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This paper presents the work on the design and part-load operations of a hybrid power system composed
of a pressurized molten carbonate fuel cell (MCFC) and a micro-gas turbine (MGT). The gas turbine is
an existing one and the MCFC is assumed to be newly designed for the hybrid system. Firstly, the MCFC
power and total system power are determined based on the existing micro-gas turbine according to the
appropriate MCFC operating temperature. The characteristics of hybrid system on design point are shown.
And then different control methods are applied to the hybrid system for the part-load operation. The effect
ressurized molten carbonate fuel cell
icro-gas turbine
ybrid system
art-load
erformance

of different control methods is analyzed and compared in order to find the optimal control strategy for
the system. The results show that the performance of hybrid system during part-load operation varies
significantly with different control methods. The system has the best efficiency when using variable
rotational speed control for the part-load operation. At this time both the turbine inlet temperature and
cell operating temperature are close to the design value, but the compressor would cross the surge line
when the shaft speed is less than 70% of the design shaft speed. For the gas turbine it is difficult to obtain
the original power due to the higher pressure loss between compressor and turbine.
. Introduction

Molten carbonate fuel cell (MCFC) provides efficient means of
roducing electricity from fossil fuels with ultra low emissions.
he high-temperature operating characteristics of MCFC provide
he possibility of cogeneration with other types of power genera-
or such as gas turbines. There are different system configurations
or the combination of MCFC and MGT. One means is an ambient
ressure system where the cell operates at a near ambient pres-
ure [1]. The main advantage of this system is the selection of the
GT pressure independently of the cell pressure. Another means

s called pressurized system where the MCFC is designed to oper-
te at an elevated pressure. The pressurized oxidant is delivered
o the MCFC and the outgoing high pressure gas drives the tur-
ine [2,3]. The higher operating pressure guarantees higher cell
erformance. Some basic studies have concluded that a pressured
ystem may have higher system efficiency over an ambient pressure

ystem from a thermodynamic point of view if equivalent design
arameters are assumed [4,5].

The simplest way to develop a hybrid system is to construct a
ystem based on existing fuel cell or gas turbine and optimizes the

∗ Corresponding author. Tel.: +86 13585630117; fax: +86 21 3420 6342.
E-mail address: liuaiguo119@yahoo.com.cn (A. Liu).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.07.024
© 2009 Elsevier B.V. All rights reserved.

system under given conditions [3,6–10]. The design of a hybrid sys-
tem based on a commercially available gas turbine is more practical
because the fuel cell power can be determined flexibly for the mod-
ular design of the fuel cell stack. The work about predicting system
design and operations based on a commercial available gas turbine
has ever been done. Different restricted issues have ever been con-
sidered to find the optimal power, such as the minimum electricity
cost, maximum cell temperature, cathode inlet minimum percent-
age of CO2, etc. At the same time different control methods have also
been studied for the part-load operations of hybrid system. The per-
formance characteristics of hybrid system at design and part-load
conditions were compared and some useful conclusions have been
drawn [3,10–15].

Little work has been done about the pressurized MCFC/MGT
hybrid system on design and part-load performances based on
commercially available gas turbine. In this study, the design of pres-
surized MCFC/MGT hybrid system using commercially available gas
turbine was done at first. During the design procedure the impor-
tant issue was the optimal matching between a chosen gas turbine
and a pressurized MCFC module. The optimal fuel cell temperature

was chosen as a limiting parameter in the determination of system
power. Different control methods, including only fuel control, vari-
able rotational speed gas turbine operation and air bypass control,
were adopted for the realization of system part-load operation. The
performance characteristics of hybrid system were compared and

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:liuaiguo119@yahoo.com.cn
dx.doi.org/10.1016/j.jpowsour.2009.07.024
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Fig. 1. Configuration of the pre

iscussed under different control methods. The aim was to evaluate
arious part-load methods. This study presents the general analy-
is about pressurized MCFC/MGT hybrid system based on an exiting
as turbine which can provide the reference for the future work.

. Approach

The pressurized MCFC/MGT hybrid system (HS) configuration is
hown in Fig. 1. The hybrid system includes a pressurized MCFC
tack, two heat exchangers (HE), two catalytic combustion burn-
rs (CCB1 and CCB2), an air compressor (C) and a gas turbine (T).
he fuel is reformed using external reformer and the energy for
eforming the hydrocarbon fuel is supplied by the waste heat from
he system. The complete external reforming is assumed for all the
imulations and the fuel compositions are H2 73%, CO2 8.3%, CO 6.5%
nd H2O 12.2% according to the test results. The compressed air is
eated through heat exchanger and then flows into the CCB1. In
he CCB1 the air reacts with the residual fuels recycled from MCFC
node and then enters the cathode of the MCFC. The purpose of
ecycling anode exhaust is to increase the oxidant temperature and

eet the CO2 need in the electrochemical reaction. The anodic recy-
le ratio is 0.8 at the system design point which can meet the CO2
eed. The fuel to MCFC anode is main fuel and the fuel flow rate
an be controlled by valve1. The main fuel is heated by the tur-
ine exhaust and then enters the MCFC anode. The remaining fuel
rom the anode is combusted with the air and cathode exit gas in
CB1 and CCB2, respectively. The CCB2 also serves the purpose of
eparating the operation of the MCFC stack from that of gas turbine
ystem, so that they are not thermally dependent on each other. For
he present commercial gas turbine the turbine inlet gas tempera-
ure is 1173 K which is higher than the MCFC working temperature,
nd so additional fuel has to be provided. The fuel flow rate to CCB2
auxiliary fuel) is analytically determined in order to achieve the
urbine inlet temperature required and the flow rate can be con-
rolled by valve2. The valve3 in Fig. 1 is used to bypass air for the
art-load operation control.
.1. Molten carbonate fuel cell model

The pressured MCFC model considered in this study is based
n the co-flow planar kW class MCFC stack module and the elec-
rolyte is LiNaCO3 constructed by Shanghai Jiaotong University
ed MCFC/MGT hybrid system.

Fuel Cell Research Institute [16]. Increasing the number of multi-
ple sub-stacks could modularly raise the MCFC power. To simplify
the modeling, some reasonable assumptions are summarized as
follows:

(1) Only H2 is electrochemically oxidized.
(2) Constant Nusselt number.
(3) Adiabatic boundaries for the cell.

The model of MCFC consists of both electrochemical and thermal
models [17]. In a MCFC, the electric power is generated through the
following process:

Anode : H2 + CO2−
3 → CO2 + H2O + 2e− (1)

Cathode : CO2 + 1
2 O2 + 2e− → CO2−

3 (2)

The relation between cell current density and voltage is written
as follows:

i = E − V

Ranod + Rcath + Rir
(3)

E given by the Nernst potential is the function of temperature
and gas partial pressure in anode and cathode which can be regu-
lated as follows:

E = E0 + RT

2F
ln

[
PH2,anod(PO2,cath)1/2PCO2,cath

PH2O,anodPCO2,anod

]
(4)

where E0 is the ideal standard potential for the cell reaction, P is the
gas partial pressure in anode and cathode.

The irreversible losses Ranod, Rcath at electrodes depend on tem-
perature, pressure, partial pressure of gases H2 at anode, CO2
and O2 at cathode, and some parameters related to electrodes
and electrolytes. The cell internal resistance Rir depends on the
ionic conductivity of the electrolyte and electrical conductivity of
the plates. The detailed description of the irreversible losses and
parameters related with electrolyte can be found in [18].

Water–gas shift reaction (WGSR) will take place and reach to
the equilibrium rapidly. An equilibrium-limited shift reaction rate

expression, first order in carbon monoxide and with an arbitrarily
high pre-exponential factor kWGSR is given as [19]:

Rshift = kWGSRpanod,CO

(
1 − panod,CO2

panod,H2

kshiftpanod,COpanod,H2O

)
(5)



2 ower S

w
t

k

c
b
a
a
v

s
i
a
a
a
t
t
o
t
t
i
w
e

between experimental and calculated values for different operation
pressure. Comparison of the simulation results with the experi-
mental results shows good agreement with regard to the voltage
losses.
06 A. Liu, Y. Weng / Journal of P

here kshift is the equilibrium constant which can be described as
he function of temperature:

shift = exp
(

4276
T

− 3.961
)

(6)

The thermal model accounts for mass, energy, momentum
onservation principles and thermodynamic properties. In mass
alance the water–gas shift reaction and electrochemical reaction
re considered. Detailed gas thermal and transport properties such
s density, specific heat capacity, thermal conductivity and dynamic
iscosity should be considered for the accuracy of model [20].

The energy balance includes heat transfer and energy change,
uch as the electrical power and the enthalpy changes of the chem-
cal and electrochemical reactions. Four energy balance equations
re considered for accurately calculating the temperature profile in
ny relevant part in the cell. The thermal flux for interconnector
nd positive-electrolyte-negative (PEN) includes thermal conduc-
ion, thermal convection with gas and thermal radiation between
hem, while for the PEN the enthalpy fluxes associated with the flow
f oxygen, carbon dioxide and hydrogen to the PEN structure and
he flow of water and carbon dioxide from the PEN structure are also
aken into account. Meanwhile, the thermal flux in the gas channel
s convective from the solid parts and enthalpy fluxes associated

ith the species flow between PEN and gas channel. A detailed
nergy balance equations are shown as follows:

Anode channel:

∂�anodeanod

∂t
= −∂(�anoduanodCp,anodTanod)

∂x

+

⎡
⎣ ∑

j=H2,H2O,CO2

�j,IIIRIIIHj + kanod,PEN(TPEN − Tanod)

+kanod,INTC(TINTC − Tanod)+(−�H)shiftRshift

⎤
⎦ 1

hanod

(7)

Cathode channel:

∂�cathecath

∂t
= −∂(�cathucathCp,cathTcath)

∂x

+

⎡
⎣ ∑

j=O2,CO2

�j,IIIRIIIhj + kcath,PEN(TPEN − Tcath)

+kcath,INTC(TINTC − Tcath)

⎤
⎦ 1

hcath
(8)

PEN:

∂TPEN

∂t
= 1

�PENCP.PEN�PEN

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪

�PEN�PEN
∂2TPEN

∂x2
−

kanod,PEN(TPEN − Tanod)−
kcath,PEN(TPEN − Tcath)−∑
j=H2,H2O,CO2

vj,IIIRIIIhj−

∑

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪

(9)
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
j=O2,CO2

vj,IIIRIIIhj − IU+

[
�(T4

INTC − T4
PEN)

1/	INTC + 1/	PEN − 1

]
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
ources 195 (2010) 204–213

Interconnector:

∂TINTC

∂t
= 1

�INTCCP.INTC�INTC

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

�INTC�INTC
∂2TINTC

∂x2
−

kanod.INTC(TINTC − Tanod)−
kcath.INTC(TINTC − Tcath)−[

�(T4
INTC − T4

PEN)

1/εINTC + 1/εPEN − 1

]

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

(10)

where RIII is the reaction rate of electrochemical reaction which can
be expressed as RIII = i/2F.

Finally a one-dimension distributed parameters MCFC model
was developed. But it includes nonlinear partial differential equa-
tions which makes it difficult to obtain theoretical solutions. Here
the volume–resistance (V–R) characteristic modeling technique is
applied [21,22]. In the fluid system, each component can be treated
as one of three types—volume module, resistance module and
volume-resistance module. In the volume module the pressure
losses is neglected and accumulating fluid based on the difference
of flow rates. While in the resistance module the fluid has an obvi-
ous pressure loss which determines the flow rate of the component.
The MCFC is such kind of component which have the qualities of
both volume and resistance module. The modeling technique is
based on the lumped parameter idea. In order to depict the dis-
tributed parameter objects, the component is divided into several
control units. In each control unit there are two modules: volume
module and resistance module. Based on the idea above the partial
differential equations can be interchanged to ordinary differential
equations and one set of equations for the fluid in the control section
can be obtained.

The MCFC model developed here is for the smallest unit cell
which is considered to be in the center of a large stack and no
edge effects have been present. To produce a useful voltage, a
MCFC consists of several repeating electrochemical cells in a mod-
ule, connected in parallel or series and assembled to compose a
stack. The performance of stack and single cell is different as the
effects of edge. Some effects have been omitted and the simulation
results were corrected with the kW class MCFC stack experimen-
tal results. Fig. 2 shows the comparison of polarization curve
Fig. 2. Experimental and calculated values comparison.
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Table 1
Specifications of the C30 gas turbine at design point.

Parameter Value

Pressure ratio 3.20
Compressor isentropic efficiency (%) 80.00
Air flow rate (kg s−1) 0.31
Fuel flow rate (kg s−1) 0.0024
Turbine rotor inlet temperature (K) 1 173
Turbine isentropic efficiency (%) 90.00
Turbine exit temperature (K) 548
Turbine exit pressure (kPa) 103

pressure ratio is 3.2 and the turbine inlet temperature (TIT) is 1173 K.
The design mass flow of 0.31 kg s−1 is assumed to produce roughly
30 kW power with an efficiency of 26% at ISO conditions. The perfor-
mance of C30, based on its up-to-date specifications is summarized
A. Liu, Y. Weng / Journal of P

.2. Catalytic combustion burner model

In the catalytic combustion burner (CCB), the residual fuels from
CFC are burned away which increases the temperature of the gas.

he following reactions are considered in calculating the exit gas
emperature of the CCB:

O + 1
2 O2 = CO2 + QCO (11)

2 + 1
2 O2 = H2O + QH2 (12)

Assuming that the process is adiabatic, the enthalpy of the reac-
ants with combustion efficiency taken into account would be equal
o the enthalpy of the products. Knowing the temperature of the
eactants, the product temperature T2 can be calculated by iteration
s the properties of each product gas are temperature-dependent:

�H + QCO + QH2 ) · εcomb =
∑

j

mj

∫ T2

Tstd

cpdT (13)

here the �H is the enthalpy change of reactions from the original
tatus to the standard status, the combustion efficiency εcomb was
et conservatively at 98% at different load conditions, though it can
e as high as 99.5%. The CCB pressure drop is kept for simplicity
onstant at partial load.

.3. Heat exchanger model

The heat exchanger (HE) is a counter-flow one. The total amount
f the heat exchanger heat loss is kept constant and independent
ith respect to the load. The air and gas side pressure drops are set

o 3% and 6%, respectively at design conditions, and they are varied
t partial load as a function of the mass flow and density according
o the following relation:

P ∼= Const × m2

�
(14)

s by the Darcy equation for turbulent flows, assuming a negligible
ariation of the fraction factor [12].

Setting the hot outlet pressure P2 and enthalpy H2, cold outlet
ressure P4 and enthalpy H4 as the state variables, we can get the

ollowing equations based on the mass and energy balance [5,22].

dP2

dt
= (m2H2 − m1H1 − qh)

Vht(1 − cp2/R)
(15)

dH2

dt
= (m1H1 − m2H2 + qh) + (H2 − H2R/cp2)(m2 − m1)

Vht(�2 − R�2/cp2)
(16)

dP4

dt
= (m4H4 − m3H3 + qc)

Vcl(1 − cp4/R)
(17)

dH4

dt
= (m3H3 − m4H4 − qh) + (H4 − H4R/cp4)(m4 − m3)

Vcl(�4 − R�4/cp4)
(18)

here qh, qc are the heat transfer between fluid (hot and cold) and
he wall of the recuperator.

h = ˛hAh(T12 − Tm) (19)

c = ˛cAc(Tm − T34) (20)
And the T12 = (T1 + T2)/2, T34 = (T3 + T4)/2 are the average value of
nlet and outlet temperature, respectively.

Tm is the average wall temperature between the hot and cold
ide gas.

dTm

dt
= 1

CpmMm
(qh − qc) (21)
Recuperator effectiveness (%) 90.00
Electric power generated (kW) 30
Electric efficiency (%) 26.0

2.4. Compressor and turbine models

Because of the matured technology of gas turbine and their
commercial availability, a hybrid system with an off-the-shelf gas
turbine has been constructed. The micro-gas turbine selected as the
commercial available gas turbine is C30 from CAPSTONE. The gas
turbine is a single-shaft micro-gas turbine equipped with a cen-
trifugal compressor and a radial turbine. The design compressor
Fig. 3. Performance of compressor.
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Fig. 4. Temperature distribution along flow direction.
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Table 2
Specifications of MCFC/MGT hybrid system at design point.

Description Value

MCFC
Fuel flow rate (mol s−1) 1.365
Current density (A m−2) 1 500
Cell voltage (V) 0.82
Fuel utilization factor 0.8
Power (kW) 120
Efficiency (%) 49.8
Mean temperature (K) 930

GT
Fuel flow rate (mol s−1) 0.022
Air flow rate (mol s−1) 9.45
Pressure ratio 3.2
Power (kW) 27.8
TIT (K) 1 173

of power. An efficiency decay of about 5% at 10% load was assumed
Fig. 5. Temperature with system power.

n Table 1. This single shaft gas turbine is capable of running at dif-
erent shaft speed which generates higher flexibility for part-load

perations.

The modeling of micro-gas turbine is possible by utilizing real
teady state engine performance data [23]. In gas turbine cycles, the
hanged relationship between mass flow and pressure will cause a

Fig. 6. Efficiency with system power.
HS
Power (kW) 147.8
Efficiency (%) 58.53

change in the operation point and efficiency. The features of a com-
pressor can be described as functions of pressure ratio, reduced
flow, reduced speed and efficiency. Performance maps are intro-
duced for determination of the pressure and efficiency as a function
of mass flow and shaft speed for the description of compressor. Fig. 3
shows the performance map of compressor. It is assumed that off-
design thermodynamic and flow processes are characterized by a
continuous progression along the steady-state performance curves.

The turbine model can be processed using a similar method.
The power output from the gas turbine is obtained by using the

following equation:
(22)WGT = �gen(�tWt − Wcomp) − Wauxwhere �gen is the gener-

ator efficiency; �t is the turbine mechanical efficiency; Wt, Wcomp

and Waux are the turbine power, compressor power and auxiliary
power, respectively.

2.5. Generator and valve models

The generator design efficiency of 95% is consistent with proto-
type test results. The inverter system efficiency has been set to 96%.
The generator and inverter efficiency is reduced with the reduction
to quantify the effects of auxiliary loss.
The valve is used for the control of fuel and gas flows. The valve

is adiabatic and no fluid inertia is considered. Flow rate and molar
composition of input and output are set equal at any load.

Fig. 7. Fuel flow rate to MCFC and CCB2 at part-load.
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Fig. 8. Average current density change.

. Results and discussion

.1. Design point definition

The efficiency of MCFC is higher than that of micro-gas turbine.

ince the micro-gas turbine has been selected the system efficiency
f hybrid system could be raised by increasing the MCFC power.
ut some restricted issues should be considered for the decision of
ystem power [3,10,15].

Fig. 9. Temperature at part-load: (a) TIT; (b) MCFC operation temperature.
Fig. 10. MCFC and gas turbine power.

In this paper the restricted issue considered is the fuel cell
operation temperature. The stack operating temperature should
be greater than 853 K (580 ◦C) in order to guarantee the molten
condition of the carbonate and less than 973 K (700 ◦C) for avoid-
ing the increased electrolyte loss from evaporation and material
corrosion. The local temperature distributions along the flow
direction can be predicted based on the one-dimension dis-
tributed parameters MCFC model. The temperature profiles of
the fuel channel, oxidant channel, interconnector and PEN struc-
ture are presented in Fig. 4 for one condition. As can be seen
the temperature will increase along the gas flow direction owing
to the heat accumulation released by the electrochemical and
shift reactions. The maximum temperature occurs at the outlet.
The fuel cell temperature used to restrict the output power is
the average of inlet and maximum temperature of PEN struc-
ture.

The predicted fuel cell temperature and system efficiency are
shown in Figs. 5 and 6. As can be seen the temperature and sys-
tem efficiency were raised proportionally to the increase of MCFC
power. Since the air supply is fixed by the selected gas turbine, the
temperature of fuel cell would rise caused by the reduction of the
oxidant supply to each MCFC with the increase in number of MCFC.
The efficiency of MCFC is higher and it will increase with the tem-

perature, so the system efficiency increases as the temperature and
MCFC power increase.

While considering the performance of MCFC in different tem-
perature 930 K was chosen to the favorite temperature. Based on
the selected condition, the total system power is 147.8, 120 kW
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Fig. 11. Gas turbine compressor o

rom the stack and 27.8 kW from the gas turbine. The MCFC stack
ncludes 3600 single cells and the total effective area is 100 m2.
he geometry of stack is based on an active area of single cell per
ipolar array plate of 17 cm × 17 cm and the height is 0.4 cm for
ach cell. There are 900 single cells in each stack and the four
tacks are assembled in parallel. The fuel feed and oxidant feed
re divided into equal streams which flow in parallel through the
tack.

The efficiency of whole plant is calculated as the ratio between
he net power produced and the LHV of the feeding fuel, while the
uel cell efficiency is the ratio between the power supplied by the
tack alone and the LHV of the fuel supplied to the fuel cell. Accord-
ng to the calculation the efficiencies of hybrid system and MCFC

ere 58.5% and 49.8, respectively, and the parameters for each node
t design condition were shown in Fig. 1. The HS efficiency is lower
ompared with the references [3,9,10], in which the systems are
esigned based on an exiting SOFC and MCFC. This is because some

uel should be added into the combustor in front of turbine to meet
he TIT for the lower operating temperature of MCFC. In compar-
son with the power ratio of the system designed based on MCFC
n [3], the power ratio MCFC module and the gas turbine is higher
n this system as the TIT is high. The current density of SOFC is

igher than MCFC, so the numbers of single cell and effective area
f stack are higher than SOFC described in [9,10] if the output power

s the same. The output power of gas turbine is less than the orig-
nal one though the TIT and compression ratio can be maintained
s the design value. This is because the pressure loss caused by the
onal line in the compressor map.

components between compressor and turbine. The performance
data representing the design point conditions of the pressurized
MCFC/MGT hybrid system based on the C30 gas turbine is shown
in Table 2.

3.2. Off-design analysis

When the power demand from the MCFC/MGT hybrid system
is reduced, the system must be operated at part-load conditions.
Various control methods can be considered for part loading the
hybrid system. Adjusting the fuel supply is the general one, but
some research results conclude that the simultaneous control of
air and fuel supplies provides better part-load performance.

Different control methods can be adopted for the change of the
air supplied to fuel cell, such as variable rotational speed control,
variable inlet guide vane control and the HE discharge air bypass
control [24,25]. Variable inlet guide vane control is mainly used in
heavy gas turbine. So in this paper the part-load control methods
for the pressurized MCFC/MGT hybrid system includes only fuel
control, variable rotational speed with fuel control and air bypass
with fuel control. Details of each control methods are described as
different case as follows:
Case 1. Varying the main fuel (regulating valve 1).

Case 2. Varying the main fuel and auxiliary fuel simultaneously
to keep the TIT as the design value (regulating valve 1 and valve 2).
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tion of MCFC at the same part-load condition. At the same time
the reduction of operation temperature can cause an increase in
electrical losses. So the efficiency of MCFC will decrease in these
cases. In Cases 3 and 4 the fuel cell operates more efficiently at
A. Liu, Y. Weng / Journal of P

ase 3. Varying the main fuel and auxiliary fuel simultaneously
o keep the TIT and fuel cell operating temperature as the design
alue with variable speed gas turbine operation (regulating valve 1,
alve 2 and rotational speed).

ase 4. Varying the main fuel and auxiliary fuel simultaneously
o keep the TIT and fuel cell operating temperature as the design
alue with air-bypass model (regulating valve 1, valve 2 and valve
).

The fuel flow rate to MCFC stack and CCB2 is shown in Fig. 7
or different control methods. The fuel flow rate to MCFC stack is
ecreased in all control method which is the main cause of the
educed power output of the hybrid system as the MCFC stack is
he main power output source. Auxiliary fuel to CCB2 is necessary in
he Cases 2–4. The amount of auxiliary fuel is analytical calculated
o meet the requirements of component matching and to achieve
ystem thermal and mass balance. In Cases 2 and 4 the auxiliary fuel
o CCB2 is increased, while the amount in Case 3 is nearly constant
hich is because the variable speed turbine operation can decrease

he amount of air.
Fuel utilization is an important performance parameter because

t will determine whether or not the whole system is stably oper-
ting. Here the PID control technique is adopted to keep the fuel
tilization constant through adjusting the operating voltage. The
perating voltage through the cell is considered a constant as the
lectrode is good conductor, while the current density is changed
long the flow direction because it is related with temperature and
ompositions. Here the average current density is adopted for the
erformance analysis of MCFC and the change of average current
ensity for different control methods is shown in Fig. 8. The reduc-
ion of fuel flow rate will cause the decrease of current density
ccording to the electrochemical model. The operating voltage will
ecrease in Cases 1 and 2 due to the reduction of MCFC operat-

ng temperature, while it will increase in Cases 3 and 4 because of
he impact of temperature, current density and fuel utilization. The
nodic recycle ratio is kept constant for part-load operation which
an guarantee a sufficient CO2 to the cathode.

The lowest part-load operation is limited by the current density
nd MCFC operating temperature. The current density is limited in
he range of 100–200 mA cm−2, and the MCFC operating tempera-
ure is limited between 853 and 973 K.

The MCFC operating temperature and TIT are shown in Fig. 9.
s shown in Fig. 7, additional fuel is supplied to the gas turbine
ith the reduction of power generation for Cases 2–4. These cases

escribe the TIT is constant with the change of produced system
ower as shown in Fig. 9(a). The impossibility of reducing the air
ow rate in Cases 1 and 2 results in an excessive cooling of stack.
specially in Case 1 the stack inlet temperature declines with the
IT which limits the reducing of power below 72% of the design
oint considering the operating limit (Tmin > 853 K). On the other
and, due to the simultaneous control of supplied air and fuel to
he MCFC stack in Cases 3 and 4 by variable rotational speed (Case
) and air bypass (Case 4), both fuel cell operating temperature and
IT were maintained as design value at part-load conditions.

Fig. 10 shows the power from gas turbine and fuel cell at part-
oad conditions. In Case 1 the turbine rotational speed is constant
nd the TIT decreases which causes the output power decrease.
n Cases 2 and 4, the air flow rate is constant and the TIT is kept
ear the design value which causes the gas turbine power as design
alue. While in Case 3, the variable rotational speed operation of

as turbine reduces air flow rate which causes the reduction of gas
urbine power at part-load condition. The MCFC stack power is the
unction of cell voltage and current density. The current density

ill decrease with the reduction of fuel flow rate which causes the
eduction of fuel cell power.
ources 195 (2010) 204–213 211

The hybrid system operational range in the compressor charac-
teristic map is shown in Fig. 11 for different control methods. At
constant compressor shaft speed (Cases 1, 2 and 4), the operational
range is rather small. And thus the air flow rate is almost constant.
In Case 1 the MCFC stack operating temperature and TIT decrease
which makes the compressor surge margin increase at part-load
condition. In Cases 2 and 4 the TIT is almost constant, which causes
the pressure and air mass are also almost constant. The compres-
sor surge will not occur at constant rotational speed operation. In
Case 3, with decreased shaft speed, the operational points on a con-
stant speed line continuously approach the surge line. At 70% of the
design shaft speed, the compressor would almost cross the surge
line. The compressor surge limit will be another limited parameter
for the part-load operation besides the operating temperature and
current density.

The efficiency of MCFC and hybrid system is shown in Fig. 12. The
decrease in stack power is due mainly to the reduced fuel flow rate
and hence the reduced current density of the cell. In MCFC stack
the electrical efficiency can be still high when the system operates
at part-load conditions because its efficiency is a function of cell
voltage and fuel utilization.

In Cases 1 and 2, the reduction of air flow rate to MCFC is impos-
sible which results in an excessive cooling of the stack. The fuel
supply to fuel cell will increase compared with the single opera-
Fig. 12. Efficiency of MCFC and hybrid system.
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art-load as the air flow to MCFC was reduced which causes the
peration temperature is maintained at the design value. The cell
oltage becomes higher because of the operating temperature and
urrent density. In the view of the hybrid system efficiency the Case
is the highest. This is due to the simultaneous positive influence

f MCFC stacks off-design behavior and gas turbine variable speed
ontrol. The turbine rotational speed is kept constant in Cases 1, 2
nd 4, the air flow rate little changes which is a limit for hybrid
ystem efficiency at part-load condition since more fuel is used
n the CCB2. The efficiency of Case 2 is the lowest because more
uel should be directly used in the CCB2 to improve the turbine
nlet temperature. The lower gas turbine efficiency would cause
he hybrid system efficiency decrease.

. Conclusions

The performance of pressurized MCFC/MGT hybrid system
ased on a commercially available micro-gas turbine has been
nalyzed. The system power has been discussed considering the
llowable cell temperature, and the system design point conditions
ere presented. The efficiency of hybrid system is 58.5% which is

ower than the system structure with a pressured SOFC and the
ystem designed based on an exiting MCFC because of the charac-
eristics of MCFC and micro-gas turbine.

The performance of system and components were analyzed for
art-load operations under different control methods considering
he limited parameters. The only fuel control method (Case 1) is
he simplest, but it causes the lower efficiency and operation range
ecause the TIT and cell operating temperature both decrease. In
ase 2 the TIT is kept constant which enlarges the operation range
ut further decreases the efficiency. The variable rotational speed
ontrol method (Case 3) provides the best performance due to the
IT and cell temperatures are maintained as the design value. But
he compressor operation will cross the surge line at lower load.
or the air bypass control method (Case 4), the efficiency and part-
oad operation ranges are lower than the rotational speed control

ethod but the compressor works near the design point and the
urge will not happen.

omenclature

effective heat transfer area, m2

p specific heat capacity, kJ kg−1 K−1

specific internal energy, kJ kg−1

reversible potential, V
0 ideal standard potential, V

Faraday constant
channel height, m
specific enthalpy, kJ kg−1

current density, A m−2

anod,PENkanod,INTC anode channel heat transfer coefficient,
kJ m−2 s−1 K−1

cath,PENkcath,INTC cathode channel heat transfer coefficient,
kJ m−2 s−1 K−1

mass flow rate, kg s−1

m mass of the metal wall of the heat exchanger, kg
pressure, bar
reaction enthalpy, kJ mol−1

universal gas constant, kJ kg−1 K−1
anod anode irreversible loss,  cm−2

cath cathode irreversible loss,  cm−2

ir internal resistance,  cm−2

temperature, K
velocity, m s−1

[
[

ources 195 (2010) 204–213

V output voltage, V
Vht hot side volume of heat exchanger, m3

Vcl cold side volume of heat exchanger, m3

W power, kW

Greek symbol
�H enthalpy change of reaction, kJ kg−1

˛ convective heat transfer coefficient, kW m−1 K−1

ε emissivity
� efficiency
� thermal conductivity, kJ m−1 s−1 K−1

� density, kg m−3

� Stefan–Boltzmann constant, W m−2 K−4

�INTC,�PEN thickness of interconnector and PEN structure, m
�j,III stoichiometric coefficient of component j in electrochem-

ical reaction
	comb combustion efficiency

Subscripts and superscripts
anod anode channel
cath cathode channel
c cold side of heat exchanger
comp compressor
comb combustor
gen generator
GT gas turbine
h heat side of heat exchanger
ir internal resistance
INTC interconnector
j component
m metal wall of heat exchanger
PEN PEN structure
stad standard condition
t turbine
WGSR water–gas shift reaction
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