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Abstract. In the last 10 years, research and development activities in fuel cell technology have been intensified within 

industry, research institutes and universities. As a result, fuel cells are now moving towards commercial readiness, or 

expecting a breakthrough within the next few years. The electricity production market benefits from combined or 

hybrid cycles because of their high efficiency. In this scenario, fuel cells are a good candidate combined to gas 

turbines. Systems studies indicate that fuel cell/turbine hybrid system could realize a 25 percent increase in efficiency 

for a comparably sized fuel cell. The synergy comprehended by fuel cell/turbine hybrid system derives primarily from 

the use of rejected thermal energy and combustion of residual fuel from a fuel cell to drive the gas turbine. High 

temperature fuel cells offer good opportunities for coupling with a gas turbine. This type of fuel cell allows the 

conversion of a wide range of fuels, including various hydrocarbon fuels. The relatively high operating temperature 

allows for highly efficient conversion to power, internal reforming, and high quality by-product heat for cogeneration 

or for use in a bottoming cycle. Fuel cell systems have demonstrated minimal air pollutant emissions and low 

greenhouse gas emissions.  This paper presents a thermodynamic analysis of a direct internal reforming solid oxide 

fuel cell (DIR-SOFC) and a gas turbine (GT) system. Equilibrium calculations are performed to find the ranges of inlet 

steam/fuel ratio. After that, a hybrid system with a DIR-SOFC and a GT is evaluated using a computer simulation in 

the design point. The results showed that the fuel cell is the main energy producer system. Also, the high net efficiency 

(76%) is achieved by the hybrid cycle compared to fuel cell efficiency of about 48% and the gas turbine around 37%. 

Finally, it is shown that the computer simulation of the hybrid system may represent a quick and economic feasible way 

to investigate it. 
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1. NOMENCLATURE  

 

A  - Area [m2 or cm2] 

Cp  - Specific heat at constant pressure [kJ/kg.K] 

Cv  - Specific heat at constant volume [kJ/kg.K] 

E  - Operation cell voltage [V] 

Fn  - Faraday constant [96487.309 C/mol] 

h  - Specific enthalpy [kJ/kg] 

i  - Current [A] 

iL  - Limiting current [A] 

j  - Current density [A/m2] 

j0  - Exchange current density [A/m2] 

K  - Reaction equilibrium constant [-] 

LHV - Lower heating value [kJ/kg or kJ/kmol] 

m  - Mass flowrate [kg/s] 

ne - Number of electrons transferred per mole of  

fuel [mol e-/mol] 

P - Pressure [kPa or MPa] 

pi - Partial pressure of the component i [kPa] 

Q  - Heat transfer rate [kW] 

gR  - Universal gas constant [8.315 kJ/kmol.K] 

rp - Pressure ratio [-] 

Rt - Total resistance of the cell components [] 

rtc - Resistance to charge transfer [.m2] 

S - Entropy [kJ/K] 

s - Specific entropy [kJ/kg.K] 

T - Temperature [°C or K] 

Uf - Fuel utilization [-] 

WFC - Electric energy density [J/m2] 

W - Work [kJ] 

W  - Power [kW] 

 

GREEK LETTERS  

Vact - Activation Polarization [V] 

Vconc - Concentration polarization [V] 

Vohm - Ohmic Polarization [V] 

p - Pressure drop [kPa] 

 - Equivalent thickness of the diffusion layer [m] 
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 - Efficiency 

elec - Electric energy efficiency 

GT - Isentropic efficiency of the gas turbine [-] 

GTM - Mechanical efficiency of the gas turbine [-] 

C - Isentropic efficiency of the compressor [-] 

CM - Mechanical efficiency of the compressor [-] 

m - Resistivity [[.m] 

 - Isentropic coefficient [-] 

 

Subscripts 

0 - Standard state (1 atm and 25ºC) 

ac - Alternating current 

an - Anode 

cat - Cathode 

 - Environment 

C - Compressor 

Comb - Combustor 

dc - Direct current 

FC - Fuel cell 

Ger - Generator 

GT - Gas Turbine 

reg - Regenerator 

 

 

2. INTRODUCTION 

 

According to the International Energy Agency (IEA, 2015), the world consumed, in 2013, about 13.5 billion of tons 

of oil equivalent (toe), of which, 81.4% are from fossil fuels, responsible for CO2 emissions of around 32.2 billion tons. 

According to the Energy Research Company (EPE, 2015), 37% of the World energy demand, or 4.8 billion of toe, were 

used in the electric energy generation, leading to 22,000 TWh generated. The economic development and the life 

standards sought by society are demands that require a reliable and trustworthy supply of energy (Barreto et al., 2008). 

The construction of nuclear, hydroelectric or thermal power plants have become impracticable, due to the inherent 

environmental impacts and associated risks. Such circumstances bring up the opportunity to evaluate new energy 

generation technologies (Neto, 2005). The constant need for clean and efficient energy generation systems have been 

taking technological development centers to search new, innovative ways to obtain maximum power and high 

efficiency with lower costs (Silveira et al., 1999).  

 Such goals might be achieved mainly by improving existing systems and/or using clean energy (solar, wind) or 

renewable fuels (biomass, hydrogen), avoiding or even reducing the usage of fossil fuels which are the major 

contributors of carbon dioxide emissions (Bang-Møller et al., 2013). 

According to Carcasci et al. (2000), one of the ways to reduce the fossil fuel impact in the atmosphere is through 

more efficient energy generation systems, such as combined cycles. The biggest benefit of this type of combination is 

the better use of the fuel, in other words, more power can be harnessed from the same amount of fuel, thus increasing 

the system efficiency and lowering the release of pollutants per kilowatt-hour generated. 

Recent studies related to the use of gas turbines and solid oxide fuel cells, known as hybrid systems, have been 

developed. Hybrid systems with the purpose of electric energy generation, as stated by Hauschild (2006), are systems 

composed by two or more energy production sources, operating together in order to attend a common consumer. 

Granovskii et al. (2007) performed a research that included an exergy analysis of two gas turbine fuel cell hybrid 

systems to determine their efficiency and power generation capacity at different rates of oxygen transport through the 

cell electrolyte. Substantial works have been done to illustrate the efficiency of hybrid systems, which are able to reach 

of about 80% efficiency (LHV-based) when operating with natural gas as the fuel (McLarty et al., 2014). 

The thermal efficiency of an ordinary gas turbine plant has significant losses due to the high irreversibility inside the 

combustion chamber. A fuel cell gas turbine hybrid system represents an emerging technology to power generation, 

because of its higher efficiency in energy conversion, high synergy between equipment, low environmental impact and 

potential use of renewable energy sources as fuels (Magistri et al., 2006). 

This paper will technically analyze a hybrid system consisting of a direct internal reforming solid oxide fuel cell and 

a gas turbine in order to generate electric power with high efficiency. The thermodynamic simulation of the fuel cell has 

been made with EXCEL software, from where it was possible to obtain its operating parameters suitable to the hybrid 

cycle simulation. CYCLE-TEMPO software, from Delft University of Technology, was used to perform the 

thermodynamic simulation in the design point of the different equipment (fuel and air compressor, fuel cell, combustion 

chamber and gas turbine) of the system. 

 

3. DESCRIPTION AND MATHEMATICAL MODELING OF THE HYBRID SYSTEM 

 

Figure 1 shows the schematic diagram of the hybrid system in Cycle-Tempo software (Fig. 1a) and the temperature-

entropy plot of the corresponding process (Fig. 1b). The first and second laws of thermodynamics are applied 

considering steady state of all equipment in the system and the working fluid is assumed to behave as an ideal gas. 

Figure 1a shows that (1) air enters the cycle through a compressor (C1), where it is pressurized, leaving in the state (2). 

Compressed air is heated by the exhaust gases (6) from the gas turbine in the heat exchanger (E) that improves the total 

efficiency of the system. Thus, the heated compressed air (3) gets in the fuel cell (F) by the cathode side to participate in 

the electrochemical reaction. The fuel cell has an internal reforming system, in which a pressurized fuel is used 

(compressor C2) along with steam. By the electrochemical conversion, direct current power (DC power) is produced by 

the fuel cell. However, due to the irreversibility of such process, especially ohmic resistances, heat is generated and the 

temperature of the products reaches state (4). The non-oxidized fraction of the fuel will be burnt in the combustion 
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chamber (G) of the gas turbine (T), located after the fuel cell. Therefore, the fuel cell products will get the desired 

temperature for the gas turbine entrance (5). Then, the combustion gas (5), which carries a certain amount of thermal 

energy, expands itself in the gas turbine in exchange for a heat loss, attaining state (6). The turbine supplies the power 

requirement of the compressor and provides additional power that will be summed with the power provided by the fuel 

cell. The turbine has an axle coupled to an electric generator that produces electric power in alternating current (AC). 

The exhaust gases from the turbine still have some thermal energy that is used by the heat exchanger to heat up the air 

that will be used by the cathode of the fuel cell, reaching, thus, state (7). The exhaust gas is released through the stack. 
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(a) Schematic of hybrid system. (b) Hybrid system temperature-entropy plot 

 

Figure 1. Hybrid system (a) schematic and (b) temperature-entropy plot. 

 

3.1 Solid Oxide Fuel Cell – SOFC 

 

To a hydrogen fuel cell, with known pressures of the reactants and products (Chan et al., 2001): 

nnn Fpp

p

FF 2

TP
ln

4

TR
Kln

2

TR
E

vc,ger

O

2
H

0
2

OHgg

22

2
S

















 
(1) 

concohmativ
vc,ger

VVV
2

T


nF

S  
(2) 

According to Chan et al. (2001), the first term on the right side of Eq. (1) shows the effect of temperature on the fuel 

cell potential, while the second term shows the effect of the pressure of the reactants and products on fuel cell potential. 

The effect of the irreversibility on the voltage drop is considered in the third term of the Eq. (1) and it can be expressed 

be the activation, ohmic, and concentration polarization (Eq. (2)).  

Since the ionic flow of the electrolyte obeys the Ohm law, the losses by ohmic drop can be described by (Caires, 

1996, Chan et al., 2001): 

tRi ohmV  (3) 

A

m 
tR  (4) 

)T/exp(m ba  (5) 

Where: Rt is a total resistance of the fuel cell components, which can be calculated from its resistivity (m). The 

resistivity is a temperature function, where a and b are material specific constants. These constants are indicated in Tab. 1. 

According to Caires (1996), chemical reactions, including electrochemical reactions, involve energy barriers that must 

be overcome by the reactants. This barrier is called activation energy. Activation polarization is produced because of the 

energy intensive activity of the making and breaking of chemical bonds at the cathode and anode. The amount of energy 

needed for the forming and destroying of these bonds comes from the fuel, and thus reduces the overall energy the cell can 

produce. The reduction is controlled by the reaction rate of the cell. If the reaction rate increases, the flow rate for fuel must 

also increase which increases the kinetic energy and thus lowers the energy required to break bonds. Increasing 

temperature, active area of the electrode and the utilization of the catalyst also lower the effect of activation polarization. 

To SOFC, the losses due to the activation polarization can be described as (Virkar et al. 2000, Chan et al. 2001): 
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Where j0 is the exchange current density, that is a function of the fuel cell operating temperature and is related to the 

resistance of charge transfer (rtc) by: 

rtc

TRg

0

ne Fn
j   (7) 

The resistance of charge transfer can be experimentally obtained or calculated from methods presented in the literature. 

Costamagna et al. (1998) shows the resistance calculation from the sum of two parts: the ionic conductor resistance and the 

electronic conductor resistance. On the other hand, Virkar et al. (2000) and Tanner et al. (1997) show the resistance 

calculation from physical and electrochemical properties of the material that compose the electrode of the SOFC. 

According to Zhu et al. (2015), the concentration polarization becomes significant when big amounts of current are 

extracted from the fuel cell. The partial pressures of the gases in the reaction sites, which corresponds to their volume 

concentration, are smaller than in the bulk of the gas flow, when a big amount of current is extracted. This occurs in cases 

when the reactant transportation to the active sites is done in an inferior rate than the two subsequent stages, that is, its 

dissolution in the electrolyte or consumption in the ongoing reaction. This concentration gradient might originate a severe 

polarization and, then, a limiting current (iL). In practice, the electrodes must have a wide interfacial area and be porous to 

ensure a reactants easy and continuous access. The concentration polarization can be calculated from (EG&G Services 

Parsons, Inc., 2000): 
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(8) 

Once all losses by polarization are calculated, the fuel cell voltage can be determined by deducting the losses by 

polarization from the Nernst potential. The electric energy density produced by the fuel cell can be calculated as (Chan 

et al., 2002): 

jW .EFC   (9) 

 

3.2. Gas turbine in a hybrid system 

 

The concept of using a gas turbine in a SOFC integrated system have been well known for years. A research in the 

literature indicates that the concept was first analyzed by Ide et al. (1989), who compared three different hybrid systems 

in terms of net efficiency, energy generation, and energy recovery. 

All the gas turbine modeling is based on Fig. 1b. The isentropic efficiency of the compressor is defined as (Van 

Wylen et al., 2003): 
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Where the ideal temperature of the working fluid at the compressor outlet can be determined using the following 

equation (Van Wylen et al., 2003): 
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 is the ratio between specific heats at constant pressure (Cp) and constant volume (Cv). Applying the energy balance 

in the system, the work required for the compressor is (Van Wylen et al., 2003): 

)C 121 h(hmW    (12) 

Besides, the equation for the entropy equilibrium for the compressor can be written as follow (Van Wylen et al., 

2003): 

0CC  SSmSmW 2211   (13) 

Thereby, the entropy generation rate during the process of compression can be obtained from the following equation 

(Van Wylen et al., 2003): 

)121C S(SmS    (14) 

The first law of thermodynamics for the combustion chamber can be expressed as (Cohen et al., 1996): 

54,,, )1()( mmUmUmm fFCfuelfFCfuelFCair
   (15) 

LHVUmQ fFCfuelcomb )1(,    (16) 

LHV)1)(1( CombFC,fuelLoss  fUmQ   (17) 

Comb represents the efficiency of the combustor. The equation of entropy balance for the combustor can be written 

as (Cohen et al., 1996): 
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Thus, the entropy generation rate inside the combustion chamber is (Cohen et al., 1996): 

04455 
 Comb

CombLoss
Comb

T

Q

T

Q
smsmS


 (19) 

Where TComb refers to the adiabatic flame temperature of, in which the heat is transferred to the working fluid. 

As previously said, the work demanded by the compressor is provided by the gas turbine. Therefore, the net work of 

the gas turbine is given by (Van Wylen et al., 2003): 

CGTGT,net WWW   (20) 

Knowing the turbine inlet temperature, the turbine outlet temperature can be calculated through the definition of 

isentropic efficiency of the turbine (Van Wylen et al., 2003): 

s,65

65

GTs

GT
GT

hh

hh

W

W




  

(21) 

Equation (22) give the gas turbine exit pressure as (Van Wylen et al., 2003): 
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The equation of entropy balance for the turbine can be obtained with (Van Wylen et al., 2003): 

06655  GTSsmsm   (23) 

From the mass conversion, 
6655 smsm   . The entropy generation rate during the expansion process is (Van Wylen 

et al., 2003): 

)( 565 ssmSGT    (24) 

The regenerator efficiency is described as (Van Wylen et al., 2003): 

76

23
reg
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  

(25) 

Using the following energy balance equation, one may find the outlet temperature of the cycle (Van Wylen et al., 

2003): 

)()( 766232 hhmhhm    (26) 

Besides, the entropy balance equation for the regenerator can expressed as (Van Wylen et al., 2003): 

077336622  cSsmsmsmsm   (27) 

From the mass conservation (
32 mm    and 

76 mm   ). Thus, the entropy generation rate inside the heat exchanger can 

be achieved with (Van Wylen et al., 2003): 

)()( 766232reg ssmssmS    (28) 

 

3.3. Equations for general balance for hybrid cycle 

 

The SOFC gas turbine hybrid system shown in Fig. 1 can be analyzed as a single control volume. The mass balance 

of the hybrid system can be described as: 

07,1  mmm FCfuel
  (29) 

321 mmm    (30) 

765 mmm    (31) 

On the other hand, the energy balance (first law) of the system is given by: 

0LHV 77CH11 4
 GTnet,dcFC,LossCombfFCfuel, WWQhmQUmhm   (32) 

CombQ  and 
LossQ  have been previously defined by the Eq. (16) and (17), respectively. The total thermal yield of the 

plant GT-SOFC is defined by the ratio between the net work and the total income power of the system. 
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GeracFCnet WWW   ,
 (34) 

dcFC,acFC, WW 
inverter  (35) 

GT,netGerGer WW    (36) 

CombCHFC,fueltot 4
LHV QUmQ f
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In which inverter and Ger are the inverter (DC to AC) and the generator efficiency, respectively. 

Finally, the entropy generation rate within the system is the summation of entropy generated in all plant components. 


i

iSScycle
 

(38) 

Where i is for compressor, regenerator, SOFC, combustor and gas turbine. The sum of Eqs. (2), (14), (19), (24) and 

(28) yields: 

7

1177cycle
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smsmS Loss
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(39) 

 

3.4. Hybrid system simulation 

 

Table 1 indicates the physical properties of the fuel cell chosen to the present study, according to data given by the 

literature (Hirschenhofer et al., 1994; Chan et al., 2003; Virkar et al., 2000; Zhu et al., 2015).   

 

Table 1 – Characteristics of the SOFC components (Hirschenhofer et al., 1994; Chan et al., 2003; Virkar et al., 2000). 

 

 Anode Electrolyte Cathode Interconnector 

Material Ni/YSZ YSZ LSM/YSZ Mg/LaCrO3 

Ohmic Resistance  

Constant 

a = 0,0000298 

b = -1392 

a = 0,0000294 

b = 10350 

a = 0,0000811 

b = 600 

a = 0,001256 

b = 4690 

Thickness 1,5×10-4 m 4,0×10-5 m 2,0×10-3 m 1,5×10-4 m 

 

Table 1 information will be used in the calculation of the SOFC polarization losses. Some general hypothesis have 

been made: the system operates in steady state; the processes are adiabatic; both the fuel cell and the regenerator operate 

in cross flow; the electric generator has an efficiency of 97%. Table 2 shows the system components, their 

identifications and the entry parameters of each equipment. 

  

Table 2 – Equipment entry parameters. 

Reference Name Parameters 

A Fuel source CH4: 30% and H2O:70%. Pressure = 1.013 bar. 

B Air source N2: 77.29%, O2: 20.75%, H2O: 1.01%, CO2: 0.03% and Ar: 0.92%  

Pressure = 1.013 bar and Temperature = 20C. 

T Turbine GT = 0.85                            GTM= 0.99 

G Combustor ∆p = 0.3bar 

S Stack Pin = 1.013bar 

F Solid Oxide Fuel 

Cell 

∆p,an = 0.2bar 

∆p,cat = 0.2bar 

Tin,an = 800C 

TFC = 1000C 

Uf = 0.85 

inv = 0.97  

RFC = 5×10-5ohm.m2 

j = 2500 A/m2 

AFC = 800m2 

C1 Turbine compressor C1 = 0.80                            CM1 = 0.98 rp = 8 

E Regenerator ∆p.hot = 0.1 bar                       ∆p.cold = 0.1bar                        Tout.cold = 800C 

C2 Fuel compressor C2 = 0.70                            CM2 = 0.98 rp = 8 

 

The Microsoft EXCEL software was used to perform the fuel cell thermodynamics simulation, and generate the 

specific plot of fuel cell energy density in function of the fuel cell current density. The thermodynamic simulation of the 

hybrid system was made through the CYCLE-TEMPO software, from Delft University of Technology. 

 

 

4. RESULTS AND DISCUSSION  

 

Figure 2 shows the results for the SOFC ohmic polarization for an anode (a), cathode (b) and electrolyte (c) 

supported fuel cell as a function of current density for temperatures ranging from 800°C to 1100°C. 
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Figure 2. Results for ohmic polarization as a function of current density for the (a) anode supported, (b) cathode 

supported and (c) electrolyte supported SOFC (800°C  T  1100°C). 
 

It is observed that the ohmic polarization decreases with increasing temperature. Also, the component that most 

contributes to ohmic losses is the electrolyte, a fact that has become unviable the fuel cell development supported on it, 

according to Mahato (2015). 

Figure 3a shows the exchange current density as a function of SOFC temperature. With these results, it was possible 

to calculate the activation polarization as a function of current density for temperatures ranging from 800°C to 1100°C. 

The results of activation polarization are shown in Fig. 3b. 
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Figure 3. Results of the exchange current density as a function of temperature (a) and activation polarization for the 

anode and cathode-supported fuel cell (b) as a function of current density (800°C  T  1100°C). 
 

It is observed from Fig. 3 that the higher the temperature is, the lower the activation polarization is. Note also that 

the activation polarization is more significant at the cathode than at the anode. 

Figure 4 displays the results of concentration polarization as a function of current density for temperatures ranging 

from 800°C to 1100°C, to fuel cells supported on the anode (Fig. 4a), cathode (Fig. 4b), and electrolyte (Fig. 4c). The 

results were constructed assuming a fuel containing 97% by volume of hydrogen and 3% by volume of water and air as 

the oxidant, a porosity of 30%, and a tortuosity factor of 6 (Chan et al., 2002 ). 
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Figure 4 – Results of concentration polarization versus current density for the anode (a), cathode (b) and electrolyte 

(c) supported SOFC (800°C  T  1100°C). 
 

In the anode-supported fuel cell, it is noted that the anode polarization is more significant than the cathode and there 

is a limit to the anode current, which value decreases with increasing temperature. In this case, a mixture 

hydrogen/steam were used as the fuel. If used was natural gas as fuel, the value of limiting current density would 

decrease significantly (Chan et al., 2002). Also, it is observed in cathode-supported fuel cell, the cathode polarization is 

more significant than in the anode and there is a limit to the cathode current, which value decreases with increasing 

temperature. If pure oxygen were used as the oxidant, this value would increase significantly (Chan et al., 2002). The 

concentration polarization in the electrolyte-supported fuel cell is smaller than other types, which does not influence 

significantly in the performance of the device. 
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Figure 5 illustrates the results of voltage versus current density for the anode (Fig. 5a), cathode (Fig. 5b) and 

electrolyte-supported (Fig. 5c) solid oxide fuel cell. It is observed that the fuel cell output voltage increases with 

increasing temperature in any of the types of fuel cell configuration. In addition, the increase in the fuel cell current 

density causes the decrease of the output voltage, which can permanently damage the components. In practice, it is 

recommended to work at the design point voltage of the fuel cell.  
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Figure 5 – Results of voltage versus current density for the anode (a), cathode (b) and electrolyte (c) supported SOFC 

(800°C  T  1100°C). 
 

The performance results of the fuel cell versus temperature are shown in Fig. 6, for the fuel cell supported at the 

anode (Fig. 6a), cathode (Fig. 6b) and electrolyte (Fig. 6c). 
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Figure 6 – Results of power density versus current density for anode (a), cathode (b) and electrolyte (c) SOFC                   

(800°C  T  1100°C). 

 

It is observed through Fig. 6(a), (b) and (c) that the cathode-supported SOFC operates at lower current density than 

the others do because it has a limit current density lower than that of the other fuel cell configurations. Note that the 

higher the operating fuel cell temperature, the higher the peak power density. The operating temperature is limited by 

the physical integrity of the fuel cell components. The fuel cell chosen to the hybrid system is a tubular cathode-

supported SOFC with internal reforming. Manufacturers such as Siemens Westinghouse use this setting, mainly due to 

its ease of construction related to sealing aspects (Mahato, 2015). 

Although fuel cells can operate at any current density, researchers and suppliers recommend the use in a current 

density lower than where it reaches its power density peak. Therefore, the simulation of a hybrid system considers a fuel 

cell working at 2500 A/m2. In addition, a 1 MW gas turbine was chosen for the study. The results of the hybrid system 

simulation are shown in Tab. 3. 
 

Table 3. Results of the SOFC-GT hybrid system at the design point. 
 

SOFC Turbine Compressor Mass flowrate Hybrid Cycle 

j = 2500 A/m2 

kW33.975GT W  

kW06.463
1C W  skg177.0comb m  NET = 76.39% 

E = 0.8124 V 

W = 2030 W/m2 
kW82.204

2C W  skg517.1air m  kW2.1868NET,tot W  
kW12.1576FC W  

 

It becomes clear that, in the design point, the fuel cell is the main energy generator, while the turbine is the second. 

It is also notable the high liquid efficiency (76.39%) reached by the hybrid cycle. While operating separately, the 

electric energy generation efficiency of the same cell is around 48%, and the turbine, 37%. 
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