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Computational fl uid dynamics analysis of an innovative start-up method 
of high temperature fuel cells using dynamic 3d model
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The article presents a numerical analysis of an innovative method for starting systems based on high temperature 
fuel cells. The possibility of preheating the fuel cell stacks from the cold state to the nominal working conditions 
encounters several limitations related to heat transfer and stability of materials. The lack of rapid and safe start-
up methods limits the proliferation of MCFCs and SOFCs. For that reason, an innovative method was developed 
and verifi ed using the numerical analysis presented in the paper. A dynamic 3D model was developed that ena-
bles thermo-fl uidic investigations and determination of measures for shortening the preheating time of the high 
temperature fuel cell stacks. The model was implemented in ANSYS Fluent computational fl uid dynamic (CFD) 
software and was used for verifi cation of the proposed start-up method. The SOFC was chosen as a reference fuel 
cell technology for the study. Results obtained from the study are presented and discussed.
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INTRODUCTION

  Stationary power systems based on high temperature 
fuel cells such as solid oxide fuel cells (SOFC) and 
molten carbonate fuel cells (MCFC) are designed to 
operate steadily with a limited number of transitional 
modes, such as power reduction from full to part-load, 
shutdowns and start-ups1–3. The outstanding feature 
of solid oxide fuel cells is their ability to operate with 
number of different fuels including alcohols4, hydrocar-
bons5, pure hydrogen5–7, biofuels8 and energy carriers 
which can be converted to hydrogen-rich gas, including 
ammonia9 and dimethyl ether10. Additionally, a future 
potential of solid oxide fuel cells can be foreseen in 
power-to-gas technologies. Once the cells are adapted to 
operate in the regenerative mode (SOEC – solid oxide 
electrolysis cell), the functionality of technology can be 
extended and new market opportunities can be seen. 
To make this possible the advent of stable materials for 
the SOEC electrodes is necessary. The attention Is also 
drawn to the reversible solid oxide cells (rSOC) which can 
smoothly switch between the SOFC and SOEC modes 
and backwards. Such a technology allows to complement 
the existing grid stabilization technologies and allow for 
the dynamic dispatch of intermittent energy sources.

The capability of SOFC and MCFC for dynamic 
operation is very limited and in most cases is insuffi -
cient for load-following power units. This is due to the 
long-time constant in the heating-up and cooling-down 
of fuel cell stacks11, performance degradation due to 
thermal cycling12, and high thermal capacity of the 
entire system. It is generally believed that such systems 
should therefore operate steadily and that cycling is to 
be avoided13. In recent years, a substantial technological 
process was developed and several issues related to the 
voltage drop due to the electrical and thermal cycling 
have now been resolved.

At the power output in the range of sub-kilowatts up 
to several kilowatts, typically 900–5.000 W, the system 
can be designed in such a way that several start-ups and 

shutdowns can be safely completed per year. In the given 
power range the applied technology is mostly limited 
to solid oxide fuel cells, which have a strong position 
in low power systems. Their application in stationary 
power generation is typically known under micro-com-
bined heat and power generators (micro-CHP). Systems 
of this sort are highly integrated units that can either 
operate in connection to the electrical grid or off-grid, 
for example in remote locations14. 

Off-grid units require effective technical means to 
deliver the start-up procedure in a short period of time, 
and at minimized expense energy-wise. Moreover, highly 
effi cient systems capable of thermal self-suffi ciency du-
ring transitional modes offer several advantages over 
units which require grid support for electrical heaters 
to complete the start-up procedure.

The present study was oriented at developing an in-
novative method which can: 

– utilize the regular fuel used in the system during 
steady-state operation to deliver the start-up procedure;

– assure safe conditions during transients – preventing 
cathode reduction and/or anode oxidation;

– shorten the start-up time. 
As a result, an innovative method together with techni-

cal means was developed and is described in a patent15. It 
was verifi ed at the level of a single repeatable unit (SRU) 
in an SOFC stack. The concept will be discussed further 
using solid oxide fuel cells as a reference technology. 

A REFERENCE SYSTEM WITH SOLID OXIDE FUEL 
CELLS

Development of the new method was driven mainly by 
the need to overcome several limitations of stationary 
micro-cogenerators (micro-CHP) with solid oxide fuel 
cells. The fi rst argument was the lack of cheap technical 
means for completion of the start-up procedure. Secondly, 
the limited ability to operate in off-grid locations due to 
the high power consumption of electric start-up heaters 
should be mentioned.
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A generic residential power and heat generator with 
solid oxide fuel cells combines the following key com-
ponents:

– the fuel cell stack, typically in the range 1–3 kW16,
– fuel processing unit, typically a steam reformer17,
– set of heat exchangers18,
– post-combustor of anodic lean fuel18,
– automation and control instrumentation and equ-

ipment19,
– hot water storage tank for low enthalpy heat utili-

zation20.
Additionally, the system engages elements required to 

guarantee a high level of thermal integration, DC/AC 
inverters, an air blower to supply oxidant to the cathodic 
compartments of the fuel cell stack, and a venting system 
which can be equipped with a draft fan.

Application of the proposed start-up method should 
correspond to the outline of the power system. Therefore, 
three reference units were under consideration. Examples 
of selected possible confi gurations of micro-combined 
heat and power (micro-CHP) generators with SOFCs 
are presented in Figures 1–3. Two systems are based on 
recirculation of the anodic gases using a high tempera-
ture blower and an ejector. The third one relies on the 
concept of connecting two stacks in series21.

INNOVATIVE START-UP METHOD

The proposed method for starting up the high tem-
perature fuel cells can be realized in two alternative 
ways. Both options rely on using a supplementary burner 
responsible for the generation of exhaust gas with the 
required parameters. The gas is directly supplied to the 
stack, eliminating therefore the presence of additional 
heat exchangers. The method can be applied either to 
the anodic or the cathodic line according to Figures 
4 and 5, respectively. In the fi rst option, the system 
is equipped with a start-up burner located directly in 
the air delivery (anodic) line, up stream of the steam 
reformer and the fuel cell stack. It is supplied with 
two streams – the fuelling gas and the start-up air. By 
adjusting the combustion parameters with a dedicated 
automation system it is possible to generate exhaust gas 
which is an oxygen-lean mixture directed to the anodic 
compartments of the SOFC stack via the steam reformer. 
Such composition of the gas ensures that the reductive 
atmosphere is maintained and that anode oxidation sho-
uld not occur. Stoichiometric air-fuel ratio λ is therefore 
lower than 1.0. The gradual increase in the temperature 
inside the start-up burner together with adjustment of 
the recirculated stream makes it possible to infl uence 
the rate of preheating the reformer and the stack to 
the nominal working temperature.Figure 1. Micro-CHP system with recirculation of anodic 

stream based on a high temperature machine22

Figure 2. Micro-CHP system with recirculation of anodic 
stream based on an ejector22

Figure 4. Start-up method using the anodic line

Figure 3. Micro-CHP system with two SOFC stack connected 
serially via the fuel line22

Each of the confi gurations presented in Figures 1–3 
requires an additional module responsible for the start-up 
procedure. In the case of systems 1 and 2, the presence 
of the recirculation loop offers additional benefi ts. Recir-
culation makes it possible to precisely control the values 
of parameters at the inlet to the anodic compartments 
of the SOFC stack.

Alternatively, the second option is to apply the start-up 
burner in the cathodic line. In this confi guration control 
of the start-up burner is oriented at the generation of 
oxygen-rich exhaust gas. The value of the stoichiometric 

Figure 5. Start-up method using the cathodic line
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coeffi cient λ higher than 1.0 ensures that no reduction 
of the cathode of the SOFC stack occurs.

Since the operation of the burner with stoichiometry 
corresponding to the presence of excess oxygen in the 
stream is easier than operating a burner with excess 
fuel (λ < 1.0), there is no need for recirculation of the 
gas from the outlet of the fuel cell stack. Additionally, 
since the start-up method in the second case does not 
directly affect the parameters in the steam reformer, 
the risk of a thermal shock in the catalytic bed is sub-
stantially reduced.

The proposed method relies on easy control of the 
temperature of the gas used for preheating the fuel cell 
stack. Limitations in terms of the possible temperature 
ramps during both starting and stopping the SOFC-based 
power generator were studied previously23. Additionally, 
the values provided by the manufacturer of a generic 
SOFC stack (presented in Table 1) were included as the 
operational constraints.

In order to verify the concept and analyze the thermal 
gradients, a numerical study of a single repeatable unit 
(SRU) of a SOFC stack was conducted.

unit of a solid oxide fuel cell with an indication of the 
key components is presented in Figure 6. It shows an 
SRU with one SOFC surrounded by two interconnects.

A short SOFC stack, developed in the Fuel Cell De-
partment of the Institute of Power Engineering in the 
period 2007–2012, was used to defi ne the key geometrical 
parameters of the single repeatable unit. Figure 7 shows 
the metallic interconnector designed for 100 mm x 100 
mm solid oxide fuel cells and the nodalization of the 
geometry. Figure 8 shows the central part of the SRU 
and indicates the anodic and cathodic fl ow channels.

Implementation of the 3D model in ANSYS Fluent 
14.0 was based on material properties of the analysed 
SRU. The values of materials density, specifi c heat 
capacity and thermal conductivity available in the litera-
ture were adopted and included in the simulations. The 
discretization of the geometry resulted in a mesh with 
a total of 6 008 636 nodes. Table 2 summarizes the key 
parameters used in the analysis. Table 3 provides the 
values of parameters defi ning the geometry of the SRU. 
The parameters of the stream supplied to the anodic 
compartments of SOFCs are summarized in Table 4.

While the anode is supplied with exhaust gas, the 
cathodic stream extracts heat from a heat exchanger, 
thus hot air is delivered to the inlet of the cathode. The 
parameters of this stream are given in Table 5.

Up to state No. 5 there was no fl ow of cathodic gas. 
Air fl ow was initiated when the temperature of the 
anodic stream exceeded 150oC. Additional information 
about the model:

Table 1. Allowable temperature gradients during transitional 
states of operation of a SOFC stack

Table 2. The key parameters of the materials

Figure 6. Schematic drawing of a single repeatable unit in 
a SOFC stack. Source: Fuel Cell Energy

Figure 7. A single metallic interconnector (left) and the mesh generated for CFD simulations

COMPUTATIONAL MODEL OF A SRU

Typically, fi ve fl ow confi gurations of planar cells are 
considered: cross-fl ow, counter-current fl ow, co-current 
fl ow, serpentine-type fl ow, and Z-type fl ow. The cross-fl ow 
arrangement of the oxidant and fuel streams makes it 
possible to achieve relatively uniform temperature distri-
bution at the level of a single cell and inside a fuel cell 
stack. For that reason, this confi guration was selected for 
the current study. The confi guration of a single repeatable 
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– laminar fl ow, unsteady conditions,
– external layer of the insulation with free convection 

under a fi xed wall temperature (100oC),
– corresponding heat transfer coeffi  cient of 5.67 W/m2/K,
– periodic boundary condition at the top and bottom 

sides of the SRU, 
– pressure gradients in the fuel and oxidant channels are 

neglected,
– operating pressure of 1 bar.

RESULTS

Simulations were completed for several cases with 
31 stages in each start-up campaign. The parameters 
summarized in Tables 4 and 5 were used. The key post 
processing objective was to investigate temperature gra-
dients at the level of a single cell. Observation of the 
internal part of the 670 μm thick SOFCs made it possible 
to identify episodes with large thermal gradients across 
the cell. As a result it was possible to confi rm that the 

assumed limiting value of the temperature gradient equal 
to 75oC corner-to-corner was not exceeded when the 
heating process was conducted according to constraints 
from Table 1. Figures 9a–9f present the temperature 
distribution in a cross-section in the central part of the 
solid oxide fuel cell. Thermal gradients observed dur-

Table 3. Parameters defi ning the geometry of SRU

Table 4. Parameters of the gas supplied to the anodic compartments

Figure 8. Geometry of a SRU with indication of the anodic 
and cathodic fl ow channels
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Table 5. Parameters of the stream supplied to the cathodic compartments

Figure 9. Temperature contours at the end of preheating stages nos. 4, 8, 12, 16, 20, 24 shown in a–f, respectively
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ing stages 25–31 were lower than in the early phases of 
preheating and therefore are not presented. 

CONCLUSIONS

The results of the CFD simulations of the single 
repeatable unit preheated using the innovative start-up 
method indicated the following:

– The method fi nds good application in the cross-
-fl ow confi guration, which is the most common design 
of SOFCs.

– The method allows low thermal gradients to be 
maintained at the level of a single cell and the SRU.

– The temperature increase in the SRU can be preci-
sely controlled by varying the parameters at the outlet 
of the start-up burner, which affects the properties of 
the heating stream.

– Engaging both the anodic and the cathodic sides 
of the SOFC in a start-up makes it possible to assure 
a high level of temperature uniformity.

– Use of both sides of the fuel cell should therefore be 
considered as the optimal choice, with high application 
potential in the SOFC stack. 

The work presented in the paper was oriented at solid 
oxide fuel cells only. It is however expected and confi r-
med by the preliminary simulations that the technique 
can be easily applied to molten carbonate fuel cells. The 
presence of carbon dioxide in the heating stream can 
additionally support the electrochemistry of the MCFC, 

since the presence of CO2 in the cathode is an absolute 
requirement.
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