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Abstract 

Combined SOFC-Gas Turbine Power Generation Systems are 

aimed to increase the power and efficiency obtained from the technology 

of using high temperature fuel cells by integrating them with gas turbines. 

Hybrid systems are considered in the last few years as one of the most 

promising technologies to obtain electric energy from the natural gas at 

very high efficiency with a serious potential for commercial use. 

The use of high temperature allows internal reforming for natural 

gas and thus disparity of fuel composition is allowed. Also air preheating 

is performed thanks to the high operating cell temperature as a task of 

energy integration. 

In this paper a modeling approach is presented for the fuel cell-gas 

turbine hybrid power generation systems, to obtain the sofc output voltage, 

power, and the overall hybrid system efficiency. 

The system has been simulated using HYSYS, the process 

simulation software to help improving the process understanding and 

provide a quick system solution. Parametric analysis is also presented in 

this paper to discuss the effect of some important SOFC operating 

parameters on the system performance and efficiency. 
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1. Introduction 

Among many other fuel cell types, the Solid Oxide Fuel Cell "SOFC" is 

considered the most mature technology that is promising for electrical energy 

production from fossil fuels, as task integration including material and energy is 

highly observable, also high efficiency is obtained. 

The tubular sofc module, mainly developed by Siemens-Westinghouse [9], made it 

possible to construct various demonstration projects in the size 300 KW-2 MW in 

Netherlands [1]. 

This paper provides some basic guidelines in the simulation of the hybrid sofc-

gas turbine systems. 

The Simulation offers a rapid modeling tool; hence help in qualitatively discuss 

the effect of each of the operating parameters on the system performance and 

efficiency, therefore possibility for developing schemes for better energy integration 

throughout the cycle. Also optimization is possible to operate the hybrid system at 

optimum conditions and make the best process decisions. 

2. Modeling Approach 

2.1. The SOFC Model: 

Solid Oxide Fuel Cells, or SOFCs. are electrochemical devices which combine 

hydrogen fuel with oxygen to produce electric power, heat and 

water. A solid oxide fuel cell (SOFC) consists of three main components, 

or layers: the anode, cathode, and electrolyte layers. H2, often derived 

from a hydrocarbon fuel source, is transported through the porous 

anode. O2, usually from ambient air, is transported through the porous 

cathode. An electrochemical reaction occurs in which H+ ions are 
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transported through the electrolyte, resulting in the production of water 

as well as free electrons, creating current flow through an external circuit, or load, as 

depicted in Fig. (1-a). 

The Siemens-Westinghouse Tubular Module is illustrated in the fig. (1-b). 

2.1.1. Calculation of the requested air flow: 

When the fresh fuel flow is known as an input data, the requested air flow is 

calculated by: 

M a ^ requesled = M fucl, inld X Rf ( ! ) 

Rr is the pseudo-stoichiometric (air/fuel) ratio, and is equal to the number of moles of 

air requested to oxidize one mole of fuel with the given Uf and Ua ratios. 

2.1.2. Calculation of internal reforming: 

Fuel is reformed first in a prereformer, then inside the fuel cell according to the 

steam reforming and CO-Shift reactions: 

CI1Hm + nH 2 0 = (m-l)H2 + nCO (2) 

n CO + n H20 = n H2 + n COz (3) 

Hence, the hydrocarbons are converted into a H2, CO, C02, and H20 mixture, 

exploiting steam contained in the partially recirculated anode exhaust gases. The 

recirculated fraction is calculated to obtain a given steam/carbon ratio (SC) ratio, 

defined as the ratio between the numbeT of the H20 molecules and the number of the 

C-atoms of combustible components {3]. 

For calculating mixing and prereforrning on the fuel side, two steps are followed: 

1- Calculation of mixing of inlet fresh fuel (at a given temperature) with a 

recirculated fraction of the anode exhaust, which is set to Hie cell 

operating temperature. 

2- Calculation of the prereforming of mixed fuel, reaching an equilibrium 

state. 

Ln [K.q] = - Delta C [reaction] / RT (4) 
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Where it is considered that the reforming reactions are developed thanks to the 

high temperature conditions and to the catalytic effect of the anode materials. 

While for the shift reaction: 

K<,.J»W°%0]lH20] (5) 

Molar concentrations in square brackets calculated for the selected component at 

the cell outlet temperature, where the value of Keq is not influenced by the 

pressure because the moles number is constant across the shift reaction. 

Applying the conservation equations for the carbon and hydrogen moles 

number performs the calculation of the outlet fuel composition; it is also supposed 

for simplicity that CO rs not oxidized directly but only by the shift reaction [4]. 

The calculation is performed iteratively to satisfy the requested Uf, and the 

calculated K^. 

The model finally calculates two global values of Ua and Uf, accounting for the 

fuel recirculation effects. 

JJ„ _ M02,cons/ _ M02, in - MOl, out/ 
Ua~ /M02,in~ /MOXin (6) 

TTS _ MHl.cons/ _MH2,cons/ (n\ 
- ~ /MH2,in~ /MH2,in + MCO,in + 4MCH4,in (l' 

Four moles of hydrogen (3 by steam reforming and 1 by the shift reaction of 

CO) are generated by each CR, mole. Similar contributes are used by the 

reforming of other hydrocarbons according to CnHm generates (m+n-1) hydrogen 

moles, e.g. C2H6 generates 7 moles of hydrogen, and propane generates 10 

hydrogen moles. 

2.1.3. Dependence of the air utilization factor on the cell Current density and cell 

Area: 

The air utilization factor is proportional to the q-iantity of oxygen ions extracted 

from the air flow to oxidize the fuel. 
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/ANA ve - ch aree /AF 

(8) 

M02, consumed is in Kg/s and the mole number (N02) and ion number (N.cu) are 

intended as units per second. 

It is clear that the air utilization depends on the cell area; as an increase in the air 

utilization means an increase in the number of oxygen ions conducted by the 

electrolyte. This number is also proportional to the cell current density. 

The cell area Ac is calculated at an assigned value of air utilization and cell current 

density ic: 

Acell = AFMO2,cons./0.Q32ic 

. (9) 

This is done in order to perform a parametric analysis to the mode! as will be 

seen later. 

2.1.4. Cell voltage and Efficiency: 

Large, complex computer models are used to characterize the actual operation 

of the fuel cells based on minute details of cell component design (physical 

dimensions, materials, porosity, ohmic resistivity, etc.) along with physical 

considerations (transport phenomena, electrochemistry, etc.) bat would be 

cumbersome and time consuming for use in system analysis models [4]. 

Simpler approach is used to avoid a detailed analysis of the cell physical 

structure and considerations, that is the primary influence of the current density ic 

on the SOFC performance (by ohmic, activation and concentration losses) is 

expressed by the reference correlation for V0 (i) shown in fig. (2). 

The V0 (1) curve is obtained by interpolation of experimental data [5, 6] at standard 

operating conditions (fuel composition of 67% H2- 22% CO- 11% H20, Ur= 85%, 

T •- 1000"C. P= 1 barV 
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Calculation of the actual cell voltage value Vc is then performed by semi 

empirical correlations [5, 7] accounting for the differences due to the real operating 

conditions. 

These correlations are expressed by the logarithmic corrections of eqn. (5) 

through (9); they are derived by the Nernst potential equation, and modified with 

the adoption of an empirical multiplying coefficient. 

2.1.4.1. Operating Pressure Effect: 

AVP (mV) = C, log (P/P«f.) (10) 

For operating pressures in the range 1-10 bar, where the theoretical Nernst 

constant d would be 76 mV per decade for tubular AES cells, shown in fig. (1). 

2.1.4.2. Operating temperature effect: 

AVT(mV) = KT(T-Tref)x.ic (11) 

Where the constant KT is equal to 0.008 for temperatures in the range 600-1050 

°C. ic is the current density in (mA/Cm2). 

2.1.4.3. Cathodic flow (oxidizer) composition effect: 

A V ^ ( m V ) = 9 2 l o g [P02/P02ref] ( 1 2 ) 

Where P02 is the average partial pressure of oxygen in cathode flow (within the 

range 0.16-0.2). 

Hence, it is clear that the use of pure oxygen instead of air as an oxidizer, or the 

variation of Ua changes the oxygen partial pressure at cathode and thus the cell 

reversible Nernst potential ErCv And cell concentration polarization. 

2.1.4.4. Anodic flow (fuel) composition effect: 

The fuel flow composition influences the cell voltage. Higher voltage values are 

generated with a higher hydrogen fraction. 

AVan (mV) = 172 log [(Pm/Pico)/ (PH2/PI 120) rer] (13) 

—(^2) 
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For partial pressure ratios in the range 0.9-6.9, Top = 1273 K and air as an 

oxidizer (the theoretical Nernst variation would be 126 mV/decade). [1] 

It should be noted that the flow compositions in the expressions of AV^, and 

AVcath are calculated for co-flow configurations like tubular SOFCs, at the fuel cell 

outlet for this reason, these corrections are influenced by Uf and Ua values. 

The sum of these corrections gives: 

Vc = V0 (i) + A V P + A V T + A V a l h + A V m (14) 

2.1.5. Sofc power and efficiency: 

The cell electrical efficiency r|c, is a function of the cell voltage, of the cell total 

current drawn, and on the fuel low heating value (LHV) as follows: 

riei = Wd / [LHV] fue, = Vcx ic x A«n / [LHV] fuel . . / (15) 

It is apparent that the fuel utilization, air utilization, cell operating pressure and 

temperature, also the fuel low heating value affects the obtained electrical efficiency. 

2.1.6. Heat generation and exhaust gas temperature: 

A significant fraction of heat generated at the anode structure is used by the 

endothermic reforming reactions developed at the anode side, thus reducing the 

requested cooling air flow and enhancing the fuel heating value. 

Qair = m fuc] i n X H fuel, in m fuel, o u t X f l fuel, out " 

Wel . (16) 

2.1.7. Exhaust burning and air preheat: 

The sofc stack finally generates a single outlet stream (spent air and spent fuel) 

react burning in a combustion plenum. 

The generated combustion exhaust gas then preheats the inlet air flow. The requested 

air temperature (T0) after preheating is known from the above calculation of Qair, eqn. 

(16), while the calculation of (he exhaust pressure is done taking into consideration 

values for the pressure drop (1 ]. 
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3- Hybrid SOFC - Gas turbine generation System: 

This includes the introduction of a gas turbine used to expand the hot flue gases 

generated after burning the cathode and anode exhausts in a combustor, then sending 

the expanded gases for air preheating. Additional power is produced can be used for 

air compressor, and /or electrical energy production. Hence, the overall system output 

power is enhanced and system efficiency is improved. 

The sofc stack in combination with the gas turbine is shown in fig. (3). 

3.1. Overall system Efficiency: 

This is the total output power generated divided by the total energy input 

estimated from the lower heating value of the fuel used. 

^ ,c Wgt + Wel/ ni^ 
***= * /LBV, fuel <17) 

Where, 

Wgt: gas turbine output work (a network in some cases including a turbine-

compressor system is used). 

Wei: solid oxide fuel cell output electric work. 

4. Hysvs Simulation for Hybrid Systems: 

A typical hybrid generation cycle is simulated using HYSYS, the steady state 

process simulation software. It provides a developed system solution and modeling 

tool. The role of process simulation is to improve the process understanding, hence to 

optimize and make the best process decisions. 

4.1. System Configuration: 

A schematic description for the process is shown in fig. (4), and can be 

summarized as follows: 

1. The fresh fuel is mixed with a recycled fraction of the anode exhaust. 
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2. The mixed fuel is then prereformed in a prereformer. 

3. Prereformed fuel enters the anode compartment to complete its reforming 

and undergo the anodic reaction of the fuel cell. 

4. Oxygen is extracted from air entering the cathode compartment to 

undergo the cathodic reaction. 

5. Both cathode and anode exhausts are burnt completely in a combustor to 

completely oxidize the remaining unutilized hydrocarbons. 

6. Combustor exhaust gases are expanded in a turbine to obtain additional 

power, and then they are used to preheat the entering fresh air. 

4.2. Assumptions for Cycle Simulation: 

1. Steady state operation is considered. 

2. Gases do not leak outside the system. 

3. Keat loss is negligibly small. 

4. Chemical reactions proceed to an equilibrium state. 

5. Complete combustion for any residual unutilized fuel from the anode 

exhaust in the combustor. 

6. Relative pressure loss remains constant. 

7. The heat for the fuel reforming is supplied from the cell highly 

exothermic electrochemical reaction. 

8. Temperature of the anode outlet and cathode outlet are equal. 

9. Fresh fuel inlet is assumed to have the same pressure as the recirculated 

fuel. 

mZZJ* ® 5 ^ ^ 
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Recrcufeted Ar®& Exhaust 

Fig. (4) Schematic diagram represents a sofc-hybrid power generation system 

Table (1) a list of important operating parameters and conditions used in the 

simulation. 

Category 
Item 

Inlet fuel flow, kg/s 

c o 

'•5 
c 
o 

U 
on 
c 

o 

c o 

'« I 
O es 
c -
0 £ 

Results 

A/F 

R 

P, atm 

T,°C 

ic, (mA/Cm2) 

U r% 

Value 

0.141 

48.75 

0.65 

1000 

180 

85 

Ua 

S/C 

T|clc ^ 

0.18 

2.42 

64.46 

Jk.% 133.2 
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4.3. Simulation Approach: 

1. A fraction of heat released from anode is used to heat up the sofc inlet 

prereformed fuel and air inside the cell. 

2. According to Hess's law, (the sum of the state functions of a series of 

reactions is the same as the state function for the overall sum of the 

reactions), the calculated electrical energy produced from the cell is a 

fraction of the anode outlet energy as hysys calculates the fuel cell reaction 

as an overall hydrogen combustion reaction. 

I.e. We| = Total output anode energy - Qair Eqn. (18) 

3. A reference case is installed together with the simulated cycle and is used 

to calculate the cell voltage and therefore system efficiency. It operates at 

reference conditions of fuel composition of (67% H2 - 22% CO - 11% 

H20), fuel utilization of Uf = 85% obtained by manipulating the air flow 

rate, and air utilization of Ua = 25% is set for the cathode. 

4. Air utilization is determined by the split ratio for the oxygen in the 

overhead stream from the cathode compartment, which is simulated as a 

component splitter. 

5. Parametric Analysis: 

After operating the sofc-hybrid generation system at the conditions listed in table 

(1), it is possible to discuss the effects of a variation of each of the most interesting sofc 

operating parameters. The great dependence of such variables makes it difficult to limit 

the reasoning up to one variable. However a detailed analysis of their dependencies and 

their effects on the cell performance has been considered. The obtained results are 

summarized in table (2) and discussed in the following. 

Here, operating parameters such as Uf, S/C, and Ua are influenced by the effect of a 

variation in the cell operating conditions, such as air/fuei ratio, fraction recycled from 

the anode exhaust, and the fraction of extracted oxygen from supplied air. Curves are 

provided to illustrate this dependency, also to help reaching the desired operating 

parameters by varying the operating conditions used. 
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Curves for describing the c*ll operating parameters on the c i: efficiency and 

overall system efficiency are provided to help optimizing the system performance. 

Case(l) 

5.1. Effect of the air /fuel ratio: 

The larger the air/fuel ratio, the larger the fuel utilization, as the oxygen will be 

sufficiently enough to oxidize the hydrogen in the fuel. This is quantitatively shown in 

table (2), and illustrated in fig. (5). 

But it's apparent that, the cell efficiency and consequently the overall system efficiency 

increases with increasing the air/fuel ratio, then drops down beyond a value of about 51, 

at which hydrogen concentration will be deficient and cell anodic flow composition 

effect on the output cell voltage will be negative, increasing its absolute value with 

increasing the fuel utilization hence decreasing the output cell voltage and efficiency. 

(Note that this efficiency will be negative with too high values of air/fuel ratio). 

Case (2) 

5.2. Effect of the anode outlet recycled fraction: 

The main objective of recycling a fraction of the anodic exhaust flow is to obtain 

the steam and energy required to complete the reforming reactions inside the cell, hence 

increasing the inlet hydrogen amount required for the electrochemical reaction. The 

recycle stream is shown in fig. (4). 

Case (2-a) 

5.2. 1. Recycle ratio R, Changes with const. Ua, ic, mair, T, P, A/F: 

An increase in the recycle ratio means that both steam and hydrogen flows into 

the cell will increase, and with constant air utilization Ua the amount of oxygen will not 

be enough to utilize all the hydrogen in the anodic flow, hence the fuel utilization will 

be lower at higher recycle ratios (and constant Ua). While the cell outlet work and 

efficiency will not be affected, as the anodic composition effect (Pm/Piuo) vviil not 
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tangibly change but the overall system efficiency will slightly increase as flow energy is 

raised, enhancing the output turbine power, and this is shown in fig. (6). 

Case (2-b) 

5.2.2. Recycle ratio R, Changes with const. Uf, ic, mair, T, P, A/F: 

Increasing the recycle ratio, with constant fuel utilization, attained by increasing 

Ua either by increasing the (air /fuel) ratio, Rf or by increasing the cathode permeability 

to oxygen (simulated here as an overhead oxygen fraction) will increase the cell 

efficiency as well as the overall system efficiency. This is illustrated in fig. (7) below. 

Increasing the recycled anode fraction with constant air utilization, while 

decreasing-slightly-the fresh fuel flow will increase the fuel utilization, as oxygen is 

then capable of performing higher fuel utilization [1]. 

Tt should be noted that as the recycle ratio increases, as the (steam/carbon) ratio, 

S/C increases because the steam flow is increased with respect to the same inlet carbon 

flow, where 3 S/C ratio is the mole fraction of steam in the recirculated anode exhaust 

gas to supplied carbonatious hydrocarbons: 

S/C = n H20 /n cH4+2n c2H6+3n OHS and so on for other hydrocarbon contributions. 

This is illustrated in fig. (8). 

The importance of the S/C ratio is that it should be higher than minimum limits in 

order to prevent excessive carbon deposition in the cell and to obtain the desired 

reforming and shift reactions at higher rates. 
Case (3) 

5.3. Temperature Effect: 

As the operating cell temperature increases, as the cell output work and 

efficiency increase, also the obtained turbine work increase raising the overall system 

efficiency.But increasing the temperature should be associated with the development of 

the cell materials used in the system to limit corrosion and wear problems. 
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Here, the temperature is studied in a range of (700-1150 °C), as the accuracy of 

the thermal coefficient KT used in eqn. (11) is vulnerable to drop beyond this range. 

It should be also noted that higher operating sofc temperature requires higher air and 

fuel preheating duties especially with larger flow rates. 

Case (4) 

5.4. Pressure Effect: 

Increasing the system operating pressure will increase the overall system 

efficiency as the cell power is enhanced at higher operating pressures according to eqn. 

(10), which shows a logarithmic relation in the operating pressure to a reference cell 

pressure of an atmospheric pressure. 

The operation at higher pressures requires additional pumping utilities for the air, 

and fuel in some cases like the one which doesn't use a natural gas from the national 

network, but this is compensated from the higher obtained turbine work and 

consequently the resulting overall system efficiency. 

A pressure ranging from 1-10 atmospheres is used to study the enhancements in 

the obtained efficiency, and is plotted in the fig. (10) below. 

It is apparent that operating the hybrid system at low pressure, as atmospheric 

pressure, is not feasible when a hybrid system is employed as the sofc cell is of higher 

obtained work and efficiency than in combination with the turbine. The turbine useful 

added work appears at higher pressures as expanding the hot flue gases from higher 

pressures to atmospheric pressure is then tangible additional work obtained. 

5.5. Summary of the parametric analysis of the sofc-hybrid system, operating 

conditions and efficiency: 

The parametric analysis is important when optimization is required as a first step 

in the commercial demonstration of the hybrid sofc-gas turbine power generators 
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5.6. Conclusions: 

When the cell operating cuiidiiions become substantially different from 11Jt— 

nominal conditions, stated in table (1) some parameters could trespass into areas of 

practical unfeasibility, for example too high air/fuel ratio, preheating temperatures or 

too low cell inlet temperature, S/C ratios [1], Also, higher temperatures, and pressures 

are accomplished by extensive material and testing research work like the anodes and 

interconnectors materials, additional costs for compressing the inlet air, as well as the 

sealing problems associated to the operation at higher temperatures and pressures. 

The sensitivity analysis is summarized in table (2). 
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Table (2) summary of the parametric analysis of the hybrid *ofc-gas 

turbine system operating conditions, SOFC electrical efficiency, and 

overall system efficiency. 

Operating 
Conditions 

Case(l) 
Air/Fuel 

ratio 
changes 
With 
constant 
U„i„ 
nWjT, p 

Case (2-a) 
Recycle 
iitio, R 
Changes 
with const 

T,P,A/F 

Case (2~b) 
Recycle 
ratio, R 
Changes 
with const 
Ur» in m,^ 
T,P,A/F 
Case (3) 
Temperatu 
re 
with const. 
U„ ic, m^r,, 
P,A/F,R 
Case (4) 
Pressure 
with const. 
U„ i„ 
m.ir, T, 
A/F, R 

Air/Fu 
el 
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20 
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60 

Asi iu 
Table 
0) 

=48.75 

42.4 
45 

48.7 

49.8 

As in 
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(1) 
=48.75 

As'in 
Table 

(1) 
=48.75 

VT 

17.5 
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34.0 
2 

48.5 
6 

65.9 
9 

88.1 
4 

100 
93.1 
91 
87 

75 

As 
in 

Tabl 
e ( l ) 
=85 
% 

As 
in 

Tab! 
e ( l ) 
=85 
% 
As 
in 

Tabl 
e ( l ) 
=85 
% 

tld.% 

34.03 

35.88 

48.69 

59.51 

64.16 

-32.7 

As in 
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0) 

=64.46 

61.54 
63.32 
64.2 

64.8 

27.1 
39.6 
52 

64.4 

76.8 

59.8 

64 1 
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68.5 

70 

Tv% 

50.13 

72.44 

96.84 

119 

134.1 
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129.7 
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137.3 

119 
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39.6 
56.45 
73.24 
90 03 

106 8 
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As in 
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0) 
=2.42 
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As in 
Table 

(1) 
=2.42 

R 

As 
in 

Tabl 
e ( l ) 
=0.6 

5 

0.2 
0.4 
0.6 

0.8 

0.2 
0.4 
0.6 

0.8 

As 
in 

Tabl 
e ( l ) 
=0.6 

5 
As 
in 

Tab! 
e ( l ) 
=0.6 

5 

Operating 
Temperatur 
e , 'C 

As in 
Table (1) 

=1000 

As in 
Table (1) 

=1000 

As in 
Table (1) 

=1000 

700 
800 
900 
1000 

1100 

As in 
Table (1) 

= 1000 

Operatin 
g 
Pressure, 
Atm. 

As in 
Table (1) 

= 4 

As in 
Table (1) 

= 4 

As in 
Table (1) 

= 4 

As in 
Table (1) 

= 4 

2 

4 
6 
8 

10 
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Nomenclature: 

Ac cell active area, 

Cm2. 

E'cfaarge e lec tron 

charge, 1.602*1019 

Coulomb. 

NAv Avogadro's 

number, 

6.023 *1023. 

P pressure, bar. 

S/C steam to carbon 

ratio. 

T temperature, K or 

°C. 

U, air utilization 

factor. 

Uffuel utilization 

factor. 

Vc cell voltage, volt. 

AV voltage 

difference. 

Ic current density, 

mA/Cm2. 

K«q reaction 

equilibrium 

constant. 

Wei electric work, 

j/kg. 

r|,v, overall hybrid 

system efficiency. 

Hei sofc output 

electric work. 

Subscripts 

Op operating 

condition. 

Ref reference 

condition. 

Ffuel. 

An anodic 

condition. 

Cat cathodic 

condition. 

Mx mole flow of the 

chemical species x 

in, moles/sec. 

El electrical. 

Sys system 

property. 

Cons consumed. 

Acronyms 

LHV fuel lower 

heating value. 

SOFC solid oxide 

fuel cell. 

AES Air Electrode 

Supported sofc 

module. 
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