thermal efficiency. ηth [%, HHV] 51.85 52.9 52.07 53.58
Total efficiency. ηtot [%, HHV] 77.7 81.38 76.94 81.51
Unused exhaust heat [W] 285.9 146.7 306.7 152.6

Table 13.1: Key results.

With the results being so close each other and with normal uncertainties taken into account,
it is difficult to say which system is the better. However, during the project and not least
during the optimisation, a lot of practical operational parameters have been investigated. These
findings are listed in the following:

• Increasing the amount of internal reforming significantly increases the system efficiency
in each case. The amount of internal reforming should however be kept as low as possible
due to the fact that internal reforming can cause carbon depositions on the anode during
long-time operation; it is much easier and cheaper to replace the catalytic material in the
reformer than in the FC stack.

• It was further determined that reducing the fuel utilisation benefits the system perfor-
mance in the cases without recirculation. In the cases with recirculation it actually had
an negative influence.

• Minimising heat loss was pointed out as a key parameter in obtaining a high total efficiency
of the each case.

• Though lowering the stack voltage, cathode recycling improves both electrical and thermal
efficiency by minimising the need for air blown into the system. Moreover, smaller heat
exchangers are required, hereby compensating for the extra expense of adding an ejector.
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• Increasing the heat-to-power ratio increases the total efficiency and changes the balance
between electrical and thermal efficiency. At a low heat-to-power ratio a high electrical
efficiency is possible and at a high heat-to-power ratio a high thermal efficiency is seen.

Although it was not possible to model anode recycling it could likewise increase the total
efficiency of the system according to e.g. [Braun, 2002].

With the emerging technology of SOFCs they are still not competitive with regular IC
systems due to the high price of the FC stack. However, studies have shown that in the
summer, when the heating demand is almost non-existing and the mCHP is operating almost
only to supply electricity, the SOFC mCHP unit can produce an environmental benefit if grid
electricity, produced from coal, is displaced. Further, the obtained efficiencies of the system
was shown competitive with state-of-the-art micro combined heat and power systems.



Chapter 14

Future Perspectives

The project group would if more time were available have made some improvements to the work
done. Since the model, due to convergence issues, was not able to use NG as fuel, methane was
used. To increase the reliability of the model it should have used at least some of the higher
hydrocarbons. In this regard could it be interesting to what extend parts of the model could
have been discretised without lowering the computational time significant.

It could be very interesting to investigate how the system would react to a varying heat or
electricity demand in time. Together with a start-up sequence this should be investigated to
make the model more applicable to the industry.

To be able to make a better comparison between different mCHP systems it would be
necessary to make a cost estimation of the proposed system.

To increase the validity of the reformer and FC model it would be advantageous to have
more valid characteristics of real reformers and the SOFC in more operating points than only
one.

When the test period of the ten systems build by Dansk Mikrokraftvarme on Falster is over,
data obtained over the period could be very valuable to improve the models.

Polymer Electrolyte Membrane based systems show similar feasibility in mCHP systems. It
could be interesting to compare these to SOFC based.
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Appendix A

SOFC materials

In this appendix the materials that the SOFC is comprised of will be described in detail.
This should clarify why they operate at so high temperatures and what the advantages and
disadvantages of different layouts are.

A.1 Electrolyte

The electrolyte for the SOFC is mostly commonly made of yttria-stabilised zircornia (YSZ).
Zircornia is highly stable, both in the oxidising environment at the cathode side and the reducing
environment at the anode side. Although other materials are being proposed such as perovskites
and brownmillerites Singhal and Kendall [2003], YSZ will be the one described here since it is
the most common and also the one that Topsoe Fuel cell is using in the mCHP project. Many
SOFC developers are working towards lower operating temperatures to reduce start-up time, to
simplify the design and materials requirements of the balance of plant and to reduce corrosion
rates; but lowering the temperature also decreases the ion conductivity. Beside the stability
criterion in the oxidising and reducing environments the electrolyte also has to possess ease
of manufacture, it must be cost competitive and also have high electrical resistance. A lot of
other ceramic materials possess higher ionic conductivity such as bismuth oxide compositions,
but their electronic conductivity is higher than YSZ Singhal and Kendall [2003]. The YSZ
electrolyte described is a so-called fluorite-structured which relates to the way the atoms are
placed in the crystal lattice. When the crystal lattice is being formed some of the Zr4+ ions
are replaced with Y3+ ions. The O2− transport is possible between vacancies in the lattice
because three O2− ions are replacing four O2− ions Larminie and Dicks [2003]. In the high
temperature region where the electrolyte is working the conductivity is around 0.02 [S/cm],
this is comparable with liquid electrolytes. As it is possible to make the YSZ electrolyte very
thin (25-50 [µm]) the ohmic loss in it is comparable with all other fuel cell types.

The technique electrochemical vapor deposition EVD was pioneered by Siemens Westing-
house in the 70’s to fabricate tubular designs. In this technique, the starting material is a tube
of cathode material. The process is undertaken in relatively high temperature (app. 1100 to
1300 [◦C]) NASA [2009]. The electrolyte material, here YSZ is vaporised and introduced on
one side of the tube and an oxygen-steam-mixture is introduced on the other side. The net
result is a dense and uniform layer thickness, which is controlled by the deposition time, but is
normally 40 [µm].Larminie and Dicks [2003]

To manufacture planar SOFC electrolytes, a method called tape casting is normally used.
First YSZ powder is dissolved e.g. in 2-butanone/ethanol after which binders such as polyvinyl
butyral plasticiser such as polyethylene glycol and defloculant/wetting agent such as glycerol
trioleate are added. Flat plates in thicknesses varying from 50-250 [µm] can be manufactured
with this process. Singhal and Kendall [2003] Recently there has been more effort into producing
electrode (normally anode) supported electrolytes. The electrolyte is still produced by tape
casting but is co-sintered with the anode. In this way the electrolyte can be made as thin as 3
[µm] making the ohmic resistance much lower.
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A.2 Cathode

The cathode must be a porous material that allows rapid mass transport of reactant and prod-
uct gasses. Another very important feature is the catalytic activity to reduce oxygen. Also
very important is the compatibility with the electrolyte, it must be non-reacting and have the
same thermal expansion to avoid fatal cracks. The most common material used is lanthanum
strontium manganite (LSM) because it is useful for a wide range of SOFC in the 1000 [◦C]-
region. Although LSM does not posses the highest oxide ion conductivity it has a superior
chemical stability over other perovskites. A perovskite is a special kind of crystal structure
that distinguishes itself by having high electrical and ionic conductivity University [2009]. At
lower temperatures composite materials of e.g. LSM and YSZ are used due to the less severe
conditions for the electrode/electrolyte chemical reactions. Another, more catalytically inter-
esting material in the 700 - 800 [◦C] is Sr and Co-doped lanthanum ferrite (La,Sr)(Co,Fe)O3,
but in general the cathode performance depends on its microstructure, porosity and surface
area. These properties depends significantly on the fabrication methods.

Commonly cathodes are made by powder processing techniques yielding crystalline particles
in the 1-10 [µm] range. Fabrication of the cathode largely depends on whether it is a tubular
or planar design. Tubular cathode-supported FCs are normally made by extruding the cathode
powder and then sintering it at high temperatures. In this way tubes of more than 1.5 [m] in
length have been produced.

Many planar SOFCs are anode supported and the cathode layer is deposited after preparing
the anode electrolyte assembly. The cathode slurry is deposited on the electrolyte, dried and
sintered. As the sintering temperature can be lower for anode supported FCs, than for cathode
supported ones, this is usually preferred since lower temperatures give higher surface area
cathodes. Singhal and Kendall [2003]

A.3 Anode

The anode must, like the cathode combine both catalytic activity and electrical conductivity.
In the early stages of SOFCs materials such as gold, nickel an platinum were used but showed
to be inadequate as they either aggregated due to the high temperature or peeled of. In the
state-of-the art SOFCs the anode is made of a mixture of nickel and YSZ. The zircornia inhibits
the sintering of the material and provides a thermal expansion coefficient comparable with both
the electrolyte and the cathode. The main role of the anode is to provide sites for the fuel gas
to react with the oxide ions delivered from the electrolyte. The presence of nickel also facilitates
the possibility of reforming natural gas internally in the FC, this is described in detail in section
5.2.3. One problem with carbon containing fuels is the risk of carbon poisoning that has a severe
effect on the anode.

The anode reactions are dominated by its ability to facilitate the three-phase boundary
between the reactant, anode and electrolyte. The microstructure of the anode is essential in
obtaining the best three-phase boundary and this can be controlled by adding Gd-doped ceria
or make TiO2-based systems Larminie and Dicks [2003]. To avoid internal reforming that
can cause poisoning of the nickel, work has also been done in the area of looking into other
materials such as copper or the already mentioned ceria that can facilitate direct oxidation of
e.g. methane. This would also reduce the number system components but according to Singhal
and Kendall [2003] there is a need of an innovation in anode materials before this is possible.

A.4 Interconnects

Interconnects are the connection between neighbouring fuel cells and in the planar design they
are also called bipolar plates. The design is fairly different for interconnects in tubular cells
and planar ones, but their purpose is the same. They act as electrical connection between cells
and as gas separation between the anode gas from one cell and cathode gas from the other cell.
The interconnects must be compatible with all other components as well as being stable in both
the reducing and the oxidising environments. Another function of the interconnects is to act
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as gas distribution in planar FCs, so that the reactants gasses are distributed evenly over the
electrodes.

Generally there are two different types of materials used in the fabrication of the intercon-
nects, ceramic composites and metals. In the 900 - 1000 [◦C] temperature region the ceramics
are favored despite their higher cost whereas in the lower temperature region metallic alloys are
normally used.

A.4.1 Ceramics
When making the ceramic materials, an acceptable electrical conductivity can typically be
obtained with Lanthanum and Yttrium Chromites doped with e.g. Ca or Co. The material
must also be non-permeable to oxygen ions which also is the case according to Singhal and
Kendall [2003]. The interconnects must have a similar thermal expansion as the rest of the FC.
Most importantly it is close to the other likewise dense material, namely the YSZ electrolyte.
This is also only possible by adding dopants such as Ca and Mg but in the reducing environment
some lattice expansion occurs at elevated temperatures; this can be compensated for, to some
extend, by adding elements such as Al and Ti. In the tubular design the interconnect can be
fabricated by e.g. EVD and plasma spraying. In planar SOFCs gas distribution channels are
built into the interconnect in a bipolar structure like in PEM FCs. Good electrical contact must
be maintained together with having the edges sealed gas tight. The sealings will be described
in detail in the next section. The most common way to produce the planar SOFC type is
to sinter the system with a liquid promoter. In Singhal and Kendall [2003] they state that
(La,Ca)(Co,Cr)O3 sintered at temperatures around 1350 [◦C] yields a high density successful
structure.

A.4.2 Metallic alloys
The reduction of operating temperature below the 900 [◦C] regime makes it possible and feasible
to use metallic alloys as interconnects. The metallic interconnects are cheaper in materials,
cheaper in fabrication and easier to shape than ceramic ones. The early alloys contained large
amounts of Ni to make it heat resistant but it led to large expansion differences between the
ceramic materials and the alloy.Singhal and Kendall [2003] To overcome this Siemens and others
have developed new alloys containing chromium e.g. (Cr 5Fe 1Y2O3), but the disadvantage of
this is, that it can poison the cathode.Larminie and Dicks [2003] As it is right now ferritic
stainless steel is the favorite metallic interconnect in the lower temperature region because of
its lower price and because it is easier to process and fabricate. But in order to prevent a fast
degradation of it, small amounts of Mn, La and Ti have to be added. Singhal and Kendall
[2003]

A.5 Sealings
It is only in the planar FCs that high temperature gas tight seals are needed, due to the special
design of tubular cells they are not needed. Normally the seals are made of glasses that have
transition temperatures in the range of the FC‘s operating temperature making them soft and
thereby sealing. But one problem arises during operation, namely that silica can migrate onto
the electrodes causing a degradation in cell performance.



Appendix B

Pinch Analysis

B.1 General approach

Pinch technology is a set of thermodynamically based methods that guarantee minimum energy
levels in design of heat exchanger networks Sahdev [2009]. Pinch technology is a simple way
to analyse chemical processes and the surrounding utility system and is based on the First and
Second Laws of thermodynamics. The First law provides the energy equation to calculate the
enthalpy changes of the streams passing through a heat exchanger. The Second law ensures
that the direction of the heat flow is correct; that it is always from the hot fluid to the cold. In a
heat exchanger the cold fluid can never be heated to a temperature above the inlet temperature
of the hot feed stream. In practice the hot stream can only be cooled to a temperature defined
by the temperature approach of the heat exchanger Sahdev [2009]. The temperature approach
is the minimum allowable temperature difference (DTmin) in the stream temperature profiles
for the heat exchanger. The temperature level at which the DTmin is observed is called the
pinch point. The pinch defines the minimum driving force allowed in the heat exchanger unit.
A DTmin of 0 would result in an infinite area heat exchanger. Some standard values of DTmin
for different industrial sectors for shell and tube heat exchangers are presented in Table B.1.

The prime objective of pinch analysis is to achieve financial savings by maximising the heat
recovery between processes and reducing the need of external cooling and heating Smith [2008].
The pinch analysis can be divided into five steps as shown in FigureB.1.

The first three steps are quite straight forward whereas the fourth needs some more expla-
nation. The information for the first two steps can be calculated directly when information
about the mass flow, the temperature differences of the streams and the Cp value is known.

B.2 Composite Curves

To minimise the use of cold and hot utilities the concept of composite curves can be used. First
a simple system with one hot and one cold stream will be presented followed by a more complex
system where the streams are joined to make a so-called composite curve.

Both streams, cold and hot are drawn into a T-H diagram as shown in Case A for a simple
system consisting of one hot and one cold stream. The region of overlap is drawn in green and
determines the amount of heat that can be recovered. The blue and the red regions symbolises

Industrial Sector DTmin

Oil Refining 20-40
Petrochemical 10-20

Chemical 10-20
Low Temperature Processes 3-5

Table B.1: Typical values for DTmin. Sahdev [2009]
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Identify sources 

of heat (hot 

streams) and 

sinks (cold 

streams)

Determine 

thermal data of 

the streams

Set Δtmin 

(normally 20-
50K)

Draw composite 

curves and move 

them horisontally to 

maximise the 

overlap and hence 

the amount of heat 

recovered

Design the heat 

exchanger 

network

Figure B.1: The steps in pinch analysis.
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Figure B.2: One hot and one cold stream drawn in a T-H diagram. In Case B the streams
have been shifted horisontally to minimise the utilities needed.

the amount of utilities needed. Blue to cool down the hot stream and red to heat the cold
stream.

The next step to optimise the system is to maximise the overlap area by moving the hot
and/or cold stream horisontally as shown in Case B in Figure B.2.

When the system becomes more complex the streams are drawn and combined as shown in
Figure B.3. Here, two separate cold stream are combined to a single composite curve.

In drawing composite curves the specific heat capacity is assumed constant. The composite
cold stream has a CP value (CP = m · Cp) in any temperature range that is a sum of the
individual streams. Also, in any temperature range, the enthalpy change of the composite
stream is the sum of the enthalpy changes of the individual streams. Smith [2008],Sahdev
[2009]

The fifth and final step is to design the heat exchanger network. When designing for the
minimum energy requirement, no heat transfer is allowed across the pinch, no hot utility may be
used below the pinch and no cold utility may be used above. In the general case the minimum
number of heat exchangers is the sum of the targets evaluated above and below the pinch
separately:

Nmin = (Nh +Nc +Nu)AP + (Nh +Nc +Nu − 1)BP (B.1)

, where Nh is the number of hot streams, Nc is the number of cold streams, Nu is the number
of utility streams and AP and BP is above pinch and below pinch, respectively. Sahdev [2009]
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Figure B.3: Two cold streams combined to a single composite curve.



Appendix C

Reversible cell voltages for different
fuels

F=F#
p=1 {Pressure, [bar] }

"Specific enthalpy at given temperature, [J/(kmol$\cdot$K)] "
h_ch4=enthalpy(ch4;T=T_1)
h_co=enthalpy(co;T=T_1)
h_h2=enthalpy(h2;T=T_1)
h_o2=enthalpy(o2;T=T_1)
h_h2o=enthalpy(h2o;T=T_1)
h_co2=enthalpy(co2;T=T_1)

"Specific entropy at given temperature, [J/(kmol$\cdot$K)] "
s_ch4=entropy(ch4;T=T_1;p=p)
s_co=entropy(co;T=T_1;p=p)
s_h2=entropy(h2;T=T_1;p=p)
s_o2=entropy(o2;T=T_1;p=p)
s_h2o=entropy(h2o;T=T_1;p=p)
s_co2=entropy(co2;T=T_1;p=p)

"Specific Gibbs free energy, [J/kmol] "
g_ch4=h_ch4-T_1$\cdot$s_ch4
g_co=h_co-T_1$\cdot$s_co
g_h2=h_h2-T_1$\cdot$s_h2
g_o2=h_o2-T_1$\cdot$s_o2
g_h2o=h_h2o-T_1$\cdot$s_h2o
g_co2=h_co2-T_1$\cdot$s_co2

{! Hydrogen reaction, H2 + 0,5O2 —>H2O!}
DELTAG_hydrogen=-1$\cdot$g_h2-0,5$\cdot$g_o2+1$\cdot$g_h2o

{! Carbon Monoxide reaction, CO + 0.5O2 –> CO2!}
DELTAG_co=-1$\cdot$g_co-0,5$\cdot$g_o2+1$\cdot$g_co2

{!Methane reaction, CH4+2O2 –>2H2O+ CO2!}
DELTAG_ch4=-1$\cdot$g_ch4-2$\cdot$g_o2+2$\cdot$g_h2o+1$\cdot$g_CO2

{!Reversible voltages!}
V_FCrev_co=-DELTAG_co/(2$\cdot$F)
V_FCrev_ch4=-DELTAG_ch4/(8$\cdot$F)

106



107

V_FCrev_h2=-DELTAG_hydrogen/(2$\cdot$F)



Appendix D

Nernst Voltage calculations

F=F#
p=1 {Pressure, [bar] }
T_1=800
n_el=2
"Specific enthalpy at given temperature, [J/(kmol

∑
K)] "

h_h2=enthalpy(h2;T=T_1)
h_o2=enthalpy(o2;T=T_1)
h_h2o=enthalpy(h2o;T=T_1)
"Specific entropy at given temperature, [J/(kmol

∑
K)] "

s_h2=entropy(h2;T=T_1;p=p)
s_o2=entropy(o2;T=T_1;p=p)
s_h2o=entropy(h2o;T=T_1;p=p)
"Specific Gibbs free energy, [J/kmol] "
g_h2=h_h2-T_1*s_h2
g_o2=h_o2-T_1*s_o2
g_h2o=h_h2o-T_1*s_h2o
{! Hydrogen reaction, H2 + 0,5O2 —>H2O!}
DELTAG_hydrogen=-1*g_h2-0,5*g_o2+1*g_h2o
{!Reversible voltage!}
V_FCrev_h2=-DELTAG_hydrogen/(2*F)
{!Nernst voltage as function of Fuel Utilisation!}
R=R#
U_f=0,8
E_N=((-1)/(n_el*F)*(DeltaG_hydrogen+T_1*R*ln((U_f*(lambda/0,21-U_f)^0,5)/(((1-

U_f)*(lambda-U_f)*p)^0,5))))
E_N_2=((-1)/(n_el*F)*(DeltaG_hydrogen+T_1*R*ln((U_f*(lambda/0,21-U_f)^0,5)/(((1-

U_f)*(lambda-U_f)*2)^0,5))))
E_N_4=((-1)/(n_el*F)*(DeltaG_hydrogen+T_1*R*ln((U_f*(lambda/0,21-U_f)^0,5)/(((1-

U_f)*(lambda-U_f)*4)^0,5))))
E_N_8=((-1)/(n_el*F)*(DeltaG_hydrogen+T_1*R*ln((U_f*(lambda/0,21-U_f)^0,5)/(((1-

U_f)*(lambda-U_f)*8)^0,5))))
E_N_10=((-1)/(n_el*F)*(DeltaG_hydrogen+T_1*R*ln((U_f*(lambda/0,21-U_f)^0,5)/(((1-

U_f)*(lambda-U_f)*10)^0,5))))
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Appendix E

CPO validation

Because data is availeble from TOFC regarding their CPO reactor a validation of the CPO
model is obvious.

E.1 Chemical equilibium model
In Table E.1 are the obtained molar fractions from the test done by TOFC and the models. The
first model is based on assuming pure methane and that air consist of nitrogen and oxygen only.
The same fuel/water and fuel/air molar ratios are used. This approach assumes a carbon/fuel
of 1 and thus is a a source of error. The model, CPO_methane.ees, is enclosed on the CD-rom.

This model gives the same outlet temperature as the test, approx. 589◦C. The simulation
results are in good accordens to the test. A comparison could implicate that the test did not
reach equilibrium, since the fuel conversion is lower. In general quite similar molar fractions
are observed.

Specie Test Model (only methane)

Inlet Outlet Inlet Outlet
Molar fraction [%]

CH4 20.78 6.37 23.24 3.90
C2H6 1.51
C3H8 0.66
C4H10 0.24
C5H12 0.04
C6H14 0.01
N2 36.00 28.12 36.4 28.7
CO2 0.30 8.41 8.25
O2 9.66 9.68
H2O 30.36 15.9 30.35 16.78
Ar 0.43 0.34
H2 34.32 35.96
CO 6.55 6.42

Table E.1: Molar fractions at the inlet and outlet of a CPO
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Appendix F

Matlab code

In the following are the MatLab algorithm used documented.
The algoritm described in Algorithm F.1 was used to calculate the fraction of hours where

the electricity was below a given level.

Algorithm F.1 Electricity fration calculation
s = 0;
step_size = 0.01;
for i = 0 : step_size : max(A)

h = 0;
for j = 1 : length(A)

if A (1, j) 5 i
h = h+ 1;

end

end

s = s+ 1;
F (s) = h/length (A) ;
end
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Appendix G

MatLab Simulink

Figure G.1: Simulink model of the heat storage tank

Figure G.2: Simulink model of the tank temperatue
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Figure G.3: Simulink model of the heat loss of the storage tank



Appendix H

P & ID

In the following all cases are listed and P & ID are likewise shown.

H.1 Cases
• Case 1

– Baseline (Case 1)

– With cathode recirculation (Case 1 CR)

– With anode recirculation

• Case 2

– Baseline (Case 2)

– With cathode recirculation (Case 2 CR)

– With anode recirculation
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