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A new hybrid system is established to utilize the waste heat generated in a DCFC (direct carbon fuel 

cell). The hybrid system mainly consists of a DCFC with molten carbonate as electrolyte, a regenerator 

and a Carnot heat engine, where the Carnot heat engine is driven by the high-quality waste heat 

generated in the DCFC. Based on the electrochemistry and non-equilibrium thermodynamics, 

expressions for the efficiencies and power outputs of the DCFC, Carnot heat engine and hybrid system 

are derived, where the different sources of irreversible losses such as the various kinds of 

overpotentials in the electrochemical reaction process, finite-rate heat transfer between the DCFC and 

the heat engine, and heat-leak from the DCFC to the environment are considered. It shows that the 

performance of the DCFC can be greatly enhanced by coupling a Carnot heat engine to further convert 

the waste heat for power generation. By employing numerical calculations, the effects of some design 

parameters and operating conditions on the performance of the hybrid system are discussed in detail. 

The investigation method in the present paper is feasible for some other similar energy conversion 

systems as well. 
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1. INTRODUCTION 

Fuel cells have been heralded as a replacement for current less efficient power generation 

technologies because of their high efficiency and zero toxic emission levels. The applications of fuel 

cells are enormous and include large scale stationary power generation, distributed combined heat and 

power and portable power [1-3]. Among all possible fuels for fuel cells, hydrogen is the preferred 
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choice as high power density for fuel cells can be achieved. However, effective and economic 

production and storage as well as refueling infrastructure are still facing with big challengers.  

Compared with the prevailing hydrogen fuel, carbon is more convenient for storage and 

transportation and is less fire/explosion hazard. DCFC (direct carbon fuel cell) is a unique 

electrochemical device which can directly converts the chemical energy of carbon or biomass into 

electricity without the need for gasification or the moving machinery associated with conventional 

electric generators [4-6]. Almost all the carbon-rich materials such as coal, natural gas, petroleum, and 

biomass can be easily converted or purified to the fuel of DCFC. Thus, the DCFC is considered as one 

of the most attractive solution in the automotive and power generation industry [6-10]. 

Generally, the working temperature range of DCFC is 973~1073 K [6, 9, 10], and there will be 

a lot of high-quality waste heat production when the DCFC is put into operation. Thus, it is a task 

deserving deeply investigation on how to availably utilize the waste heat produced in DCFC. The high-

temperature operating characteristics provide the possibility of cogeneration with other types of power 

generators such as gas turbines or heat engines for further power generation. So far, numerous 

investigators have carried out on the high-temperature fuel cells such as the solid oxide fuel cells 

(SOFCs) and molten carbonate fuel cells (MCFCs) based hybrid systems in order to increase the 

overall performance of the fuel cells [11-15], however, the study on further utilizing the waste heat in 

DCFCs for power generation through heat engine hybrid system is seldom, the existing method for 

improving the efficiency for DCFC is always considered a hybrid electrode configuration [16]. 

In the present paper, we will construct a new typical system to effectively recover the waste 

heat generated in the DCFC for power generation, the hybrid system mainly composed of a DCFC, a 

regenerator and a Carnot heat engine. Each component in the hybrid system will be dividedly 

described, and the numerical expressions for efficiency and power output of the hybrid system are 

derived by considering not only the irreversible losses in the DCFC but also the heat-leak from the fuel 

cell to the environment as well as the heat transfer between the fuel cell and the heat engine.  Based on 

numerical calculations, the general performance characteristics are revealed and the optimal regions 

for some important performance parameters are given, and consequently, the performance 

characteristics of the hybrid system are optimized.  

 

2. AN IRREVERSIBLE MODEL OF THE DCFC-CARNOT HEAT ENGINE HYBRID  

SYSTEM 
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Figure 1. The schematic diagram of an irreversible DCFC-Carnot heat engine hybrid system. 
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Figure 1 shows the schematic diagram of a DCFC-Carnot heat engine hybrid system, which 

mainly consists of a DCFC, a Carnot heat engine and a regenerator. The DCFC in the hybrid system 

plays a role of the high-temperature heat reservoir of the Carnot engine which is employed for a further 

power generation. The regenerator acts as a counter-flow heat exchanger, which economically absorbs 

the heat in the high-temperature exhaust gas to preheat the reactants to attain the reaction temperature. 

In order to quantitatively analyze the performance of the whole hybrid system, the following 

major assumptions are often adopted [15, 17-20]: 

(1) Both the DCFC and the Carnot engine are operated under steady-state condition; 

(2) The regenerator is regarded as a perfect one; 

(3) Operating temperature and pressure are uniform and constant in the DCFC; 

(4) All gases involved are assumed to be compressible ideal gases; 

(5) The carbon fuel is regarded as a rigid sphere and packed with a simple hexagonal 

pattern; 

(6) The concentration overpotential in the anode is assumed to be negligible. 

In the following, we will individually analyze each component in the hybrid system and then 

globally study the performance of the whole hybrid system. 

 

2.1. The DCFC 

 
 

Figure 2. The schematic diagram of a packed bed anode DCFC with molten carbonate electrolyte. 

 

The DCFC model presented in this study has been previously reported in Ref. [20]. As shown 

in Figure 2, the DCFC consists of a packed bed anode, a porous cathode, and a molten carbonate 
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electrolyte sandwiched in between the two electrodes, where the anode, electrolyte, and cathode are 

made of graphite, Li2CO3/K2CO3 eutectic melt with a molar ratio of 32:68, and lithium doped NiO, 

respectively [7, 20]. DCFC converts the chemical energy in a carbon fuel directly into electricity 

without the need for gasification. Fine (submicron) carbon particles in an electrochemical cell are 

electrochemically oxidized at high temperature with the overall fuel cell reaction being: 

22 COOC  . The reactions in DCFC produce almost pure
2CO  [21-25], the provided high purity 

graphite can be contained in a concentrated stream and easily captured for downstream use or disposal 

avoiding the need for costly gas separation technologies. The basic thermodynamic relationship for the 

overall reaction in the DCFC can be given as [7, 8, 20] 

e

h
H I

n F


   ,                                                    (1) 

where en  is the number of mole electrons transferred per mole graphite ( 4en ), F  is 

Faraday’s constant, I  is the operating electric current of the DCFC [19], and ( )h  is the molar 

enthalpy change which can be calculated from the data provide in Ref. [20]. According to the basic 

thermodynamic relationship: H G T S     , the total energy ( )H  can be divided into two 

parts, i.e., ( )G  and ( )T S  , which are representative of electrical energy and thermal energy, 

respectively. As long as the enthalpy change is more negative than the Gibbs free energy change of the 

reaction, the part of the total energy， ( )T S  ，cannot be converted to electrical energy, which will 

be released as heat [14, 15]. 

Based on the model established by Zhang et al. [20], the power output and efficiency of the 

DCFC can be, respectively, expressed as 
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J  is the operating current density; the subscripts “an” and “cat” indicate, respectively, “anode” 

and “cathode”; the kp  are the partial pressures of species k  at the anode or cathode; )(0 Tg  is the 

Gibbs free energy change at the standard pressure (1 atm) which can be calculated from the data in 

Ref. [20] ; sN  is the number of the slabs, which depends on the bed height H  and the diameter of the 

carbon particle cD , i.e., cs DHN / ; gF  is the vertical gravitational force of an graphite particle; rF  

is the repulsive force between two neighboring particles;   is the voidage of the packed bed; 0,c  is 

the conductivity of the graphite particle; M  is the stress at the elastic limit, c  is related to the shape 

and size of the surface irregularities; b

COCOlim 22
CFKnJ e  is the limiting current density, 

2COK  is the 

mass transportation coefficient of CO2,  and b

CO2
C  is the concentration of CO2 in the bulk; and the 

values of parameters used in the modeling of DCFC are listed in Table 1 [7, 20, 26]. 

 

Table 1. Parameters used in the modeling of a DCFC [7, 20, 26]. 

 

Parameter Value 

Charge transfer coefficient, β 0.5 

Operating pressure, P (Pa) 1.01325×10
5
 

Ideal gas constant, R (J/mol K) 8.314 

Faraday constant, F (C/mol) 96,485 

Height of packed bed anode, H (m) 1.0×10
-3

 

Length of packed bed anode, L (m) 1.0×10
-2

 

Width of packed bed anode, W (m) 1.0×10
-2

 

Diameter of spherical graphite particle, Dc (m) 1.0×10
-5

  

Concentration independent cathode exchange current 

density, 
0

,0 catj  (A/m
2
) 

5.0×10
2
 

Conductivity of electrode phase, σc,0 (s/m
2
) 1.6×10

5 
 

Density of graphite particle, ρc (kg/m
3
) 1.5×10

3 
 

Density of electrolyte, ρe (kg/m
3
) 2.0×10

3 
 

Acceleration of gravity, g (m/s
2
) 9.8 

Pre-exponential factor of the backward reaction, KB 

(A/m
2
) 

5.8×10
9 
 

Temperature activation of the backward reaction, EB (K
-1

) 22,175 

Pre- exponential factor for Eq. (7), 0

s  (s/m
2
) 2.322×10

5 
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Apparent activation energy in Eq. (7), Ea (J/mol) 2.191×10
4
 

Mass transport coefficient of CO2, 
2COK (m/s) 3.5×10

-2 
 

Constant in Eq. (6), r1 -1.250 

Constant in Eq. (6) , r2 0.375  

Bulk gas compositions at the cathode side 67%CO2/33% O2  

Operating temperature of DCFC, T (K) 923 

Temperature of environment, T0 (K) 298 

 

2.2. The Carnot heat engine  

Carnot Pengine
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Figure 3. The schematic diagram of an endoreversible Carnot heat engine.  

 

For the sake of convenience, an endoreversible Carnot cycle model [27], as shown in Figure 3, 

is adopted to study the effects of the irreversibilities of heat conduction on the performance of the heat 

engine in the hybrid system, where the heat HQ  is the heat flux transferred from the high temperature 

heat reservoir, i.e., DCFC, at T  to the working fluid at 1T  , and LQ  from the working fluid at 2T  to the 

environment at 0T . In the model, it is assumed that the working fluid flows stably during the whole 

cycle period of the heat engine, that heat transfer between the reservoirs and the working fluid obeys 

Newton’s law, and that the influence of other irreversible effects is negligible except the 

irreversibilities of heat conduction [27-29]. Thus, we obtain 

1 1 1( )HQ U A T T  ,                                                   (9) 
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2 2 2 0( )LQ U A T T  ,                                                  (10) 

and 

    
1 2

H LQ Q

T T
 ,                                                            (11) 

where 
1U  and 

2U  are, respectively, the heat conductivities between the working fluid and the 

heat reservoirs, 
1A  and 

2A  denote the heat transfer areas between the working fluid and the heat 

reservoirs. 

    As illustrated in Figure 3, a part of the waste heat produced in the DCFC is directly released 

as heat-leak to the environment, and this amount of the heat flow can be given by [18, 27, 29] 

0( )loss lQ KA T T  ,                                                  (12) 

where K  is the convective heat-leak coefficient, and lA  denotes the effective heat-transfer 

area. Combined with the previous analysis, the rate of waste heat from the DCFC to the heat engine is 

given by 

cellH loss
Q H P Q     

0( )cell l

e

JA
h P KA T T

n F
      .                                     (13) 

Based on Eqs. (9)-(13), it can be easily proved that when 1 2 2 1/ /A A U U , the optimum 

efficiency and power output of the heat engine at given HQ  and hA  may be expressed as 

 0 11 / /engine HT T Q a     

 0 2 3 0

1
1

/ 1 ( / 1)cellT T a J a T T
 

   
 ,                        (14) 

and 

engine H engineP Q   

 1 2 0 3 01 ( )cell enginea a JT a T T       ,                           (15) 

where  
2

1 1 2 1 2/ha A U U U U  , 
2

0 1 e

A h
a

T a n F


 , 

3

1

lKA
a

a
 , and 1 2hA A A   is the overall 

heat transfer area of the heat engine. 

 

2.3. The regenerator 

As illustrated in Figure 1, the regenerator works as a heat exchanger in the hybrid system, 

which heats the inlet reactants from the ambient temperature to the cell temperature by using the high-

temperature outlet gas of the fuel cell. For the sake of simplicity, the regeneration process is assumed 

to be ideal. This assumption is well-founded  as the efficiency of regenerators with the values of 98–

99% have already been reported [11,15]. With the help of perfect regeneration, the fuel cell and hence 
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the whole hybrid system can be ensured to work normally and continually under the condition of 

steady-state. 

 

2.4. The efficiency and power output of the hybrid system 

Based on equations (2), (3), (14) and (15), one may obtain the efficiency and the power output 

of the entire DCFC-Carnot heat engine hybrid system, i.e.,  

3

2 0

1 ( 1)hybrid cell cell engine

a T

Ja T
   

 
     

 
,                              (16) 

and 

  3
0 1 2

2 0

1 ( 1)hybrid cell cell engine

a T
P JT a a

Ja T
  
   

        
   

.                    (17) 

It is seen from equations (16) and (17) that the efficiency and the power output of hybrid 

system are larger than that of a sole DCFC, and the efficiency and power output are closely dependent 

on the irreversible losses including the irreversibilities within the fuel cell itself and originating from 

the heat transfer between the DCFC and the Carnot heat engine. In the next section, the general 

performance characteristics and the optimal criteria of the hybrid system will be revealed. 

 

 

 

3. GENERAL PERFORMANCE CHARACTERISTICS AND OPTIMAL CRITERIA 

Optimal design and analysis of the hybrid system require a thorough understanding of its 

performance limitations. Equations (16) and (17) clearly show that the performance of the hybrid 

system depends on a set of thermodynamic and electrochemical parameters such as fuel cell 

temperature ( T ), operating current density (J), DCFC design parameter (Ns), and the parameters 

related to the heat transfer between the DCFC and the Carnot heat engine as well as the heat-leak to the 

surroundings, i.e., 1a , 2a  and 3a . In the following calculations, the parameters 1

1 1.0 W Ka   , 

2 1

2 0.00185m Aa    , 3 0.001a   are chosen. The related values of the input parameters not 

mentioned are summarized in Table 1, and these parameters are kept constants unless mentioned 

specifically.  

By using Eqs. (16) and (17), the efficiency and power density of the hybrid system varying 

with the operating current density are presented in Figure 4, where APP /*   is the power density. It 

can be clearly seen from Figure 4 that both the efficiency and power density of the hybrid system first 

increase and then decrease as the current density increases, and there exist a maximum efficiency max  

and a maximum power density *

maxP , where J  and *P
J  are, respectively, the corresponding current 

densities at the maximum efficiency max  and maximum power density *

maxP . Compared with the 

efficiency and power density of a sole DCFC, the efficiency and power density of the hybrid system is 
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significantly improved because the waste heat in the fuel cell is further utilized through a Carnot heat 

engine. Both the efficiency and the power density augment with the increase of current density in the 

region of J J , while both of them reduce with the increasing current density in the region of 

*P
J J . It is obvious that the regions of J J  and *P

J J  are not optimal from the thermodynamic 

viewpoint although the hybrid system may work in these regions. Hence, the optimal region of the 

current density should be located in 

*P
J J J   .                                                      (18) 

It shows that J  and *P
J  determine the lower and upper bounds of the optimum current 

density, respectively. In the practical operation of the DCFC-Carnot heat engine hybrid system, 

engineers should choose a reasonable current density according to Eq. (18) to ensure that the system is 

operated in the optimal region. 
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Figure 4. The curves of (a) the efficiency, and (b) the power density varying with the current density, 

where 
* /hybrid hybridP P A  is the power density, J  and *PJ  are the current densities at maximum 

efficiency max  and maximum power density *

maxP , respectively.  
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Figure 5 shows the power density versus the efficiency at different operating temperatures, 

where *

mP  and 
m  are, respectively, the power density at the maximum efficiency 

max  and the 

efficiency at the maximum power output *

maxP . According to Figure 5, one can determine the optimally 

operating region, which has a negative slope in the part of the *~ P  curve. When the hybrid system 

operates in this region, the power density will decrease as the efficiency increase, and vice versa. Thus, 

the optimal ranges of the efficiency and power density are given as 

max m    ,                                                      (19) 

and 
* * *

m maxP P P  ,                                                       (20) 

respectively. 
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Figure 5. The curves of the power density varying with the efficiency at different operating 

temperatures. 

 

The above results show that *

mP , m , *

maxP  and max  are four important parameters of the 

DCFC-Carnot heat engine hybrid system, where *

mP  and m  determine the allowable optimum values 

of the lower bounds of the power density and efficiency, while *

maxP  and max  determine allowable 

optimum values of the upper bounds. It should note that the four important parameters closely depend 

on the thermodynamic and electrochemical parameters of the hybrid system and can be calculated 

numerically for the given values of other parameters. 

 

 

4. RESULTS AND DISCUSSION 

In general, since up to a half of the fuel energy of high-temperature fuel cells is waste heat, 

numerous investigators have carried out the research on high temperature fuel cell based hybrid 
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systems in order to increase the overall efficiencies of fuel cells [32-35]. However, the research 

activities about high temperature fuel cell based hybrid systems always focus on solid oxide fuel cells 

(SOFCs) and molten carbonate fuel cells (MCFCs), but the DCFC-heat engine hybrid system has never 

been studied. The established system model in this paper can be used to investigate the effects of 

various operating conditions and designing parameters on the performance of the DCFC hybrid 

system. In this section, a parametric analysis is carried out based on the performance criteria for the 

variation of operating parameters to characterize the system behavior. Next, the influences of different 

operating conditions on the performance of the system will be discussed respectively. 

 

 
 

Figure 6. The three-dimensional curve of the efficiency varying with the current density and 

temperature, where the related values of parameters are listed in Table 1.  

 

The operating temperature of the system is an important parameter because it directly affects 

the various overpotentials of the fuel cell as well as the performance of the heat engine. The power 

density and efficiency of the DCFC-Carnot heat engine hybrid system operating at a temperature range 

of 973 ~1073 K  and a current density range of -20 ~1450 Am  are presented in Figure 6 and Figure 7. 

As shown in Figure 6 and Figure 7, the system performance will increase with the rise of the operating 

temperature. Meanwhile, the maximum efficiency, maximum power density, and the corresponding 

current densities will also be slightly increased as the operating temperature is increased. Generally, 

the higher operating temperature is more favorable for a DCFC-Carnot heat engine hybrid system 

within the allowable range of various component materials. In addition, for the problem how to select 

the operating temperature of the system, one may simultaneously consider the investment cost and the 

degradation issue involved in manufacturing both a stack with the required thermal stability as well as 

app:ds:diagram
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the whole system that can be operated at that specified temperature. A similar result has appeared in 

other papers for high-temperature fuel cell hybrid system [11-15], thus it may be seen as a same result 

for this kind of systems. 

For DCFC-Carnot heat engine hybrid system, the structure of DCFC also has great influence on 

the performance of the system. We will take the anode dimension as an example to discuss the effect 

of internal structure. As shown in Figure 8, the curves of the efficiency and the power density varying 

with the current density at different 
sN , i.e., different anode dimension, are given. From Figure 8, it is 

evident that the influence of anode dimension on the maximum power density is larger than that on the 

maximum efficiency. In addition, the greater the anode dimension, the smaller efficiency and power 

density will be. It is distinct that the ohmic overpotential of DCFC will increase as the growth of the 

number of slabs, and accordingly, the performances of DCFC and the hybrid system will be 

deteriorated.  

 
 

Figure 7. The three-dimensional curve of the power density varying with the current density and 

temperature, where the values of the relevant parameters are the same as those used in Figure 6.  

 
 

Last but not least, it is noteworthy to investigate the parameters related to the heat transfer 

between the DCFC and the Carnot heat engine as well as the heat-leak to the surroundings, i.e., 1a , 2a  

and 3a . By using Eqs. (16) and (17), it can be easily proved that the power density and efficiency of 

the hybrid system are monotonically increasing functions of 1a . 1a  is a parameter to measure the 

irreversibility of finite rate heat transfer in the heat engine, the larger the parameter 1a , the smaller the 

app:ds:diagram
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heat transfer irreversibility in the heat engine is and the better the performance of the hybrid system 

can be expected. 

0 200 400 600 800 1000 1200 1400
0.0

0.2

0.4

0.6

0.8

1.0

Current Density (A/m2)

E
ff

ic
ie

n
c

y

 Ns =50

 Ns =100

 Ns =150

 

 

 

0 200 400 600 800 1000 1200 1400
0

100

200

300

400

500

600

Current Density (A/m2)

P
o

w
e

r 
D

e
n

s
it

y
 (

W
/m

2
)

 Ns =50

 Ns =100

 Ns =150

 

 

 
Figure 8. The curves of (a) the efficiency, and (b) the power density varying with the current density 

at different sN .  
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Figure 9. The curves of the efficiency and power density of the hybrid system varying with the 

parameter 2a . 

 

The parameter 2a  is a colligation measurement for the systemic structure. It may be proved that 

there is a common extreme condition of 2 2/ / 0hybrid hybrida P a       for the hybrid system. It 

implies the fact that there is a common optimum value of  2 opt
a  at which both the power output and 

efficiency will attain their maxima simultaneously, as shown in Figure 9. 

From Eqs. (16) and (17), it can be also proved that the power density and efficiency of the 

hybrid system are monotonically decreasing functions of 3a . Its physical meaning can be easily 

explained as follows: 3a  is a synthesized parameter to measure the heat-leak irreversibility from the 

fuel cell to the surroundings. The smaller the parameter 3a  is, the better the performance of the hybrid 

system will be.  

 

 

5. CONCLUSIONS  

The importance of present paper lies in a new hybrid system is established to use the waste heat 

generated in the high-temperature DCFC. It is found that the performance of the DCFC can be greatly 

enhanced by using a Carnot heat engine for further power generation. Moreover, the effects of some 

important parameters such as temperatures, operating current density, the internal configuration of 

DCFC, and a variety of irreversible losses on the performance of the DCFC are illustrated. The 

optimum criteria of some important performance parameters such as the power density and efficiency 

of the hybrid system are given.  The results obtained here may provide some theoretical basis for the 

performance enhancement of practical DCFCs. 
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