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Abstract  

 

Now and in the mid-term future, coal remains an important energy source for electricity generation for reasons of 

energy supply security and economics. The expectation for low CO2-emissions and high plant efficiencies make 

solid oxide fuel cells an essential part of numerous innovative power plant concepts. For that reason, simplified and 

flexible models for solid oxide fuel cells are needed, which can be implemented easily in complex power plant 

system simulations. A model for a tubular solid oxide fuel cell based on a semi-empirical approach has been 

developed. The created model is successfully validated with operating data of demonstration plants published in 

literature. For the target application in a hybrid power plant with high temperature fuel cells, a parametric study of 

fuel gas composition, operating pressure and temperature, fuel utilization and electrical power density is presented. 

By means of these, the model of the fuel cell is qualified for implementation in hybrid power plants system models. 

Additionally, characteristic diagrams obtained by variation of the operating pressure and the fuel utilization are 

discussed. With the help of the diagrams, the electric and energetic performance of the SOFC over a wide range of 

these parameters is described by isolines for discrete values of the electrical efficiency and voltage of the fuel cell. 
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1. Introduction 

In order to satisfy the permanently increasing 

worldwide energy demand, various energy sources need to 

be combined. Fossil energy sources contribute approx. 

80 % to the worldwide energy supply, whereas about a 

quarter of it is gained from coal. For increasing efficiency 

and introduction of CO2-sequestration into the market, the 

optimization or retrofitting of existing power plants as well 

as the development of innovative power plant concepts are 

necessary for survival on the market in the mid- to long-

term range. The technology of fuel cells offers the 

opportunity of improved overall efficiencies and good 

options for the integration of CO2-sequestration. In [1] and 

[2], innovative hybrid power plants integrating high 

temperature fuel cells have been developed. These plants 

are very complex due to a high level of thermal and 

material integration.  

For their simulation, simplified process models are 

needed, which would allow for flexibility in operating 

conditions and parametric studies. At the same time, the 

requirement for reproducing the operating characteristics of 

installed facilities with a sufficiently high model accuracy 

has to be fulfilled. 

For the first time, in this article a model of a special 

tubular SOFC-type usable for power plant applications 

fueled with coal gas under pressurized conditions is 

presented, which fulfil these requirements mentioned above 

and is validated with operating data of demonstration plants 

published in literature. 

In the following, the required fundamentals of SOFC, 

the created model itself, its validation and use for a 

parametric study regarding the target application in 

integrated coal gasification hybrid power plants are 

described. 

 

2. Fundamentals of Fuel Cells  
The highest possible voltage in a fuel cell under fixed 

boundary conditions of gas composition, temperature and 

pressure is the Nernst voltage or open circuit voltage UN. It 

describes the reversible operation of fuel cells and is 

defined by the Nernst Equation, see Eq. (1). 
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where UN is the Nernst voltage, RG is the enthalpy of 

reaction, n is the number of electrons exchanged during 

reaction, F is the Faraday constant, R is the universal gas 

constant, T is the operating temperature of the fuel cell, pi is 

the partial pressure of component i, p0 is the reference 

pressure (at standard conditions) and νi is the stoichiometric 

coefficient of component i. 

In practice, however, lower voltages are achieved. 

These are caused by irreversibilities, often known as 

overvoltage or losses, and are due to the operation, the 

materials used and the construction of the fuel cell [3]. In 

particular, these are [4, 5]: 

 activation losses, 

 fuel crossover and internal voltage losses, 

 ohmic losses, 

 concentration polarization and mass transfer losses. 
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An important parameter of fuel cells is the effective 

electrical efficiency el,cell, indicating the degree of 

conversion of the chemically bound energy of the fuel into 

electricity, see Eq. (2). 
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where Pel,cell is the electrical power of a single cell, 
inFGm ,

 is 

the mass flux of fuel gas at cell inlet and Hu,FG is the net 

calorific value of fuel gas. 

If the fuel cell is combined with other energy converters 

distributing electricity, it is advisable to use an electrical 

efficiency that only considers the reacted fuel gas. Here, 

this is called the effective electrical net efficiency el,cell,net 

and is defined by Eq.  (3). 
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where FU is the fuel utilization. 

In this, the proportion of electrochemically unreacted 

fuel gas has to be taken into account. This is done with the 

fuel utilization FU, which is calculated according to Eq. 

(4), the ratio of electrochemically utilized supplied fuel gas 

flux to the fed fuel gas flux. 
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where 
utFGm ,

  is the electrochemical utilized mass flux of 

fuel gas and 
outFGm ,

  is the mass flux of fuel gas at the cell 

outlet. 

The development of fuel cells has spawned many 

different fuel cell systems. For fuel cell systems as a part of 

hybrid power plants with integrated coal gasification, a high 

tolerance towards carbon monoxide CO is essential due to 

the high content of this species in coal gas. Of the 

technically relevant fuel cell systems, the high temperature 

fuel cells exclusively come into consideration. Here, the 

solid oxide fuel cells (SOFC) are used, because of the high 

efficiency potential and the extreme flexibility in terms of 

fuel choice, including coal gas [6-9], biogas [10-13], 

landfill gas ([14,15]), mine gas [16-18] and sewage gas 

[19,20]. Because of the decision in favor of SOFC, the next 

sections deal with this fuel cell type. 

 

2.1 Solid Oxide Fuel Cells 

When hydrogen is used as the fuel, the chemical 

reaction according to Eq. (5) takes place at the anode and 

the reaction following Eq. (6) at the cathode. The overall 

reaction is then given by Eq. (7). 
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If carbon monoxide is a component of the fuel gas, the 

water-gas-shift-reaction takes place; see Eq. (8). 

 

222 COHOHCO   (8) 

 

Since there are no restrictions in the SOFC regarding 

carbon monoxide, additional hydrogen can be produced in 

this manner. Due to the high operating temperature, the 

internal reformation of hydrocarbons according to the 

general reaction (9) is possible. 
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The reaction (9) is generally not in chemical 

equilibrium, since the carbon monoxide reacts further in 

accordance with reaction (8). The direct oxidation of carbon 

monoxide and hydrocarbons might also be possible, but the 

water-gas-shift- and the internal reforming reactions run 

much faster [4,21]. 

Three designs are developed to realize SOFC: the 

planar, the monolithic and the tubular concept. For systems 

with a large power output, the tubular design is in a more 

advanced stage of development compared to the other two 

configurations [22,23]. Many problems of the other 

constructions, such as sealing and thermal stresses, do not 

occur in tubular SOFCs due to design reasons [22]. The 

most developed (according to [4, 24, 25]) and the best 

(according to [26] construction is the sealless cell design of 

cylindrical tubes by Siemens. This type of cell has been 

tested extensively in terms of long-term stability and 

thermal cyclability: single cells have been in operation 

more than 69000 test hours; more than 100 thermal cycles 

have been verified [27]. This type of cell is used in this 

work. Detailed descriptions can be found elsewhere [28-

30]. The dependence of the voltage-current-characteristic 

on the operating temperature and pressure at defined 

conditions was published in [30]. Thus, the single cells are 

characterized electrochemically over the operating ranges 

of these two parameters. 

 

2.2 Important Operational Aspects and Problems 

The exothermic chemical reactions occurring in SOFCs 

produce heat, which has to be conducted away from the 

cell. The level of the maximum permissible temperature 

gradient is limited by the construction of the SOFC in 

ceramic layers [26]. External cooling systems with liquid 

heat transfer media are complicated to implement and the 

cooling is done in the actual SOFC using excess oxidant at 

the cathode [31]. To prevent material damage, the 

temperatures of the inlets of the SOFC have to be greater 

than a certain value [26]. A temperature difference between 

the inlet streams and the SOFC of 200 K is assumed, as 

used in [20,32-34]. 

Due to carbonaceous species of CO, CO2 and CH4 

within the coal gas, the following chemical reactions are 

possible at the anode to form elementary carbon, 

respectively soot [35]: 
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24 H2CCH   (10) 

 

2COCCO2   (11) 

 

OHCHCO 22   (12) 

 

OH2CH2CO 222   (13) 

 

According to the principle of Le Chatelier, the 

decomposition of methane, see Eq. (10), is favored at low 

pressure and at high temperature due to its endothermic 

character. Larminie and Dicks [5] note a temperature limit 

of 650 °C if air and steam are absent. The other three 

chemical reactions are exothermic and thus the equilibrium 

is shifted to the products. The same applies if the pressure 

is high. Besides decomposition of methane, the Boudouard 

reaction according to Eq. (11) is mentioned in literature to 

be the main reaction of formation of carbon at the SOFC 

anode. This reaction occurs primarily below 700 °C, as 

Rechenauer and Achenbach [36] note. 

In practice, steam is added to the clean gas flow to 

favorably influence the equilibrium position and finally to 

prevent soot formation. Furthermore, the addition of steam 

enables the methane reformation according to Eq. (9) and 

the heterogeneous water gas shift reaction - the return 

reaction of Eq. (12), so that the formation of carbon 

monoxide and hydrogen from methane and from possibly 

formed carbon are encouraged. Different values for a steam 

to carbon ratio S/C are suggested in literature. In practice, 

values typically in the range 2 ≤ S/C ≤ 3 are set at the inlet 

of the cells to prevent soot formation with certainty, as 

Larminie und Dicks [5] note. 

 

3. Modelling of SOFC in Literature 

The objective in modelling a SOFC within this work is 

to get a model that describes the chemistry and 

electrochemistry at the SOFC with sufficient accuracy, so 

that the calculation of the electrical and chemical 

performance and their impact on the thermodynamic states 

and gas compositions at the outlet of the electrodes is 

possible.  

Modelling of SOFC is a widely discussed topic in 

literature. General overviews of modelling are given in [37-

39]. Only the sources of literature that describe steady, 

zero-dimensional models, which allow for the study of 

performance and system aspects of tubular cells, stacks and 

systems are considered in more detail here. 

A literature review of modelling work with steady state 

and zero-dimensional resolution can be found elsewhere 

[40-42]. In the following, analytical and semi-empirical 

models are described briefly. 

 

Analytical models calculate the electrochemical behavior 

of the SOFC by using the equations listed in section 2.1. 

The starting point is the Nernst Equation (1), from which 

the activation, ohmic and concentration losses are deduced. 

Energy and material balances for the anode and cathode are 

set globally and the chemical reactions are generally 

considered as being in equilibrium. Examples for analytical 

models are the work of Cali et al. [43], Costamagna et al. 

[44], Lazzaretto et al. [45] and Lisbona and Romeo [46]. 

 

Semi-empirical models differ from analytical models 

primarily in the methodology for calculating the 

electrochemical behavior of the SOFC. The basis of these 

are voltage-current characteristics or operating points, 

which have been obtained by measurements under defined 

reference conditions. In case of deviating operating 

conditions, semi-/empirical correction terms are used. The 

models obtained that way are able to reproduce the global 

electrochemical behavior of fuel cells of a specific type 

with good accuracy. Examples of semi-empirical models 

are the work of Campanari [47], Cocco and Tola [48], 

Hacker et al. [49] and Zhang et al. [50]. 

 

4. Created Model of a Tubular SOFC 

4.1 Approach 

The model developed in this study is based on the work 

of Campanari [47] and Zhang et al. [50]. However, since 

significant changes were implemented, the model is 

described completely here. The key features of the model 

are: 

 intended use in large, thermally and materially highly 

integrated systems, 

 simulation of stacks consisting of tubular cells of the 

sealless cell design of Siemens, 

 steady state, 

 zero-dimensional, 

 semi-empirical approach using: 

o a voltage-current characteristic curve as a 

reference, measured at precisely defined 

conditions, , in particular the curve shown in [30] 

at an operating temperature of 1000 °C, 

o semi-empirical correlations based on Nernst 

voltage in case of deviating operating conditions 

published in [30] with regard to: 

 operating temperature, 

 operating pressure, 

 fuel gas composition, 

 oxidizing agent composition. 

 

4.2 Assumptions and Restrictions 

1. Each cell operates identically. Simulation of an 

individual cell can be used representatively to 

calculate the performance of the entire stack. [47, 

50-54] 

2. The fuel cell is isothermal, i.e. the solid has 

uniform temperature. [44], [46-48, 50, 54-58] 

3. The preheating of the feed gases is adjusted so that 

the gas temperatures at the inlet of the anode and 

cathode are equal. [47,50,59] 

4. The amount of excess air is regulated to get the 

same temperature level of cathode outlet gas as 

anode outlet gas. [46,47,50,59,60] 

5. The temperature difference between the solid and 

gas outlet is assumed to be constant. [47,50] 

6. Hydrogen is the only component that reacts 

electrochemically. Carbon monoxide only reacts 

indirectly by the water-gas-shift-reaction, see 

Eq. (8), where hydrogen is produced, which reacts 

electrochemically. 

[44,46,47,50,51,56,57,59,61,62] 

7. As chemical reactions, only the oxidation of 

hydrogen, see Eq. (7), and the water-gas-shift-

reaction, see Eq. (8), take place. All substances not 

included in these reactions are assumed to be inert. 
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This also applies to methane because it is only 

present in negligible quantities in coal gas. [53,62] 

8. The reaction rates of the admitted reactions – 

either, as in the case of the oxidation of hydrogen, 

or in the case of water-gas shift reaction in the 

presence of the catalyst – are so high that it can be 

assumed that the achievement of a simultaneous 

state of equilibrium within the reactor volume is a 

good approximation. The gas mixture at the outlet 

of the anode has this composition. 

[44,46,47,50,51,53,55,56,59-61] 

9. The amount of pressure drop percentage is 

dependent on the level of the operating pressure. 

[47,48,50,51,55,60,63] 

10. The amount of heat loss is a percentage of the 

product of calorific value and mass flow (fuel 

capacity) of the supplied reacted clean gas. [46-48, 

50] 

11. The electrodes are equi-potential surfaces. The 

electric potential can be determined by average 

figures of the extremes (inlet and outlet). 

[51,53,56,61,64,65] 

 

4.3 Implementation in the Simulation Program 

The implementation of the model of a SOFC stack in 

the process modeling environment Aspen Plus is based on 

the simulation of Zhang et al. [50]. The implemented 

simulation flow diagram of the SOFC stack is shown in 

Figure 1 and in the following, the model will be explained 

on the basis of the ASPEN Plus components and settings. 

In the flow diagram, the already integrated preheating of 

the input streams by the residual gas streams is also shown, 

which is an integrated feature of the used SOFC type. In 

addition to the actual components, a parallel control unit is 

shown. Here, it is calculated if the gas at the anode inlet has 

a composition that holds the risk of soot formation at the 

present process conditions. Before this aspect is discussed, 

the actual SOFC model is discussed at this point. 

 

 
Figure 1. Flow diagram of the SOFC stack. 

 

The preheating of the streams prior to entering the 

electrode channels by the corresponding residue gas 

streams is modelled by two HeatX counte r-current heat 

exchangers. The outlet temperature of the cold stream is 

defined as a parameter; the absolute value is calculated in 

relation to the operating temperature of the SOFC by 

subtracting the tolerable temperature difference between the 

SOFC solid state and the input stream from the operating 

temperature. Furthermore, a minimum temperature 

difference of 20 K between the respective two streams in 

the heat exchangers and a pressure loss, which is calculated 

in an absolute percentage of the inlet pressure of the 

respective gas flow, are assumed. 

The cathode is made with a separator Sep, in which the 

required oxygen ions for the oxidation of the hydrogen will 

be separated. The required amount is calculated according 

to Eq. (14). 

 

 inanodeCOinanodeHFUreqO NNN ,,,,, 22
5.0     (14) 

 

where reqON ,2

  is the required molar flow oxygen, 

inanodeHN ,,2

  is the H2 molar stream at anode inlet and 

inanodeCON ,,
  is the CO molar stream at anode inlet. 

 

The anode is modelled as an isothermal equilibrium 

reactor RGibbs. The heat released by the chemical reactions 

taking place in the reactor is distributed in a heat flow 

divider FSplit in a proportion that represents the electric 

power and the heat losses and in a fraction to be conducted 

away. The latter is fed to the cathode residual gas stream 

via a heater. The cathode mass flow is adjusted by a Design 

Spec so that the outlet temperature of the heater 

corresponds to the temperature of the anode residual gas. 

The pressure drop in the cathode and anode will be 

considered in the same manner as discussed before. 

The calculations for all electrochemistry of an SOFC 

stack, in particular the amount of fuel required, are 

performed in a calculator. The calculation algorithm of the 

program is listed in the appendix. 

The efficiencies are calculated and outputted according 

to Eq. (2) and (3). The calculated actual electric power is 

received in the adjustment of the heat flux fractions of the 

previously mentioned heat flow divider FSplit. The setting 

is a Design Spec. In addition, the thermal losses of the 

SOFC stacks SOFClossQ ,
  are calculated according to 

Eq. (15). 

 

cleangasustackcleangasFUlossSOFCloss HmeQ ,,,     (15) 

 

where eloss is the loss factor, 
stackcleangasm ,

  is the mass flow 

of clean gas in the stack and Hu,cleangas is the net calorific 

value of the clean gas. 

The prevention of soot formation by the addition of 

significant amounts of water vapor to the clean gas flow is 

the current procedure for small systems. It is not practical 

for large power plants. So, a thermodynamic approach is 

used for the simulations, which was proposed by Larminie 

and Dicks [5] and is also used in other works [66], [67], 

[68]. The approach provides, in a first step, for calculation 

of the chemical equilibrium at the inlet of the anode due to 

the prevailing conditions – chemical composition, 

temperature and pressure. The resulting equilibrium 

constants for the soot formation reactions, see Eq. (10) to 
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(13), are compared in a second step with the 

thermodynamic equilibrium constants. If the calculated 

equilibrium constants are greater than the thermodynamic, 

soot formation can be thermodynamically excluded. 

The implementation of the first step in the simulation 

program is provided by a control unit for soot formation 

action arranged in parallel to the SOFC stack. This consists, 

as shown in Figure 1, of an equilibrium reactor RGibbs and 

an input and an output stream. With the help of a data 

transfer unit transfer, the input stream is the same as the 

flow in the anode and the conditions prevailing in the 

reactor are identical to the conditions at the inlet of the 

anode. The calculated outlet stream has the equilibrium 

composition at the inlet of the anode. The second step is 

performed in a calculator. Here, the resulting equilibrium 

constants are first calculated based on the partial pressures 

in the outlet of the components included in the Eq. (10) to 

(13). The thermodynamic equilibrium constants are 

interpolated linearly based on tables from [69]. If the 

calculated equilibrium constant of the mentioned reactions 

is lower than the thermodynamic equilibrium constant, the 

simulation is aborted with an error message. In this way, 

the risk of soot formation is continuously checked during 

the simulation of SOFC stacks. 

 

5. Model Validation 

More reliable published data from single cells or stacks 

of this special fuel cell type are not available. Therefore, the 

validation is restricted to the available operating data of 

realized complete fuel cell power plants. These also provide 

information about the accuracy of the modelling of the 

single component. For this, only data of natural gas-

powered SOFC power plants are available. Since these 

systems are composed of many additional peripheral 

components, such as pre-reformer, ejector and afterburner, 

the SOFC model must be extended by these components. 

Thus, the validation process also includes uncertainties 

caused by modelling this periphery; it is discussed 

elsewhere in detail [2]. In Table 1, general boundary 

conditions for the validation of the model of a natural gas-

powered SOFC power plant are listed. 

Krumbeck [72] reports an electrical gross efficiency of 

about 55 % at a DC power of about 129.5 kW of a SOFC 

power plant operating under atmospheric pressure with an 

net electrical power of 100 kW. However, no any further 

boundary conditions at which this value is reached are 

provided. When the in Table 1 listed boundary conditions 

and the DC power of 129.5 kW are set as input values for 

the simulation, an electrical gross efficiency of about 56.3% 

is obtained. Thus, the global accuracy of the modeling is 

confirmed. 

Appropriate detailed operation data are published by 

Cali et al. [43] and Campanari and Iora [73]. These data 

were also gathered from a SOFC power plant operating 

under atmospheric pressure with an electrical nominal 

power of 100 kW. Furthermore, Campanari and Iora have 

published operating data of a SOFC micro-gas turbine 

hybrid power plant with an electrical nominal power of 

300 kW, which are also suitable for validation. 

 

Table 1: Boundary conditions for validation using the 

model of a natural gas-powered SOFC power plant. 

Boundary condition Value Ref. 

SOFC:   

Number of cells 1152 [70] 

Operating temperature 1000 °C [70] 

Operating pressure 1.08 bar [71] 

Temperature difference between 

SOFC solid to gas outlet 

90 °C [47] 

Fuel utilization 0.85 [47] 

Heat losses 2 % [47] 

Afterburner:   

    Efficiency 99.5 % [47] 

Air:   

Minimum temperature difference  

    while air preheating  

20 K  

    Inlet temperature 630 °C [70] 

Natural gas:   

    Composition in mol-%:  

      CH4 81.3, C2H6 2.9, C3H8 0.4,  

      C4H10 0.2, CO2 0.9; N2 14.3 

 [47] 

    Inlet pressure to SOFC  

    operating pressure 

3 [47] 

    Inlet temperature 200 °C [47] 

    Steam to carbon molar  

    flow ratio S/C 

2 [43] 

 

The comparison between the operating data from [43] 

and the results of the simulation are listed in Table 2. Three 

different operating points are considered for this purpose, 

which differ in modeling by the input values for the DC 

electrical power Pel,DC. Deviating from Table 1, different 

working temperatures ϑSOFC are taken as input. Results of 

the simulation appropriate for the validation are the fuel gas 

mass flow �̇�𝐵𝐺 , the cell voltage Ucell and the current density 

icell. For all variables, a good match is observed. 

 

 

Table 2. Comparison Between the Operating Data from [43] and the Results of the Simulation Using the Model of a 

Natural Gas-Powered SOFC Power Plant. 

Parameter Unit 
118.0 kW 127.4 kW 144.3 kW 

Operation Simulation Operation Simulation Operation Simulation 

SOFC °C 991 991* 981 981* 968 968* 

�̇�𝐹𝐺  kg/h 19.9 19.68 22.24 21.557 26.00 25.260 

Ucell V 0.682 0.6955 0.661 0.6855 0.639 0.6626 

icell A/m² 1798.9** 1765.37 1999.3** 1933.88 2350.7** 2266.04 

* set, ** calculated 
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Table 3. Comparison Between the Operating Data from [73] and the Results of the Simulation Using the Model of a 

Natural Gas-Powered SOFC Power Plant. 

Parameter Unit 
120.7 kW 267.5 kW 

Operation Simulation Operation Simulation 

ncell  1152 1152* 1704 1704* 

pSOFC bar 1.05 1.05* 3.5 3.5* 

�̇�𝑎𝑛𝑜𝑑𝑒,𝑖𝑛 kg/s 0.03578 0.036270 0.08232 0.079971 

�̇�𝑎𝑖𝑟  kg/s 0.35 0.3181 0.634 0.6956 

Ucell V 0.69 0.695 0.639 0.6976 

icell A/m² 1800 1807.6 3000 2697.4 

Pel,cell,DC W 104.8 104.77 157.0 156.98 

’FU % 69.0 69.10 69.0 69.12 

U % 17.8 19.69 23.8 19.87 

anode,in °C 550** 533.6 587** 579.5 

cathode,in °C 831** 819.5 775** 820.0 

𝑥𝐻2,𝑎𝑛𝑜𝑑𝑒,𝑖𝑛  0.258** 0.2702 0.226** 0.2335 

𝑥𝐻2𝑂,𝑎𝑛𝑜𝑑𝑒,𝑖𝑛  0.284** 0.2767 0.334** 0.3039 

𝑥𝐶𝐻4,𝑎𝑛𝑜𝑑𝑒,𝑖𝑛  0.11** 0.1042 0.131** 0.1170 

𝑥𝐶𝑂,𝑎𝑛𝑜𝑑𝑒,𝑖𝑛  0.057** 0.0557 0.057** 0.0572 

𝑥𝐶𝑂2,𝑎𝑛𝑜𝑑𝑒,𝑖𝑛  0.228** 0.2311 0.241** 0.2250 

𝑥𝑁2,𝑎𝑛𝑜𝑑𝑒,𝑖𝑛  0.063** 0.0621 0.011** 0.0634 

* set, ** simulation result from [47,74] 

 

The comparison between the operating data from [73] 

and the results of the simulation are listed in Table 3. The 

data of the SOFC operated under atmospheric pressure are 

listed in the left column; these of the SOFC module as part 

of a hybrid power plant are on the right side. Deviating 

from Table 1, other values for the operating pressure pSOFC 

are taken as input for the simulation, and in the case of the 

hybrid power plant, a SOFC stack with a higher number of 

cells ncells is used. 

Results of the simulation appropriate for the validation 

are the mass flows of supplied air �̇�𝑎𝑖𝑟  and the pre-

reformed natural gas �̇�𝑎𝑛𝑜𝑑𝑒,𝑖𝑛 as well as the electrical 

parameters of the individual cells. In addition, fuel 

utilization ’FU regarding the one-time flow through the 

anode, therefore without consideration of anode off-gas 

recycling and the air exchange efficiency U can be used. 

Only as a check for plausibility, values for temperature and 

composition of the pre-reformed natural gas and the values 

for the temperature of the preheated air stream are listed; 

they are taken from previous publications of Campanari 

[47], [74]. 

Good agreement between simulation and operation data 

can be observed in the case of a SOFC power plant 

operating at atmospheric pressure. Here, only deviations in 

the variables concerning the pre-reforming and the air path 

are noticeable. It is evident that a higher conversion level 

for the pre-reforming process is assumed in the model than 

in the actual operation. This becomes clear by looking at 

the gas condition at the inlet of the anode, where lower 

temperatures – caused by the higher reaction rates of the 

endothermic reactions taking place in the pre-reformer – 

and lower concentrations of methane are present. A lower 

cooling demand of the SOFC is the reason for less required 

air mass flow and consequently for higher air utilization 

factors. 

The same observations can be reported in the 

pressurized SOFC module. In addition, differences in the 

electrical parameters voltage and current density can be 

noticed whilst the values of DC power of the single cell are 

nearly identical. The reason for these differences cannot be 

explained, since the values of �̇�𝑎𝑛𝑜𝑑𝑒,𝑖𝑛 and ’FU are almost 

exactly reproduced by the model. 

As a result, in terms of the SOFC stack, it can be 

diagnosed that a good agreement between the calculated 

values by using the model and operational results in 

literature can be seen. The comparison with design and 

simulation results is discussed elsewhere [2], wherein the 

same tendencies and accuracy can be determined. 

 

6. Parametric Study for a Target Application 

The aim of this section is to analyze the performance of 

SOFC stacks under the expected conditions in hybrid power 

plants using the created simulation model. For this purpose, 

suitable parametric studies were conducted. The boundary 

conditions used are summarized in Table 4. The selected 

values are similar to those of natural gas-powered SOFC 

power plants. 

 

Table 4: Boundary Conditions for the Parametric Studies 

Using the SOFC Model. 

Boundary condition Value Unit 

Electrical power density 1250 W/m² 

Operating temperature 1000 °C 

Operating pressure 1 bar 

Temperature difference between 

SOFC solid to gas outlet 

90 °C 

Temperature difference between 

SOFC solid to gas inlet 

200 °C 

Fuel utilization 0.85  

Heat losses 2 % 
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Table 5. Gradual Adjustment of the Fuel Composition. 

Mixture 
Composition in molar parts [mol-%] 

H2 CO H2O N2 Ar CO2 O2 CH4 

1 89.00  11.00      

2 79.00 10.00 11.00      

3 69.00 20.00 11.00      

4 59.00 30.00 11.00      

5 49.00 40.00 11.00      

6 39.00 50.00 11.00      

7 29.00 60.00 11.00      

8 25.67 55.75 4.46 10.26 0.07 3.81 0.03 0.02 

9 22.84 49.60 15.00 9.13 0.06 3.39 0.03 0.02 

10 14.78 32.10 44.95 5.91 0.04 2.19 0.02 0.01 

 

6.1 Fuel Gas Composition 

The fuel composition is one of the relevant parameters 

for the content developed in this work. It is varied over the 

range listed in Table 5. 

Starting with the reference conditions of the 

composition (Mixture 1), the composition of coal gas is 

gradually approached. As a result, different fuel processing 

levels are simulated. This is achieved by reducing the 

hydrogen content while increasing the carbon monoxide 

content (Mixtures 2 to 7). By further minor adjustments, the 

composition of clean gas from a Prenflo coal-gasification of 

"Pittsburgh no. 8"-coal is achieved (Mixture 8). Mixture 9 

represents the composition of clean coal gas, which is 

humidified to 15 vol.-% of water vapor content as it is 

practiced in the IGCC Puertollano [75]. Even more moist is 

the coal gas "Mixture 10", with a steam to carbon molar 

flow ratio of S/C = 1.4. It is needed for comparison with 

literature figures by Leone et al. [76]. 

These mixtures go into the model shown in Figure 1 as 

an input stream. As a result of the simulation, the values 

listed in Table 6 for a single cell can be obtained, wherein 

el,cell is the electrical efficiency, Ucell is the voltage, icell is 

the current density and  is the excess air ratio. 

 

Table 6. SOFC Simulation Results for the Different Fuel 

Compositions According to Table 5. 

Mixture 
el,cell Ucell icell 

[-] [V] [A/m²] [-] 

1 0.5026 0.7410 1695.08 10.76 

2 0.4920 0.7391 1699.25 11.19 

3 0.4815 0.7370 1704.27 11.63 

4 0.4710 0.7343 1710.51 12.09 

5 0.4605 0.7308 1718.64 12.56 

6 0.4495 0.7260 1729.90 13.07 

7 0.4375 0.7190 1746.87 13.63 

8 0.4463 0.7344 1710.20 13.26 

9 0.4265 0.7018 1789.55 13.93 

10 0.3862 0.6355 1976.28 15.03 

 

The electrical efficiency is highest with Mixture 1, at 

approximately 50 % due to the high hydrogen content. The 

excess air ratio is approximately twice as high as in 

operation with pre-reforming natural gas, which agrees very 

well with results of Van Herle et al. [20]. The higher excess 

air is caused by the absence of methane – unlike pre-

reforming natural gas – and thus no heat sink is provided by 

an endothermic reaction in the reaction chamber and the 

cooling of the exothermic reaction is supplied only by the 

excess air. 

The approximation of the fuel composition from the 

composition at reference conditions to that of coal gas 

results in lower voltages being produced with the same 

electrical power density and a higher current density. This 

is due to the increasing importance of the internally 

occurring water-gas shift reaction, see Eq. (8), to higher 

carbon monoxide levels. Cooling demand and excess air 

ratio increase. The electrical efficiency of the single cell 

drops significantly by 6.5 % points from Mixture 1 to 

Mixture 7. 

The reduction of the water content is the reason for the 

slight energy improvements of Mixture 7 to Mixture 8, 

which is clean coal gas with all major species. Conversely, 

the additional moistening from Mixture 8 to Mixture 9 has 

a negative impact on efficiency. 

The simultaneous check for soot formation is negative 

for all the mixtures in Table 5 under the given process 

conditions. 

The by Leone et al. [76] published voltage-current 

density characteristics of a tubular SOFC cell of the same 

design for operation with different fuel compositions, 

including of the Mixture 1 and Mixture 10, can be 

reproduced by the model in very good agreement with the 

assumed process conditions. The literature source lacks 

relevant information on the conditions of measurement, so 

that at this point, only a qualitatively good agreement can 

be noted. It is the same for the data published by Krumbeck 

et al. [7] from measurements of a planar SOFC design. The 

therein illustrated voltage-current density characteristic 

curve for a synthesis gas/steam mixture to simulate a coal 

gas of a brown coal gasification shows only a minimally 

poorer electrochemical performance when the voltage-

current density characteristic curve represents a 

hydrogen/steam reference gas mixture. This trend is also 

shown in Tsujimoto et al. [9], Weber et al. [77] and Sasaki 

et al. [78]. These measurements were carried out using gas 

mixtures with different H2/CO-ratios under various 

operating conditions, wherein Sasaki et al. and Tsujimoto 

et al. consider a tubular SOFC of the company "TOTO 

Ltd." and Weber et al. a planar SOFC. The electrical effects 

of greater moistening with water vapor, as done from 

Mixture 8 to Mixture 9, were also qualitatively and 

quantitatively confirmed by the voltage-current density 

characteristics of Sasaki et al. 
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6.2 Pressure and Temperature 

The pressure and the temperature at which the SOFC 

stack is operated are also important parameters, which have 

a direct impact not only on the performance of the fuel cell, 

but also on the operating performance and the design of 

components that are connected up- and downstream in the 

process chain. 

The simulation results for electrical efficiency of single 

cells for operation with cleaned coal gas (Mixture 8 in 

Table 5) with a variation of the operating pressure at 

different operating temperatures are shown in Figure 2. 

 

 
 

Figure 2. Electrical efficiency of a single cell as a function 

of the operating pressure for different operating 

temperatures when operating with coal gas. 

 

With increasing operating pressure, the efficiency 

increases degressively, whereby the gradients below 5 bar 

are greater than at higher pressures. An almost linear 

dependence of the efficiency on the operating pressure is 

determined. In varying the operating temperature, it is 

particularly noticeable that only very small differences 

appear between the efficiency curves of 1100 °C, 1000 °C 

and 900 °C, while the efficiency curve for 800 °C is 

calculated significantly lower. The reason lies in the 

courses of the measured voltage-current density 

characteristics of [30]. At the chosen boundary conditions 

in Table 4, the operating range for the current density at the 

operating temperatures 1100 °C, 1000 °C and 900 °C is 

between 130 and 180 mA/cm². In this range, the voltage-

current density curves at reference conditions in [30] also 

show only very small differences to each other. For the high 

operating temperatures, efficiencies are calculated for 1 bar 

at about 45 %, for 10 bar at about 50 % and for 50 bar at 

about 55 %. At 800 °C, the electrical efficiency for 1 bar is 

only 23 %, for 10 bar 35 % and for 50 bar 45 %. Thus, the 

values for the efficiency at different operating temperatures 

approach each other with increasing pressure. 

An important aspect when looking at different operating 

pressures and temperatures concerns soot formation. With 

increasing pressure and decreasing temperature, the 

tendency to form soot grows. For the considered coal gas, 

soot formation can thermodynamically be excluded at 

1100 °C only below 29 bar. At 1000 °C, the limit already 

has sunk to 8 bar. At 900 °C, however, the SOFC can be 

operated safely below 2 bar; at 800 °C even at 1 bar. 

For this reason, the results in Figure 2 are compared 

with simulation results, which were obtained with 

humidified coal gas (Mixture 9 in Table 5). For this, the 

curves of the electrical efficiencies of single cells shown in 

Figure 3 are calculated over the operating pressure at 

different operating temperatures. 

 

 
 

Figure 3. Electrical efficiency of a single cell as a function 

of the operating pressure for different operating 

temperatures when operating with humidified coal gas. 

 

At pressures below 3 bar, the calculated efficiency at 

800 °C is between 4 and 5.5 %-points lower than without 

saturation. At higher pressures, the difference decreases to 

2.5 %-points. For the three higher temperatures, the 

efficiency over the entire considered pressure range is 

around 2 %-points worse. 

In addition to the moderately lower efficiency, due to 

the higher humidity, the SOFC can be operated over a much 

larger pressure range without risk of soot formation. At 

1100 °C, operation is safe over the whole pressure range – 

at 1000 °C below 31 bar and at 900 °C below 6.5 bar. At 

800 °C, the SOFC can be operated at atmospheric pressure 

without potential risk. 

 

6.3 Fuel Utilization and Electrical Power Density 

The fuel utilization and the electrical power density are 

other important design parameters of fuel cells with 

significant impact on the performance and the design of up- 

and downstream components. 

For various electric power densities, the fuel utilization 

is varied in the simulation of the SOFC operation with 

cleaned coal gas (Mixture 8 in Table 5). As a simulation 

result, both the electrical efficiency according to Eq. (2) and 

the net electrical efficiency according to Eq. (3) are shown 

above the electric conversion efficiency for different power 

densities in Figure 4. In addition to the value specified in 

Table 4 default value of 1250 W/m², values for the 

electrical power density of 33 %, 50 %, 66 %, 150 % and 

200 % of this value are selected. 

In general, with increasing fuel utilization, a strong 

increase in electrical efficiency and a less strong decrease in 

net electrical efficiency can be observed. Over the entire 

range of fuel utilization, it can be determined that with 

increasing power density, both efficiencies progressively 

decrease and that the three lowest of the considered power 

densities attain hardly distinguishable results. Lowering the 

power density is therefore only effective below a certain 

value. The economic component of the physical size for 

achieving a given power is not considered here. 
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Figure 4. Electrical efficiencies of a single cell as a 

function of fuel utilization for different electrical power 

densities when operating with coal gas. 

 

It has to be noted that the curve progression of electrical 

efficiency to fuel utilization shows results for different 

electrical power densities that are very close together with 

very low fuel utilization; at FU = 0.1, for example, all 

efficiencies are between 5 and 6 %. With increasing fuel 

utilization, the differences are more significant; at 

FU = 0.5, the efficiency at the maximum power density is 

23 %, at the lowest power density 29 % and at FU = 0.85, 

the range is between 35 % and 47 %. 

Since the net efficiency is calculated by dividing the 

efficiency by fuel utilization, the individual results and the 

range of results that occur are therefore ten times as large at 

FU = 0.1 and twice at FU = 0.5. The net electrical 

efficiency at FU = 0.85 is between 41 % at 2500 W/m² and 

55 % at 416 W/m². 

For comparison, the same variation of the fuel 

utilization for the various electrical power densities is 

calculated for humidified coal gas (Mixture 9 in Table 5). 

The results are shown in Figure 5. 

 

 
Figure 5. Electrical efficiencies of a single cell as a 

function of fuel utilization for different electrical power 

densities operating with humidified coal gas. 

 

The observations described above apply here 

substantially as well. The differences are due to the higher 

water content in the coal gas. The absolute values for the 

efficiency are slightly lower, and these differences are 

increased when considering conversion efficiencies. At 

FU = 0.1, the electrical efficiencies of humidified coal gas 

as compared to unhumidified coal gas are only 0.4 %-points 

lower; at FU = 0.85 the difference is already 2 %-points. 

Comparable measurements or simulations are not 

available in literature. At most, the results of the 

simulations of Panopoulos et al. [79] permit a conditional 

comparability; here, a system of biomass gasifier coupled 

with a tubular SOFC stack from Siemens was studied. 

Taking into account the different boundary conditions and 

fuel compositions, the source shows a qualitatively similar 

influence of FU on the electric power and thus the 

electrical efficiency. 

 

6.4 Characteristic Diagrams 

The diagrams discussed here are obtained from the 

simulation and results of extensive parallel variations of the 

parameters operating pressure pSOFC and fuel utilization 

FU, which are the main manipulated variables on SOFC 

hybrid power plants. With the help of the diagrams, the 

electric and energetic performance of the SOFC over a wide 

range of pSOFC and FU are described by isolines for discrete 

values of the electrical efficiency of the single cell el,cell 

and the electrical voltage of the single cell Ucell. 

Furthermore, since the electric power density for the 

calculation is assumed to be constant, corresponding 

isolines for the current density can be calculated for the Ucell 

isolines, wherein the resulting profiles of the isolines are 

identical to those of the corresponding voltage. Moreover, 

from the values of el,cell and FU, isolines for net electrical 

efficiencies of the single cell el,cell,net can be calculated. The 

type of plotting allows for a clear demarcation of 

operational areas with potential risk for degradation by soot 

from those in which soot formation is thermodynamically 

impossible. 

Figure 6 is the diagram for use with cleaned coal gas 

(Mixture 8 in Table 5). The limit for soot formation lies at 

7.9 bar; below this pressure, a soot formation is 

thermodynamically excluded. As already discussed, this 

range can be enlarged by increasing the steam-to-carbon 

molar flow ratio S/C. Accordingly, it is convenient also to 

look at a characteristic diagram for operation with 

humidified coal gas (Mixture 9), see Figure 7. The 

humidification to 15 vol.-% water vapor content results in 

an increase in the limit for soot formation to 31.2 bar. 

However, the wetting caused lower values for the energy 

and electrical parameters. 

Generally, it can be stated that at FU = const with 

increasing operating pressure pSOFC, higher values for the 

electrical efficiency of the single cell el,cell can be achieved, 

where the values for the voltage of the single cell Ucell 

increase. With increasing FU, the influence of pSOFC on 

el,cell is greater. With decreasing FU and pSOFC = const, the 

calculated values for the voltages Ucell are greater. The 

reason is the higher existing hydrogen partial pressure as a 

result of the oversupply of fuel. 

In the following, specific relevant operating points are 

discussed on the basis of the diagrams, wherein the values 

for the humidified coal gas are in brackets: 

 When FU = 0.97 and pSOFC = 1 bar (2.3 bar), an 

efficiency of el,cell = 0.5 at a voltage range of 

0.7 V < Ucell < 0.75 V will be achieved and at 

pSOFC = 35 bar (47.5 bar), an efficiency of el,cell = 0.6, 

whereby the voltage is in the range of 

0.85 V < Ucell < 0.9 V. 
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 When FU = 0.85, an efficiency of el,cell =0.5 is 

attainable only at operating pressures of 11-12 bar (24-

25 bar), whereas the voltage is adjusted in the range of 

0.8 V < Ucell < 0.85 V. 

 The impact of the pressure is significantly lower at fuel 

utilization FU = 0.5, so that an efficiency of 

el,cell ≈ 0.3 will be achieved over a wide pressure range 

of 5 bar ≤ pSOFC ≤ 7.5 bar (17.5 bar ≤ pSOFC ≤ 20 bar). 

The voltage Ucell is between 0.8 V and 0.85 V. At this 

fuel utilization, a voltage of 0.9 V will only be obtained 

with pSOFC = 30 bar (47.5 bar). The efficiency is then 

greater than 0.3. 

 At pSOFC = 15 bar, a voltage of Ucell = 0.85 V is 

achievable at a fuel utilization of FU = 0.65 (0.29) and 

an efficiency of el,cell = 0.4 (0.17), while for 

Ucell = 0.9 V a substantially higher fuel excess with 

very low values of FU = 0.225 and el,cell = 0.14 is 

required. In the case of humidified coal gas, such a 

high voltage is not reachable at these conditions. 

 

It should again be noted that the model used is based on 

the assumption that the simulation of a single cell can be 

used representatively to calculate the performance of a 

whole stack. Thus, the described diagrams are equivalent 

for stacks. 

 

 
Figure 6. Diagram for operation with coal gas. 

 

 
Figure 7. Diagram for operation with humidified coal gas. 

 

7. Summary and Conclusions 

In order to simulate complex hybrid power plants, 

simplified process models are needed. In this article, a 

model for a tubular solid oxide fuel cell (SOFC) based on a 

semi-empirical approach is developed. It is a steady state 

zero-dimensional model, utilizing various built-in 

components of the applied process simulation software. The 

semi-empirical approach uses a voltage-current 

characteristic curve measured at precisely defined 

conditions as a reference and the semi-empirical 

correlations based on Nernst voltage in case of deviating 

operating conditions with regard to operating temperature 

and pressure as well as the compositions of the fuel gas and 

the oxidizing agent. The elaborated model is compared with 

operating data of demonstration plants published in 

literature. For all parameters, the calculated values of the 

model reproduce the operating data fairly precisely. 

Therefore, the elaborated model for the tubular SOFC is 

validated.  

Extensive parametric study was performed. The results 

of these studies regarding variations of the fuel gas 

composition, operating pressure and temperature as well as 

fuel utilization and electrical power density are presented. 

Additionally, characteristic diagrams are drawn, which 

were obtained by variation of the operating pressure and the 

fuel utilization. With the help of these diagrams, the electric 

and energetic performance of the SOFC over a wide range 

of these parameters can be described. Due to these results, it 

can be concluded that the created model of the tubular 

SOFC is qualified for implementation in system models 

such as those of SOFC hybrid power plants with integrated 

coal gasification. 

 

Appendix: Electrochemistry Algorithm 

In this section, the calculation algorithm for 

electrochemistry of a SOFC stack is listed. 

1. Specification of Astack, Pel,stack und FU. 

2. Calculation of the required number of cells ncells, which 

is not rounded to integer values: 

 

𝑛𝑐𝑒𝑙𝑙𝑠 =
𝐴𝑠𝑡𝑎𝑐𝑘

𝐴𝑐𝑒𝑙𝑙
 (A.1) 

 

with Acell = 0.0834 m² = active area of a cell. 

3. Calculation of the electrical power of a cell Pel,cell: 

 

𝑃𝑒𝑙,𝑐𝑒𝑙𝑙 =
𝑃𝑒𝑙,𝑠𝑡𝑎𝑐𝑘

𝑛𝑐𝑒𝑙𝑙𝑠
 (A.2) 

 

4. Calculating the arithmetic average values of the partial 

pressures of H2, H2O und O2 at in- and outlet of the 

stack: 

 

𝑝𝐻2̅̅ ̅̅̅ =
𝑝𝐻2,𝑎𝑛𝑜𝑑𝑒,𝑖𝑛+𝑝𝐻2,𝑎𝑛𝑜𝑑𝑒,𝑜𝑢𝑡

2
                          (A.3)  

 

𝑝𝐻2𝑂̅̅ ̅̅ ̅̅ =
𝑝𝐻2𝑂,𝑎𝑛𝑜𝑑𝑒,𝑖𝑛+𝑝𝐻2𝑂,𝑎𝑛𝑜𝑑𝑒,𝑜𝑢𝑡

2
                    (A.4) 

  

𝑝𝑂2̅̅ ̅̅ =
𝑝𝑂2,𝑐𝑎𝑡ℎ𝑜𝑑𝑒,𝑖𝑛+𝑝𝑂2,𝑐𝑎𝑡ℎ𝑜𝑑𝑒,𝑜𝑢𝑡

2
                      (A.5)  

 

5. Setting a starting value for the current density i. 

6. Calculations of an initial value for the current voltage 

U: 

As opposed to the formula used within the iteration for 

the calculation of U, the calculation of the initial value 

is only approximate. For this purpose, the equation 

published by Campanari [47] for the current voltage is 

used. 

 

U = Uref + ΔUT + ΔUp + ΔUanode + ΔUcathode  (A.6) 
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Specifically, this consists of a voltage component at 

reference conditions Uref, and is determined as a 

function of the previously specified current density of a 

voltage-current density curve, and the sum of the 

potential differences in deviating from the terms of 

reference conditions regarding operating temperature 

ΔUT, operating pressure ΔUp, fuel gas composition 

ΔUanode and oxidant composition ΔUcathode. These semi-

empirical correlations similar to the Nernst equation 

that can have both positive and negative values 

depending on the boundary conditions, are given in the 

literature source. 

7. Calculation of the current value of current strength of a 

cell Icell: 

 

𝐼𝑐𝑒𝑙𝑙 =
𝑃𝑒𝑙,𝑐𝑒𝑙𝑙

𝑈
 (A.7) 

 

8. Calculation of the need for an equivalent hydrogen 

molar stream taking into account the given fuel 

utilization with the help of Faraday’s Law: 

 

�̇�𝐻2,𝑟𝑒𝑞 =
𝐼𝑐𝑒𝑙𝑙

𝑛 𝐹 𝐹𝑈
 (A.8) 

 

with n = 2 = Number of electrons exchanged in the 

reaction and  

F = 96485.3 C/mol = Faraday constant 

9. Calculation of the resulting clean gas molar flow 

�̇�𝑐𝑙𝑒𝑎𝑛𝑔𝑎𝑠,𝑐𝑒𝑙𝑙  per cell: 

 

�̇�𝑐𝑙𝑒𝑎𝑛𝑔𝑎𝑠,𝑐𝑒𝑙𝑙 =
�̇�𝐻2,𝑟𝑒𝑞

𝑥𝐻2,𝑐𝑙𝑒𝑎𝑛𝑔𝑎𝑠+𝑥𝐶𝑂,𝑐𝑙𝑒𝑎𝑛𝑔𝑎𝑠
 (A.9) 

 

with 𝑥𝐻2,𝑐𝑙𝑒𝑎𝑛𝑔𝑎𝑠 = Mole fraction of hydrogen 

  in clean gas [-] 

 𝑥𝐶𝑂,𝑐𝑙𝑒𝑎𝑛𝑔𝑎𝑠 = Mole fraction of carbon  

  monoxide in clean gas [-] 

10. Calculation the current density i: 

 

𝑖 =
𝐼𝑐𝑒𝑙𝑙

𝐴𝑐𝑒𝑙𝑙
   (A.10) 

 

11. Calculation of the reference voltage Uref at the 

calculated current density by equation A.11 derived by 

an approximation of the voltage-to-current density 

characteristic curve at the operating temperature of 

1000 °C from [30] with a second-degree polynomial. 

 
𝑈𝑟𝑒𝑓

V
= −8.387 ∙ 10−9 (

𝑖

A/m²
)
2

− 8.903 ∙ 10−6 (
𝑖

A/m²
) + 0.7796 

   (A.11) 

 

12. Same as step 4. 

13.  Calculations of the current voltage U: 

Analogous to equation A.6 for U published by 

Campanari [47], the potential differences ΔUanode, 

ΔUcathode, ΔUp und ΔUT are added to reference voltage 

Uref determined in step 11. In the case of ΔUanode und 

ΔUcathode, these are compensation terms, which describe 

the change of the Nernst voltage at operating conditions 

that differ with respect to the measurement conditions 

during recording of the reference curve. These must be 

included, so that for ΔUanode, equation A.12 and for 

ΔUcathode, equation A.13 results. 

 

∆𝑈𝑎𝑛𝑜𝑑𝑒 =
𝑅 𝑇

2 𝐹
ln (

𝑝𝐻2̅̅ ̅̅ ̅̅

𝑝𝐻2𝑂̅̅ ̅̅ ̅̅ ̅̅
) −

𝑅 𝑇𝑟𝑒𝑓

2 𝐹
ln (

𝑝𝐻2̅̅ ̅̅ ̅̅

𝑝𝐻2𝑂̅̅ ̅̅ ̅̅ ̅̅
)
𝑟𝑒𝑓

 (A.12) 

 

with R =8.31447J/(mol∙K)  universal gas constant 

          T   = fuel cell temperature [K] 
 

∆𝑈𝑐𝑎𝑡ℎ𝑜𝑑𝑒 =
𝑅 𝑇

4 𝐹
ln(𝑝𝑂2̅̅ ̅̅ ) −

𝑅 𝑇𝑟𝑒𝑓

4 𝐹
ln(𝑝𝑂2̅̅ ̅̅ )

𝑟𝑒𝑓
  (A.13) 

 

In the case of ΔUp and ΔUT, the measured voltage-

current density characteristics of [30] are used. For this 

purpose, the relationship between voltage and current 

density is approximated by second order polynomials 

using the measured points. Operating points lying 

between the curves are linearly interpolated. Operating 

points lying above or below the curves are extrapolated 

with a nearest interpolation equation. Since the 

equations A.12 und A.13 are pressure and temperature 

dependent, the A.14 and A.15 corresponding correction 

terms are included to prevent double counting in the 

equations. In equation A.14 for ΔUp, the pressure-

dependent voltage-to-current density characteristics of 

[30] are incorporated. These are measured at a lower air 

utilization AU than in the measurement of voltage-to-

current density characteristics under reference 

conditions. 

∆𝑈𝑝 = ∆𝑈𝑝
∗ + ∆𝑈𝑐𝑎𝑡ℎ𝑜𝑑𝑒(𝑝, 𝜂𝐴𝑈 = 0.167)  (A.14) 

with 

 

Δ𝑈𝑝
∗ =

{
 
 
 

 
 
 

𝑈3 bar − 𝑈1 bar
3 bar − 1 bar

(𝑝 − 1 bar) :  1 bar < 𝑝 ≤ 3 bar

𝑈3 bar +
𝑈5 bar − 𝑈3 bar
5 bar − 3 bar

(𝑝 − 3 bar) − 𝑈1 bar :  3 bar < 𝑝 ≤ 5 bar

𝑈5 bar +
𝑈10 bar − 𝑈5 bar
10 bar − 5 bar

(𝑝 − 5 bar) − 𝑈1 bar :  5 bar < 𝑝 ≤ 10 bar

𝑈10 bar +
𝑈15 bar − 𝑈10 bar
15 bar − 10 bar

(𝑝 − 10 bar) − 𝑈1 bar :  𝑝 > 10 bar

 

 

with 
 

𝑈1 bar

V
= −6.164 ∙ 10−9 (

𝑖

A/m²
)
2
− 3.161 ∙ 10−5 (

𝑖

A/m²
) + 0.8110  

𝑈3 bar

V
= −2.820 ∙ 10−9 (

𝑖

A/m²
)
2
− 3.989 ∙ 10−5 (

𝑖

A/m²
) + 0.8572  

𝑈5 bar

V
= −3.113 ∙ 10−9 (

𝑖

A/m²
)
2
− 3.892 ∙ 10−5 (

𝑖

A/m²
) + 0.8751  

𝑈10 bar

V
= −2.082 ∙ 10−9 (

𝑖

A/m²
)
2
− 4.295 ∙ 10−5 (

𝑖

A/m²
) + 0.8972  

𝑈15 bar

V
= −2.737 ∙ 10−9 (

𝑖

A/m²
)
2
− 4.034 ∙ 10−5 (

𝑖

A/m²
) + 0.9059  

 

∆𝑈𝑐𝑎𝑡ℎ𝑜𝑑𝑒(𝑝, 𝜂𝐴𝑈 = 0.167) =
𝑅 𝑇𝑟𝑒𝑓

4 𝐹
[ln(𝑝𝑂2̅̅ ̅̅ )

𝑟𝑒𝑓
− ln ((𝑥𝑂2̅̅ ̅̅ )

𝜂𝐴𝑈=0.167
 𝑝)]  

 

p = operating pressure [bar]  

 

(𝑥𝑂2̅̅ ̅̅ )
𝜂𝐴𝑈=0.167

= 0.1956 = arithmetic mean of the oxygen 

mole fraction at the inlet and outlet of the stack 
 

Δ𝑈𝑇 = Δ𝑈𝑇
∗ + Δ𝑈𝑎𝑛𝑜𝑑𝑒(𝑇) + Δ𝑈𝑐𝑎𝑡ℎ𝑜𝑑𝑒(𝑇) (A.15) 

 

with 

Δ𝑈𝑇
∗ = {

𝑈800 °C +
𝑈900 °C −𝑈800 °C
900 °C − 800 °C

(𝜗 − 800 °C) − 𝑈𝑟𝑒𝑓 :  𝜗 ≤ 900 °C

𝑈900 °C +
𝑈𝑟𝑒𝑓 −𝑈900 °C

1000 °C − 900 °C
(𝜗 − 900 °C) − 𝑈𝑟𝑒𝑓 :  𝜗 > 900 °C

 

 

with 
 

𝑈800 °C
V

= −2.204 ∙ 10−8 (
𝑖

A/m²
)
2

− 2.314 ∙ 10−4 (
𝑖

A/m²
) + 0.9039 
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𝑈900 °C
V

= −2.727 ∙ 10−9 (
𝑖

A/m²
)
2

− 7.963 ∙ 10−5 (
𝑖

A/m²
) + 0.8675 

 

Δ𝑈𝑎𝑛𝑜𝑑𝑒(𝑇) =
𝑅

2 𝐹
ln (

𝑝𝐻2̅̅ ̅̅

𝑝𝐻2𝑂̅̅ ̅̅ ̅̅
)
𝑟𝑒𝑓

(𝑇𝑟𝑒𝑓 − 𝑇) 

 

Δ𝑈𝑐𝑎𝑡ℎ𝑜𝑑𝑒(𝑇) =
𝑅

4 𝐹
ln(𝑝𝑂2̅̅ ̅̅ )

𝑟𝑒𝑓
(𝑇𝑟𝑒𝑓 − 𝑇) 

 

14. Calculation of the current strength of the stack Istack: 

 

𝐼𝑠𝑡𝑎𝑐𝑘 =
𝑃𝑒𝑙,𝑠𝑡𝑎𝑐𝑘

𝑈
   (A.16) 

 

15. Calculation of the clean gas molar flow 

�̇�𝑐𝑙𝑒𝑎𝑛𝑔𝑎𝑠,𝑠𝑡𝑎𝑐𝑘  for the stack: 

 

�̇�𝑐𝑙𝑒𝑎𝑛𝑔𝑎𝑠,𝑠𝑡𝑎𝑐𝑘 = �̇�𝑐𝑙𝑒𝑎𝑛𝑔𝑎𝑠,𝑐𝑒𝑙𝑙 ∙ 𝑛𝑐𝑒𝑙𝑙𝑠 (A.17) 

 

16. Determining whether the calculation has converged: 

 

𝑈 ∙ 𝐼𝑠𝑡𝑎𝑐𝑘 = (1 ± 10
−6) 𝑃𝑒𝑙,𝑠𝑡𝑎𝑐𝑘  ? 

 

Yes: Go to step 17! 

No: Back to step 7! 

17. Calculation of the actual electric power of the stack: 

 

𝑃𝑒𝑙,𝑠𝑡𝑎𝑐𝑘 = 𝑈 ∙ 𝐼𝑠𝑡𝑎𝑐𝑘  (A.18) 

 

Nomenclature 

A Area [m²] 

RG enthalpy of reaction [J/mol] 

eloss Loss factor 

F  Faraday constant = 96485.3 C/mol 

Hu  Net calorific value [kJ/kg] 

m  Mass flow [kg/s] 

N  Molar flow [mol/s] 

n  number of electrons exchanged during reaction 

P Power [kW] 

p  (Partial) pressure [Pa] 

p0  Reference pressure (at standard conditions) [Pa] 

p  Average (partial) pressure [Pa] 

Q  Heat flow [kW] 

R  Universal gas constant = 8.31447 J/(mol K) 

S/C Steam to carbon molar flow ratio 

 Temperature [K] 

U Voltage [V] 

x Molar part 

 Efficiency 

AU  Air exchange efficiency 

FU  Fuel utilization 

 Temperature [°C] 

 Excess air ratio 

ν  Stoichiometric coefficient 

 

Indices: 

air  air 

anode  anode 

cathode  cathode 

cell  cell 

cleangas  cleangas 

el  electrical 

FG  fuel gas 

i   component i 

in  inlet 

N  Nernst 

net  net 

loss  loss 

out  outlet 

p  pressure 

ref  reference 

req  required 

stack  stack 

SOFC  SOFC 

T  temperature 

ut  utilized 

 

Acronyms: 

IGCC Integrated gasification combined cycle 

IGFC Integrated gasification fuel cell 

Prenflo Pressurised entrained flow 
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