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The model of a hybrid system composed of a molten carbonate fuel cell (MCFC) and a heat engine is 

presented, in which multi-irreversibilities such as overpotentials in the electrochemical reaction, heat 

leak from the MCFC to the environment, non-perfect regeneration in the regenerator, and finite-rate 

heat transfer in the heat engine are taken into account. Expressions for the efficiency and power output 

of the system are analytically derived, from which the general characteristics of the hybrid system are 

revealed and the optimum criteria of some main parameters such as the current density, efficiency and 

power output are determined. The influence of the irreversible losses on the performance of the hybrid 

system is discussed. Moreover, a multi-objective function including both the efficiency and the power 

output is put forward and used to further subdivide the optimally operating region of the hybrid 

system. The results obtained here are very general and may be directly used to derive the various 

interesting conclusions of the hybrid systems operated under different special cases. 
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1. INTRODUCTION 

The dual effects of the limited fossil fuel sources and environment pollution have shown the 

requirement of innovative energy generation systems to not only increase efficiency but also reduce 

harmful emissions. The fuel cell is an electrochemical energy conversion system which directly 

converts chemical energy in a fuel to electricity. This results in high efficiency and low pollutant 

emissions in comparison with traditional fossil-based energy conversion devices [1-6]. Among the 

various fuel cells, the molten carbonate fuel cell (MCFC) is very promising because of its fuel 

flexibility and high operating temperature [7-10]. The high temperature operating characteristics 
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provide the possibility of cogeneration with other types of power generators such as gas turbines [11-

14] or heat engines [15-18], so that the performance of the MCFC hybrid systems can be enhanced. 

Since the concept of fuel cell-heat engine hybrid systems was proposed, a number of theoretical 

and experimental investigations have been carried out, which include the thermodynamic analysis [15-

17], the finding promising bottoming cycles [18, 19], the plant configurations [20, 21], and so on [22, 

23]. However, what is the upper bound of performance for the MCFC hybrid system? It is still an 

interesting problem that has not solved yet. It is well known that for the various heat engines operated 

at between two heat reservoirs, the efficiency obtained by the Carnot heat engine is maximum. Thus, it 

will be an available method to theoretically determine the maximum efficiency and power output of 

the MCFC-heat engine hybrid system if the Carnot heat engine is connected with the MCFC.  

In the present paper, the performance and the parametric chosen criteria of the MCFC-heat 

engine hybrid system will be analyzed and discussed systematically. The concrete contents are 

arranged as follows.  

In Sec. 2, the model of the MCFC-heat engine hybrid system consisting of an MCFC, a 

regenerator and a heat engine is established and each assembly unit in the hybrid system will be 

mathematically described. The efficiency and the power output of the hybrid system are analytically 

derived.  

In Sec. 3, the general performance characteristics of the hybrid system are revealed and the 

optimum criteria of some main performance parameters are determined. A multi-objective function is 

used to further expound how to give consideration to both the efficiency and the power output of the 

hybrid system.  

In Sec. 4, the effects of some synthesized parameters representing the irreversible losses on the 

performance of the hybrid system are discussed in details. Some significant results for several special 

cases are directly obtained. Finally, some important conclusions are summarized. 

 

 

 

2. DEPICTION OF AN IRREVERSIBLE MCFC-HEAT ENGINE HYBRID SYSTEM 

Figure 1 shows the schematic diagram of an MCFC-heat engine hybrid system composed of an 

MCFC, a heat engine, and a regenerator, where 0T  is the environment temperature, T  is the working 

temperature of the MCFC, MP  and HP  are the power outputs of the MCFC and heat engine, hq  is the 

rate of heat transfer between the MCFC and the heat engine, lq  is the rate of heat transfer between the 

heat engine and the environment, Lossq  is the rate of heat losses from the MCFC to the environment. In 

Fig. 1, the MCFC acts as the high-temperature heat reservoir of the heat engine for a further power 

production and the regenerator in the hybrid system is to preheat the incoming reactants by means of 

the heat in the high temperature products. By using such a hybrid system, the heat produced in the 

MCFC can be efficiently utilized, and consequently, the performance of the MCFC system can be 

improved. Below, every assembly unit in the hybrid system will be, respectively, discussed in the next 

several subsections. 
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Figure 1. The schematic diagram of an MCFC-heat engine hybrid system. 

 

2.1 An irreversible MCFC 

 
 

Figure 2. The schematic diagram of an MCFC. 
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Many researchers have elaborately demonstrated the operating mechanism of the MCFC [7, 9, 

24-27]. Here, we only give a simple description for an MCFC. As shown in Fig. 2, an MCFC is 

operated by introducing hydrogen to the anode and oxygen and carbon dioxide (if necessary) to the 

cathode, respectively. At the anode hydrogen reacts with carbonate ions available in the carbonate 

electrolyte into water and carbon dioxide and releases electrons to the external electric circuit, 

i.e., 
 e2COOHCOH 22

2

32 . At the cathode oxygen reacts with carbon dioxide and electrons 

into carbonate ions, i.e.,
 

2

322 COe2COO
2

1
. The overall electrochemical reaction is 

 

heatyelectricitCOOHCOO
2

1
H an22cat222  ，， ,                          (1) 

 

where subscripts “an” and “cat” indicate “ anode” and “cathode”, respectively. To sustain the total 

electrochemical reaction, the produced carbon dioxide is transported from the anode to the cathode 

while the produced carbonate ions flow from the cathode to the anode. It should be pointed out that the 

overall reaction is exo-energetic. These energies include an electric part, which is consumed in the 

external electric circuit, and a thermal part, which can be used for further power production by the heat 

engine, i.e., STGH  , where H is the total energy released by the reaction, G  is the 

electric part and ST  is the thermal part. 

According to Faraday’s law, hydrogen consumption rate in the electrochemical reaction is 

determined by )/(=
2

•

FnIq eH
, where I  is the operating electric current, en  is the number of electrons, 

and F is Faraday’s constant [28, 29]. Thus, the maximum possible energy (both electrical and thermal) 

released by the reactions is [15] 

 

Fn

hI
hqH

e

H

0
0

2






,                                                  (2) 

 

where 0h  is the standard molar enthalpy change and can be calculated from the data in Refs. [28, 30-

32]. 

It is well known that the measured open circuit voltage cellU  in a practical fuel cell is always 

lower than the ideal reversible voltage 0U  determined by Nernst equation [25, 33-35] because there 

exist some irreversible losses resulting from the anode overpotential anU , cathode overpotential catU , 

and ohmic overpotential ohmU . The three overpotentials can be, respectively, expressed as [24, 26, 34, 

36]: 

1.0

an,OH

17.0

an,CO

42.0

an,H

,9

222
exp1027.2 









 ppp

RT

E
jU

anact

an ,                                 (3) 

 

09.0

cat,CO

43.0

cat,O

,10

22
exp10505.7 









 pp

RT

E
jU

catact

cat ,                                    (4) 

and 
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















 

923

11
3016exp105.0 4

T
jUohm ,                                       (5) 

 

where j  is the operating current density; R is the universal gas constant; actE  is the activation energy, 

and kp  are the partial pressures of species k at the anode or cathode. It should be pointed out that the 

anode overpotential can be achieved its minimum when the anode gas inlet compositions are optimally 

chosen. By using numerical calculation, the concrete values of the optimal anode gas compositions 

under the different H2 concentrations are listed in Table 1. Furthermore, the cathode overpotential 

decreases when the O2 and/or CO2 concentrations are increased. 

 

Table 1. The optimal anode gas compositions under the different H2 concentrations. 

 

H2  

concentration 

(%) 

CO2  

concentration 

(%) 

H2O 

concentration 

 (%) 

50 7.2 42.8 

60 5.8 34.2 

70 4.4 25.6 

80 2.8 17.2 

 

With the help of the above analysis, the efficiency and power output of an irreversible MCFC 

may be, respectively, expressed as 

 

0

0

( )e an cat ohmM
M

n F U U U UP

hH




  
 



                                       (6) 

 

and 

 

0( )M cell an cat ohmP U I U U U U I     ,                                         (7) 

 

where jAI   is the electric current through the MCFC and A is the effective surface area of the 

MCFC. 

 

2.2 An irreversible regenerator 

The regenerator in the hybrid system acted as a heat exchanger, heating the inlet reactants from 

the ambient temperature to the temperature of MCFC by using the high-temperature products. When 

the regenerative efficiency   of the regenerator is equal to 1, the regenerative process is ideal and the 

additional heat is unnecessary. It should be pointed out that owing to the existence of the thermal 

resistance, the regenerative losses are inevitable. It is reasonable to assume that the rate of the 
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regenerative losses is directly proportional to the temperature difference between the MCFC and the 

environment [37, 38], i.e., 

 

0(1 )( )re re req U A T T   ,                                                    (8) 

 

where reU  and reA  are, respectively, the heat-transfer coefficient and heat-transfer area between the 

regenerator and the environment. In order to replenish the heat losses in the regenerative process, the 

additional heat may be usually transferred from the MCFC at temperature T to the inlet reactants in the 

regenerator in time so that the export temperature of the inlet reactants is ensured to attain the working 

temperature of the MCFC. 

 

2.3 An endoreversible heat engine 

For the heat engine in the hybrid system, the MCFC working at temperature T can be taken as 

to be a high temperature heat reservoir and the environment is a low temperature reservoir. Thus, we 

can use a Carnot heat engine to further convert the heat produced in the MCFC into power. For the 

sake of simplification, the cyclic model of the heat engine is assumed to be endoreversible [15, 39] and 

heat transfer between the heat engine and the heat reservoirs obeys Newton’s law [15, 40]. It has been 

proved that for given rate of heat input  hq  and total heat-transfer area hA of the heat engine, when the 

condition 1221 // UUAA  is satisfied, the efficiency of the heat engine may be expressed as [15, 40, 

41] 

 

01 / ( / )H hT T q K    ,                                                            (9) 

 

where ( )2
2121 +/= UUAUUK h is a parameter to measure the irreversibility of finite-rate heat 

transfer in the heat engine, 1 2hA A A  , 1A  and 2A are the heat-transfer areas between the heat engine 

and the two heat reservoirs, and 1U  and 2U  are the heat-transfer coefficients between the heat engine 

and the two heat reservoirs. 

According to Fig.1, one can derive the rate of heat input from the MCFC to the heat engine as 

 

h M re Lossq H P q q


     ,                                                         (10) 

 

where the heat loss Lossq  from the MCFC to the environment may be expressed as [40, 42, 43] 

 

3 3 0( )Lossq U A T T  ,                                                       (11) 

 

3U  is the convective and/or conductive heat-leak coefficient, and 3A  is the effective heat-

transfer area. 
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By using Eqs. (8)-(11), the efficiency and power output of the heat engine may be, respectively, 

expressed as 

 

0 1 2 0

1
1

/ [(1 ) ( / 1)]
H

MT T m j m T T



 

   
                                    (12) 

 

and 

 
0

2 0

0 1 2 0

1
[(1 ) ( / 1)]{1 }

/ [(1 ) ( / 1)]
H h H M

e M

A h
P q j m T T

n F T T m j m T T
 



 
     

   
,  (13) 

 

where 
0

1

0e

A h
m

n FKT


   and 3 3

2 0

0

(1 )

/ ( )

re re

e

U A U A
m

A h n FT

 


 
. 

 

2.4 The efficiency and power output of the hybrid system 

Table 2. Parameters used in the modeling of the MCFC-heat engine hybrid system [24, 34, 36]. 

 

Parameter Value 

Faraday constant, F (C mol
-1

) 96,485 

Number of electrons, en  2 

Universal gas constant, R  (J mol
-1

 K
-1

) 8.314 

Operating temperature, T  (K) 893 

Temperature of environment, 0T  (K) 298.15 

Operating pressure, p  (atm) 1 

Partial pressure of H2 in the anode, an,H2
p  (atm) 0.60 

Partial pressure of O2 in the cathode, cat,O2
p  (atm) 0.08 

Partial pressure of N2 in the cathode, cat,N2
p  (atm) 0.59 

Partial pressure of CO2 in the cathode, cat,CO2
p  (atm) 0.08 

Partial pressure of H2O in the cathode, cat,OH2
p  (atm) 0.25 

Activation energy in the anode, anactE ,  (J mol
-1

) 53,500 

Activation energy in the cathode, catactE ,  (J mol
-1

) 77,300 

Constant, 1m  (m
2 

A
-1

) 0.00033 

Constant, 2m   1 

 

By using Eqs. (2), (6), (7), (12), and (13), the efficiency and power output of the hybrid system 

can be, respectively, expressed as 
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2 0

0 1 2 0

( / 1) 1
[1 ] 1

/ [(1 ) ( / 1)]

M H
M M

M

m T TP P

j T T m j m T TH
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

 
       

    

   (14) 

 

and 

 
0

M H

e

jA h
P P P

n F



    .                                                    (15) 

 

It is seen from Eqs. (14) and (15) that the performance of the MCFC-heat engine hybrid system 

depends on a set of thermodynamic and electrochemical parameters such as the working temperature, 

current density, synthesized parameters im (i=1, 2), partial pressures of electrodes gas compositions, 

and so on. Below, numerical calculations are carried out based on the data summarized in Table 2, and 

these parameters are kept constant unless mentioned specifically. 

 

 

 

3. GENERAL PERFORMANCE CHARACTERISTICS AND PARAMETRIC  

OPTIMUM CRITERIA 

Using Eqs. (6), (7), and (12)-(15), one can generate the curves of the efficiency and power 

output of the MCFC, heat engine and hybrid system varying with the current density, as shown in Figs. 

3 and 4.  

 

 
 

Figure 3. The curves of the efficiencies of the hybrid system, heat engine, and MCFC varying with the 

current density, where j is the current density at the maximum efficiency max of the hybrid 

system, mM , and mH , are the efficiencies of the MCFC and heat engine in the hybrid system at 

the maximum max , and curves I, II and III correspond to the cases of the hybrid system, heat 

engine, and MCFC, respectively. 



Int. J. Electrochem. Sci., Vol. 6, 2011 

  

4722 

 
 

 

Figure 4. The curves of the power densities of the hybrid system, heat engine, and MCFC varying 

with the current density, where Pj  is the current densities at the maximum power density *

maxP , 

*

,mHP and *

,mMP are the power densities of the heat engine and MCFC in the hybrid system at the 

maximum *

maxP , and curves I, II, and III correspond to the same cases as those in Fig. 3. 

 

 
 

Figure 5. The power density versus efficiency curves of the hybrid system, heat engine, and MCFC, 

where curve I, II, and III correspond to the same cases as those in Fig.3. 
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It is clearly seen from Figs. 3 and 4 that there are a maximum efficiency max  and a maximum 

power density *

maxP  for the hybrid system and the corresponding current densities are j and Pj , 

respectively. It is also seen from Figs. 3 and 4 that in the region of jj  , both the efficiency and the 

power output of the hybrid system will decrease as the current density j  is decreased, while in the 

region of Pjj  , both the efficiency and power output of the hybrid system will decrease as the 

current density j  is increased. 

Obviously, the regions of jj   and Pjj  are not the optimally operating region of the hybrid 

system. Thus, the optimally operating region of the current density j  for the MCFC-heat engine hybrid 

system should be determined by 

 

Pjjj  .                                                              (16) 

 

To further understand the performance characteristics of the hybrid system, one can plot the 

power density versus efficiency curves of the hybrid system, as shown in Fig. 5. According to the 

optimum criterion of the current density and Fig. 5, one can further determine the optimum regions for 

the efficiency and power output as 

 

max m                                                              (17) 

 

and 

maxPPPm  ,                                                            (18) 

 

where m and mP are, respectively, the efficiency at the maximum power output and the power output 

at the maximum efficiency. It is clearly seen from Figs. 3-5 that in the optimally operating region, the 

efficiency and power output of the hybrid system are always larger than those of the MCFC or heat 

engine. It shows once again that the application of the hybrid system may effectively improve the 

performance of the MCFC system. 

It should be pointed out that when the hybrid system is operated in the optimum region, the 

power output will increase as the efficiency is decreased, and vice versa. Generally, the power 

output mP  is very small when the hybrid system achieves its maximum efficiency max  and the 

efficiency m  is not large compared with max when the hybrid system achieves its maximum power 

output maxP . Thus, the problem how to reasonably choose both the efficiency and power output in the 

optimal region of Pjjj   will become very important in the practical optimum design and 

operation of the hybrid system. For this reason, we may introduce a multi-objective function which is 

defined as the product of the efficiency with a weighting factor and power output [44-46], i.e., 

 

PZ 
                                                                  (19) 
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where  is the weighting factor which can be chosen according to the different requirements for the 

efficiency and power output of the MCFC-heat engine hybrid system and  0 . When ∞<<0 λ , 

the multi-objective function is related to not only the efficiency and power output but also the concrete 

value of the weighting factor  . In such a case, the multi-objective function is neither the efficiency 

nor the power output. When 0=λ , the multi-objective function becomes one objective function, i.e., 

the power output. When  , the multi-objective function tends to zero, but it may be rewritten as 
λλ

λ PηZ /1/1 = , which is the other objective function, i.e., the efficiency. When one pays equal attention 

to both the efficiency and power output, one can choose 1 . Below, we will take 1  as an 

example to discuss the choice problem of the optimal current density. 

 

 
 

Figure 6. The curves of the efficiency, power density and multi-objective function of the hybrid 

system varying with the current density, where j , Pj and 
1Zj are the current densities at the 

maximum efficiency, power density and multi-objective function, respectively. 

 

According to Eqs. (14), (15), and (19), we can generate the curve of jZ ~*

1 , as shown in Fig. 6, 

where AZZ /1

*

1   and
1Zj  is the current density corresponding to

*

max,1Z . It is seen from Fig. 6 that *

1Z  

first increases and then decreases with the increase of the current density. This means that there always 

exists a maximum for *

1Z . Fig. 6 clearly shows that PZη jjj ≤≤
1

. Thus, the optimal operation 

region Pjjj  can be subdivided according to the different requirements for both the efficiency and 

the power output. If more attention is emphasized on the efficiency than on the power output, the 

optimal operation region of the current density should be  

 

1Zjjj  .                                                              (20) 
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If more attention is paid on the power output than on the efficiency, the optimal operation 

region of current density should be 

 

PZ jjj 
1

.                                                             (21) 

 

 

4. DISCUSSION 

4.1 Effects of the operating temperature T  

 

a 

 

b 
Figure 7. The effect of the operating temperature on (a) the performance of the hybrid system (b) the 

multi-objective function.  
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The operating temperature of the system is an important factor because it directly affects the 

reversible potential as well as the anode, cathode, and ohm overpotentials of the fuel cell. Fig. 7 clearly 

shows the effects of the operating temperature on the performance of the hybrid system and the multi-

objective function.  

It can be seen from the Fig. 7 (a) that the maximum power output and its corresponding 

efficiency as well as the maximum efficiency and its corresponding power output increase as the 

operating temperature is increased. Fig. 7 (b) shows that the maximum multi-objective function and its 

corresponding current density increased as the operating temperature is increased. At higher operating 

temperatures, the electrodes of MCFC are more reactive and the mass transfer within the fuel cell is 

improved, which result in a net decrease in the overpotentials and a net increase in the reversible 

potential. Furthermore, the performance of the heat engine is naturally enhanced as the operating 

temperature T  is increased. Thus, the higher the operating temperature of the MCFC-heat engine 

hybrid system is, the larger the efficiency, power output, and multi-objective function. 

 

4.2 Effects of 1m and 2m  

(1) When 01 m , i.e., K , the influence of the finite-rate heat transfer irreversibility 

between the heat engine and the heat reservoirs is negligible. In such a case, Eqs. (12), (14) and (15) 

may be, respectively, simplified as 

 

01H C

T

T
    ,                                                                                (22) 

 

CMM
j

TTm
 






 


)1/(
1 02 ,                                     (23) 

 

and 

 
















 



 CMM

e j

TTm

Fn

hjA
P 

)1/(
1 02

0

,                                   (24) 

 

where C is the Carnot efficiency. The power output versus efficiency curve of the hybrid system is 

shown by curve I in Fig. 8. When 0>1m , the efficiency and power output of the hybrid system are of 

monotonically decreasing functions of 1m . 

(2) When 0=2m , the heat leak from the MCFC to the environment and the irreversible losses 

in the regenerator are negligible. In such a case, Eqs. (12), (14), and (15) may be, respectively, 

simplified as 

 

)1(/

1
1

10 M

H
jmTT 




 ,                                          (25) 
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0 1

1
(1 )[1 ]

/ (1 )
M M

MT T jm
  


   

 
,                                      (26) 

 

and 

 
0

0 1

1
(1 )[1 ]

/ (1 )
M M

e M

jA h
P

n F T T jm
 



 
     

  
.                   (27) 

 

The power output versus efficiency curve of the hybrid system is shown by curve II in Fig. 8. 

When 0>2m , the efficiency and power output of the hybrid system are of monotonically decreasing 

functions of 2m . 

 

 
 

Figure 8. The power density versus efficiency curves of the hybrid system under different conditions, 

where m  and *

mP are the efficiency at the maximum power output *

maxP  and the power output at 

the maximum efficiency max , respectively. Curves I, II, and III correspond to the three special 

cases: 0=1m  and 40=2m , 00045.0=1m  and 0=2m , and 0=1m  and 0=2m , respectively. 

 

(3) When 01 m  and 0=2m , the finite-rate heat transfer irreversibility between the heat 

engine and the heat reservoirs, the heat leak from the MCFC to the environment, and the heat loss in 

the regenerator are negligible. In such a case, Eqs. (23) and (24) or Eqs. (26) and (27) can be further 

simplified as 
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CMM  )1(                                                          (28) 

 

and 

 

 
0

(1 )M M C

e

jA h
P

n F
  


    ,                                              (29) 

respectively. The power output versus efficiency curve of the hybrid system is shown by curve III in 

Fig. 8. In a practical MCFC-heat engine hybrid system, 0>1m  and 0>2m . The general characteristics 

of the hybrid system are shown in Figs. 3-7. 

 

 

 

5. CONCLUSIONS 

With the help of the model of an MCFC-heat engine hybrid system including multi-

irreversibilities such as overpotentials in the electrochemical reaction, heat leak from the MCFC to the 

environment, non-perfect regeneration in the regenerator, finite-rate heat transfer in the heat engine, 

expressions for the efficiency and power output of the hybrid system are analytically derived, from 

which the general characteristics of the hybrid system are revealed and the optimum criteria of some 

important parameters are determined. Moreover, a multi-objective function is put forward to further 

subdivide the optimally operating regions according to the different requirements for the efficiency and 

power output. The influence of the irreversibilities on the performance of the hybrid system is 

discussed in detail. The results obtained here may provide some theoretical basis for the optimal design 

and operation of practical MCFC-heat engine hybrid systems. 
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