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Abstract—Solid oxide fuel cells have been considered in the last 
years as one of the most promising technologies for very high-
efficiency electric energy generation from hydrogen or other 
hydrocarbons, both with simple fuel cell plants and with integrated 
gas turbine-fuel cell systems. In the present study, a detailed 
thermodynamic analysis has been carried out.  Mass and exergy 
balances are performed not only for the whole plant but also for each 
component in order to evaluate the thermal efficiency of combined 
cycle. Moreover, different sources of irreversibilities within the 
SOFC stack have been discussed and a parametric study conducted to 
evaluate the effect of temperature as well as pressure on SOFC 
irreversibilities and its performance. In this investigation methane 
and hydrogen have been used for fueling the SOFC stack and 
combustion chamber. 
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I. INTRODUCTION 
INDING efficient power systems is of major concerns,    
especially with the depletion of fossil fuel sources with 

time. Energy demands are expected to keep increasing in the 
future. Thus, finding efficient systems is vital to reduce the 
unit of energy produced per the unit of fuel consumed. On the 
other hand, producing energy from fossil fuel causes some 
problem to the environment, such as global warming, air 
pollution, acid precipitation, ozone depletion, forest 
destruction and emission of radioactive substances, Dincer [1, 
2]. For example, from 1990 to 2007 the CO2 equivalent 
emissions increased 17% in USA [3]. Therefore, finding 
efficient systems that produce less harmful emissions is 
crucial. 
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The efficiency of conventional power plants are usually less 
than 39%. That is, more than 60% of a plant’s energy is lost. 
On the other hand, the overall efficiency of a conventional 
plant that produces electricity and heat separately is around 
60% [4]. 
     The Solid Oxide Fuel Cell (SOFC) is one of the most 
promising types of fuel cells. It is considered an excellent 
device for future power plants, expected to produce clean 
electrical energy at high conversion rates, low emissions and 
low noise levels [5], [6], and [7]. This electrochemical device 
is based on a solid-state ion-conducting (O2) electrolyte 
(yttria-stabilized zirconia), which requires high operating 
temperature (up to 1000 °C). Such temperatures impose 
several technological constraints on SOFC materials, but make 
this device very suitable for co-generation or coupling with 
gas turbines (GTs). The integration of an SOFC stack with 
GTs and other conventional devices, such as compressors and 
heat exchangers, is a very successful application, since an 
SOFC–GT hybrid system can reach net electrical and global 
efficiencies close to 70% and 85%, respectively [8], [9] and 
[10]. In the last few years, many researchers were involved in 
the investigation of the SOFC stack and of the hybrid plant 
[11], [12] and [13]. A number of their papers simulated the 
performance of several types of SOFC–GT systems, analyzing 
their performance. 
     In this paper a parametric study on solid oxide fuel cell has 
been conducted and the effect of different parameters on 
SOFC performance has been discussed. Also total 
performance of combined solid oxide fuel cell and gas turbine 
with respect to pressure ratio discussed. 
 

II.   SYSTEM DESCRIPTION 
The integrated GT–SOFC layout is schematically illustrated 

in Fig. 1. It is composed of six components: (1) air 
compressor, (2) recuperator, (3) high-temperature Solid Oxide 
Fuel Cell (SOFC), (4) combustor, (5) high pressure turbine 
(HPT) and (6) low pressure turbine (LPT). In the Proposed 
system air enters the cycle at state 1 through a compressor, 
where it is pressurized and then leaves at state 2. 

  
 

F



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:5, No:10, 2011

2001

 
For GT power plants, preheating of air within a heat 

exchanger, such as a recuperator, by hot gases at the exhaust 
of the cycle improves the total efficiency of the system. Thus, 
air is preheated in the recuperator up to state 3, after which it 
enters the SOFC stack at the cathode side to participate in the 
electrochemical reaction. Since the electricity produced by 
SOFC stack is DC, an inverter is considered to convert it to 
AC. due to internal fuel cell irreversibilities–mainly ohmic 
resistances–heat is also generated to make temperatures of the 
reaction products rise up to state 4. Most of the mass flow rate 
of the fuel is not completely oxidized within the SOFC. It is 
assumed that this percentage of fuel will be burnt in the 
combustor, which is located, downstream of the SOFC.  

Therefore, exit products from the stack (state 4) are further 
heated up to the desired temperature, such as state 5 in the  

combustor, due to direct combustion of fuel that is separately 
fed into the chamber. Then, the working gas carries a 
significant amount of thermal energy to drive the high pressure 
gas turbine, which provides the power requirement of the 
compressor, as shown in Fig. 1. It subsequently expands and 
drops in temperature until it leaves the GT at state 6. However, 
at this point, the working fluid still carries a higher amount of 
energy, which is able to drive the power turbine and produce 
further useful work, through further expansion of the working 
gas up to about atmospheric pressure (state 7). The heat of the 
exhaust gas is further utilized in the recuperator at relatively 
low compression ratios, to increase the temperature of the 
fresh air at the upstream side of the cell stack. Eventually, the 
exhaust working gas is discharged to the atmosphere at state 8.  

 

NOMENCLATURE    
A Constant appeared in ݍܧ. ሶܹ ௡௘௧ Net power output of the plant, ܹ݇. 
Aୡ Cell Area, ܿ݉ଶ Greek letters 

B Constant that appears in  ݍܧ.  Δ ௟ܸ௢௢௦ Sum of the voltages looses due to 
irreversibilities. 

E Nernst potential or open circuit voltage, 
Volts. ߟ Efficiency. 

E଴ Ideal cell voltage at standard conditions, 
volts. ߛ Ratio of specific heats. 

F Faraday constant. ߣ Stoichiometric ratio. 
H Enthalpy, ܬܭ ⁄݃ܭ . Superscript  
I Current, ݉ܿݕܿ .ܣ Cycle 
j Current density, ݉ܣ ܿ݉ଶ⁄ . subscripts  
j଴ Exchange current density, ݉ܣ ܿ݉ଶ⁄ . Act Activation 
jଵ Limiting current density, ݉ܣ ܿ݉ଶ⁄  . C Cell 
LHV Lower Heating value, ܬܭ ⁄݃ܭ  . comb Combustor 
mሶ  Mass flow rate, ݃ܭ ܵ⁄  . conc Concentration 
P Pressure,  . FC Fuel cell 
Qሶ  Heat transfer rate,  . Gen Generator 

Qሶ ୥ୣ୬,FC Heating rate generated within the cell 
stack, ܹܭ. GT Gas Turbine 

R Universal gas Constance, 
8.314 ⁄ܭ ݈݁݋݉  . in Inlet 

r୮ Compression ratio.  invert DC AC inverter 
T Temperature, ܭ. ohm Ohmic 
Tୱ୧୬୩ Cold sink temperature, ܭ. out Outlet 
U୤ Fuel utilization factor. PT Power turbine 
V Voltage, volts. Recup Recuperator 

ሶܹ  Power, ܹ݇. th Thermal 
ሶܹ ி஼,ௗ௖ DC power output of the cell stack, ܹ݇.   
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physical factors relating to how well the air around the 
cathode can circulate, and how quickly the oxygen can be 
replenished. This change in concentration will cause a 
reduction in the partial pressure of the oxygen. 

Similarly, if the anode of a fuel cell is supplied with 
hydrogen, then there will be a slight drop in pressure if the 
hydrogen is consumed as a result of a current being drawn 
from the cell. This reduction in pressure results from the fact 
that there will be a flow of hydrogen down the supply ducts 
and tubes, and this flow will result in a pressure drop due to 
their fluid resistance. This reduction in pressure will depend 
on the electric current from the cell (and hence H2 
consumption) and the physical characteristics of the hydrogen 
supply system. In both cases, the reduction in gas pressure will 
result in a reduction in voltage. Following equation gives a 
very good fit to the results, provided the constants m and n are 
chosen properly. 

∆ ௧ܸ௥௔௡௦ ൌ  ሺ݆݊ሻ                                                            (3)݌ݔ݁ ݉
 

E.  Total Voltage Losees 
All the voltage losses listed earlier are summarized using a 

single formula that accounts for all the described phenomena: 
 

ܸ ൌ ௢௖ܧ െ ݎ݆ െ ሺ݆ሻ݈݊ܣ ൅  ሺ݆݊ሻ                                    (4)݌ݔ݁ ݉
 

Constants values in the above equation for a high temperature 
solid oxide fuel cell are given Table I. 

 
TABLE I 

CONSTANT OPERATING PARAMETERS OF SOFC 
 ௢௖ ሺܸሻ 1.01ܧ
ሺ݇Ω ܿ݉ଶሻ 2.0 ݎ ൈ 10ିଷ 
 ሺܸሻ 0.002 ܣ
݉ ሺܸሻ 1.0 ൈ 10ିସ 
݊ ሺܿ݉ଶ݉ିܣଵሻ 8 ൈ 10ିଷ 

 
  

F.  Effect of Temperature and Pressure 
The thermodynamic efficiency of SOFCs operating on H2 

and O2 at open circuit voltage is lower than that of other low 
temperature fuel cells because of the lower free energy at 
higher temperatures. On the other hand, the higher operating 
temperature of SOFCs is beneficial in reducing polarization 
resistance. The dependence of SOFC performance on 
temperature is expressed by the following equation: 
 
∆்ܸ ሺܸ݉ሻ ൌ 0.008 ሺ ଶܶ െ ଵܶሻ                                                 (5) 
 

SOFCs, like other fuel cells, show enhanced performance 
by increasing cell pressure. The following equation 
approximates the effect of pressure on cell performance. 

∆ ௣ܸሺܸ݉ሻ ൌ 59 ln ሺ௉మ
௉భ

ሻ                                                           (6) 
 

Where P1 and P2 are different cell pressures. The above 
correlation was based on the assumption that overpotentials 
are predominately affected by gas pressures and that these 
overpotentials decrease with increased pressure. 
 

IV.  ENERGY FORMULATION OF COMPONENTS 
The thermodynamic performance of each of the components 

introduced in the preceding section will be analyzed here. The 
mass and energy balance are employed under the assumption 
of steady flow for the entire cycle. The main stream of the 
working fluid assumed as ideal gas, at different states of the 
cycle is shown in Fig. 1. 

A. Compressor 
The isentropic efficiency of the compressor is defined as: 

௖ߟ ൌ ௪೎ೞ
௪೎ೌ

ൌ ௛మೞି௛భ
௛మି௛భ

                                                                  (7) 
 

Where the ideal temperature of the working fluid at the 
outlet of the compressor can be determined using the 
following equality. 

మ்ೞ

భ்
ൌ ቀ௣మ

௣భ
ቁ

ሺఊିଵሻ ఊ⁄
                                                                    (8) 

 

Applying the energy balance for the system, one may find 
the following work required for the compressor to produce a 
compression ratio of rp. 

ሶݓ ௖ ൌ ݉ଵሶ ሺ݄ଶ െ ݄ଵሻ                                                                 (9) 
 

B. Recuperator 
The effectiveness of the recuperator is described as: 

 
௥௘௖௨௣ߝ ൌ య்ି మ்

ళ்ି మ்
                                                                       (10) 

Using the following energy balance equation, one may find 
the outlet temperature of the cycle: 

ሶ݉ ଶሺ݄ଷ െ ݄ଶሻ ൌ ሶ݉ ଻ሺ݄଻ െ ଼݄ሻ                                              (11) 
 

C. Solid Oxide Fuel Cell 
The fuel utilized to supply the system is methane (CH4), 

with a lower heating value of 50,050 kJ/kg. The following 
electrochemical reactions occur within the anode and cathode 
of the fuel cell: 

In this investigation methane and hydrogen have been used 
for fueling the SOFC stack and combustion chamber. 

In the anode the following electrochemical reaction occurs: 
 

ଶܪ ൅ ܱୀ ՜ ଶܱܪ ൅ 2݁ି 
ܱܥ ൅ ܱୀ ՜ ଶܱܥ ൅ 2݁ି 
ସܪܥ ൅ 4ܱୀ ՜ ଶܱܪ2 ՜ ൅ܱܥଶ ൅ 8݁ି                                 (12) 
 

And for the anode side: 
ଵ
ଶ

ܱଶ ൅ 2݁ି ՜ ܱୀ                                                                 (13) 

The degree to which an anode supports direct oxidation will 
then impact the degree of prereforming of the fuel that is 
required, which in turn typically impacts the balance of plant 
complexity and cost [33]. 

The net cell reaction is thus written as: 

ସܪܥ ൅ 2ܱଶ ՜ ଶܱܥ ൅  ଶܱ                                                 (14)ܪ2
 

And the net cell reaction for hydrogen as fuel is as following: 
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ଶܪ ൅ ଵ
ଶ

ܱଶ ՜  ଶܱ                                                                 (15)ܪ
 

The solution of the overall mass and energy balances of the 
fuel cell requires the evaluation of both the voltage and the 
current produced by the stack. The reversible cell voltage, E, 
is defined by the Nernst equation as follows: 
 

E=ܧ଴ ൅ ோ்
଼௙

݈݊ ൬
௉಴ಹర௉ೀమ

మ

௉಴ೀమ௉ಹమೀ
మ ൰                                                            (16) 

 

where E0 is the ideal cell voltage at standard conditions (i.e., 
298.15 K and 1 bar), R is the universal gas constant, T is the 
stack temperature, and F denotes the Faraday constant (96,485 
C/ mole).The Nernst equation provides a relationship between 
the ideal standard potential, E0, for the cell reaction and the 
ideal equilibrium potential, E, at other temperatures and partial 
pressures of reactants and products. By defining the current 
density, j, as the rate of electron transfer per unit activation 
area of the fuel cell, the DC electric power produced by the 
fuel cell can be expressed by: 
 

ሶܹ ி஼,ௗ௖ ൌ ௖ܸ݆ܣ௖                                                                     (17) 
 

Where Vc represents the cell voltage. This is the difference 
between the open-circuit voltage, obtained from the Nernst 
equation, and voltage losses in the fuel cell: 

௖ܸ ൌ ܧ െ ߂ ௟ܸ௢௢௦                                                                    (18) 
 

Where ∆ ௅ܸ௢௦௦ is the sum of the voltage losses due to 
irreversibilities in the fuel cell, which include activation 
polarization, ohmic losses and concentration losses obtained 
by summation of equations 1-3. 

Each of the irreversibilites which mentioned in eq. 16 can 
be obtained using following equations. 

Some heat generation occurs within the cell stack, due to 
the irreversibilities mentioned earlier. The following equation 
may be used to determine the rate of heat generated within the 
cell stack. 

ሶܳ ௚௘௡,ி஼ ൌ ߂ ܫ ௅ܸ௢௢௦ ൌ ܧ௖ሺܣ݆ െ ௖ܸሻ ൈ 10ି଺ሾܹܭሿ                (19) 

The oxygen used in the reaction of Eq. (12) will be 
normally derived from air. The airflow is usually well above 
the stoichiometric amount, typically twice higher. If the 
stoichiometric ratio is l, then the following equation gives the 
mass flow rate of air usage: 
Air usage ൌ 3.75 ൈ 10ି଻ ൈ λ ൈ Wሶ FC,ౚౙ

Vౙ
 ሾKg s⁄ ሿ                   (20) 

The mass balance for this system gives: 

∑ ௜௡ݏݓ݋݈݂ ݏݏܽ݉ ൌ ∑ ௢௨௧ݏݏݓ݋݈݂ ݏݏܽ݉                                (21) 
 

Thus, 
 

( )3 , 4 , 1+ = + × −& & & &fuel FC fuel FC fm m m   m U                     (22) 
 

Where Uf denotes the fuel utilization factor. The last term on 
the right side of the above equality represents the non-reacted 
mass flow rate that leaves the fuel cell downstream of the 
products. Applying the first law of thermodynamics to the 
SOFC and assuming an adiabatic process, 
 

( )
3 3 , ,

, ,

4 4

1
0

+ × × + ×

− −

− =

& &

&

&

fuel FC f fuel FC

f fuel in FC dc

m h m U LHV m

U h W
m h

                   (23) 

 

Where LHV is the lower heating value of the fuel.  
 

D. Cumbustor 
The working fluid of the cycle, with products from the fuel 

cell, is further heated within the combustor. Considering that 
non-reacted flow of fuel from the SOFC is burnt in the 
combustor, the mass balance of the combustor yields: 
 

( ) ( )3 , ,

, 4

, 5

1fuel FC f fuel FC f

fuel comb

fuel comb

m m U m U

m m

m m

+ + −

+ =

+ =

& & &

& &

& &

                                     (24) 

 

The first law of thermodynamics for the combustor can be 
expressed as: 

 

൫ ሶ݉ ଷ ൅ ௙ܷ ൈ ሶ݉ ௙௨௘௟,ி஼൯݄ସ ൅ ሶܳ௖௢௠௕ െ ሶ݉ ହ݄ହ െ ሶܳ ௟௢௢௦ ൌ 0    (25) 
 

Where 
And ߟ௖௢௠௕ represents the efficiency of the combustor.  

( ), ,1comb fuel FC f fuel combQ m U m

LHV

⎡ ⎤= × − +⎣ ⎦
×

& & &
                                  (26) 

( )
( )

, ,1

1
loos fuel FC f fuel comb

comb

Q m U m

η LHV

⎡ ⎤= × − +⎣ ⎦
× − ×

& & &
                                     (27) 

 
E. Gas Turbine 
As shown in Fig. 1, the required work of the compressor is 

provided by the high pressure gas turbine: 

ሶܹ ீ் ൌ ሶܹ ஼                                                                            (28) 

Knowing the turbine inlet temperature (TIT), the outlet 
temperature of the turbine, T6, can be determined. 
Furthermore, through the definition of isentropic efficiency of 
the turbine, 
்ீߟ ൌ ௐಸ೅ೌ

ௐಸ೅ೞ
ൌ ௛ఱି௛ల

௛ఱି௛లೞ
                                                            (29) 

 
The ideal temperature of the working gas at the outlet of the 
turbine can be evaluated. Therefore, using Eq. (37), the 
downstream pressure of the gas turbine is determined as: 
 

଺ܲ ൌ ହܲ ቀ ల்ೞ

ఱ்
ቁ

ఊ ሺఊିଵሻ⁄
                                                             (30) 

 
F. Power Turbine 
The relevant governing equations for the power turbine are 

similar to those presented in the previous section. Considering 
the isentropic efficiency of the turbine, the downstream 
temperature of the power turbine, T7, may be determined from 

 
௉்ߟ ൌ ௐು೅ೌ

ௐು೅ೞ
ൌ ௛లି௛ళ

௛లି௛ళೞ
                                                            (31) 



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:5, No:10, 2011

2005

W
of

଻ܶ
 

Th
as

ሶܹ
 

Fi
fo
th
 

ሶ݉

ሶ݉

ሶ݉

ሶ݉
 

 

 
 

Where the idea
f the turbine c

଻௦ ൌ ଺ܶ ቀ௉ళ
௉ల

ቁ
ሺఊ

he amount of 
s: 

௉்ܹ ൌ ሶ݉ ଺ሺ݄଺ െ

G. Overall B
The integrate

ig. 1 may be 
ollowing mass
hermodynamic

1. Mass Bala
The mass bal

݉ଵ ൅ ሶ݉ ௙௨௘௟ െ ݉

݉ଵ ൌ ሶ݉ ଶ ൌ ሶ݉ ଷ
݉௙௨௘௟ ൌ ሶ݉ ௙௨௘௟,

݉ହ ൌ ሶ݉ ଺ ൌ ሶ݉

MAIN OPE

Gas turbine 
Compressor
Turbine effi
Power turbin
Recuperator
Combustor e
AC generato
Solid oxide f
Air utilizatio
Fuel utilizat
Stack tempe
Current dens
DC–AC inv
Cell area (cm
Pressure los
Recuperator
Fuel cell sta
Combustor (
Ambient con
Temperature
Pressure (atm

2. Energy Ba
The overall e

l temperature 
an be evaluate

ఊିଵሻ ఊ⁄
             

work transmit

െ ݄଻ሻ             

Balance Equat
ed Gas–Turbi
analyzed as 

s balance as w
c will be deriv

ance 
lance for the s

ሶ݉ ଼ ൌ 0          

ଷ                     

ி஼ ൅ ሶ݉ ௙௨௘௟,௖௢

଻ ൌ ሶ݉ ଼          

TA
ERATING PARAM

cycle 
r efficiency (η
ciency (ηGT) 
ne efficiency (
r effectiveness
efficiency (ηC

or efficiency (
fuel cell 
on factor (Ua) 
tion factor (Uf

erature (Tstack) 
sity (A/cm2) 
erter efficienc
m2) 
sses 
r gas/air sides 
ack (%) 
(%) 
nditions 
e (K) 
m) 

alance 
energy balanc

of the workin
ed using: 

                      

tted to the gen

                     

tions for Integ
ine power pla
a lumped con

well as the firs
ved for this co

system is writ

                     

                     

௠௕                

                      

ABLE II 
METERS OF THE G

comp) 

(ηPT) 
s (ηRecup) 
Comb) 
(ηGen) 

f) 
(K) 

cy (ηinvert) 

(%) 

e of the system

ng fluid at the 

                    

nerator is calc

                     

grated Cycle 
ant with an SO
ntrol volume.

st and second 
ntrol volume.

ten as: 

                      

                      

                     

                     

GT-SOFC PLAN

0.81
0.84
0.89
0.8
0.98
0.95

0.25
0.85
1273
0.3
0.89
834

4 
4 
5 

288
1 

m gives: 

outlet 

     (32) 

culated 

    (33) 

OFC in 
. In the 
laws of 
 

    (34) 

    (35) 

    (36) 

    (37) 

NT 

 
4 
9 

8 
5 

5 
5 
3 

9 

−

−

&m

m

W

Wh
an
SO
tot

௧௛ߟ
௖௬

Wh

ሶܹ ௡
ሶܹ ி
ሶܹ ீ
ሶܳ ௧

 

He
rep

plo
to 
los
an
in 
 

 

vo
rea
cur
of 

the
pre
pre
hig
inv

Fu
el

C
el

lV
ol

ta
ge

(V
)

1 1 ,

8 8

0

+

−

=

&

&&

&

fuel FC

loos

pT

m h m

m h Q

W

here ሶܳ ௖௢௠௕ a
d (32), respec

OFC plant is d
tal rate of ener

௛
௬௖ ൌ ௐሶ ೙೐೟

ொሶ೟೚೟
      

here: 

௡௘௧ ൌ ሶܹ ி஼,௔௖ ൅

ி஼,௔௖ ൌ ௜௡௩௘௥ߟ

ீ௘௡ ൌ ௘௡ீߟ ሶܹ ௉

௢௧ ൌ ሶ݉ ௙௨௘௟,ி஼

ere, ߟ௜௡௩௘௥௧ de
presents the A
The cycle ope

V.  THER

The performa
otting the pol
its current de

sses of the fu
alyze their va
the study is re

Fig. 2 Fuel 

Fig. 2 clearly
oltage on its op
action rate an
rrent density, 
growing of ir
According to
e cell voltag
essure (Fig. 
essure, it is p
gher cost mus
vestment for c

0

0.2

0.4

0.6

0.8

1

1.2

0

Fu
el

 C
el

l V
ol

ta
ge

 (V
)

,

× ×

− &

FC f

FC dc

U LH

W

and ሶܳ ௟௢௢௦ are 
ctively. The to
defined as the 
rgy input to th

                    

൅ ሶܹ ீ௘௡          

௥௧ ሶܹ ி஼,ௗ௖         

௉்                   

஼ ൈ ௙ܷ ൈ ܪܮ ஼ܸ

enotes the DC
AC generator e
erational cond
RMOCHEMICAL

ance of a fuel 
larization curv
ensity. This p

uel cell under 
alues. The pola
epresented in 

cell voltage ve
temp

y shows the 
perating temp
d ohmic losse
fuel cell volt

rreversibility’s
o the Nernst e
ge value incr

3). Moreove
possible to g
st be taken int
compressors. 

200
Current D

4
+ &

CH comHV Q

previously d
otal thermal ef
ratio of the ne

he system. 

                      

                     

                      

                     

஼ுర ൅ ሶܳ௖௢௠௕  

C–AC inverter 
efficiency. 
dition is listed 
L AND GT-SO
cell stack is u

ve, which rela
plot is affecte
investigation 
arization curv
Fig. 2 and 3.  

rsus current den
peratures 

strong depend
perature by eff
es. As it show
tage decreases
s discussed be
equation, it ca
reases by rai
er, by increa
gain best perf
to account, du

400
Densiry (mA/c

K
K
K

mb

                 

defined in Eq
fficiency of th
et work output

                     

                      

                     

                      

                      

efficiency an

in Table II. 
OFC RESULTS

usually descri
ates the cell v
ed by all the 

and can be u
ve of the SOF

nsity for variou

dence of the 
fecting the ele

wn by increasi
s which is the
efore. 
an be observe
ising the op

asing cell op
formance eve
ue to the ener

60
cm2)

T= 800K
T= 700K
T=600K

    (38) 

qs. (31) 
he GT–
t to the 

    (39) 

   (40) 

    (41) 

   (42) 

   (43) 

nd ீߟ௘௡ 

ibed by 
voltage 
typical 
used to 
C used 

 
us 

SOFC 
ectrode 
ing the 
e result 

ed that 
erating 
erating 
en if a 
rgy and 

00



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:5, No:10, 2011

2006

 

O
th
ov
m
el
lo
te
ce
th
el
m
 

 

in
Fi
ac
m
 

F
lC

ll
V

lt
(V

)

Fig. 3 Fuel cell

The shape o
hmic, concen

hat the first a
vervoltage. Th

mainly due to 
lectrolyte. Th
owering the c
mperature as 

ell resistance 
he resistance 
lectronically a

mainly used as 

Fig. 4 Ohmi

Fig. 5 show
ncreasing curr
ig. 6 shows th
ctivation over

much greater th

0

0.2

0.4

0.6

0.8

1

1.2

0

Fu
el

 C
el

l V
ol

ta
ge

 (V
)

0

0.2

0.4

0.6

0.8

1

1.2

0

O
hm

ic
  L

os
t (

V
)

l voltage versus
p

of SOFC po
ntration and a
and the last 
he Ohmic loss

interconnect
his kind of o
cell thickness
shown in Fig
is different fo
usually incre
and ionically 
anode and cat

ic voltage lost v
tem

ws that the 
rent density w
he activation lo
rpotential, du
han the anode 

200
Curren

100 200 30

Current  D

T= 600
T=800
T=1000

s current density
pressure 

larization cur
activation los
one are dom

ses (Fig. 4) aff
tions among 
overvoltage co
s or by incre
g. 4. The impa
or different m
ases with tem
 conductive 
thode it decre

versus current d
mperatures 

concentration
with an expon
oss that consis
ue to an exch

one.  

0 4
nt Densiry (m

00 400 500

Density  (mA

y for various wo

rve depends 
ses. Results s

minant in the 
fecting the SO
cathode, ano

ould be redu
easing the op
act of tempera
materials. For 
mperature, wh
ceramics wh

eases exponent

density for vario

n loss increa
nential trend. F
sts mainly of c
hange curren

400
mA/cm2)

P= 800Kpa

P= 400Kpa

P=100Kpa

600 700 80

A/Cm2)

 
orking 

on the 
showed 
overall 

OFC are 
ode and 
uced by 
perating 
ature on 
metals, 

hile for 
hich are 
tially. 

 
ous 

ases by 
Finally, 
cathode 

nt value 

 

 

flo
op
mo
gen
the
As
po
 

F

600

00

C
on

ce
nt

ra
tio

n
L

os
t(

V
)

A
ct

iv
at

io
n

L
os

t(
V

)
SO

FC
St
ac
k
Po

w
er

(k
W
)

 Fig. 5

Fig.

Fig. 7 shows 
ow rate for me
ptimum value 
ore than that
neration. This
e voltage lost
s it was expec
ower generatio

Fig. 7 SOFC sta

0

0.005

0.01

0.015

0.02

0.025

0.03

0

C
on

ce
nt

ra
tio

n 
 L

os
t (

V
)

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0 1

A
ct

iv
at

io
n 

 L
os

t (
V

)

0

500

1000

1500

2000

2500

0

SO
FC

  S
ta
ck
  P
ow

er
 (k
W
)

Concentration 

6 Activation lo

SOFC stack p
ethane as fuel.

for fuel rate
t will result 
s phenomenon
when more c

cted increasin
on. 

ack power gene
various 

100 200 30

Current

T=10

100 200 300
Current  D

0.03 0

Fuel  

lost versus curr

ost versus curren

power genera
. It can be ded
e which incre

in a revers
n can be expl
current produc
ng the temper

eration rate vers
temperature 

00 400 500

t  Density  (m

000

0 400 500 6
Density  (mA/

0.06 0.09

Flow  Rate(kg

T= 600

T=800

T=1000

rent density 

nt density 

ation rate vers
duced that ther
easing the fu
e effect on 
lained by incr
ced by SOFC
rature leads to

sus fuel flow ra

0 600 700

mA/Cm2)

600 700 800
/Cm2)

T=1000

0.12 0

g/s)

 

 

us fuel 
re is an 

uel rate 
power 

reasing 
C stack. 
o more 

 
ate for 

800

0

.15



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:5, No:10, 2011

2007

sin
of
a 
th
SO
su
 
 

F

 

po
co
ea
sh
fu
la
op
m
of
 

 
  

SO
FC

St
ac
k
Po

w
er

(k
W
)

It should be n
ngle fuel cell
f fuel cells. If 
SOFC should

he net reactin
OFC stack. A
urface and tem

ig. 8 SOFC stac

In order to 
ower generati
onsidered. Fig
ach fuel of hy
hows more po
uel flow rate. T
atent heat valu
ptimum value

methane which
f the power ge

Fig. 9 SOFC st

0

500

1000

1500

2000

2500

3000

3500

0

SO
FC

  S
ta
ck
 P
ow

er
 (k
W
)

500

700

900

1100

1300

1500

1700

1900

2100

2300

0

SO
FC

  S
ta
ck
  P
ow

er
  (
kW

)

noted that eac
s which air an
more power i

d increase. Fig
ng surface on
As it is illus

mperature lead

ck power gener
stack for va

investigate th
on rate, hydro

g. 9 illustrates
drogen and m

ower generatio
The superior o
ue. On the oth
es of fuel flo

h passing these
eneration rate.

tack power gen
hydrogen an

300
SOFC

T= 600

T=800

T=1000

0.02 0.04
Fuel 

ch fuel cell sta
nd fuel flows 
is desirable, th
g. 8 shows the
n total power
strated increa

d to higher pow

ration rate versu
arious temperatu

he effect of 
ogen as well a
s the net powe

methane. As it’
on rate than m
of hydrogen c

her hand, as st
ow rates for 
e optimum va
. 

neration rate ver
nd methane as f

600 900
C Stack Area (

0

0

0.06 0.08
 Flow  Rate (k

acks consists o
through the c

he number of 
e effect of incr
r generation 
ase the net r
wer generation

us active area o
ure 

fuel type on
as methane ha
er generation 
’s obvious, hy
methane at th

comes from its
tated before th

both hydrog
alues lead to d

rsus fuel flow ra
fuel 

1200
(m2)

0.1 0.12
kg/s)

Methane

Hydrogen

of many 
channel 
cells in 

rease of 
by the 

reacting 
n. 

 
f SOFC 

n SOFC 
as been 
rate by 

ydrogen 
he same 
s higher 
here are 
gen and 
decrease 

 
ate for 

sho
les
 

 

eff
con
ma
a l
to 
irr
con
co
rat
an
be
am
en
po
pro
hav
co
be 
cy
op
 

F

1500

0.14

F
l
Fl

R
t

(k
/
)

Fig. 10 show
own for a fixe
ss than methan

Fig. 10 Fuel f

As it is sho
ficiency of a
nventional G
ajority of irrev
large amount 

direct burnin
reversibility w
nventional p

omponent, a 
te of irreversi
d consequent
fore entering

mount of pow
ergetic efficie

ower requirem
ovided both c
ving a negativ
mpared to the
deduce from

cle increase w
ptimum ratio o

Fig. 11 Compar
ratios, betwee

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

1

Fu
el
  F
lo
w
  R
at
e 
(k
g/
s)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0

Pl
an

t T
he

rm
al
 E
ff
ic
in
cy

ws fuel flow ra
ed current den
ne usage. 

flow rate versus
metha

wn in Fig. 1
a GT-SOFC 

GT plant.  In 
versibility tak
of heat is tran
ng of the fue

within the com
lant. Neverth
fuel cell stac

ibility, due to
tly causes the
g the combus
wer productio
ency, compare

ment of a comp
cycles operate
ve role with r
e GT– SOFC 

m Fig. 11 that 
with increasin
of 4 and then i

rison of the ther
en a convention

00 300
Current  D

Methane
Hydrogen

2 4
Com

ate versus cur
nsity the rate o

s current density
ane as fuel 

11, it can be
is considerab
the conventi

kes place in th
nsferred to the
el. In the GT
mbustor is low
heless, there 
ck, which pro

o the chemica
e working flu
stor, as well 
on. Both fact
ed to the conv
pressor in the
e at their opti
respect to effi
cycle. On the 
thermal effic

ng the compre
t shows a desc

rmal efficiency
nal GT plant an

500
ensity  (mA/C

6 8
mpression Rat

GT_S

rrent density.
of hydrogen u

y for hydrogen 

e seen that th
bly higher th
ional GT pla
he combustor,
e working flu
T–SOFC cyc
wer, compare
exists one 

oduces a sign
al reaction int
uid to be pre

as a consid
tors lead to 
ventional plan

e GT plant is h
imum point, t
iciency of the
other hand, it

ciency of GT_
ession ratio up
cending trend

y versus compre
nd GT-SOFC pl

700
Cm2)

10 12 1
tio

SOFC Plant

As it’s 
usage is 

 
and 

hermal 
han the 
ant, the 
 where 
id, due 

cle, the 
ed to a 

more 
nificant 
ernally 

eheated 
derable 
higher 

nt. The 
higher, 
thereby 
e cycle, 
t could 
_SOFC 
p to an 

d.   

 
ession 
ant 

14



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:5, No:10, 2011

2008

al
of
re
en
to
cy
 

F
ra

 

to
irr
ar
co
ov
oh
ba
te
in
po
op
m
po
m
w
 

[1]
[2]

[3]

[4]

[5]

[6]

[7]

[8]

The environm
lso studied in 
f GT and GT
espect to vario
nvironmental 
o a convention
ycle is signific

ig. 12 Compari
atio between G
and with SOFC

In this paper 
o investigate 
reversibilities
re governed b
ontribution o
verpotantial- 
hmic lost. Th
ased on a var
mperature an

nfluence of ea
ower output.
ptimum value

methane which
ower generati

more efficient t
with respect to 

] Energy Inform
] Ibrahim Dinc

(14) (1999) 8
] U.S. Environ

Gas Emission
] Tom Kerr, Co

for policy ma
] Larminie J, D

2004. 
] Benjamin TG

performance. 
] Fuel cell tech

814 Internatio
] Kimijima S, 

hybrid micro
2002, Amster

0

200

400

600

800

1000

CO
2
Em

is
si
on

s 
 (k

g/
M
W
h)

mental impac
the current pa

T–SOFC cycle
ous compressi
friendly perfo

nal GT plant, s
cantly higher t

ison of carbon d
Gas Turbine plan
C (GT–SOFC pl

VI.  C
r a thermodyna

the SOFC 
. It concluded
by ohmic los
f two other 
to the total 

he parametric
riation of the 
nd pressure, 
ach variable o
 This inves
es for current
h taking over
ion rate. Also
than a traditio
the thermal ef

REF

mation Administr
cer, Environment
45–854. 

nmental Protectio
ns and Sinks: 199
ombined heating 

akers, Internationa
Dicks A. Fuel c

G, Camera EH, M
Institute of Gas T

hnology handbook
onal, Hardbound.
Kasagi N. Perfor

o generation syst
rdam, the Netherl

2

ct in terms of
aper. The pred
es are illustra
ion ratios. Th
ormance of G
since the effic
than that of G

dioxide emissio
nt without SOFC
lant) at the sam

CONCLUSION 
amic analysis
 performanc

d that the volt
sses in the c

irreversibilit
voltage lost 

c analysis of 
cell operating
yields a deta

on the cell ef
stigation reve
t density for 
r this values 
o, the GT–SO
onal GT plant,
fficiency and 

FERENCES   
ration, Internation
tal impacts of e

on Agency, Inven
90–2007, 2009. 

and power and e
al Energy Agency

cell system expla

Marianowski LG
Technology; 199
k, 2002. Gregors 
 
rmance evaluatio
tem. In: Proceed
lands, June 3–6. 

6 10

GT_SOFC
Conventional 

f CO2 emissio
dicted CO2 em
ated in Fig. 1
his figure reve
GT–SOFC, co
ciency of the m

GT plant. 

ons versus comp
C (conventiona

me operating con

 has been carr
ce as well 
tage losses in 
cell componen
ties- activatio
are much le
the stack be

g parameters 
ailed insight 
fficiency and 
eals that the

both hydrog
result in dec
OFC power p
, by as much 
less CO2 emis

nal Energy Outlo
energy, Energy P

ntory of U.S. Gr

emissions trading
y (2008). 
ained. New York

G. Handbook of 
5. 
Hoogers/CRC P

on of gas turbine–
dings of Asmetur

0 14

Gas Turbine

ons was 
missions 
12 with 
eals the 
mpared 
modern 

 
pression 
al plant) 
ndition 

ried out 
as its 
SOFCs 
nts and 
on and 
ss than 
ehavior, 
such as 
on the 
electric 

ere are 
gen and 
ease of 
plant is 
as 28% 
ssion. 

ok, 2009. 
Policy 27 

reenhouse 

g: options 

k: Wiley; 

fuel cell 

ress/SAE 

–fuel cell 
rbo Expo 

[9]

[10

[11

[12

[13

 
 
 
 

Bae BH, Sohn
analysis of a p
In: Proceeding
and Technolog

0] Inui Y, Yanag
combined pow
Energy Conve

1] Chan SH, Ho 
cell and gas tu

2] Chan SH, Ho
oxide fuel cel
114:213–27. 

3] Chan SH, Ho 
hybrid system
900. 
 

n JL, Ro ST. Th
power generation 
gs of ASME Conf
gy, Rochester, Ne
gisawa S, Ispida 
wer generation 

ers Manage 2003;
HK, Tian Y. Mod

urbine power plan
o HK, Tian Y. M
l–gas turbine hyb

HK, Tian Y. M
m. International j

ermodynamic mo
system based on

ference on Fuel C
ew York, USA, A

T. Proposal of 
system with ca

; 44:597–609. 
delling of a simp

nt. J Power Sourc
Modeling for part
brid power plant

Multi-level modeli
ournal Hydrogen

 

odeling and perf
n the solid oxide f
Cell Science, Eng
April 21–23, 2003
high performanc
arbon dioxide r

le hybrid solid ox
es 2002; 109:111
t load operation 
t. J Power Source

ing of SOFC-gas
n Energy 2003; 

formance 
fuel cell. 
gineering 
3. 
ce SOFC 
recovery. 

xide fuel 
1–20. 

of solid 
es 2003; 

s turbine 
28:889–


