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1. Introduction

Micro-fuel cell systems are known as a promising alternative
for power generation for portable applications including the field
of consumer electronics (mobile phones, notebooks, camcorders,
etc.), medical and health care devices, and industrial applications
(handheld scanners, portable data collectors, etc.) [1]. Recent stud-
ies showed that especially micro-solid oxide fuel cells (�SOFC)
show a high potential due to the high power density of the fuel
cell [2,3] and excellent partial oxidation abilities of the reformer
[4–6]. However, such systems operate at rather high temperatures
leading to challenges in material science and thermal management
[7]. Thus, several investigations on temperature reduction down to
500–700 ◦C were performed [8,9].

The start-up of such a system is an important issue to address,
not only to make it fast, but also exergetically efficient [10], espe-
cially for portable applications, where a frequent switch-on and
switch-off is required. This also leads to challenges in material prop-
erties due to thermal cycling, which can be addressed by applying
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-solid oxide fuel cell system strongly influences its overall efficiency, espe-
where a frequent switch-on and switch-off is required. We present herein
h systems that exploits existing units, such as the post-combustor or the
each the operation temperature of the cell at 600 ◦C. Our experimental
ent of platinum catalysts in the post-combustor or rhodium catalysts in
of butane by air combined with an electrically heated wire led to a faster

an conventional start-up methods using only electrical energy. By using
urce, the start-up time could be reduced by 79% and the exergy cost by
st of the stand-alone fuel cell system to produce electrical energy for the
e system efficiency is accounted for). There are several advantages to use
ring start-up, such as prevention of coking of the fuel cell or improved

g of the other components. The start-up performance, however, was lower
r: the start-up time could be reduced by 65% and the exergy cost by 68%
rt-up.

© 2008 Elsevier B.V. All rights reserved.

thin film techniques [3]. Butane was chosen as fuel due to its effi-
cient storage capability in cartridges. Hotz et al. [11] optimized a

whole �SOFC system from the exergetic point of view. They showed
that electrical power production generates losses in most subunits
of such a system. By optimization, a maximum exergetic efficiency
of 0.19 at 600 ◦C is considered realistic. However, the transient start-
up process was not investigated. Thus, if the entire exergy in the
start-up process is provided through electrical power, the losses
to produce the electrical exergy leading to an exergetic inefficient
start-up method have to be included. It is therefore more reasonable
to convert chemical exergy stored in the fuel tank directly into heat.
Schmidt et al. [12] showed that this can be done by homogeneous
combustion initiated by an ignition spark in a separate chamber
lying in front of the devices that need to be heated up. The drawback
is that this method can generate very high temperatures unsuitable
for �SOFC applications. Jung et al. [13] presented a start-up method
where the metallic monolith, which acted as mechanical support,
was electrically heated up to the operation temperature for par-
tial oxidation of methane. The entire exergy was provided by an
electrical source. Another interesting start-up method employs the
catalytic activity of hydrogen on platinum at room temperature to
start-up a fuel cell system [14]. The hydrogen needed for the heat-
up process stems from a hydrogen buffer, which is refilled in normal
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Fig. 1. Schematic of a �SOFC system adapted from Hotz et

operation by the fuel reformer. The disadvantage of that system
lies in the complicated purification process of the reformate gas for
the hydrogen buffer, the difficult hydrogen storage and the rather
complex tubing of the system.

Simplicity is an important factor in micro-systems and therefore
it is of a big advantage, if existing system components are exploited
for the optimization of the start-up process. The straightforward
solution is to use the post-combustor of a �SOFC system (Fig. 1) to
convert chemical exergy to heat by total oxidation [15]. The main
task of this component is to totally oxidize the harmful gases at
the fuel cell outlet, which are either toxic (e.g. CO) and/or explosive
(e.g. H2, hydrocarbons). Thus, the catalyst is already adapted for
total oxidation.

Recently, Lee et al. [16] showed the capability of rhodium, which
was primarily employed as partial oxidation or steam reforming
catalyst, for total oxidation of propane. Hence, such a reformer
also shows excellent partial oxidation performance if flame-made
rhodium nanoparticles are employed [4] and can also be exploited
as heat source by total oxidation of fuel. By using the reformer as a
heat generator during the start-up, several advantages arise: totally
oxidized, hot combustion gases leaving the reformer directly enter
other units of the �SOFC system and heat them from the inside
(Fig. 1). By using the post-combustor as heat source, the other com-
ponents can only be heated indirectly via a heat exchanger heating
the inflow gases or by conduction in the solid part. In terms of long-
term performance, the decreased tendency towards coking of such
a fuel cell is attractive, since coking and other deactivation mech-
anisms are a serious problem in fuel cell research, because they
lower the performance of the fuel cell [17]. If the reformer is used as
heat source, the fuel/air mixture is burnt before the inlet of the fuel
cell. Thus, a harmless mixture of CO2 and H2O enters the fuel cell.
In a system heated by the post-combustor, unburned or partially

burned fuel flows through the fuel cell. The fuel cell temperature
rises constantly during the start-up process. It is known that for
certain mixtures with carbon contents (other than CO2) and certain
temperatures, deactivation of the fuel cell occurs by carbon depo-
sition [18]. During start-up, it is likely that at least at one moment
the condition inside the fuel cell is in the deactivation regime. Fur-
thermore, the buffer volume defined as the volume between the
fuel container and the reaction zone (reformer and post-combustor,
respectively) of the hybrid design using the reformer as heat source
is considerably smaller and can therefore be better controlled.

In this study, we experimentally investigated the start-up pro-
cess of a �SOFC system by comparing two different hybrid systems
to a conventional electric start-up process. The post-combustor or
the reformer was used as heat source by catalytically converting
butane and air. A heating wire brought the hybrid reactor to the
ignition temperature. In the conventional reference set-up joule
heating was used to bring the assembly to the operation temper-
ature. Our study demonstrates the feasibility of these two more
efficient hybrid systems. Furthermore, we expected a reduction of
start-up time and exergy cost of the hybrid systems. The resulting
short start-up time and high exergetic efficiency enables a frequent
ources 182 (2008) 558–564 559

]. Mass flows (- - -) and electric power output P are shown.

shut-down and start-up, which is crucial for most portable appli-
cations.

We deliberately kept the test rig as simple as possible but, at the
same time, realistic enough to show the feasibility of the hybrid
start-up method. In a real system, the heat transfer can be different
than in our test rig. However, many parameters, such as the arrange-
ment and the design of the units, the bonding between them and
the material properties are not known a priori and can differ largely,
which would make a quantitative prediction vague.

2. Experiments

2.1. Catalyst preparation

The Ce0.5Zr0.5O2 nanoparticles with 2 wt.% rhodium doping by
the one-step process flame spray synthesis were identical to those
used in the study by Hotz et al. [4]. The Ce0.5Zr0.5O2 nanopar-
ticles with 1.6 wt.% platinum doping were prepared according
to Stark et al. [19]. The only difference lay in the precursor for
the catalyst support where we used cerium(III) 2-ethylhexanoate
(12 wt.% Ce, Shepherd Chemical Company) and zirconium(IV)
2-ethylhexanoate (18 wt.% Zr, Borchers GmbH) with a metal con-
centration of 0.4 mol L−1 each [20].

2.2. Catalyst characterization

The characterization of the Rh/Ce0.5Zr0.5O2 was measured pre-
viously by Hotz et al. [4]. The specific surface area and the phase
composition of the platinum catalyst were measured according to
the same study. The platinum content was measured after diges-
tion of the catalyst in hydrochloric acid (37 wt.%, J.T. Baker, 1 week)

by flame atomic adsorption spectroscopy (AAS) on a Varian Spec-
trAA 220FS (slit width 0.2 nm, lamp current 10.0 mA) applying a Air
(13.5 L min−1) acetylene (2 L min−1) flame and measuring adsorp-
tion at a wavelength of 265.9 nm. The catalyst was further analyzed
by transmission electron microscopy (CM30 ST, Philips, LaB6 cath-
ode, operated at 300 kV, point resolution ∼4 Å) after deposition of
the particles onto a carbon foil supported on a copper grid.

2.3. Test setup for measurements of total oxidation capability of
catalysts

The test setup to investigate the capability of the catalyst to
totally oxidize butane and air [4] consisted of a packed bed con-
taining 22.5 mg purified and calcined SiO2 sand (Riedel-deHaën,
average diameter: 0.2 mm) mixed with 7.5 mg Rh/Ce0.5Zr0.5O2
nanoparticles (2.0 wt.% Rh) or with 7.5 mg Pt/Ce0.5Zr0.5O2 nanopar-
ticles (1.6 wt.% Rh). The porous packed beds were fixed in the
Inconel tube between ceramic fiber plugs consisting of SiO2 and
Al2O3. The catalytic effect of the Inconel tube on the reactions was
shown to be negligible by comparing it with a fused silica tube [4].
As a reference, a packed bed of 30 mg SiO2 sand was prepared.
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Fig. 2. Schematic of the test rig for the s

We used the test rig according to Hotz et al. [4] with constant
air and butane inlet flow rates of 21.0 mL min−1 and 0.65 mL min−1,
respectively, leading to mole fractions of XC4H10 = 3.1%, XO2 =
20.3%, and XN2 = 76.6%. This corresponds to the stoichiometric fuel
to air ratio, based on total oxidation and similar residence times as
in the start-up experiments. Air is assumed as an ideal gas, butane
density is calculated by the Benedict–Webb–Rubin equation for
light hydrocarbons [21]. The entire reactor was heated under con-
stant air/butane flow. The molar composition of the outlet gas was
determined by a GC/MS described by Hotz et al. [4]. The molar
product gas balance of carbon closed within 5%.

2.4. Test setup for start-up measurements

The test rig consisted of two concentric tubes (fused sil-
ica) enclosing two packed beds (Fig. 2). The outer packed bed
(length: 10 mm) was fitted between the outer (inner diame-
ter: 4.9 mm, outer diameter: 7.0 mm) and the inner tube (inner
diameter: 1.6 mm, outer diameter: 3.0 mm). It consisted of 90 mg
purified and calcined SiO2 sand (Riedel-deHaën, average diam-
eter: 0.2 mm) mixed with 30 mg Pt/Ce0.5Zr0.5O2 or with 30 mg
Rh/Ce0.5Zr0.5O2 nanoparticles. We filled the inner tube in a simi-
lar fashion (22.5 mg SiO2 sand mixed with 7.5 mg Rh/Ce0.5Zr0.5O2
nanoparticles) building a readily usable packed bed reactor (length:
10 mm). It thermally represents the presence of other components
of the �SOFC system, such as the reformer or the post-combustor,

respectively. The plugs made of ceramic fiber paper (SiO2 and
Al2O3) kept the packed beds in place. A resistance heating wire
(ferritic alloy, 73.2% Fe, 22% Cr and 4.8% Al, Kanthal D from Sand-
vik AB, diameter: 0.2 mm, length: 80 mm) was bent several times
and embedded inside the outer packed bed. It was connected
to a voltage source by two enameled copper wires (diameter:
0.2 mm, Rowan Products Ltd.). The test rig was insulated by two
identical cuboidal halves (100 mm × 100 mm × 50 mm, WDS ultra
from Porextherm Daemmstoffe GmbH, thermal conductivity of
0.018 W m−1 K−1 at 50 ◦C varying to 0.031 W m−1 K−1 at 600 ◦C) fea-
turing a half tubular cut-out (7 mm diameter) in order to totally
enclose the outer tube along a length of 100 mm. The tubing from
the reactor outlet to the exhaust was heated in order to avoid clog-
ging by condensed water. The temperature was measured by a
thermocouple (K type, diameter: 0.5 mm) inside the inner packed
bed. Therefore, the heat transfer from the heating zone to the other
components of the fuel cell system was accounted for. In order
to minimize the heat loss by conduction, the number of thermo-
couples that measure the temperature inside the hot zone was
minimized. Thus, we decided to use only one thermocouple that
measured the center part of the reactor, i.e. the packed bed of the
ources 182 (2008) 558–564

p experiments with cross-section (A–A).

inner tube. Rough estimations, by considering only heat conduc-
tion in the axial direction, showed that the addition of a second
thermocouple would decrease the thermal resistance by 24%. The
placement of the thermocouple in the outer tube was not possible,
because it would have interfered with the electrical heating wire.

For the hybrid start-up process the following procedure was
applied:

• Step 1: application of a constant voltage in heating resistance
and simultaneous introduction of a butane/air mixture to the
test unit [4] in a stoichiometric fuel to air ratio, based on total
oxidation. The air and butane inlet flow rates were constant at
122.3 mL min−1 and 3.8 mL min−1 (at 1 atm and 0 ◦C), respec-
tively. This leads to a possible maximum heat release based on
total oxidation of butane and air (lower heating value) of 7.8 W.

• Step 2: when the temperature reached the stopping tempera-
ture, which is a variable system parameter, the voltage source
was turned off.

• Step 3: at T = 600 ◦C (operation temperature) the experiment ends.
The time to reach the operation temperature is the start-up time
t1.

In this study, we chose the starting temperature of 40 ◦C. We
used two different reactors: the first, containing the platinum cata-
lyst in the outer tube, represented the start-up process of the �SOFC
system if the post-combustor was used as heat source, the second,

containing the rhodium catalyst in the outer tube simulated the
start-up process, if the reformer was used as heat source.

As a reference measurement (i.e. the conventional start-up) we
employed the same test rig with the following procedure:

• Step 1: application of a constant voltage in heating resistance. No
mass flux (of an inert gas) is applied in order to avoid convective
heat loss.

• Step 2: at T = 600 ◦C (operation temperature) the experiment ends.
The time to reach the operation temperature is the start-up time
t1.

3. Results

3.1. Catalyst characterization

As previously shown by Stark et al. [19] flame spray pyrolysis
can be used for the synthesis of stable ceria/zirconia supported
platinum catalysts in a one-step process. The transmission electron
micrograph of the as-prepared powder (Fig. 3) shows highly crys-
talline nanoparticles in the size range of 10–20 nm. The presence of
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Fig. 3. Electron micrograph of flame-made 1.6 wt.% Pt/Ce0.5Zr0.5O2 showing regu-
larly shaped nanoparticles of around 10–20 nm diameter and narrow particle size
distribution. The platinum is well dispersed on the support surface and not dis-
cernible by TEM [19].

nanocrystalline ceria/zirconia particles stays in agreement with the
broad peaks of the X-ray diffraction pattern (Fig. 4) and confirms the
material composition. The average particle size can be calculated
from the material specific surface area (SSA = 68 m2 g−1) assuming
equally sized spherical nanoparticles [22] and reads dp = 6/(� SSA).
It was calculated as ∼15 nm, which is in good agreement with the
observations from electron microscopy (Fig. 3).

3.2. Total oxidation capability of catalysts

Butane conversion is defined as the ratio between converted
butane and inlet butane and describes the activity of a catalyst
towards total oxidation of butane. Fig. 5 shows that the platinum

Fig. 4. X-ray diffraction pattern of as-prepared 1.6 wt.% Pt/Ce0.5Zr0.5O2, Ce0.5Zr0.5O2

[4] and reference �-Ce0.5Zr0.5O2 sample [26].
Fig. 5. Butane conversion as functions of reactor temperature for packed bed reac-
tors with the platinum and rhodium catalyst and a reference without catalyst. The
solid lines through the data points are curve fits.

catalyst already starts to convert butane (>5% conversion) at 180 ◦C
and yielded 100% butane conversion at 260 ◦C. The rhodium catalyst
showed a lower butane conversion at all measured temperatures.
Its total oxidation activity started at around 220 ◦C. A high activ-
ity (84%) was obtained at 380 ◦C and further increased to 100%
at 540 ◦C. A reference reactor with no catalyst started to convert
butane at around 460 ◦C. At 540 ◦C, the butane conversion is still
below 10%.

3.3. Start-up dependent on electrical power input

The temperature profile of the hybrid start-up method for three
different electrical power inputs is shown in Fig. 6. The slope
of the three curves is similar above the stopping temperature
(Tstop = 300 ◦C) where only total oxidation provides heat. Below the
stopping temperature and for low power inputs, a kink in the curve

Fig. 6. Reactor temperature as functions of time for the hybrid start-up with the
platinum catalyst for three different electrical power inputs. The stopping time is
constant at 300 ◦C.
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Fig. 7. Start-up time t1 and total energy input Etot of the hybrid start-up as functions
of the mean electrical power input with a stopping temperature of 300 ◦C. Start-up
time (t1, electric) and total energy input (Etot, electric) of the electric start-up. The solid

lines through the data points are curve fits.

is clearly discernable. It is worth noting that the variation of elec-
trical power input is below 2% for all experiments and therefore
negligible.

The start-up time for the electrically heated reference system
was about 6 min (Fig. 7) using a mean electrical power input of
7.1 W. We compared this value with a hybrid start-up method using
a platinum catalyst and a stopping temperature of 300 ◦C. Using the
same electrical power input (7.2 W) allowed a reduction of the start-
up time by 51%. If the electrical power input is lowered, the start-up
time also increases since the integral heat input required a longer
heating period. It is worth noting that the mean electric power input
can vary slightly, because it is the potential of the voltage source
that we kept constant.

The integral heat input can be better represented by the total
energy input Etot as a function of the mean electrical power input.
The total energy input in an improved hybrid system is defined
as the inlet mass flux of butane times its lower heating value [21]
plus the electrical energy input. A reference value (Etot = 2.6 kJ) was
derived from using only electrical power as the heat source. Fig. 7

Fig. 8. Start-up time t1 (a) and total energy input Etot (b) of the hybrid start-up with the p
the electric start-up with the platinum (Ptelectric) and rhodium catalyst (Rhelectric). The soli
ources 182 (2008) 558–564

shows that the total energy input could be reduced by 40% if the
electrical power input is the same as in the reference measurement.
For a lower electrical power input, the total energy input increased.

Since the largest reduction in start-up time and total energy
requirement was found for a setup using the highest electrical
power input, we chose this value for the following measurements.
The maximum electrical power input was limited by the properties
of the heating wire.

3.4. Start-up dependent on stopping temperature

In the following measurements the dependence of the start-up
behavior versus stopping temperature was investigated for both
the platinum and the rhodium catalyst. The start-up time for the
rhodium catalyst was around 30 s longer than that of the platinum
catalyst (Fig. 8a) for the reference catalyst. By varying the stopping
temperature, the start-up time could be reduced by 79% for the plat-
inum catalyst and by 65% for the rhodium catalyst for the highest
stopping temperature (i.e. the operation temperature) of 600 ◦C. If
we reduced the stopping temperature, the start-up time increased
for both catalysts. However, the start-up time of the hybrid system
is always markedly lower than that of the reference experiment.
The lowest feasible stopping temperature for the platinum cata-

lyst was 100 ◦C and yielded in a reduction of 47% compared to the
reference value. If we applied a lower stopping temperature, the
reactor was not able to reach the operation temperature. The lowest
feasible stopping temperature for the rhodium catalyst was 300 ◦C
resulting in a reduction of 29%.

For the reference experiments, the total energy input using a
rhodium catalyst was slightly higher (2.9 kJ) than for a platinum
catalyst (Fig. 8b). We obtained the highest reduction for the hybrid
start-up if the stopping temperature was the highest, which was
55% for the platinum and 26% for the rhodium system. For lower
stopping temperatures (Tstop ≤ 500 ◦C) the total energy input did
not vary strongly with temperature for both catalysts.

The total exergy cost can be defined as the total amount of exergy
provided by the �SOFC system to reach operation temperature. The
chemical exergy of butane ExTOX, butane can be directly included into
the total exergy cost. The electrical exergy Exel, however, must be
produced from chemical exergy in a real stand-alone �SOFC sys-
tem. The overall system efficiency has to be included in this analysis
as chemical exergy cannot be converted to electrical exergy without
significant losses. A previous study predicted a maximum exer-
getic efficiency of �ex = 0.19 for a �SOFC system operating at 600 ◦C

latinum and rhodium catalyst as functions of the stopping temperature Tstop and of
d lines through the data points are curve fits.
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Fig. 9. Total exergy cost of the hybrid start-up process containing the platinum and
rhodium catalyst as functions of the stopping temperature Tstop and of the electric
start-up with the platinum (Ptelectric) and rhodium catalyst (Rhelectric). The solid lines
through the data points are curve fits.

[11]. For simplicity, we neglected losses of storage and transport
of electrical energy within the system. Thus, the total exergy cost
reads:

Excost = ExTOX, butane + Exel

�ex
. (1)

The exergy provided by total oxidation of butane corresponds to
the availability of liquid butane [23].

Fig. 9 shows that the total exergy cost for the reference start-
up simulation in a �SOFC was 14 kJ for the platinum system and
15 kJ for rhodium. Maximum reduction for the platinum system was
74% and 57% for rhodium, if we applied the highest stopping tem-
perature. However, the largest reduction could be achieved with
the lowest stopping temperature. This was as high as 86% for the
platinum system and 68% for the rhodium system.

4. Discussion

The present experiments confirm the excellent activity of plat-

inum catalysts for total oxidation of butane and stay in good
agreement to earlier studies [24]. The flame-made platinum cat-
alyst was more active than the rhodium-based catalyst. Our results
follow the findings of Lee et al. [16] who observed a high activity
for rhodium on a different support. The present study shows that
platinum is better suited for an integrated fuel cell design since the
stopping temperature during start-up can be lowered to 100 ◦C.

Fig. 6 clearly shows that the heat input is similar for all cases
above the stopping temperature, which is logic due to the same
inlet mass flows. Thus, the inlet butane flow is totally converted.
Below the stopping temperature, the curve can be divided into two
parts: the first part where no total oxidation occurs and the second,
steeper part that reflects the onset of the total oxidation.

The decrease of the start-up time with increasing electrical
power input makes physically sense. The decrease in total energy
input with increasing electrical power input, however, is not
straightforward. In an ideally insulated system, the total energy
input is independent of power input. In a real system a significant
portion of heat is removed by convection or absorbed by the insu-
lation. The present data show that for high electrical power output
(Pel > 5 W) the assumption of perfect insulation is reasonable.
ources 182 (2008) 558–564 563

The here-observed differences between the start-up time of
rhodium or platinum containing systems (9%) using only electric-
ity for heating was within the acceptable limit. It does not stem
from the different noble metals used but from the manufacturing
process, such as the packing or the bending and embedding of the
heating wire. The optimum operation conditions require a stopping
temperature of 600 ◦C if the highest priority is minimal start-up
time. We assume that the start-up time can be further decreased
by increasing the butane/air mass flow thus increasing the chem-
ical energy input. As stated above, the resistive heating wire has a
certain limit concerning surface power load. Thus, a longer resistive
wire with optimized coiling could provide a higher electrical power
input. However, a very fast start-up possibly leads to a decrease in
performance of the fuel cell [25].

The lowest feasible stopping temperature of the platinum reac-
tor (Fig. 8) is surprising, since total oxidation activity only starts at
considerably higher temperatures (Fig. 5). We conclude that locally
inside the outer packed bed, the temperature must have reached
the ignition temperature (hot spots). The lowest feasible stopping
temperature of the platinum reactor is also lower than that of the
rhodium reactor. This can be explained by the light-off of the plat-
inum catalyst at a lower temperature.

The use of a hybrid start-up process led to large reductions of
exergy cost for both rhodium- and platinum-based systems. The
increase of exergy cost with increasing the stopping temperature
can be explained with Eq. (1). The chemical exergy of butane ExTOX
decreases with increasing stopping temperature, since the start-up
time is longer (Fig. 8). Hence the exergy needed to electrically heat
the wire is the dominant factor. It is worth noting that the optimum
operation point is the lowest stopping temperature if the goal is to
increase the exergetic efficiency, hence, the run time.

The results clearly showed that the use of a hybrid start-up pro-
cess is advantageous if compared to a merely electrically heated
system. We further showed that a hybrid start-up can be success-
fully applied using the post-combustor or the reformer for heating.
The exergy cost reduction was higher for the platinum system.
However, considering the other advantages explained above, the
start-up with the reformer as heat source might be preferable.

5. Conclusions

The present work investigated the start-up process of a
�SOFC system exploiting existing system units (reformer or post-
combustor) as a catalytic reactor to convert butane and air to heat

combined with an electrically heated wire. As a catalyst for the post-
combustor we used flame-made Pt/Ce0.5Zr0.5O2 nanoparticles and
for the reformer Rh/Ce0.5Zr0.5O2.

We showed that the operation temperature of 600 ◦C cannot
only be reached significantly faster, but also in an exergetic more
efficient way compared to the conventional start-up process, where
only electrical energy is used.

By using the platinum catalyst as heat source the start-up time
could be reduced up to 79% and the exergy cost up to 86%. Included
in the latter is the overall �SOFC system efficiency to produce
the electrical energy of the stand-alone micro-power plant. The
results of the rhodium catalyst were also promising, though slightly
weaker than those of the platinum catalyst. The start-up time could
be reduced up to 65% and the exergy cost up to 68%. On the other
hand, there are several advantages in using the reformer as heat
source during start-up, such as direct heat transfer to the other
components by convective internal heating and the prevention of
coking of the fuel cell.

The ideal operation point is defined by a high electrical power
input and a high stopping temperature (i.e. the operation tempera-
ture) if the goal is the start-up time reduction. For a high exergetic
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efficiency the lowest possible stopping temperature defines the
optimum operation point if a system with rapid response during
start-up is designed.
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