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A new hybrid system consisting of a molten carbonate fuel cell (MCFC) and a Braysson heat engine is
established, in which multi-irreversibilities resulting from the 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 Braysson heat engine are taken into account. Analytical expressions
for the efficiency and power output of the hybrid system are derived through thermodynamic-
electrochemical analyses, from which the general characteristics of the system are revealed and the
optimum criteria of some of the main parameters such as the current density, efficiency and power
output are given. The influence of the irreversible losses on the performance of the hybrid system is
discussed. Moreover, a multi-objective function including both the power output and efficiency is
introduced and used to further subdivide the parametric optimum regions according to different
requirements which are often faced in the design and operation of practical fuel cell systems. The
results obtained here are very general and may be directly used to derive the variously interesting
conclusions of the hybrid system operated under different special cases.

Keywords: Molten carbonate fuel cell, Braysson heat engine, irreversibility, performance analysis,
multi-objective optimization

1. INTRODUCTION

The development of energy systems with readily available fuel, high efficiency and minimal
environmental impact is required in order to meet increasing energy demands and to respond to
environmental concerns [1-3]. The fuel cells produce electricity directly from hydrogen fuel with an
oxidant by electrochemical reaction at high efficiency and offer a clean and pollution-free technology
[4]. Among the various fuel cells, the molten carbonate fuel cell (MCFC) is very promising because of
its fuel flexibility and highly operating temperature [7-10]. The operating characteristics at high
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temperatures provide the possibility of cogeneration with other types of power generators such as gas
turbines [11-14] or other types of heat engines [15-18], so that the performance of the MCFC can be
enhanced.

The Braysson cycle is a new power cycle model proposed by Frost et al. [19, 20], which is
based on a conventional Brayton cycle for the high temperature heat addition and the Carnot cycle for
the low temperature heat rejection. The reversible and endoreversible performance of the Braysson
cycle has been investigated and some significant results have been obtained [21-23]. When the
Braysson cycle is combined with an MCFC, one can establish a novel MCFC-Braysson heat engine
hybrid system for further power generation.

In the present paper, the performance of the MCFC-Braysson heat engine hybrid system will be
analyzed and optimized systematically. The concrete contents are arranged as follows. In Sec. 2, the
model of a hybrid system consisting of an MCFC, a regenerator, and a Braysson heat engine is
established and each assembly unit in the system will be briefly described. The efficiency and power
output of the hybrid system are derived. In Sec. 3, the general performance characteristics of the hybrid
system are revealed through numerical calculation. A multi-objective function is introduced 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 the operating temperature and 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. THE MODEL OF AN IRREVERSIBLE MCFC-BRAYSSON HEAT ENGINE HYBRID
SYSTEM
™
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Figure 1. The schematic diagram of an irreversible MCFC-Braysson heat engine hybrid system.

Figure 1 shows the schematic diagram of an irreversible MCFC-Braysson heat engine hybrid
system composed of an MCFC, a Braysson heat engine, and a regenerator, where T, is the
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environment temperature, T is the working temperature of the MCFC, R, and B, are the power
outputs of the MCFC and Braysson heat engine, g, is the rate of heat transfer between the MCFC and
the Braysson heat engine, g, is the rate of heat transfer between the Braysson heat engine and the
environment, q, . 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 Braysson 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.

2.1 An irreversible MCFC

Many researchers have elaborately demonstrated the operating mechanism of the MCFC [1, 11,
24-27]. Here, we only give a brief description for an MCFC. As shown in Fig. 1, 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., H,+CO,” - H,0+CO, +2e . At the cathode oxygen reacts with carbon dioxide and electrons

into carbonate ions, i.e., %02 +CO, +2e” — CO,” . The overall electrochemical reaction is

— H,0+CO,, , +electricity + heat , 1)

2, cat 2, an

H, +%O2 +CO

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
Braysson heat engine, i.e., —AH =—-AG—-TAS , where —AH is the total energy released by the
reaction, —AG is the electric part and—TAS is the thermal part.

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

determined by qy, = /(n,F), where | is the operating electric current, n, 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]

. . IAh
Ah=——", 2
An, nF

e
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where Ah is the 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 U, in a practical fuel cell is always

lower than the ideal reversible voltage U, determined by the Nernst equation [25, 33-35] because
there exist some irreversible losses resulting from the anode overpotential U, , cathode overpotential

an?

U, and ohmic overpotential U, . The three overpotentials can be, respectively, expressed as [24,
26, 34, 36]:
-9 ; Eact,an -0.42 ,-0.17 -1.0
Uan =2.27x10 JEXP ? sz,an pCOZ,an pHZO,an ) (3)
10 Eact,cat -0.43 ,-0.09

Ucat =7.505x10 JEXD ? poz,cat pCOZ,cat ) (4)
and

U,.=0.5x10" jexp| 3016 i1 (5)

onm T 923)/

where j is the operating current density; R is the universal gas constant; E, is the activation energy,
and p, 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 H, concentrations are given in Ref. [27].

With the help of the above analysis, the efficiency and power output of an irreversible MCFC
may be, respectively, expressed as

I:)M _ neF(UO _Uan _Ucat _Uohm)

T = N A (6)
and
Pu =Ueal = U, -U,, -U;, -Uy)l, ()
1
where U, = E, + Ry Prin (Po,c P , E,=—Ag®/(n,F) is the ideal standard potential,

ne F pHZO,an pcoz,an

Ag® =—-242000+45.8T [37], | = jA is the electric current through the MCFC, and A is the effective
surface area of the MCFC.



Int. J. Electrochem. Sci., Vol. 7, 2012 3424

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 regenerative losses is directly
proportional to the temperature difference between the MCFC and the environment [38, 39], i.e.,

O :Urep\'e (l—é‘)(T _TO) ) (8)

where U, and A, are, respectively, the heat-transfer coefficient and heat-transfer area of the
regenerator. 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 irreversible Braysson heat engine

0 S

Figure 2. The T-S diagram of an irreversible Braysson heat engine cycle.

The cycle of the working substance in the heat engine consists of one isobaric branch, one
isothermal branch, and two irreversible adiabatic branches, as shown in Fig. 2, where T; (i =1,2 and 3)
are the temperatures of the working fluid at three different states. When the working substance in the
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Braysson cycle is assumed to be an ideal gas and the heat transfer is assumed to obey Newton’s law,
the rates of the heat transfer g, and q; absorbed from the heat reservoir at temperature T and released to
the heat sink at temperature T, are [40-42]

UlAiTl(X_l) (9)

d, =mc,T,(x-1) = iny

and
q, :UzAz(Ta _To)’ (10)

respectively, where U, and U, are the heat-transfer coefficients between the working substance and
the heat reservoirs at temperatures T and Ty, respectively, A; (i=1 and 2) are the corresponding heat-

transfer areas, mand c_ are the mass flow rate and specific heat at constant pressure of the working
substance, respectively, y=(T —T,)/(T —T,x), and x=T, /T, is the isobaric temperature ratio. The

overall heat-transfer area of the heat engine is
A=A+A. (11)

According to the second law of thermodynamics, one has
mc, In(x) -U,A,(T, - T,) /T, <0. (12)

In the investigation on the optimum performance of an irreversible Braysson heat engine, it is very
significant to further consider the influence of irreversibility within the cycle. Using Eq. (12), we may
introduce a parameter

R, =U2A2(|'3 _To)/Ts =U2A2(T3 _To)lny (13)
U,AT,Inx

mc, In x

to describe the influence of the irreversibility of the working substance on the performance of the heat
engine. For a practical Braysson heat engine, R; >1. When the internal irreversibility of the heat engine
is negligible, Ri=1 and the cycle is endoreversible.

By using the above equations, the efficiency of the Braysson heat engine can be expressed as

q RT;Inx
=l--=1-_—"" 14
™ On T1(X_1) ( )
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Substituting Egs. (10), (11), (13), and (14) into Eq. (9), the rate of the heat transfer g, can be

expressed as

_ UA
Ty U, /U,)R Inx | (19)

T.(x-1) T(x-D)—[RT,/@-n,)]Inx

Using Eqg. (15) and the extreme condition (97, /2T,), , =0, we can prove that for given A,
and q, , the optimal efficiency of the heat engine is given by

RT,Inx 1 T,

- ~1- . (16)
TL-Da-d)  @-d)[a,/URA)][INy/Inx+UR)/U,d)]

M =1

(U,R /U,)Inx
TTL(x=1)/[(T-T)(T -T,x)]-Iny
determined by the following equation:

where d:{ } , (ATA)=1+UR /U, d)(Inx/Iny) , and T, is

UlAeTl(X_l) . (17)

U,R
In y+—d'ln X

2

g, =

As illustrated in Fig. 1, a part of the waste heat produced in the fuel cell is directly released as
hat leak to the environment, which may be expressed as [43, 44]

qLoss =ULA_(T _TO) , (18)

where U, is the convective and/or conductive heat-leak coefficient and A_ is the effective heat-transfer
area. According to Fig. 1 and Eq. (18), one has

q, = —AH- PM ~Oioss — e (19)
and consequently, Eq. (17) may be written as

T,(x-1)

=C,(1-n,)]-C,(T/T,-)-C,(T/T,-1) (20)
Iny+-—"Inx
u,d

—AA , szﬁ, and Q;M. By using Egs. (16) and (19), the
U,AnF UA UA

efficiency and power output of the heat engine may be, respectively, expressed as

where C, =
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RT,

- 1-d)[C,@d-7y) ] -C,(T /T, D) -C,(T /T, =D][Iny/Inx+(U,R)/ (U,d)]

= (21)

and

PH =0,y :U1Ae [C1(1_77H)j _Cz(T /To _1)_C3(T /To _1)]X

1- Rly . (22)
(1—d)[C1(1—77M)j -C,(T/T,-1)-C,(T/T, —l)][ln y/lIn x+(U1Ri)/(U2d)]

2.4 The efficiency and power output of the hybrid system

Table 1. Parameters used in the modeling of the MCFC-Braysson heat engine hybrid system.

Parameter Value
Faraday constant, F (C mol™) 96,485
Number of electrons, n, 2
Universal gas constant, R (J mol™* K%) 8.314
Operating temperature, T (K) 893
Temperature of environment, T, (K) 298.15
Operating pressure, P (atm) 1
Partial pressure of H in the anode, p, _ (atm) 0.60
Partial pressure of O, in the cathode, p, . (atm) 0.08
Partial pressure of N, in the cathode, p, . (atm) 0.59
Partial pressure of CO, in the cathode, Pco. cat (atm) 0.08
Partial pressure of H,O in the cathode, Ph o cat (atm) 0.25
Activation energy in the anode, Eacian (J Mol™) 53,500
Activation energy in the cathode, Ey¢cqt (J mol™) 77,300
u, /U, 11

X 1.1
Constant, C, (m*A™) 0.0213
Constant, C, 0.001
Constant, C, 0.001
Internal irreversibility, R 1.05

3427

Combining Egs. (1), (6), (7), (19), (21), and (22) yields the expressions of the efficiency and

power output of the hybrid system as

P P +P C,+C)T/T. -1
n=——p=""—"T=ny +ny {1—%—( 2 3():” ° )} (23)
“AH -AH 1]

and
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jAAD
P=P, +P, :(——Jn - Jn. (24)

It is seen from Egs. (23) and (24) that the performance of the MCFC-Braysson heat engine

hybrid system depends on a set of thermodynamic and electrochemical parameters such as the working
temperature, current density, synthesized parameters C. (i=1, 2 and 3), partial pressures of electrodes

gas compositions, and so on. Below, numerical calculations are carried out based on the data
summarized in Table 1 [24, 34, 36] and these parameters are kept constant unless mentioned
specifically.

3. GENERAL PERFORMANCE CHARACTERISTICS AND MULTI-OBJECTIVE
OPTIMIZATION

Using Egs. (6), (7), (13)-(15), (23), and (24), one can generate the curves of the efficiency and
power output of the MCFC, Braysson heat engine, and hybrid system varying with the current density,

as shown in Figs. 3 and 4, respectively, where P~ =P/ A is the power density of the hybrid system.
It is clearly seen from Figs. 3 and 4 that there are a maximum efficiency 7., and a maximum

power density P for the hybrid system and the corresponding current densities are J,and jp
respectively. It is also seen from Figs. 3 and 4 that in the region of j < j,, 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 j> j,, both the efficiency and power output of the hybrid system will decrease as the
current density j is increased. Obviously, the regions of j<j and j> j, are not the optimally

operating region of the hybrid system. Thus, the optimally operating region of the current density j for
the MCFC-Braysson heat engine hybrid system should be determined by

i
0 1000

n

00 1 1 1 1 1
2000 3000 4000 5000 6000 7000

j (AIm?)

Figure 3. The curves of the efficiencies of the MCFC, Braysson heat engine, and hybrid system
varying with the current density, where j, is the current density at the maximum efficiency

Nmex OF the hybrid system, 7, . and n,, , are the efficiencies of the MCFC and Braysson heat

engine at 7, , and curves I, Il and 11l correspond to the cases of the hybrid system, Braysson
heat engine, and MCFC, respectively.
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Figure 4. The curves of the power densities of the MCFC, Braysson heat engine, and hybrid system
varying with the current density, where P" =P/ A, j, is the current densities at the maximum

power density P, , P, ,and P, are the power densities of the MCFC and Braysson heat

engine at P, and curves I, II, and 111 correspond to the same cases as those in Fig. 3.
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Figure 5. The power density versus efficiency curves of the MCFC, Braysson heat engine, and hybrid
system, where curve I, Il, and Il correspond to the same cases as those in Fig.3.

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, where 7, and P,]* are,

respectively, the efficiency at the maximum power density and the power density at the maximum
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efficiency. 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

and
P<P<P_. 27)

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 Braysson heat engine. It
shows once again that the application of the hybrid system may effectively improve the performance of
the MCFC.

It should be pointed out that when the hybrid system is operated in the optimum region, the
power output will decrease as the efficiency is increased, and vice versa. Generally, the power output
P is very small compared with P, when the hybrid system achieves its maximum efficiency 7,., -

Thus, the problem how to reasonably choose both the efficiency and the power output in the optimal
region of j, < j< j, will become very important in the practical optimum design and operation of the

hybrid system. For this purpose, we may introduce a multi-objective function which is defined as the
product of the efficiency with a weighting factor A and the power output [45-47], i.e.,

Z,=n"P, (28)

where 0< A <oo and its concrete value can be chosen according to the different requirements
for the efficiency and power output of the MCFC-Braysson heat engine hybrid system. When one pays
equal attention to both the efficiency and power output, one can choose A =1. Below, we will take
A =1 as an example to discuss the choice problem of the optimal current density.

According to Egs. (23), (24), and (28), we can generate the curve of Z, ~ j, as shown in Fig.
6, where Z; =Z,/ A and Jz, 1s the current density corresponding to Z It is seen from Fig. 6 that

1,max *
Z, first increases and then decreases with the increase of the current density. This means that there
always exists a maximum value for Z; . Fig. 6 clearly shows that J, <z <Jp-. Thus, the optimal
operation region j, < j < j,can be subdivided according to the different requirements for both the
efficiency and the power output. In general, for a practical fuel cell-heat engine hybrid system, the
more attention will be paid on the power output than on the efficiency so that the operation region of
the current density should be chosen in the region of

jz, <1< e (29)
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Figure 6. The curves of the efficiency, power density and multi-objective function of the hybrid
system varying with the current density, where j , j,, and j, are the current densities at the

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

4. DISCUSSION

4.1 Effects of the operating temperature T

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. 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 Fig. 7 (a) that the maximum power density 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 value of the multi-objective function and its corresponding
current density increase as the operating temperature is increased.

At higher operating temperatures, the electrodes of the 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.
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Figure 7. The effect of the operating temperature on (a) the performance of the hybrid system and (b)
the multi-objective function.

4.2 Effects of X, R, C,and C,

(1) When x =1, the Braysson heat engine cycle becomes a Carnot cycle. In this case, Egs. (21)
and (23) may be, respectively, simplified as [48]

1
- 30
T/To_ml[(l_nm)j_mz(T/TO_l)] (30)

My =1

and

m, (T /T, -1) 1
= l— — Xl— y 31
7=+ L= j ]{ T/To—m[(l—nM)j—mzcr/To—l)J (D)
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) AAR° U,A+U LA (L-¢)
where K =uU,A, I(JU, +U, f M=~ FKT, ,and m, = 3—AAh°/(n 0

(2) When R =1, the influence of irreversibility within the Braysson cycle is negligible. In such

a case, Egs. (21) and (23) may be, respectively, simplified as

RT,

- . (32)
1-d)[C,A-7) i —C,(T /T, =) ~Cy(T /T, =D][Iny/ Inx+(U,) / (U,d)]

=1

and

C,+C)T/T,-1
77:771\4 ‘|‘77H 1_77M _( 2 3C):(J 0 ) ) (33)
1

(3) When C, =0, the heat leak from the MCFC to the environment is negligible. Egs. (21),
(23), and (24) may be, respectively, simplified as

RiTO
T DG i —CoT 1T, D]y Inx+ (UR) T (U] 0
n=ny +n, |:1_77M _W} ' (35)
1]
and

(4) When C, =0, the irreversible losses in the regenerator are negligible. Egs. (21), (23), and

(24) may be, respectively, simplified as

RT,

My =1_(1—d)[C1(1—77M)J'—Cz(T /T, I—1)][In y/Inx+UR)/ U,d)]’ o
n=ny+n, |:1_77M _%}1 (38)
1)

and
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(5) When C, =0 and C, =0, the heat leak from the MCFC to the environment and the heat
losses in the regenerator are negligible. Eqgs. (34)-(36) or Egs. (37)-(39) can be further simplified as

I:ziTO
T :1_(1—d)Clj(1—77M)[In y/Inx+(U,R)/(U,d)]’ (40)
n=nu +tny (1_77M)’ (41)
and
P:[— JnAelA:hj[nM + 1y (1_77M )] . (42)

5. CONCLUSIONS

With the help of the model of an MCFC-Braysson heat engine hybrid system including multi-
irreversibilities, analytical expressions for the efficiency and power output of the hybrid system are
derived, from which the general characteristics of the hybrid system are revealed and the upper and
lower bounds of the optimized values for some main parameters, such as the current density, power
output, and efficiency, are determined. The problem how to give consideration to the efficiency and
power output in the optimal region of the current density is researched. The influence of the
irreversibilities on the performance of the hybrid system is discussed in detail, so that the optimum
performance of the hybrid system operated at several special cases are directly derived. 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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