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---------------------------------------------------------ABSTRACT-------------------------------------------------------------- 

Energy and exergy analyses are introduced to a zero-dimensional hybrid system of solid oxide fuel cell - gas 

turbine, for steady-state operation. The effects of two important SOFC parameters (operating pressure and 

current density) on varying conditions are examined. According to the obtained results, a decrease in SOFC 

current density improved the system performance (electrical efficiencies and exergy efficiencies) due, primarily, 

to the reduction in Ohmic losses, which results in a higher stack voltage. As system pressure increases, net 

electrical power, electrical system efficiency, and electrical system exergy increase to a peak and then decrease. 

The main exergy destructions occur in the combustion chamber and the gas turbine. 

KEYWORDS: Solid oxide fuel cell, Hybrid system, Current density, System pressure, Exergy destruction, 

Efficiency. 
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I. INTRODUCTION 
Solid oxide fuel cells (SOFC) are electrochemical devices that convert the free chemical energy of 

hydrogen from fuel directly into electrical energy with high efficiency and resulting emits the waste heat and 

water. SOFC is very promising because it is a high-energy conversion efficiency of up to 80%, and it is very 

appropriate for a broad application prospect of power generation systems. Besides, the properties of high 

efficiency, it has a high-quality exhaust heat and low emission, which allows the creating a hybrid power system 

with a gas turbine (GT) or micro gas turbine (MGT). The SOFC electrochemical reactions take place at 

relatively high temperatures compared to the other types of fuel cells[1–7]. 

Many investigators have studied theoretical simulation and analysis of the possible configuration of 

hybrid power plants. Park et al [8]simulated the design of a pressurized SOFC hybrid system using a fixed gas 

turbine.Bavarsad[9]investigated an internal reforming SOFC/GT hybrid system to study the effect of different 

parameters such as fuel and air flow rates, temperature, and pressure on the performance of the system.Ishak et 

al [10]presented the integration of direct ammonia solid oxide fuel cell with a gas turbine in a new combined 

cooling, heating, and power cycle. Akroot[11] studied the impact of various SOFC operation temperatures on 

the performance of the hybrid system.Zabihian and Fung [12]investigated the effects of the inlet fuel type and 

composition on the performance of hybrid solid oxide fuel cell (SOFC) and gas turbine (GT) model.Zhang et 

al[13]established a novel model of the SOFC–GT hybrid system with internal reforming to determine the 

optimal rate of fuel flowing into SOFC and calculate the maximum efficiency of the hybrid system.Mehrpooya 

et al [14]introduced a two-dimensional finite difference model of hybrid solid oxide fuel cell-gas turbine power 

plants. The results showed that the voltage and electric power increase as pressure and temperature rise.Lv et al 

[15]studied the effect of key operating parameters such as F/A ratio, S/C ratio, and rotational speed on theSOFC 

hybrid system 

The aim of the current study is, first, energy and exergy analysis of a SOFC/GT integrated power plant, 

in which energy balance and exergy balance are done for each component of the hybrid system individually to 

identify the inlet and outlet condition of the corresponding streams and then assessing the performance of the 

system. For model simulation, a Matlab
®
 code is used to calculate thermodynamic properties for all parts of the 

power plant and analysis the performance of the hybrid system. Also, the effect of various parameters, such as 

current density, and SOFC operation temperature are studied on the system performance. 

 

SYSTEM MODELING AND ASSUMPTIONS 

The plant layout is shown in Figure 1. The system consists of a SOFC stack, a combustion chamber, a 

gas turbine, a water pump, mixers, compressors, and heat exchangers. The operation of the system can be 

summarized as follows: The fuel and air entering the system are pressurized separately by the fuel and air 

compressors, to the fuel cell operating pressure before being preheated in the heat exchangers by the exhaust 

https://www.sciencedirect.com/science/article/pii/S0360319907004752#fig1
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gases.Liquid water is compressed by the pump to the fuel cell operating pressure and then preheated in the heat 

exchanger (HE3) to convert it to water vapor and then it is supplied to the mixer to mixed with methane.The 

methane gas must be reacted with steam to converts to H2, H2O, CO, and CO2 in the reforming and shifting 

reactions at the inlet of the anode. The electrochemical reaction occurs in the SOFC stack to produces 

electricity, thermal energy, and water. The unburned fuel and excess air react in the combustion chamber to 

increase the temperature of the exhaust gas. The high thermal energy of the exhaust gases is expanded through a 

gas turbine to generate mechanical power, which in turn is converted into additional electric power. 

 

 
Figure 1.Diagram of the SOFC /GT hybrid system 

 

The developed model for SOFC is made on the following assumptions [3,16] with the system modeling 

parameters listed in Table 1: 

 The system performs under steady-state conditions. 

 Air, methane, and water enter the fuel cell with the same temperature. 

 Air enters the SOFC with molar fractions of 21% for O2 and 79% for N2. 

 The methane is completely reformed to hydrogen before taking part in the electrochemical reaction. 

 The stream temperatures at the exits of the SOFC cathode and the anode are the same. 

 There is no heat interaction with the environment. 

 Only hydrogen is electrochemically reacted. CO is converted to CO2 and H2 by water–gas shift reaction. 

 

Table 1. The SOFC stack parameters 
Parameter Value 

Specific resistivity of the anode 95 × 106exp −1150 Tsofc  −1 

Specific resistivity of cathode 42 × 106exp −1200 Tsofc  −1 

Specific resistivity of the electrolyte 3.34 × 104exp −10300 Tsofc  −1 

Specific resistivity of interconnection 9.3 × 106exp −1100 Tsofc  −1 

Active surface area 0.01  m2  

Thickness of anode 500  μm  

Thickness of cathode  50  μm  

Thickness of electrolyte 10  μm  

Thickness of interconnect 0.3 ∗ 10−2 m  

Exchange current density of the anode 6500 A/m2  

Exchange current density of the cathode 2500  A/m2  

Baseline current density 6000  A/m2  

Effective gaseous diffusivity through the anode 0.2 ∗ 10 −4 m2/s  

Effective gaseous diffusivity through the cathode 0.05 ∗ 10 −4 m2/s  

Stack pressure drop 2 % 

https://www.sciencedirect.com/science/article/pii/S036031991600224X#tbl2
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Fuel utilization factor 0.85 −  

Number of cells 667 

FUEL CELL MODEL 

The solid oxide fuel cell was simulated via a zero-dimensional steady-state model built-in Matlab
®
. The 

SOFC design was based on anode-supported, planar configuration, and consists of 667 cells. The electrolyte, 

anode, and cathode were composed of yttria-stabilized zirconia (YSZ), nickel-doped yttria-stabilized zirconia 

(Ni-YSZ), and lanthanum strontium magnetite (LSM), respectively. 

The cell voltageEcell , is calculated by subtracting the activation, ohmic, and concentration overpotentials from 

the Nernst potential (i.e., open circuit voltage), Eocv : 

Ecell =  Eocv − ηact –  ηohm −  ηcon            (1) 

Eocv (T, Pi) = −  
ΔG

n F
+

RT

2F
 

PH 2∗∙PO 2

1
2 

PH 2O
        (2) 

         

ηact =
RTsofc

F
sinh−1  

i

2ioa
 +

RTsofc

F
sinh−1  

i

2ioc
        (3) 

𝒾 = 2𝒾o sinh  
ne Fηact ,

2RTsofc
           (4) 

ηohm = i ρaδa + ρcδc + ρeδe + ρiδi         (5) 

ηcon ,   a/c =  −
RTsofc

n𝑒F
ln  1 −

i

iL,a /c
          (6)

   

The stack voltage is simply the cell voltage multiplied by the number of cells: 

v𝑠𝑡𝑎𝑐𝑘 =  Ecell ∙ ncell           (7) 

The stack power (PSOFC ) can be calculated as: 

PSOFC = 𝒾. Acell ∙ Ecell ∙ ncell = 𝒾. Acell ∗ v𝑠𝑡𝑎𝑐𝑘        (8) 

 

ENERGY AND EXERGY ANALYSIS OF SYSTEM 

Energy balance for a hybrid system component at steady-state and neglecting changes in kinetic and potential 

energy can be written as: 

Q + W  =   nih ii +  neh ee (9) 

whereQ  ,W  , andh i represent heat transfer rate, work transfer rate, and molar enthalpy, respectively. The energy 

balance applied to determine the energy efficiency of the system is givenin Table 3. 

 

Table 3. Performance criteria 
Parameter Value 

Input energy Q in =  n CH 4
. LHVCH 4

 

Input exergy E in =  n CH 4
. e f

kım  

Net electrical power of the system PNet = PSOFC + WGT − WAC − WFC − WPUMP  

SOFC efficiency ηsofc = PSOFC Q in . 100 

Overall electrical efficiency ηoverall = PNet Q in . 100  

exergy efficiency of SOFC ψsofc = PSOFC E in . 100  

overall electrical exergy efficiency ψelectrıcıty = PNet E in . 100   

 

The specific exergy is the total of the chemical exergy and physical exergy. The chemical exergy change is 

linked with chemical processes while the physical exergy is obtained from mechanical and thermal processes. 

Physical and chemical exergy for each node of the model should be determined as follow[17]: 

Ex j
f =  n i h i − h o,i − To s i − s o,i  ı         (10) 

Ex j
c =  n i xıe ı

kım + R  To xı ln xı  ı         (11) 

where Ex j
f  and Ex j

c  are the physical and chemical exergy, To  is the ambient temperature, s i is the specific molar 

entropy, x is the molar fraction of the gas i at each node, and e ı
kım  is the standard chemical exergy of gases, as 

shown in table 4.The total exergy for each node in the system is calculated as follow: 

E xj = Ex j
f + Ex j

c            (12) 

The exergy rate balance of a control volume at steady state can be expressed as: 

I =   1 −  𝑇𝑜 𝑇𝑗  Q 𝑗 + W  𝐶𝑉 +   𝐸𝑥 𝑖j +  𝐸𝑥 𝑒e        (13) 

https://www.sciencedirect.com/topics/engineering/cell-voltage
https://www.sciencedirect.com/topics/engineering/concentration-overpotential
https://www.sciencedirect.com/topics/engineering/heat-transfer-rate
https://www.sciencedirect.com/topics/engineering/molar-enthalpy
https://www.sciencedirect.com/topics/engineering/energy-efficiency
https://www.sciencedirect.com/science/article/pii/S0196890414006372#t0020
https://www.sciencedirect.com/topics/engineering/exergy-rate
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Table 4. Standard chemical exergy of gases [18] 
Gases Standard Chemical Exergy (kJ/mole)   

CH4 831.6 

H2 236.1 

O2 3.97 

N2 0.72 

CO 275. 

CO2 19.87 

H2O(ℊ)   9.5 

 

 

MODEL VALIDATION  

The polarization curve of the SOFC model used in this study has been compared with one model from 

the literature. In the differentiation, the operating conditions (temperature and pressure) are assumed to be the 

same as the ones assumed in the case research presented from Ranjbar et al.[17], which are 1000 K and 1.19 atm 

respectively. As presented in Figure 2, the polarization curve of this work matches very well with the preceding 

work results, and the divergence between these results does not exceed 1%. 

 

 
Figure 2. Differentiation between the polarization curve obtained from this work and the data from a preceding 

work by Ranjbar et al,[17]. 

 

II. RESULTS AND DISCUSSION 
The model under discussion is simulated at full-load steady-state performance based on fixed setting 

parameters as a reference case. The compressor efficiency 85%, pump efficiency 85%, afterburner combustion 

efficiency 99%, heat exchangers pressure drop 3%, the effectiveness of heat exchangers 80%, afterburner 

pressure drop 5,% S/C ratio 2.0, and fuel utilization 85%. Results of the base case simulation at current density 

6000A/cm
2
 are shown in Table 2. The rate of exergy destruction in cycle components is shown in Figure 3. 

 

Table 2. Base case simulation results 
Cell voltage Electrical efficiency Stack power Net power 𝛈𝐈 𝛈𝐈𝐈 

0.7382 59.17% 28.95 33.28 68.02 65.61 
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Figure 3. Exergy destruction in various components of the existing system 

 

Current density: The SOFC current density is a significant parameter for evaluating system performance. 

Figures 4–6indicate the effect of current density on the voltage, power output, energy efficiency, and exergy 

efficiency. Figure 4shows the impact of SOFC current density on the cell voltage, stack power density, and 

power output. As can be seen, increment the current density decreases the cell voltage due to the increases in the 

total voltage loss. Cell voltage decreases from 0.8206 to 0.6671 (about 18.7%). It is also seen from the figure 

that the stack power and the power output from the hybrid system directly proportional to the SOFC current 

density. The SOFC stack power increases from 16.15 to 39.14 kW (about 58%) and the system stack power 

increases from 18.29 to 45.7 kW (about 60%), thus denoting that the hybrid system gives more power at high 

current density. 

 

 
Figure 4.Fuel cell voltage, stack power density, and power output as a function of SOFC current density 

 

A SOFC- GT hybrid system requires the use of some components such as compressors and pumps that 

require power input. As a result, the auxiliary power consumed by these devices must be subtracted from the 

overall gross power generated by the hybrid system to calculate the total power output from the system.  

Figure 5 reveals the effect of SOFC current density on the power of the main components of the hybrid 

system. The molar flow rates of air and fuel directly proportional to the SOFC current density. Therefore, the 

power consumed by the air and fuel compressors increases with the increase in SOFC current density.  It is 

possible to see from this figure that the electrical power consumed by the air compressor is growing faster than 

the rate of electrical power consumed by the fuel compressor due to elevating the airflow rate through the air 

compressor.  
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Figure 5. Power of the main components as a function of SOFC current density 

 

Figure 6 shows the influence of SOFC current density on the hybrid system performance. The curves in 

these figures show the SOFC electrical efficiency, SOFC exergy efficiency, system electrical efficiency, and 

system exergy efficiency for different values of current densities. It is viewed from the curves that the increase 

of SOFC current density decreases SOFC efficiencies and system efficiencies because of the raised in the molar 

flow rate of fuel and it causes an increase in the inlet fuel energy and exergy. Increasing inlet energy and exergy 

hurt the system efficiencies and fuel cell efficiencies.  

 

 
Figure 6 Hybrid system efficiencies as a function of SOFC current density 

 

Operation pressure: Air and CH4 pressure are important parameters in system performance. Figures 7-9 

display the impact of operating pressure on voltage, efficiency, and power output. Figure 7 showed that the 

effect of system pressure on the voltage and power output from the hybrid system.  It is seen from the figure that 

an increase in the operating pressure gives rise to an increment in the stack power due to the reduction in the 

voltage losses. It is indicated from the figure that when system pressure increases from 4 bar to 12 bar, the 

SOFC stack power increases from 28.49 to 29.66 kW (about 4%). 

The results also showed that the net electrical power increases with increasing system pressure reaches 

a maximum and then decreases as the system pressure further increases. When the system pressure dramatically 

increases, the auxiliary power consumed by the air compressor raises that lead to a decrease in the net electrical 

power. A considerable elevate in the net output power should be observed, with a maximum of 33.5 kW at 8 

bar. 

0

5

10

15

20

25

30

35

40

45

50

2000 3000 4000 5000 6000 7000 8000 9000 10000

P
o

w
er

, (
kW

)

Current density, (A/cm^2)

sofc_power

GT_power

Net_power

AC_power

FC_power

40

45

50

55

60

65

70

75

80

2000 3000 4000 5000 6000 7000 8000 9000 10000

Ef
fe

ci
en

ci
es

,(
 %

)

Current density, (A/cm^2)

sofc_efficiency

system_efficiency

sofc_exergy

system exergy



Performance Analysis of Hybrid Solid Oxide Fuel Cell - Gas Turbine Power System 

DOI:10.9790/1813-0909014351www.theijes.com                             Page 49 

 
Figure 7. Fuel cell voltage and stack power density as a function of SOFC current density for two different 

models 

 

Figure 8 shows the influence of system pressure on the power of the main components of the hybrid 

system. As shown in the figure, the power consumed by the auxiliary components (pump, air, and fuel 

compressors) increases with the increase in the system operating pressure. It also can be seen from the figure 

that the increment of the system pressure leads to a rise in the turbine inlet pressure, resulting in promote of gas 

turbine power output.  

 

 
Figure 8. Power of the main components as a function of system pressure for two different models 

 

Figure 9 shows the relationship between system pressure and system performance. The SOFC voltage 

and its power output elevate when the system pressure increases, resulting in an enhanced in the SOFC 

efficiencies as seen in the figure. The figure also presented that the increase of the system pressure leads to 

rising in the turbine inlet pressure, resulting in an increment in the power output from the gas turbine and lifting 

in the power consumption in the air and fuel compressors. When the system pressure increases, the system 

efficiencies increase reaches a maximum and then begins to decline as the system pressure further increases. 
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Figure 9 Hybrid system efficiencies as a function of system operating pressure 

 

III. CONCLUSIONS 
In this study, energy and exergy analysis of a zero-dimensional steady-state SOFC-GT hybrid system was 

developed in Matlab®. The hybrid system model was used to investigate the impacts of some various operating 

parameters such as system pressure, SOFC current density on the power output, and the performance of a 

selected hybrid system.Several remarkable conclusions can be drawn from the results of this study:  

 Increasing the operating pressure of the hybrid system increases net electrical power, electrical system 

efficiency, and electrical system exergy until reaches a maximum and then falls as the operating pressure further 

increases because of the increment in the auxiliary power consumed by the compressors.   

 Operating the hybrid system at a high pressure caused an increase in the cell voltage, resulting in an 

improved on the stack power, efficiency, and exergy of SOFC. 

 The decrease of SOFC current density improved the system performance (electrical efficiencies and 

exergy efficiencies) due, primarily, to the reduction in Ohmic losses, which results in a higher stack voltage. 

 The main exergy destructions occur in the combustion chamber and the gas turbine. 

 

NOMENCLATURE 

Acell Cell area, (cm2) 

E OCV Fuel cell voltage at standard conditions, (V) 

Ex j
fPhysical exergy, (kJ) 

Ex j
cChemical exergy, (kJ) 

e ı
kım Standard chemical exergy of gases, (kJ/mol) 

FFaraday constant, (C/mol) 

ΔGChange in molar Gibbs free energy, (J/mol) 

LHVLower heating value, (kJ/mol) 

ToAmbient temperature, 

s iSpecific molar entropy, (J/mol K) 

ℎ Molar enthalpy, (J/mol) 

iCurrent density in Ampere, (A. cm2) 

nNumber of moles of electrons transferred 

PiPartial pressure of gas, (Pa) 

Q  Heat transfer rate across the boundary of the system, (kW) 

W    Work transfer rate, (kW) 

PPower, (kW)   

TAbsolute temperature, (K) 

RUniversal gas constant, (J/mol K) 

v𝑠𝑡𝑎𝑐𝑘 Stack voltage, (V)  

Greek Letters 

δ Thickness, (cm) 

ηEnergy efficiency 

ΨExergy efficiency 

ρElectrical resistivity, (Ω −1
 cm

−1
) 

𝒾oExchange current density, (A cm
−2

) 
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Acronyms 

CCCombustion chamber 

FCFuel compressor 

GTGas turbine 

MMixer 

SOFCSolid oxide fuel cell 

HE Heat exchanger 
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