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a b s t r a c t

This study deals with the energy and exergy analysis of a molten carbonate fuel cell hybrid system to deter-
mine the efficiencies, irreversibilities and performance of the system. The analysis includes the operation
of each component of the system by mass, energy and exergy balance equations. A parametric study is
performed to examine the effect of varying operating pressure, temperature and current density on the
performance of the system. Furthermore, thermodynamic irreversibilities in each component of the sys-
tem are determined. An overall energy efficiency of 57.4%, exergy efficiency of 56.2%, bottoming cycle
energy efficiency of 24.7% and stack energy efficiency of 43.4% are achieved. The results demonstrate that
increasing the stack pressure decreases the overpotential losses and, therefore, increases the stack effi-
ciency. However, this increase is limited by the remaining operating conditions and the material selection
Efficiency

Molten carbonate fuel cell
Performance
P

of the stack. The fuel cell and the other components in which chemical reactions occur, show the highest
exergy destruction in this system. The compressor and turbine on the other hand, have the lowest entropy
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ower generation and, thus, the l

. Introduction

With substantial investments by both the private and public
ectors, fuel cell technology is rapidly advancing. Due to the high-
nergy efficiency and clean environmental performance, fuel cells
re regarded as a potential reliable future source of energy supply.
owever, the large initial capital costs of fuel cell technology have
ffset the advantages they offer and slowed down their adoption
or widespread use. The main reasons for using fuel cells in power
eneration can be characterized as the need for pollution reduc-
ion, back-up power, diversification of energy supply and, hence, a
eduction of foreign energy dependency (e.g., [1]).

Construction of the first molten carbonate fuel cell (MCFC) dates
ack to 1960 by Broers and Ketelaar [2]. They reported a high
emperature fuel cell that employed an electrolyte comprising a

ixture of alkali metal carbonates constrained within a disc of mag-
esium oxide, operating for 6 months. The operating temperature

as well above the melting point of the carbonates and, therefore,

he charge transport within the molten electrolyte was facilitated
y means of carbonate ions (CO3

2−). Although there have been
any changes in the materials used for construction of this type
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f fuel cell over the last 40 years, the operating principle remains
he same.

The present demonstration and research projects of MCFC stacks
nd systems show a wide range of power output. Power ranges
rom a few kilowatts to several megawatts are achievable. Hospi-
als, hotels, office buildings and industrial applications could be the
lace of choice to test these projects.

Despite numerous research on MCFC systems, there are still
any opportunities for further improvements of this technol-

gy. Enhancing the component durability to achieve the goal of
40,000 h lifetime, increasing the cell performance and reducing

osts in order to make the systems economically viable in the power
roducing market are the main targets in competitive improve-
ents. One way of achieving the highest efficiency possible from
CFC systems is to recover residual pressure and waste heat via

as turbine bottoming cycle and cogeneration [3].
Maru et al. [4] investigated the performance of a 20 MW internal

eforming MCFC-based power plant fuelled with natural gas. They
redicted an efficiency of 75% when a gas turbine was coupled with
he fuel cell via heat exchangers. In another study, Liese and Gem-

en [5] predicted the performance of an almost identical 1 MW

nternal reforming MCFC-based power plant fuelled with natural
as working under ambient pressure condition. Again, the gas tur-
ine was coupled with the fuel cell via heat exchangers and the
xpected efficiency of the system was reported to be 75%. Moreover,
nann [6] conducted a similar study to predict the performance of
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Nomenclature

AN anode
b cell active surface area width (m)
CA cathode
dx differential length of the cell (m)
E voltage (V)
E0 Nernst potential (V)
F Faraday constant (C mol−1)
�ḡf molar Gibbs free energy of formation (kJ mol−1)
h̄ molar absolute enthalpy (kJ kmol−1)
in inlet
I current (A)
L total length of the cell (m)
LHV fuel lower heating value (kJ kg−1)
m mass flow rate (kg s−1)
n molar flow rate (mol s−1)
out outlet
P pressure (atm)
Q heat (W)
R universal gas constant (8.3145 J mol−1 K−1)
s̄ molar entropy (kJ kmol−1 K−1)
T temperature (K)
U utilization factor
Ẇ power (W)
X mole fraction
z number of electrons transferred for each molecule

of fuel (z = 4)

Greek letters
˛ heat transfer coefficient (W K−1 m−2)
� impedance related to electrode overpotential

(� m2)
�̄ molar exergy (kJ kmol−1)
�̄ chemical molar chemical exergy (kJ kmol−1)

Subscripts
a anode
act activation
conc concentration
c cathode
C compressor
CB catalytic burner
Dest destruction
FC fuel cell
HE heat exchanger
MC mixing chamber
ohm ohmic
RHE regenerative heat exchanger
tot total
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•
•

• All stream gases are ideal gases and, therefore, ideal gas properties
T turbine
0 standard reference state (P = 1 atm, T0 = 298.15 K)

250 kW range MCFC-based power plant under ambient pressure
ondition. This system was not coupled with a gas turbine and the
fficiency of the system was reported to be about 47%. In the studies
f De Simon et al. [3] on a molten carbonate fuel cell hybrid system,
stack maximum efficiency of 60.3%, global process electrical effi-
iency of 51.1% and co-generative efficiency of 74%, based on their
ase case, is achieved.

According to their study and performing a sensitivity analy-
is, there is still room for improvement in electrical efficiency by
ncreasing steam to methane ratio and pressure, and decreasing

•
•

urces 185 (2008) 1107–1114

ir feed rate. Therefore, the combination of fuel cell and power
lant as the bottoming cycle could produce better performances
nd higher efficiencies in general and further research in this field
s required.

To the best knowledge of the authors, no studies have been
ndertaken to investigate the performance of this MCFC hybrid
ystem through exergy analysis. In this paper, energy and exergy
nalysis of the fuel cell stack and the overall combined system
re performed. Moreover, system efficiency and irreversibilities
n different compartments of the system are obtained. A para-

etric study to investigate the effect of operating conditions on
he efficiencies and irreversibilities found previously was also
ndertaken.

. System description

A typical molten carbonate fuel cell stack running on natural gas
ay be operated with an efficiency of about 50%. However, when

he MCFC is combined with the catalytic burner, reformer and the
urbine, higher efficiencies are expected. Natural gas after filtra-
ion and desulphurization is mixed with steam which is preheated
rom the stack exhaust gases. The mixture is then heated further
n a regenerative heat exchanger and fed to the reformer. After the
eforming reaction takes place, the exit gas is passed through the
egenerative heat exchanger again and finally fed to the anode of
he MCFC. A fraction of hydrogen input, and also some residual CH4,
ass the anode unreacted. Therefore, following the electrochemical
eaction in the stack, the exhaust mixed with a fraction of cath-
de exhaust is burnt in the catalytic burner in order to produce
he heat necessary for the endothermic reactions taking place in
he reformer. The heat produced in the catalytic burner is directly
ransferred to the reformer and it is assumed that there is no heat
ransfer with the surroundings in this study. The catalytic burner
xhaust, which is a hot mixture rich in CO2, is mixed with fresh air
oming from the compressor and fed to the cathode. Thus, Fig. 1
hows a schematic of the system for this study. The system studied
ere is the modified version of the one studied by De Simon et al.
3].

In the following analysis section, the MCFC stack is treated as one
nit, without resolution of the cell level dynamics, and the whole
ower generation system in divided into different compartments,

ike compressor, pumps, etc. Starting with mass, energy and exergy
alances for each component and the whole system, the exergy

osses and overall efficiencies of the hybrid system are found.

. Thermodynamic analysis

Similar to all other types of fuel cells, the operating principle of
CFCs is basically the indirect combination of hydrogen and oxy-

en to produce water, employing an electrolyte, thereby producing
lectrical energy and heat. Fig. 2 shows the basic characteristics of
molten carbonate fuel cell (MCFC) and the anode and cathode

alf-cell reactions that take place. The assumptions made in this
nalysis are as follows:

Steady state operation for all components.
All units are based on SI unit system; with e.g., kPa for pressure,
K for temperature and kJ kg−1 for enthalpy.
using EES (Engineering Equation Solver) software are employed.
Hydrogen utilization factor is taken to be 70% in this study.
85% of methane is reformed in the reformer and the rest is simply
passing through the fuel cell without any chemical reaction but
burnt completely in the catalytic burner.
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ig. 1. Schematic of the system under consideration (HE: heat exchanger, RHE: re
eformer, T: turbine, C: compressor, CA: cathode, AN: anode).

The heat exchanger, pumps, compressor and turbine are adia-
batic and, hence, no heat transfer occurs between them and the
surroundings.
All kinetic and potential exergetic terms are negligible.
The chemical exergetic term does not change in the turbine,
pumps, compressor or the heat exchanger.
The outlet of the cathode, after increasing the temperature of the
inlet water, is discharged to the environment. (It is possible to
use this high temperature mixture in a cogeneration system and
achieve higher total efficiencies.)
The ambient temperature and pressure are constant (T0 and P0)
and would obviously change the system exergetic efficiency if
they are subjected to any change.
The total heat required for the reforming reactions in the reformer

(the reforming reaction is endothermic) is supplied from the cat-
alytic burner and no heat is lost from these systems.
Some fraction of heat generated by the stack is lost due to convec-
tive cooling and radiation, the rest exits with the cathode exhaust.

Fig. 2. Operating principle of the molten carbonate fuel cell.
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ative heat exchanger, FC: fuel cell, MC: mixing chamber, CB: catalytic burner, R:

The combination of a compressor and turbine as a turbocharger
is used in this system. Therefore, a fraction of power produced
by the turbine is used in the compressor and the rest is a useful
power output.
The compressor increases the inlet air pressure from 1 to 4 atm.
Molar flow rates for streams where any chemical reaction takes
place can be used in order to find the energy balance equations.
Air is an ideal gas with a composition of 21% oxygen and 79%
nitrogen.
Metal dusting reactions which result in a deteriorating perfor-
mance of the MCFC, are neglected.
Isentropic operation is assumed for the compressor and the tur-
bine.
The inlet mass flow rate of natural gas, water and air are taken
from De Simon et al. [3] which are 74.5, 252 and 2250 kg h−1

respectively.

.1. Half-cell reactions

Hydrogen reacts with carbonate ions at the anode to produce
ater, carbon dioxide and electrons which are transferred to the

athode through the external circuit. The water–gas shift reaction
s another reaction that can occur at the anode in the presence of
O.

Anode:

H2 + 2CO3
2− → 2H2O + 2CO2 + 4e−

O + H2O → CO2 + H2 (water–gas shift reaction)

The cathode reaction reads:
2 + 2CO2 + 4e− → 2CO3
2−,

Resulting in the overall reaction:

1
2

O2 + H2 → H2O
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The carbonate ions migrate through the electrolyte from cath-
de to anode. In contrast to the PEM fuel cell and alkaline fuel cell,
O2 is a major component in the cathode reaction. Oxygen supplied
ure or with air from the environment reacts with the CO2 produced
t the anode to yield carbonate ions. CO2 can be transferred to the
athode input via two methods: Using an external recirculation of
he anode exhaust after a complete combustion process or simply
sing a CO2 permeable membrane.

On the anode side, hydrogen is generated from a natural gas
team reforming process. It could also be provided directly from
he hydrogen produced by electrolysis of water or other methods.
sing a catalyst (usually nickel), methane, the main energy carrier

n natural gas, reacts with water to produce the hydrogen needed
or the anode use. Since this process is endothermic, the waste heat
rom the fuel cell is used in this reaction and, therefore, an overall
mprovement in the total efficiency can be achieved. The reaction
hat takes place in the steam reforming of methane is as follows:

H4 + H2O → CO + 3H2 (steam reforming of methane)

However, since the water–gas shift reaction is also taking place
n the reformer, the exit gas consists of a composition of CO, CO2
nd H2O.

We now move on to the thermodynamic analysis and write the
ass, energy and exergy balance equations for different compart-
ents of the system as follows (see Fig. 1):

.2. Heat exchanger (HE)

Water input at (4) is heated to 170 ◦C through the heat exchanger.
he burner exhaust after exchanging heat with water can be used
or cogeneration purposes.

The mass balance equation for the turbine exhaust passing
hrough the HE is

i

ṅi,1 =
∑

i

ṅi,2 (1a)

˙ 1 = ṁ2 (1b)

here ‘i’ is the species entering and leaving the heat exchanger, ‘n’
nd ‘ṁ’ denote molar and mass flow rates, respectively.

No reaction takes place in this heat exchanger. Therefore, the
ater composition leaves the heat exchanger unchanged and the
ass flow rate remains the same.

˙ 3 = ṅ4 (1c)

˙ 3 = ṁ4 (1d)

The energy balance equation is

˙ 3h̄3 +
N∑

i=1

ṅi,2h̄i,2 = ṅ4h̄4 +
N∑

i=1

ṅi,1h̄i,1 (1e)

here h̄i is the molar enthalpy.
The exergy balance equation reads

˙ 4�̄4 +
N∑

i=1

ṅi,1�̄i,1 − ṅ3�̄3 −
N∑

i=1

ṅi,2�̄i,2 − Exdest,HE = 0 (1f)

here Exdest,HE is the exergy destruction; �̄i is the molar flow
xergy (i.e., availability).
.3. Mixing chamber (MC)

Natural gas (5) and water (3) are mixed together in the mixing
hamber and the output (6) is directed towards the regenerative
eat exchanger.

∑

urces 185 (2008) 1107–1114

The mass balance equation is

˙ 3 + ṁ5 = ṁ6 (2a)

The energy balance equation is

˙ 3h̄3 + ṅ5h̄5 = ṅ6h̄6 (2b)

The exergy balance equation is

˙ 3�̄3 + ṅ5�̄5 − ṅ6�̄6 − Exdest,MC = 0 (2c)

.4. Turbine (T)

Hot depleted cathode gas (7) enters the turbine and leaves at
1) to produce power necessary to run the compressor as well as to
roduce electrical power output.

The mass balance equations are

i

ṅi,1 =
∑

i

ṅi,7 (3a)

˙ 1 = ṁ7 (3b)

The energy balance equation reads

N

i=1

ṅi,7h̄i,7 −
N∑

i=1

ṅi,1h̄i,1 − Ẇs,net = 0 (3c)

here Ẇs,net is the net electrical power output from the turbine.
fraction of total power produced in the turbine is used in the

ompressor to compress air.
The exergy balance equation becomes

N

i=1

ṅi,7�̄i,7 −
N∑

i=1

ṅi,1�̄i,1 − Ẇs,net − Exdest,T = 0 (3d)

.5. Compressor (C)

Air from the environment (8) enters the compressor and high
ressure air leaves at (9). Power to run the compressor is supplied
y the turbine.

The mass balance equation is

˙ 8 = ṅ9 (4a)

˙ 8 = ṁ9 (4b)

The energy balance equation takes the form

˙ 8h̄8 − ṅ9h̄9 + Ẇx = 0 (4c)

here Ẇx is the fraction of turbine electrical energy used in the
ompressor to compress the inlet air.

The exergy balance equation reads

˙ 8�̄8 − ṅ9�̄9 + Ẇx − Exdest,C = 0 (4d)

.6. Regenerative heat exchanger (RHE)

The mixture of methane and water (6) is passed through the
egenerative heat exchanger and leaves at (10). It is heated by the
xcess heat from the reformer stream (11–12).

The mass balance equations are∑

i

ṅi,6 =
i

ṅi,10 (5a)

i

ṅi,11 =
∑

i

ṅi,12 (5b)
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˙ 6 = ṁ10 (5c)

˙ 11 = ṁ12 (5d)

The energy balance equation reads

N

i=1

ṅi,6h̄i,6 +
N∑

i=1

ṅi,11h̄i,11 −
N∑

i=1

ṅi,10h̄i,10 −
N∑

i=1

ṅi,12h̄i,12 = 0 (5e)

The exergy balance equation is

N

i=1

ṅi,6�̄i,6 +
N∑

i=1

ṅi,11�̄i,11 −
N∑

i=1

ṅi,10�̄i,10

−
N∑

i=1

ṅi,12�̄i,12 − Exdest,RHE = 0 (5f)

.7. Reformer (R)

The mixture of methane and water (10) enters the reformer and
fter the methane reforming reaction occurs, it leaves at (11).

The mass balance equations are

i

ṅi,10 =
∑

i

ṅi,11 (6a)

˙ 10 = ṁ11 (6b)

The energy balance equation reads

N∑
i=1

ṅi,11h̄i,11 +
N∑

i=1

ṅi,10h̄i,10 + Q̇R = 0 (6c)

here Q̇R is the heat transferred from the catalytic burner (CB) for
he endothermic reaction taking place inside the reformer.

The exergy balance equation is given by

N∑
i=1

ṅi,11�̄i,11 +
N∑

i=1

ṅi,10�̄i,10 − (1 − T0

TRF
)Q̇R − Exdest,RHE = 0 (6d)

here TRF is the average reformer body temperature.

.8. Catalytic burner (CB)

The exit gas mixture from the MCFC (13) enters the catalytic
urner and in order to produce CO2 for the cathode (14), it is burnt
ith excess O2.

The mass balance equations are

i

ṅi,13 =
∑

i

ṅi,14 (7a)

˙ 13 = ṁ14 (7b)

The energy balance equation reads

N∑
i=1

ṅi,14h̄i,14 +
N∑

i=1

ṅi,13h̄i,13 − Q̇CB = 0 (7c)

The exergy balance equation is given by

N∑
ṅi,14�̄i,14 +

N∑
ṅi,13�̄i,13 − (1 − T0 )Q̇CB − Exdest,CB = 0 (7d)
i=1 i=1
TCB

here Q̇CB is the heat lost from the catalytic burner which is pro-
ided to the reformer; TCB is the average body temperature of the
atalytic burner.

w
c
e

urces 185 (2008) 1107–1114 1111

.9. MCFC (FC)

The molten carbonate fuel cell is the main component of the
ombined system under consideration. Its main components are
he anode, cathode and the electrolyte. However, we treat the MCFC
s one unit, consisting of anode and cathode, without resolving the
nit cell and stack level dynamics (see Eqs. (20)–(22) below).

The mass balance equations are

i

ṅi,12 =
∑

i

ṅi,16 (8a)

˙ 12 = ṁ16 (8b)

i

ṅi,15 =
∑

i

ṅi,17 (8c)

˙ 15 = ṁ17 (8d)

The energy balance equation reads

N

i=1

ṅi,15h̄i,15 −
N∑

i=1

ṅi,17h̄i,17 +
N∑

i=1

ṅi,12h̄i,12

−
N∑

i=1

ṅi,16h̄i,16 − Q̇FC − ẆFC = 0 (8e)

The exergy balance equation becomes

N

i=1

ṅi,15�̄i,15 −
N∑

i=1

ṅi,17�̄i,17 +
N∑

i=1

ṅi,12�̄i,12 −
N∑

i=1

ṅi,16�̄i,16

− (1 − T0

TFC
)rQ̇FC − ẆFC − Exdest,FC = 0 (8f)

here TFC is the average bulk temperature of the fuel cell; ẆFC is
he electrical energy output from the MCFC; ‘r’ is the percentage of
eat transferred through radiation or convection by the cell walls.

Current, current density and voltage calculation give

olar O2 usage = I/2F (9a)

olar CO usage = I/2F (9b)

tack power = cell voltage × i × active surface area

×number of cells (10)

here ‘I’ is the current in A (i = I/A).
The molar flow rates can simply be substituted by the ratio of

ass flow rate and molar weight of that species.
The molar enthalpy and entropy can be found as follows (e.g.,

7]):

¯ = RT

(
ˇ1 + ˇ2

2
T + ˇ3

3
T2 + ˇ4

4
T3 + ˇ5

5
T4 + ˇ6

T

)
(11a)

= R(ˇ1 ln(T) + ˇ2T + ˇ3

2
T2 + ˇ4

3
T3 + ˇ5

4
T4 + ˇ7 (11b)

here ˇi is taken from JANAF tables [8].
The molar exergy term is the sum of physical, thermal and chem-

cal exergetic terms as follows:

¯
i = (h̄i(T) − h̄i(T0)) − T0(s̄i(T) − s̄i(T0)) + RT0 ln(Xi) + �̄ chemical

i

(12)

here Xi is the mole fraction of species ‘i’ and �̄ chemical
i

is the
hemical exergy. The chemical exergy values are taken from the
xergoecology portal [9]
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the molar flow rate of fuel and the power required by the auxil-
iary devices are low and, therefore, the efficiency increases to its
peak value. Thereafter, the parasitic load and molar consumption
of fuel increases at higher current densities and hence the efficiency
decreases. Moreover, energy efficiencies are higher than exergy effi-
112 R. Rashidi et al. / Journal of Po

The heat loss from the fuel cell is the sum of heat loss from anode
nd cathode as

˙ FC = Q̇cathode + Q̇anode = ˛cb

∫ L

0

(TMCFC(x) − T0) dx

+ ˛ab

∫ L

0

(TMCFC(x) − T0) dx (13)

here ‘˛’ is the heat transfer coefficient, ‘b’ is the width of the active
urface area of the cell and ‘dx’ is the differential length of the cell.

The hydrogen, CO and oxidant utilization factors are defined as

H2 =
ṅH2,11 − ṅH2,16

ṅH2,11

(14a)

CO = ṅCO11 − ṅCO16

ṅCO11

(14b)

CO2 =
ṅCO2,15 − ṅCO2,17

ṅCO2,15

(14c)

Therefore, considering the water produced in the fuel cell we
ave

˙ H2O,16 = ṅH2O,11 + ṅH2,11UH2 (15)

Nitrogen is an inert gas and passes the cathode without any
eaction. Therefore, we have

˙ N2,15 = ṅN2,17 (16)

Calculation of the overall energy and exergy efficiencies of the
ybrid system follows:

energy = ẆFC + Ẇs − Ẇx

ṅfuel × LHV
(17)

exergy = ẆFC + Ẇs − Ẇx∑
i

(ṅi × exi)
= 1 −

∑
Exdest∑

i

(ṅi × exi)
(18)

here ‘i’ denotes the fuel, air and water at inlet;
∑

Exdest is the
otal exergy destruction in the compressor, turbine, heat exchanger,

ixing chamber, fuel cell, reformer and catalytic burner. Moreover,
f the cathode exhaust after the water heating is released to the
nvironment, it should be included as exergy destruction.

The power output of the fuel cell can be as approximated as
ollows (e.g., [10]):

˙ FC = Eb

∫ L

0

i(x) dx (19)

here ‘L’ is the total length of a cell and ‘E’ is the voltage approxi-
ated by

= E0 − i × (�act + �conc + �ohm) (20)

Here, ‘E0’ is the reversible open circuit voltage, ‘�act’, ‘�conc’ and
�ohm’ are the activation, concentration and ohmic impedances,
espectively. The bipolar plates and electrodes are assumed to be
erfect conductors and therefore all ohmic losses are given by the
esistance of the electrolyte against the flow of carbonate ions.

The following equations are taken from Koh et al. [11] for the
0
eversible open circuit voltage (E ) and the total irreversible losses

�total):

0 = −�ḡf

zF
+

[
RTFC

2F
× ln

PH2,aPCO2,cPO2,c
0.5

PCO2,aPH2O

]
(21) F

d

urces 185 (2008) 1107–1114

total = �act + �conc + �ohm = 2.27 × 10−9 × exp
(

6435
TFC

)

×PH2
−0.42PCO2

−0.17PH2O
−1.0+7.505 × 10−10 × exp

(
9298
TFC

)

×PO2
−0.43PCO2

−0.09 + 0.5 × 10−4

×exp
[

3016 ×
(

1
TFC

− 1
923

)]
(22)

here ‘F’ is the Faraday constant; ‘�ḡf’ is the molar Gibbs free
nergy of formation, ‘Pi’ is the partial pressure of species ‘i’ at the
nlet and ‘z’ is the number of electrons transferred for each molecule
f fuel.

Eq. (22) simply rolls all complex dynamics of the MCFC unit
ell and stack level into one effective expression, given by a fit to
xperimental data in the form of polarization curves.

. Results and discussion

The analysis presented above is applied to the hybrid system
ith varying operating pressure, temperature and current den-

ity to study the performance of the system. From this study,
aximum energy and exergy efficiencies of 57.4% and 56.2% are

btained, respectively. The efficiency of the bottoming cycle defined
s (powerturbine − powercompressor)/(powerfuel − powerstack) is cal-
ulated as 24.7%. The energy and exergy efficiencies of the fuel cell
re found to be 43.4%, 42.5%, respectively.

The variation of fuel cell voltage and irreversible voltage with
urrent density at an operating pressure of 4 atm is shown in
ig. 3. It can be observed from the figure that, with an increase
n current density, the cell voltage decreases. Higher current den-
ities increase the irreversibilities in the cell and results in lower
oltages. Concentration losses are the main reasons for the low
utput voltages at high current densities.

Fig. 4 shows the variation of power output and overall energy
nd exergy efficiencies of the system with current density at 4 atm.
rom the figure it can be seen that both fuel cell power output and
verall hybrid system efficiencies initially increase at lower current
ensities reaching their peaks and finally decrease. The maximum
ower output is obtained as 418.2 kW at the current density of
.4667 A cm−2 for corresponding maximum energy and exergy effi-
iency of 57.4% and 56.2%, respectively. At lower current densities,
ig. 3. Plot of operating voltage and irreversible cell voltage against the current
ensity (at 4 atm).
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Fig. 6. Plot of stack energy and exergy efficiencies versus the variation in operating
temperature (at 4 atm and current density of 0.5 A cm−2).
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e
t
cell to maintain its operating temperature or can be used for any
ig. 4. Plot of stack power output and overall hybrid system energy and exergy
fficiencies versus current density (at P = 4 atm).

iency which is due to the difference between energy and exergy
ontent of the fuel.

Based on the exergy analysis, the fuel cell and the catalytic
urner exhibit the maximum exergy destruction and, hence, any
xergy improvements should be mainly focused on these com-
artments. Moreover, the heat exchanger shows a remarkable
xergy loss because of a large temperature difference between the
treams. The main exergy destructions are in the compartments
here chemical reactions take place. Another main source of exergy
estruction is from the exit of the heat exchanger. The exergy con-
ent of this stream with a fairly high temperature of 280 ◦C can be
sed for possible cogeneration purposes. Therefore, an additional
15 kW of power could be achieved if the exergy of this stream is
sed in a cogeneration system (e.g., [3]).

Fig. 5 summarizes the exergy destruction in different compart-
ents of the hybrid system. Irreversibilities, and thus entropy

eneration, are the reasons for the exergy destruction. In order
o improve the performance of the system is essential to mini-

ize the exergy destructions which will result in increasing exergy
fficiency. These exergy destructions are primarily affected by the
perating conditions within the system and surrounding condi-
ions.

Fig. 6 shows the energy and exergy efficiencies of the fuel cell at
ifferent operating temperatures. The operating pressure and cur-
ent density were set at 4 atm and 0.5 A cm−2, respectively. It can be
een that both energy and exergy efficiencies of the MCFC increase
ith the increase of temperature. This is due to the decrease in

rreversibilities of the fuel cell with the increase of temperature.
owever, increasing the operating temperature is limited by the

uel cell material selection and other operating conditions.

Figs. 7 and 8 exhibit the power output, energy and exergy

fficiencies of the fuel cell at different operating pressures. The
perating temperature was 650 ◦C and the current density was set
t 0.5 A cm−2. The power output, and energy and exergy efficien-

Fig. 5. Exergy destruction in different compartments of the hybrid system.

e
A
b

F
(

ig. 7. Plot of the stack power output versus the operating pressure (at 650 ◦C and
urrent density of 0.5 A cm−2).

ies of the MCFC increase with pressure. This is due to the decrease
n irreversible losses, especially anode and cathode overpotentials.
lthough high pressure operation enhances the performance of the

uel cell, it requires a more powerful compressor, results in a bulky
alance of plant and meets limitations to the stack sealing. There
isadvantages of operating at high pressures can be so severe that
low pressure operation is often preferable.

Another approach in improving the overall performance of
he combined system is through improving the bottoming cycle
fficiency. Table 1 lists the overall energy and exergy efficiency
mprovements by an enhancement in the bottoming cycle effi-
iency.

Overall system efficiency can also be improved by using the
xergy content of stream 2 as shown in Fig. 1. The flow exergy con-
ained in this stream can be used as an input exergy into the fuel
xternal co-generation purposes to produce more power output.
ccording to this study, global exergetic efficiency can be increased
y 15% when the 150 kW exergy wasted at point 2 is used in a

ig. 8. Plot of the stack energy and exergy efficiency versus the operating pressure
at 650 ◦C and current density of 0.5 A cm−2).
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Table 1
Variation of overall energy and exergy efficiencies by varying the bottoming cycle
energy efficiency

Bottoming cycle energy
efficiency (%)

Overall energy
efficiency (%)

Overall exergy
efficiency (%)

6.4 51.7 50.6
7.2 52.1 51.1
8.1 52.6 51.5
8.0 53.0 51.9
9.7 53.4 52.3

10.5 53.9 52.7

c
e
u

d
o
e
t
h
t
w

a
c
[
e
t
p

5

s
s
s
e
s
t

p
t
e
o
d
c
p
c
0
c
b
s
b
l

A

t
O
I

R

[

[

11.4 54.3 53.2
12.2 54.7 53.6
13.0 55.1 53.9
13.9 55.6 54.4

o-generation power production. Similarly, a maximum energetic
fficiency of 75% for the global system could be achieved upon the
sage of the energy loss at point 2.

Finally, considering the environmental impact and sustainable
evelopment, the system is environmentally benign with very low
utput emissions. The waste heat generated is assumed to be used
fficiently and, therefore, the whole hybrid system helps to improve
he sustainability. Increasing the system efficiency leads to even
igher sustainability and less environmental impacts. Environmen-
al impact is classified as order destruction, source degradation and
aste exergy emissions [12].

It is important to highlight that the exergy or energy content of
substance is a measure of its availability or usefulness to cause

hange and interact with respect to its surrounding environment
13,14]. Therefore, a thorough understanding of exergy analysis,
xergetic efficiency and environmental impact of the hybrid sys-
ems leads to higher efficiencies and, consequently, improved
erformance.

. Conclusions

An exergetic and energetic efficiency study of a hybrid MCFC
ystem has been performed in this paper. In addition, a parametric

tudy is undertaken to examine the effect of varying operating pres-
ure, temperature and current density on the energy and exergy
fficiencies of the fuel cell stack. It was found that, increasing the
tack pressure and temperature decreases the overpotentials and,
herefore, increases the stack efficiency. Although high operating

[
[

[

urces 185 (2008) 1107–1114

ressures require an increase in the power input of the compressor,
he net power produced by the system and the energy and exergy
fficiencies increase with pressure. The fuel cell power output and
verall hybrid system efficiency initially increase at lower current
ensities before peaking, then decrease with a further increase in
urrent density. This suggests that there exists an optimal operating
oint in terms of current density with respect to system effi-
iency. The maximum power output was obtained as 418.2 kW at
.4667 A cm−2. It was also found that maximum global energy effi-
iency of 57.35% and exergy efficiency of 56.16% is achievable. The
ottoming cycle exhibits an energy efficiency of 24.7%. The MCFC
tack and the catalytic burner show the highest exergy destruction
etween the other compartments of the hybrid system and, hence,

eave room for improvements.
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