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Abstract
Combined heat and power production (CHP) based on solid oxide fuel cells (SOFC) is a very promising technology to achieve high electrical efficiency to cover power demand by decentralized production. This paper presents a dynamic quasi 2D model of an SOFC system which consists of stack and
balance of plant and includes thermal coupling between the single components. The model is implemented in Modelica® and validated with experimental data for the stack UI-characteristic and the
thermal behavior. The good agreement between experimental and simulation results demonstrates the
validity of the model. Different operating conditions and system configurations are tested, increasing
the net electrical efficiency to 57 % by implementing an anode offgas recycle rate of 65 %. A sensitiv1
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ity analysis of characteristic values of the system like fuel utilization, oxygen-to-carbon ratio and electrical efficiency for different natural gas compositions is carried out. The result shows that a control
strategy adapted to variable natural gas composition and its energy content should be developed in
order to optimize the operation of the system.
Keywords: Solid oxide fuel cell (SOFC), system, modeling, dynamic, two-dimensional (2D)

1

Introduction

The share of power produced by combined heat and power generation (CHP) in Germany has to be
increased by more than 25 % by the year 2020 [1] in order to fulfill the plans regarding energy efficiency and the reduction of primary energy consumption. Concerning the total efficiency, that means
the sum of electrical and thermal efficiency, decentralized power production is more efficient than that
in centralized power plants since the heat can be used close to the production site, for example, in residential buildings or as process heat for industrial applications. CHP based on solid oxide fuel cells
(SOFC) is a very promising technology to achieve high electrical efficiency since it is in the same
range as that of large combined-cycle power plants.
A detailed knowledge of the behavior of all components in a complex SOFC system regarding temperature and concentration distribution is required to achieve optimal electrical efficiency and minimal
heat loss at different operating conditions. Several investigations have already dealt with the modeling
of SOFC systems without implementing spatial discretization, so called 0D or lumped models [2]-[8].
An improvement of these system models can be achieved by using a discretization of the stack, for
example in flow direction [9, 10]. Furthermore the stack can be also discretized by using a 1D+1D
model [11, 12], a 2D [13] or a 3D model [14]. In a 1D + 1D model, the component is discretized in
flow direction and also divided in different layers perpendicular to the flow, corresponding to each
volume chamber and/or solid layer. In addition to that, many researchers have shown the impact of a
discretization of the whole system due to a higher accuracy of the results because detailed information
along flow direction is needed for different physical calculations [15]-[17]. In particular, co- and counter-flow heat exchangers can be distinguished from each other. Additionally, if the model is validated
2
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once, other configurations can be tested easily and a simple change of parameters is possible because
of their physical modeling.
Since a discretized system model appears necessary for a number of reasons, the goal of this study is
the investigation of the whole electrochemical and thermal system with a discretization in flow direction. We focus on the dynamic modeling and simulation of a SOFC system for CHP application. The
system includes an SOFC stack and balance of plant (BoP) like heat exchangers, pre-reformer, burner,
pipes and blowers. Compared to the other approaches reported in the literature, the heat transfer coefficients are calculated by using Nusselt correlations in order to simulate the thermal behavior for different operating conditions, for example, partial load. Additionally, each component of the system is
discretized in flow direction and the quality of the model is evaluated by validation with experimental
data. With the presented quasi 2D model, different operating conditions and system configurations are
tested in order to maximize the net electrical efficiency of the SOFC system. A sensitivity analysis of
several characteristic values of the system is carried out to consider the influence of different natural
gas compositions.

2

System Layout

The main components of the SOFC system studied here are shown in Figure 1. SOFC systems are
usually operated with natural gas. The gas is fed to the system and has to be heated before entering the
pre-reformer. In the pre-reformer the longer alkanes contained in natural gas are converted into a hydrogen-rich gas in order to avoid carbon deposition inside the stack. The reformed gas enters the anode side of the SOFC stack and reacts electrochemically with the oxygen ions transferred from the
cathode to the anode through the electrolyte. After leaving the stack, part of the anode offgas can be
recycled in order to increase the fuel utilization of the system and therefore the electrical efficiency.
The ratio of the recirculated flow 𝑛𝑛̇ rec to the anode offgas 𝑛𝑛̇ an,out can be defined as the recycle ratio

rec with the following equation:

𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑛𝑛̇
3

𝑛𝑛̇ rec

an,out

(1)
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The other fraction of the anode flue gas and the cathode offgas are fed to the burner where complete
combustion takes place. The flue gas is then used to heat up the gas and air flow. Each component is
thermally integrated as well as possible in order to minimize heat loss and to achieve high efficiency.
For the calculation of the gross electrical efficiency 𝜂𝜂DC only the electrical power 𝑃𝑃DC produced by the
SOFC stack is considered. It is related to the energy input of the system which is calculated using the

flow of natural gas entering the system 𝑛𝑛̇ NG,in and its lower heating value LHVNG,in:
𝜂𝜂DC = 𝑛𝑛̇

𝑃𝑃DC

NG,in∙LHVNG,in

(2)

The net electrical efficiency 𝜂𝜂AC takes into account the conversion losses of the inverter and the power
consumption of the blowers 𝑃𝑃bl :

𝜂𝜂AC =

𝑃𝑃DC ∙𝜂𝜂inv−𝑃𝑃bl

𝑛𝑛̇ NG,in∙LHVNG,in

(3)

For the calculation an inverter efficiency 𝜂𝜂inv of 0.95 is assumed. The power consumption of the
̇ and the pressure drop Δ𝑝𝑝 in a single compoblowers is calculated by using the volume flow rate 𝑉𝑉𝑓𝑓𝑓𝑓

nent (equation 9) :

̇
𝑃𝑃bl = Δ𝑝𝑝 ∙ 𝑉𝑉𝑓𝑓𝑓𝑓

(4)

To evaluate the lifetime of the system different characteristic values are used. The fuel utilization of
the stack (FUStack) is limited because otherwise the fuel starvation would cause degradation of the
stack. To calculate the FUStack the following equation is used:
FUStack = 𝐹𝐹∙𝑛𝑛̇

𝐼𝐼∙𝑁𝑁cell

an,in∙∑ 𝑥𝑥𝑘𝑘∙𝑁𝑁𝑘𝑘,e−

(5)

Where 𝐼𝐼 is the electrical current, 𝑁𝑁cell is the number of cells of the stack and 𝑁𝑁𝑘𝑘,e− describes the num-

ber of transferred electrons in the electrochemical reaction of the specie k. Furthermore, the Faraday
constant 𝐹𝐹 is used.

Another important parameter for the lifetime of SOFC systems with anode offgas recycling is the oxygen-to-carbon ratio (OTCR). It is defined by the amount of oxygen and carbon atoms in the fuel:

4
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𝑥𝑥H2O+𝑥𝑥CO+2∙𝑥𝑥CO2

OTCR = n∙𝑥𝑥

Cn H2n+2 +𝑥𝑥CO +𝑥𝑥CO2

(6)

A low OTCR can cause carbon deposition since there is not enough water for the steam reforming of
alkanes. The higher the OTCR, the higher the dilution of the fuel and this decreases the Nernst voltage. Therefore the OTCR should be chosen carefully to achieve a compromise between safety and
efficiency.

3

Modeling Approach

The model is built up in the simulation tool SimulationX® which is based on the modeling language
Modelica®. It is an object-oriented language for multi-physical modeling of equations considering
thermodynamic properties, chemical reactions and heat transfer. The main advantage of this tool is the
calculation of closed cycle processes, for example, thermally and chemically integrated fuel cell systems. Additionally, complex systems with recycle loop and counter-flow components like heat exchangers or stacks can be computed. A component library has been built up, so that each component
shown in Figure 1 is modeled by using the same basic blocks. The dynamic behavior of the single
components includes heat transfer and chemical reactions in pre-reformer and stack. The model is a so
called quasi-2D model. On the one hand it is discretized in flow direction and on the other hand it is
spatially resolved due to the use of different blocks for heat transfer mechanisms. Each block represents a single slice of the geometry.
The model is based on the following assumptions. We assume that all species and the mixture of them
act as ideal gases. The single components are discretized in flow direction and each compartment acts
as a continuous stirred tank reactor (CSTR). Furthermore the electrodes and current collectors act as
isopotential surfaces.
For full load operation the geometric and operating parameters of the single components are shown in
Table 1.
3.1

General structure of a single component

The schematic of an elemental component is shown in Figure 2. It consists of a volume chamber dis5
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cretized in single compartments. In each of them the thermodynamic state properties are calculated by
using mass, momentum, and energy balances. If the component is a simple pipe there is a heat loss
𝑄𝑄̇loss to the environment. For more complex components like the pre-reformer or a heat exchanger,

heat transfer 𝑄𝑄̇hex between two fluids takes place – one at the inside and one at the outside of the

chamber. Each component is modeled by combining single blocks (Figure 3) which is possible due to
its modular structure. The fluid enters the volume chamber which is thermally connected to the mass.
The heat transfer mechanisms which take place in this case are forced convection and conduction
through the wall. There is a heat transfer between the thermal mass and the environment. For the calculation free convection is considered. An insulation layer can be added in order to reduce the heat
flux to the ambient air.
The mass balance in each compartment i is given by
d𝑛𝑛𝑖𝑖
d𝑡𝑡

= 𝑛𝑛̇ 𝑖𝑖−1 − 𝑛𝑛̇ 𝑖𝑖 + ∑𝑘𝑘 𝜈𝜈𝑘𝑘𝑘𝑘 ∙ 𝑟𝑟𝑗𝑗,𝑖𝑖

(7)

In the above mentioned equation, 𝜈𝜈𝑘𝑘𝑘𝑘 is the stoichiometric coefficient of the specie k in the chemical

reaction j and 𝑟𝑟𝑗𝑗,𝑖𝑖 describes the rate of the reaction j in the compartment i. If the kinetic and potential
energies are neglected, the energy balance results as follows:
𝑛𝑛𝑖𝑖 𝑐𝑐𝑝𝑝m,𝑖𝑖

d𝑇𝑇𝑖𝑖
d𝑡𝑡

= 𝑛𝑛̇ 𝑖𝑖−1 ∙ ℎm,𝑖𝑖−1 − 𝑛𝑛̇ 𝑖𝑖 ∙ ℎm,𝑖𝑖 + ∑ 𝑄𝑄̇𝑖𝑖 + ∑ 𝑊𝑊𝑖𝑖

(8)

In this equation the enthalpy of each species ℎm is calculated by using the NASA polynomials [18].

The model presented here also includes pressure losses in each compartment. These are calculated
according to the Bernoulli equation which is combined with the Darcy-Weisbach equation for flow
involving friction [19]:
1

Δ𝑝𝑝 = 2 𝜌𝜌𝑣𝑣 2 (𝜆𝜆

𝐿𝐿⁄𝑁𝑁
𝑑𝑑h

+ 𝜍𝜍)

(9)

Where 𝜌𝜌 is the density and 𝑣𝑣 the velocity of the fluid. Furthermore, 𝜆𝜆 is the friction factor and 𝜍𝜍 is the
friction factor for additional losses due to manifolds.

The thermodynamic properties like density, heat capacity, and thermal conductivity of the fluid are
6
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calculated by using higher-order polynomials [20]. The hydraulic diameter 𝑑𝑑h involved in equation (9)
is calculated by using the cross section area 𝐴𝐴 and the wetted perimeter 𝑢𝑢:
𝑑𝑑h =

3.2

4𝐴𝐴
𝑢𝑢

(10)

Heat exchanger

The heat exchanger is used for heating the fluids to process temperature by the use of hot flue gas.
Different geometries can be considered to find the optimal design of a heat exchanger: plate, doublepipe, or tube bundle heat exchanger. The following equation expresses the transferred heat 𝑄𝑄̇ trans,𝑖𝑖 in

the considered tubular device:

𝑄𝑄̇ trans,𝑖𝑖 = 𝑘𝑘trans,𝑖𝑖 ∙ 𝐴𝐴ref,𝑖𝑖 ∙ (𝑇𝑇1,𝑖𝑖 − 𝑇𝑇2,𝑖𝑖 )

(11)

The heat transmission coefficient ktrans can be calculated by using the heat transfer coefficient at the
inner his and outer side hos of the wall and the thermal conduction kcond through the solid material:

�𝑘𝑘trans,𝑖𝑖 ∙ 𝐴𝐴ref,𝑖𝑖 �

−1

=ℎ

1

is,𝑖𝑖 ∙𝐴𝐴is,𝑖𝑖

ℎ𝑖𝑖 =

+

𝑑𝑑
𝑙𝑙𝑙𝑙� out�𝑑𝑑 �
1
in
+ ℎ ∙𝐴𝐴
𝑘𝑘cond,s∙2𝜋𝜋𝐿𝐿𝑖𝑖
os,𝑖𝑖 os,𝑖𝑖

Nu𝑖𝑖∙𝑘𝑘cond,fl,𝑖𝑖
𝐿𝐿char

(12)

(13)

At the inner wall of each component forced convection occurs. The heat transfer coefficient in each
discretization compartment is calculated by using empirically-determined Nusselt correlations
[21][22]. Since the considered heat exchanger consists of an irregular geometry with laminar flow, the
Nusselt correlation has to be modified [23]. Therefore a general approach for the Nusselt correlation
depending on the Reynolds number Re and the Prandtl number Pr in the form
Nu𝑖𝑖 = 𝐶𝐶 ∙ Re𝑖𝑖 𝑚𝑚 ∙ Pr𝑖𝑖 𝑛𝑛

(14)

is used with experimentally determined constant C and exponents m and n (see Table 3).
The experiments were carried out for different flow rates of fuel and air and the result of the validation
is shown in section 4.4. At the outer wall of a single component either free convection or forced convection takes place. Depending on the kind of heat transfer, either a heat loss to the environment or
7
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heat exchange with another fluid from a neighbored component occurs. These experimentally determined parameters were used for the calculation of the heat transfer in all components in the mentioned
components gas processor in Figure 1.
3.3

Pre-reformer

SOFC systems which are fed with natural gas need reforming to obtain a hydrogen-rich gas mixture.
The reforming reactions can either take place at the anode of the SOFC stack or in a pre-reformer. We
extend the model of a single heat exchanger by including chemical reactions in order to calculate the
dynamic behavior of the different gas concentrations in the system. There are different possibilities to
reform natural gas: partial oxidation, dry, and steam reforming [24]. Since higher electrical efficiencies can be achieved by systems which operate with steam reforming, this alternative has been chosen
for the system. The chemical equilibrium is influenced by the water-gas-shift reaction as well, equations see Table 4. The reaction rates are determined by using the kinetics of each equation taking into
account catalyst amount, pressure, and concentrations. The used equations and constants for the reaction rates can be found in [25]. Each reaction rate is temperature dependent and calculated dynamically.
Higher alkanes like ethane, propane, and butane have to be completely reformed before entering the
stack. Otherwise they will cause carbon deposition resulting in an increase in pressure loss and damage of the stack [26]. The general stoichiometry of alkane steam reforming is given by
CnH2n+2 + n H2O
3.4

(2n+1) H2 + n CO

(15)

Burner

After leaving the stack, the anode offgas contains large molar fractions of carbon monoxide and hydrogen. Part of the offgas can therefore be recycled (see Figure 1) to increase the efficiency and the
rest is burned before leaving the system. Since the simulation model is transient and start-up processes
are simulated, also the combustion of methane is regarded. In Table 5 the chemical reactions for the
complete combustion of CO, CH4, and H2 are shown. The generated heat is used for the endothermic
8
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reforming reactions and the heating of the fluids. The burner is modeled by using two chambers: one
for the combustion and a separate one for the heat exchange.
3.5

Stack

The SOFC stack mainly consists of an interconnect in which two channels for air and fuel are integrated and a PEN (Positive Electrolyte Negative). This layered compound structure includes cathode, electrolyte, and anode. Together with the basic blocks for heat exchange and reformer, it results in a single
cell model. The model of the stack consists of multiple cells which show the same thermal and chemical behavior and two boundary cells to evaluate the influence of the boundary conditions (ambient
temperature). The structure of the SOFC stack is shown in Figure 4.
At anode and cathode, respectively, the electrochemical reaction of hydrogen and oxygen is considered:
H2

2 H+ + 2 e–

1/2 O2 + 2 e–

O2–

(16)
(17)

The overall reaction can be described by
H2 + O2–

H2O + 2 e-

(18)

Furthermore, steam reforming and water-gas-shift reaction (equations 33-35) are considered. The direct electrochemical oxidation of carbon monoxide is neglected because it is assumed that CO is converted to H2 in the water-gas shift reaction, assuming thermodynamical equilibrium [27].
The current density of the stack in each discretization compartment is calculated implicitly as a function of the cell voltage. The cell voltage in each compartment 𝑈𝑈cell,𝑖𝑖 is the same with respect to the

assumption of isopotential surfaces:

𝑈𝑈cell = 𝑈𝑈cell,1 = 𝑈𝑈cell,𝑖𝑖 = 𝑈𝑈cell,𝑁𝑁

(19)

The cell voltage is calculated taking into account the ohmic drop and the electrode overpotentials as
follows:
9
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𝑈𝑈cell,𝑖𝑖 = 𝑈𝑈Nernst,𝑖𝑖 − ∆𝑈𝑈act,𝑖𝑖 − ∆𝑈𝑈ohm,𝑖𝑖 − ∆𝑈𝑈conc,𝑖𝑖

(20)

In this expression the Nernst voltage 𝑈𝑈Nernst,𝑖𝑖 can be calculated with regard to the reversible ideal

potential between hydrogen and oxygen, that is regardless the fugacity coefficients:

𝑈𝑈Nernst,𝑖𝑖 = 𝑈𝑈0,𝑖𝑖 −

𝑅𝑅𝑇𝑇𝑖𝑖
2𝐹𝐹

𝑝𝑝H2 O,𝑖𝑖

ln �

1�

𝑝𝑝H2,𝑖𝑖∙𝑝𝑝O 2,𝑖𝑖
2

�

(21)

The activation energy 𝐸𝐸a which has to be overcome for electrochemical reaction is described using the
activation loss ∆𝑈𝑈act,𝑖𝑖 in a modified Butler-Volmer equation [28, 29, 30]. It is used in the form:
𝑅𝑅𝑇𝑇

∆𝑈𝑈act,𝑖𝑖 = 𝛼𝛼𝑛𝑛 𝑖𝑖𝐹𝐹 sinh−1 �
𝑒𝑒

an/ca

The exchange current density 𝑗𝑗0,𝑖𝑖
as follows [31, 32]:

𝑗𝑗

an/ca

2𝑗𝑗0,𝑖𝑖

�

(22)

for the two reactions is calculated by using the frequency factor 𝛾𝛾
𝑝𝑝H2,𝑖𝑖 𝑎𝑎

an
𝑗𝑗0,𝑖𝑖
= 𝛾𝛾an � 𝑝𝑝

ref

� ∙�

ca
𝑗𝑗0,𝑖𝑖
= 𝛾𝛾ca �

𝑝𝑝H2O,𝑖𝑖 𝑏𝑏
𝑝𝑝ref

𝑝𝑝O2,𝑖𝑖 𝑐𝑐
𝑝𝑝ref

� ∙ exp �

� ∙ exp �

−𝐸𝐸a,ca
𝑅𝑅𝑇𝑇𝑖𝑖

−𝐸𝐸a,an
𝑅𝑅𝑇𝑇𝑖𝑖

�

�

(23)

(24)

The flow of electrons through the electrode and the flow of ions in the electrolyte results in an ohmic
resistance which lowers the cell voltage. The ohmic loss ∆𝑈𝑈ohm,𝑖𝑖 is derived from the resistances of the
various cell components and was calculated as follows [28, 33, 34]:
𝛿𝛿

𝛿𝛿

𝛿𝛿

𝛿𝛿

𝛿𝛿

∆𝑈𝑈ohm,𝑖𝑖 = �𝜎𝜎 an + 𝜎𝜎 el + 𝜎𝜎 ca + 𝜎𝜎 ic + 𝜎𝜎 cl � ∙ 𝑗𝑗
an,𝑖𝑖

el,𝑖𝑖

ca,𝑖𝑖

ic,𝑖𝑖

cl,𝑖𝑖

(25)

where 𝛿𝛿 is the thickness of a single layer. The conductivity 𝜎𝜎 of each term is calculated taking into

account the porosity 𝜀𝜀 of the electrolyte and electrodes [25]:

𝜎𝜎real,𝑖𝑖 = 𝜎𝜎theo,𝑖𝑖 ∙ (1 − 𝜀𝜀)1.5

(26)

within the expression for the theoretical conductivity [28, 30, 33, 34]:
𝐴𝐴

𝐵𝐵

𝜎𝜎theo,𝑖𝑖 = 𝑇𝑇 exp �𝑇𝑇 �
𝑖𝑖

10

𝑖𝑖

(27)
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For the interconnect the electrical resistivity is calculated with the data reported in [35]. These values
are interpolated in a temperature range between 25 and 1000 °C.
The different gas concentrations between the electrodes and the fluid generate a concentration polarization. Since the anode is thicker than the cathode, the limiting current density of the cathode is higher
than the one of the anode and as a consequence the concentration loss at the cathode can be neglected
[36, 37]. Thus only the concentration voltage loss ∆𝑈𝑈conc,𝑖𝑖 at the anode is considered and the following equation is used [36, 38]:

∆𝑈𝑈conc,𝑖𝑖 = −

𝑅𝑅𝑇𝑇𝑖𝑖
2𝐹𝐹

𝑗𝑗

ln �1 − 𝑗𝑗 an � +
as,𝑖𝑖

𝑅𝑅𝑇𝑇𝑖𝑖
2𝐹𝐹

ln �1 +

an
𝑝𝑝H
2 ,𝑖𝑖

𝑗𝑗

an
an
𝑝𝑝H
O,𝑖𝑖 𝑗𝑗as,𝑖𝑖
2

�

(28)

an
The limiting current density of the anode 𝑗𝑗as,i
is calculated considering that the diffusion path of the

molecules is equivalent to the anode thickness [36]:
an
𝑗𝑗as,i
=

an
2𝐹𝐹𝑝𝑝H
𝐷𝐷 an
2 ,i eff

(29)

𝑅𝑅𝑇𝑇𝑖𝑖 𝛿𝛿an

an
is calculated by using the empirical equation [37]:
The diffusion coefficient 𝐷𝐷bin
an
= −(4.107 ∙ 𝑥𝑥H2 + 8.704) ∙ 10−5
𝐷𝐷bin

(30)

This diffusion coefficient is then adapted to other operating conditions for pressure and temperature
referred to the Chapman-Enskog diffusion theory:
𝑇𝑇

1.75

an
𝐷𝐷an = 𝐷𝐷bin
∙ �𝑇𝑇 �
ref

∙�

𝑝𝑝ref
𝑝𝑝

�

(31)

For the reference conditions Tref = 750 °C and pref = 1 atm are used. The diffusion coefficient is then
adapted to the geometrical characteristics of the anode like porosity εan and tortuosity τan by using the
following equation:
an
𝐷𝐷eff
=

𝐷𝐷an ∙𝜀𝜀an
𝜏𝜏 2an

(32)

The values for the single parameters in each equation were taken from literature and are listed in Table
2.
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3.6

Experimental model validation

Figure 1 shows the setup of the system which was experimentally built up as a prototype. The splitting
of the flow in the system is achieved by the recycle blower shown in Figure 1 upstream of the heat
exchanger. Downstream of the blower is a flow meter which allows the measurement of the recirculation flow. The recycle blower is operated in a way to ensure the desired flow rate. For example, if the
recycle blower is turned off, the whole fluid flow will enter the burner directly and nothing will be
recirculated. Furthermore, the burner is a regular burner (no catalytic burner). Since the nature of material has no real impact on the combustion, stainless steel has been used for construction of the burner, regardless of any catalytic activity. The thermal validation of the system (section 4.4) according to
the system design presented in Figure 1 and Figure 10 has been carried out for different operation
conditions. Therefore, several experiments for testing the gas processor were carried out for 14 operating points in a range for the gas flows with 3.6 – 8.1 l min-1 and air ratios of 7 to 8.1. For measuring
temperature, thermocouples type K are used and the overpressure is measured towards environment.
The SOFC stack was tested separately in order to provide the data for the validation of the UIcharacteristics of the fuel cell (section 4.2). Therefore, experimental results for different operating
points were measured with a 50 cells short stack in counter-flow configuration in an oven. The tests
were carried out for different temperatures (680 – 770 °C) and FU (hydrogen: 30 – 50 %, reformate:
65 – 70 %).

4

Results and Discussion

By using the above-presented quasi-2D model, different geometries can be considered. In particular,
co- and counter-flow heat exchangers or stacks can be distinguished from each other.
4.1

Number of nodes and accuracy as a compromise between calculation time and accuracy

The number of discretization compartments has a large influence on the simulation results. It can be
chosen as a compromise between numerical accuracy and calculation time. The higher the number of
nodes, the more precise the simulated model result. On the other hand, since the calculation time increases exponentially, it is not always recommended for a system-level simulation to discretize in a
too detailed way. Figure 5 shows the simulated values for the cell voltage and the inlet temperature of
the gas depending on the number of discretization compartments. This result is obtained by simulating
the whole system. Therefore each component is discretized with the given number of nodes. As a consequence the influence of the discretization of each component is represented indirectly by the anode
12
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inlet temperature of the stack and therefore by the cell voltage. Since numerous dynamic chemical
and/or thermal calculations have to be carried out involving a high number of variables in each discretization compartment, the calculation time increases rapidly with a finer discretization. The optimum in this case is N=8 with a deviation for the cell voltage and the anode inlet temperature both of
0.5 % compared to the result of N=10. By using only N=2 discretization compartments, the deviation
of the cell voltage is 8.2 % and the deviation of the anode inlet temperature is 9.2 %. However, the
required calculation time for N=10 is 2 times higher than for N=8 and nearly 23 times higher than for
N=2.
The current density depends on temperature, pressure, and concentration in a single discretization
compartment. The result along the stack is presented in Figure 6. The squared symbols in Figure 6
correspond to the values for the current density j calculated by using two nodes. For an increasing
number of discretization compartments the result is shown by the dotted lines. It can be observed that
the profile of the current density along the stack can be described with sufficient accuracy only by
using enough compartments.
4.2

Validation of UI-characteristics in 1D

The UI-characteristics of the fuel cell is validated with experimental data for different temperatures
and FU. Figure 7 shows the results for a stack temperature of 720 °C operated with pure hydrogen for
two different FU. The deviation between experimental and simulated results for the different FU and
current densities is max. 0.6 %. For the validation with reformate gas, the maximum deviation between theory and practice is 0.9 % for the different current densities (see Figure 8). If the data for different FU are compared, it is observed that the results are more precise for higher FU values.
4.3

Spatial temperature distribution along flow direction

Since SOFC stacks are operated at high temperature and chemical reactions occur, temperature gradients along the cell appear. Figure 9 shows an example of a simulated temperature profile along the
cell. For the stack temperature two effects have to be considered. On the one hand the temperature
decreases due to the endothermic reforming reaction of methane. On the other hand there is a tempera13
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ture increase caused by the heat generated in the electrochemical reaction at the same time. At the
beginning of the stack, the cooling effect dominates, so that the temperature decreases. As soon as
most of the methane is reformed, the temperature increases. These temperature gradients along the cell
lead to mechanical stresses. The higher the methane content, the higher the temperature decrease.
Therefore, the anode feed should not contain too much methane.
4.4

Parameterization and validation of the system under full load operation

For the gas processor, which includes heat exchanger and burner, several experiments were carried out
in order to determine the thermal behavior and the pressure losses for different operation points. This
information is necessary for the modeling of the system. The schematic setup is shown in Figure 10.
The ambient air is fed to the system and compressed in a blower. The blower is controlled to ensure
the desired flow rate. After the compression, the air has the temperature T1,air and is heated in a heat
exchanger to T2, air. Since only the gas processor is tested, the heated air does not enter the cathode of
the stack but the burner T3, air. To avoid overheating of the burner, the pipe between heat exchanger
and burner is insulated insufficiently. The combustion temperature is represented by T1, flue. The flue
gas is used to heat the cathode air and leaves the system at temperature T2, flue. The results for the temperature are shown in Figure 11. The presented temperatures correspond to those indicated in Figure
10. Since the thermocouple of the temperature measurement point T3, air is not integrated directly in the
combustion zone, the deviation between the simulated flame temperature and the measured combustion temperature is about 120 K. For the other temperatures in the heat exchanger, the simulated values show a maximum deviation of 5.7 % compared to the experimental data. The deviation between
simulation and experimental results varies between 10 and 30 K. Figure 12 presents the comparison of
the pressure loss for simulation and experimental results for the same flow rates. The maximum deviation for all operating points is 0.2 %. The thermal behavior of the whole system was also validated
with a test bench under full-load operation with a mean current density of 300 mA cm-2. The result of
the validation is shown in Figure 13. The fuel is heated to the temperature T2, fuel. Then there is a slight
warming during the reforming process to T3, fuel. The gas leaves the anode at the outlet temperature T4,
fuel and

enters the burner after heat exchange. From the data we conclude that the chemical and thermal
14
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behavior of the single components (heat exchanger, pre-reformer, stack, and burner) is modeled with
sufficient accuracy since the deviation of temperature between experiments and simulations remains
below 4 %.
4.5

Increase in electrical efficiency by use of anode offgas recycling

The system is designed to ensure a high thermal integration. Therefore single components are combined into larger components, for example, the gas processor includes two heat exchangers and the
pre-reformer. For that reason, the heat loss is kept very low. In full-load operation the heat loss is
about 17.5 %. By using the presented model different system configurations can be tested. Figure 14
shows the energy flows of an SOFC system with the above-mentioned components with an anode
offgas recycle loop. The last heat exchanger is used for waste heat recovery, for example heating of
domestic water (see Figure 1). By applying a recycle loop, the energy content of the gas entering the
stack can be increased. For a recycle rate of 65 % and a fuel utilization of the stack of 55 % an electrical efficiency of 56.8 % can be reached.
The system operation can be further improved by varying the recycle rate. Figure 15 shows the influence of the electrical efficiency and the electrical power of the stack depending on the recycle rate and
the FUStack. It can be observed that each FUstack is related to an optimum of recycle rate recmax. The
content of water in the anode channel rises with increasing recycle rates and therefore the Nernst voltage and the electrical power decrease. However the electrical efficiency increases despite the lower
input of primary energy. If the recycle rate is too high, the power decrease becomes more significant
and consequently the electrical efficiency is reduced. In addition, for increasing FUstack, the optimal
value for the recycle rate has a lower value.
4.6

Influence of different gas compositions on stack voltage and FU

The results presented above were all simulated by assuming pure methane at the input of the system.
In this section the influence of a fluctuating gas composition on the SOFC system is evaluated. In the
German natural gas grid, the higher heating value of the natural gas is allowed to change between 8
and 13 kWh/m³ [39]. Generally, an online detection of the gas composition is not applied since it is a
15
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complex and expensive measurement. Figure 16 shows the gas composition which enters the system,
based on gas compositions given as typical reference gases in the technical standard regulating the
natural gas properties in Germany [39]. It can be observed that for this example the higher heating
value varies up to 11.7 %. The values for the inlet gas flow and recycle rate have been defined so that
the set point of FUStack and OTCR, listed in Table 6, are fulfilled for the operation with methane. For
the following simulations the inlet gas-phase composition was varied according to the time profile
shown in Figure 16 while the inlet gas flow and recycle rate were kept constant. Figure 17 shows the
gas composition and temperature at the inlet of the anode. The hydrogen molar fraction varies between
11 and 25 % and the temperature between 607 and 647 °C. The temperature is influenced by two effects: on the one hand, longer alkanes have higher reforming energies than methane which would lead
to a lower temperature at the outlet of the pre-reformer (see Figure 18). On the other hand, longer alkanes have a higher heating value. Therefore more heat is released in the burner. Since the burner flue
gas is used to preheat the inlet flows of the system, it results in a higher temperature in the stack. The
consequences of the fluctuating gas compositions are shown in Figure 19, where the characteristic
values of the stack over time are presented. Declared by the stack supplier, the FUStack should be kept
60% or less, otherwise starvation could occur. The minimal value of OTCR should be 1.5 in order to
avoid long-term carbon formation. Due to a safety margin, a minimal OTCR of 2 was chosen [40]. It
can be observed that for all gases the condition for OTCR is not fulfilled and the OTCR is always
under the value of 2. This results in a reduction of the lifetime. The gross electrical efficiency achieves
a maximal value of 55 % but for some gases it is reduced to 52 %. It can be concluded that a control
strategy dependent on the inlet gas composition should be implemented in order to optimize the lifetime and the electrical efficiency of the system so that FUStack can be kept under 60 % and OTCR
above 2.

5

Conclusion

In this paper a simulation model for SOFC combined heat and power systems based on the modeling
language Modelica® has been presented in order to evaluate different operating conditions with focus
16
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on achieving the maximum possible electrical efficiency. The simulated UI-characteristics of the cell
has been validated with experimental data for different FU, temperatures, and fuels (hydrogen and
reformate) with a maximum deviation of 0.9 % for reformate. In addition, the thermal behavior of the
system has been validated under full-load operation with a difference between experimental and simulation data smaller than 4 %. This good agreement demonstrates the fitness of the model for subsequent analysis and model-based system design. Different operating conditions and system configurations have been evaluated. By using an anode offgas recycle loop, an increase in the electrical efficiency to up to 57 % has been achieved. The parameters of the system (FU, OTCR, and electrical efficiency) for different types of natural gas have been compared under operating conditions determined
for a reference gas (in this case pure methane) and kept constant for the other gases. For gases with
methane content < 90 % the lifetime requirements are not fulfilled and the electrical efficiency is reduced. In order to solve these problems a control strategy adapted to different gas compositions should
be developed.
Future work will include detailed evaluations of the system dynamics regarding start-up and part-load
operation. The system design will be optimized in order to lower heat loss. Finally a robust control of
the system will be implemented for the purpose of minimizing the influence of the fluctuating gas
composition.
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Nomenclature
A

area

m²

cpm

molar heat capacity

J mol−1 K−1

D

diffusion coefficient

m² s-1

d

diameter of geometry

M

Ea

activation energy

kJ mol-1

F

Faraday constant (F = 96485 C mol-1)

C mol-1

FU

fuel utilization

-

h

heat transfer coefficient

W m-² K-1

hm

specific molar enthalpy

J mol-l

I

current

A

j

current density

A m²

k

thermal conductivity

W m-1 K-1

L

length of geometry

M

LHV

lower heating value

J mol-1

𝑛𝑛̇

molar flow

mol s-1

ne

number of transferred electrons

-

N

number of discretization compartments

-

Nu

Nusselt number

-

OTCR

Oxygen-to-carbon ration

-

p

pressure

Pa
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P

electrical power

W

Pr

Prandtl number

-

𝑄𝑄̇

heat flux

W

r

reaction rate

mol s-1

R

universal gas constant (R = 8.314 J mol-1 K-1)

J mol-1 K-1

rec

recycle ratio

-

Re

Reynolds number

-

T

temperature

K

u

wetted perimeter

M

U

voltage

V

v

velocity

m s-1

𝑉𝑉̇

volume flow rate

m3 s-1

𝑊𝑊̇

work (e.g. blower power)

W

x

molar fraction

-

α

charge transfer coefficient

-

γ

frequency factor for calculation of exchange current density

-

δ

thickness

M

ε

porosity of the material

-

η

efficiency

-

λ

friction factor

-

ν

coefficients of chemical reaction

-
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ζ

friction factor for additional loss due to manifolds

-

ρ

density

kg m−3

σ

conductivity

Ω-1 m-1

super- and subscripts
0

exchange current density

-

AC

alternating current

-

act

active

-

an

anode

-

as

limiting current density

-

bin

binary

-

bl

blower

-

ca

cathode

-

char

characteristic

-

cl

contact layer

-

cond

conduction

-

DC

direct current

-

eff

effective

-

el

electrolyte

-

fl

fluid

-
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h

hydraulic

-

i

number of compartments

-

ic

interconnect

-

in

inlet

-

inv

inverter

-

is

inside

-

j

number of reaction

-

k

kind of species

-

NG

natural gas

-

os

outside

-

out

outlet

-

rec

recirculated

-

ref

reference

-

s

solid

-

std

standard

-

tot

total

-

trans

transfer

-
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Tables
Table 1: Geometric and operating parameters of the different components for full load operation
parameter

value

unit

15

l min-1

340

l min-1

rec

0.64

-

Tamb

25

°C

Aact,tot

2.5

m2

Ahex,gas1

1

m2

Ahex,gas2

0.3

m2

Ahex,air

0.9

m2

std
𝑉𝑉̇fuel
std
𝑉𝑉̇air
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Table 2: Parameters for the calculation of the voltage losses
parameter

value

unit

𝛿𝛿an

260

µm

𝛿𝛿ca

50

µm

𝛿𝛿el

10

µm

𝛿𝛿ic

1

Mm

𝜀𝜀an

0.4

-

𝜀𝜀ca

0.4

-

𝜏𝜏an

2.5

-

Aan

S K m-1

Aca

95 ∙ 106 [1]
42 ∙ 106 [1]

S K m-1
S K m-1

Ban

3.34 ∙ 104 [1]

-1150 [1]

K

Bca

-1200 [1]

K

Bel

-10300 [1]

K

a

0.12 [2]

-

b

0.7 [2]

-

c

0.25 [2]

-

γan

5.5 ∙ 108 [3]

A m-2

10 ∙ 104 [3]

J mol-1

Ael

γca
Ea,an

7 ∙ 108 [4]
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A m-2
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Ea,ca

11.7 ∙ 104 [4]
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J mol-1
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Table 3: Parameters for the used Nusselt correlation in equation (14)
parameter

value

unit

C

0.57

-

m

0.9

-

n

0.3

-
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Table 4: Chemical reactions for steam reforming of CH4 and water gas shift reaction
chemical reaction
CH4 + H2O
CH4 + 2 H2O
CO + H2O

reaction enthalpy

3 H2 + CO

∆𝐻𝐻R0 = 205.9 kJ mol−1

(33)

∆𝐻𝐻R0 = −41.2 kJ mol−1

(35)

∆𝐻𝐻R0 = 164.7 kJ mol−1

4 H2 + CO2
H2 + CO2

31

(34)
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Table 5: Chemical reactions for complete combustion
chemical reaction
CH4 + O2

reaction enthalpy

2 H2O + CO2

CO + 1/2 O2

CO2

H2 + 1/2 O2

H2O

∆𝐻𝐻R0 = − 802.6 kJ mol−1

(36)

∆𝐻𝐻R0 = − 241.8 kJ mol−1

(38)

∆𝐻𝐻R0 = − 283.0 kJ mol−1

32

(37)
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Table 6: Reference operating conditions of the system for methane
parameter

value

FUStack

60 %

OTCR

2
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Figures
Figure 1: Schematic of the main components of the studied SOFC system with an anode offgas recyle
loop
Figure 2: Schematic of the discretization in flow direction of a single component
Figure 3: Modular schematic of each component with single blocks
Figure 4: Quasi 2D model of the SOFC stack with boundary cells
Figure 5: Cell voltage and inlet temperature of anode for increasing number of discretization compartments, simulation results for the whole system
Figure 6: Current density along the stack for different numbers of discretization compartments
Figure 7: Validation of simulated UI-characteristics for hydrogen with experimental results
Figure 8: Validation of simulated UI-characteristics for reformate with experimental results
Figure 9: Temperature distribution along the cell
Figure 10: Schematic setup of the gas processor test
Figure 11: Validation of thermal behavior of heat exchanger and burner for different gas and air flow
std
std
= 3.6 l min-1, dashed line: 𝑉𝑉̇fuel
= 8.1 l min-1)
rates (solid line: 𝑉𝑉̇fuel

Figure 12: Validation of pressure loss in heat exchanger and burner for different gas and air flow rates
std
std
(solid line: 𝑉𝑉̇fuel
= 3.6 l min-1, dashed line: 𝑉𝑉̇fuel
= 8.1 l min-1)

Figure 13: Parameterization results of thermal behavior with a test bench; the solid line shows the

temperatures of the fuel path, the dashed line demonstrates the air path
Figure 14: Energy flows of the system with recycle loop, referenced to the lower heating value
Figure 15: Influence of recycle rate on electrical efficiency
Figure 16: Natural gas composition and corresponding higher heating value (HHV)
Figure 17: Molar fraction and temperature of the single species entering the anode of the stack
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Figure 18: Molar fraction and pre-reformer outlet temperature for a temperature of 500 °C at the inlet
of the pre-reformer. The gas entering the pre-reformer has the composition shown in Figure 16 and is
mixed with water in the ratio 2.5 in order to ensure an OTCR >2. The CO fraction is less than 1 %.
Figure 19: FUStack, electrical efficiency and OTCR over time, equivalent to the gas compositions
shown in Figure 16
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