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Abstract

Materials and heat balance of integrated coal gasification/molten carbonate fuel cell (IGIMCFC) combined system are calculatec
considering the electricity generating performance of the practical cell. The considered gas conditions that are required to stabilise thq
electricity generation of MCFCs are the non-carbon deposition condition, the lower limjtadritentration at the anode outlet of 1 mol%
and the upper limit of C@partial pressure on the cathode inlet gas of 0.1 MPa. The anode gas recycling system and the anode heat exchang
system have been studied supposing a not-equilibrium state of water—gas shift reaction in anode gas channel.

From the investigation on carbon deposition at the anode inlet gas, the anode gas recycling system requires approximately 809
re-circulation of the anode outlet gas, whereas the anode heat exchange system needs 60% humidity of the fuel gas. The fuel utilisz
tion in the anode gas recycling system should be set lower than in the anode heat exchange system. The net thermal efficiency of the ano
gas recycling system has a peak for Qfartial pressure where the net thermal efficiency of the anode heat exchange system increases as
the CQ partial pressure of the cathode gas decreases.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction exhausted anode gas in the reformer is a kind of chemical
energy re-circulation. Whereas in the IG/IMCFC system,
Molten carbonate fuel cells (MCFC) are operated in high the coal gasification subsystem is isolated from the fuel cell
temperature (600-70Q) environments, and it is possible system, so that the discharged fuel gas is not fed into the
to combine them with gas turbine systems, which leads to acoal gasification subsystem. The fact that chemical energy
high efficiency energy conversion. Since the CO in the fuel re-circulation is impossible, increases the fuel utilisation of
gas is changed into Cand H by performing a water—gas  the IG/IMCFC system in comparison to the natural gas sys-
shift reaction in high temperatures, CO rich fuel has been tem to achieve a better efficiency of the total plant system.
adapted to operate with MCFCs. Therefore, it has been The other important feature of coal gas is the possibil-
considered to install an integrated coal gasification/molten ity to deposit carbon in the anode inlet gas of MCFCs. The
carbonate fuel cell (IG/IMCFC) system as the central utility outlet gas composition of the gasification subsystem is un-
station. stable for carbon deposition, which would plug up the pipe
If natural gas is supplied to the MCFC system, the atthe anode inlet. Concerning the cathode gas composition,
fuel gas should be reformed to produce-éhriched gas.  another problem has occurred in MCFCs in the meantime:
Since the reforming reaction is an endothermic reaction, the NiO dissolution, which causes the Ni shortening of the
the exhausted anode gas is supplied into the reforminganode and the cathode. The NiO dissolution rate is propor-
subsystem. Due to this reason, the fuel utilisation of the tional to the partial pressure of the €@as in the cathode
natural gas/MCFC system is set at approximately 70—-80%. gas[1,2]. For the purpose of performing long-term electric-
From the point of view of energy flow, the combustion of ity generation without Ni shortening, a lower value is main-
tained for the partial pressure of the cathode,@as.
Reinstrom[3] studied IG/MCFC systems with anode gas
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the value of([H]-[CO2])/([CO]-[H20]) if the water—gas
Nomenclature shift reaction is in complete equilibrium when the current
Aa frequency factor of anode resistance density is set at 100 mA cm This result proves that the
Ac1, Aca, Aca  frequency factor of cathode resistande ~ water—gas shift reaction, C® H,O — CO, + Hy, is in
Ay frequency factor of internal resistance a thermodynamic not-equilibrium state when CO-rich gas
E Nernst voltage with H>S is supplied into the anode gas, and the production
EO standard electro-motive force of Hz is insufficient for the reaction of generating electricity.
F Faraday’s constant From the other bench scale cell tests, which supply simu-
AHga activation energy of anode resistance lated coal gas to the author’s research laboratory, the cell
AHc1, AHco, activation energy of cathode resistance ~ Voltage gradually drops once the; oncentration of the
AHcs anode outlet gas becomes less than approximately 1 mol%.
AHj activation energy of internal resistance Considering this background information, the IG/MCFC
i current density system calculation should be revised in order to evaluate
m molar fraction of species i the influence of a not-equilibrium state in the anode gas
p partial pressure of species i channel in comparison to the total power plant efficiency. In
R universal gas constant this paper, the materials and the heat balance are calculated
Ra anode resistance considering the electricity generating performance of the
Rc cathode resistance practical cell. The considered gas condition of MCFCs is
Rir internal resistance the non-carbon deposition condition, the lower limit of H
T temperature concentration at the anode outlet of 1 mol% and the upper
\Y cell voltage limit of CO, partial pressure in the cathode inlet gas of

0.1 MPa. The calculated systems are the anode gas recycling
Subscript system and the anode heat exchange system.
a anode
c cathode

2. Calculation of material and heat balance in

IG/IMCFC system

are designed to prevent carbon deposition at the anode inleR.1. Analysed system construction

of the cell. In his study, the efficiency of the total power

plant is discussed, and the coal-to-pile-bar efficiency of the The calculated anode gas recycling IG/IMCFC system is
two systems is calculated to be 47% HHV. Marconi and his illustrated inFig. 1L Coal fed into the gasification subsys-
co-authors[4] calculated thermal efficiency of IG/IMCFC tem is oxidised by 95% @ purified air. The coal gas is
systems and concluded that de-carbonated feed of fuel gas igooled down by a gas cooler. Particles included in the coal
effective for better thermal efficiency. He also mentioned that gas are removed by a porous filter$lis withdrawn by a

the steam addition of fuel gas does not seem to produce anyde-sulfuriser using the MDEA wet method. The outlet an-
improvement of thermal efficiency, mainly because of the ode gas is re-circulated to the anode inlet, and the exhausted
additional enthalpy required to produce steam, which is not anode gas is combusted in the catalytic combustor. In an
balanced by a corresponding increase of cell performancesMCFC system, C@is needed for the cathode reaction, so
Nakayama et al5] estimated the thermal efficiency of the that combusted gas can be supplied to the cathode, and a
IG/IMCFC system for three different kinds of gas clean-up part of the outlet cathode gas can be re-circulated to the
subsystems. In his calculation, the CO angdutilisation of cathode inlet. The electrochemical and chemical reaction in
anode gas had been set at 95%, and the thermal efficiencythe MCFC is as follows:

evaluated to be over 50% HHV. However, the composition

of hydrogen, which remains at the anode outlet, amounts tOWater—gas shiftreaction :  COH20 » Hz+CO; (1)

be slightly less. _ Anodereaction: K+ CO5 — COp +H0+26 (2)
On the other hand, some practical MCFC bench scale
cells are presently being tested which supply simulated Cathodereaction: CO+ 5_2L02+29* — COz%™ (3)

coal gas. Kawase et a[6] reported that the value of

([H2]-[CO2])/([CO]-[H20]) in the anode gas channel Totalreaction: H+ 30, — H,O, CO+ 10, — CO,

may not be in thermodynamic equilibrium when the cell (4)
generates electricity with simulated coal gas including

H>S. Due to the gas composition analysis of the anode The cathode re-circulating line is equipped with a gas
outlet gas by using gas chromatography, the value of cooler (steam generator), which has the effect of cooling
([H2]-[CO/([CO]-[H20]) in the anode gas channel of the the MCFC. The exhausted cathode gas is diverted to the
tested cell is estimated to be approximately 0.2—0.4 times expander, and the outlet gas from the expander is supplied
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Fig. 1. Schematic design of anode gas recycling IG/IMCFC system.

to the HRSG. The operating pressure of the gasification follows:
subsystem is set at 1.6 MPa, whereas the MCFC operating. )
pressure is 1.2 MPa. The air compressor, which supplies theV = £ — (Rir + Ra+ Re)j (5)

cathode air, is _pOV\_/ereq by the shaft power O.f the expander.v andE are the cell voltage and the Nernst voltage, respec-
The steam turbine is driven by the steam coming from the gastively Rr, Ra, and R; represent the cell resistance, and

ap . [} r ] 1
cooler of the gasification subsystem, HRSG and the CathOderefers to the current density. The Nernst voltage and the cell

recycling gas cooler (Ste‘?‘m generator). . resistance are written as follows:
The outlet gas composition of the gas-clean-up equipment

is listed inTable 1 In the table, the reformed natural gas o RT PHZ,,-JIPCOZ,CPé/Cf2 c

e L E=FE°4+ " 1In : (6)
composition is also indicated as a reference. The CO con oF Pcoy.aPhy0a
centration of the coal gas is much higher than that of the T
reformed natural gas. There is a schematic diagram of the ir
anode heat exchange systenfrig. 2 In this system, the an- ~ Kir = Air Xp{ ——== (7)
ode gas recycling is abbreviated, and the steam is supplied
by the HRSG. In order to maintain the gas temperature atR _ A.Tex AHa\ , 05 (8)
the anode inlet of the MCFC, the anode gas line is equipped "2~ 2 P RT Hz.a
with a heat exchanger, and the heat is transferred from the
anode outlet gas.

AHc1\ -
Rc= AciT exp (— ) PYPPES, .

RT
2.2. Calculation of the MCFC performance AHco
+ AcoT exp( RT )
In ordinary MCFC-operating conditions, the relation be- _1
tween the cell voltage and the current density is written as x {mcoz o+ ACSmHZOCeXp(AH(:S)} (9)
' ' RT

Table 1

. HereEP reveals the standard electro-motive force at the aver-
Gas composition of coal gas and reformed natural gas (mol%)

age cell temperatur®; andm; designate the partial pressure

Gas species Coal gas Reformed natural gas  and the mole fraction of gas species i, respectively, &nd

Hy 24.6 47.0 expresses the average temperature of the cell. The constants,
co 57.6 7.6 R andF, are the gas constant and the Faraday’s constant,
CO, 1.0 6.6 and the subscripts, a and c, denote the anode and cathode
H20 0.6 34.5

gas, respectively;, AH;, denote the frequency coefficient

N 16.2 0 ; : Co .
2 of internal resistance and the activation energy, respectively.
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Fig. 2. Schematic design of anode heat exchange IG/MCFC system.

AHa, AHc1, AHco, AHcs give an indication of the activa-

tion energy, and\,, Ac1, Ac2, Aca.

rived from tests on single cells, which have a reactive area Location
of 100 cnf. Each parameter appearing in the equations re-

are the coefficients de-

garding the cell performance is listed Table 2

2.3. Limit of gas condition and definition of K value

Table 3
Supposed gas condition required to stable operation

Required gas condition Purpose

Stable supply of fuel
Stable generation of cell
Prevent NiO dissolution

Anode inlet
Anode outlet
Cathode inlet

Non-carbon deposition

H concentration >1 mol%
CQ partial pressure
<0.1MPa

In this paper, the gas conditions that are required for the . )
electricity generation with the practical cell are supposed. WWater—gas shift reaction of the cell performance Khealue

The supposed conditions are the non-carbon deposition a

the anode inlet, 1 mol% of remainingldt the anode outlet,

and 0.1 MPa of the C@partial pressure at the cathode inlet.

The assumed cell conditions are summarisetable 3
As mentioned above, the water—gas shift reaction4€0O

H>0 — COy, + Hy in the anode gas channel does not com-
pletely amount to the equilibrium once the CO-rich gas with
H>S is supplied. To reflect the not-equilibrium state of the

Table 2
Coefficients and activation energy of cell

Magnitude
Ay (Ohmeent) 9.84e-3
AHj (kJmol 1) 23.8
As (OhmentatnmPS K1) 9.5e-7
AH, (kJmol 1) 27.9
Ac1 (Ohment atnf25K 1) 6.91e-15
AHcy (kI molt) 179.2
Acz (Ohmenf K1) 3.75e-9
AHc, (kI mot 1) 67.2
Acs 1.07e-6
AHcs (kI molt) 95.2

lis introduced as follows:

_ {([H 2] ) [COZ])/([CO] ) [HZO])}not-equilibrium

{([H2] - [CO2])/([CO] - [H20]) }equilibrium (10)

Here the subscript ‘equilibrium’ means the equilibrium value
at an average cell temperature of 680 The magnitude of
valueK corresponds to the not-equilibrium state whéis
less than 1.

The net thermal efficiency in this study is defined as fol-
lows:

Net thermal efficiency= {{MCFC AC output]
+ [Gas turbine output} [Steam turbine output]
— [Cathode blower consumption]
— [Anode blower consumption]
— [Feed water pump consumptigyi]
[Calorific value of supplied coal]
— Other consumptio2% of Calorific value of supplied

coal). (11)
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3. Results and discussions

—e— H2 concentration(Uf=:90% L
—a— H2 concentration(Uf=95%) Uf:Fuel utilisation

3 d—=—H2 concentrationgU"F:SO% 53
3.1. Carbon deposition ::D--Efﬁcienciguf:m/né

- - Efficiency(Uf=90%
- - Efficiency(Uf=95%

®Q

Al
J

The outlet gas composition of the coal gas is presented il

in the carbon—hydrogen—oxygen equilateral ternary diagram
in Fig. 3 The dividing line between the carbon deposition
and the non-deposition area is calculated in consideration of
the water—gas shift and the Boudard reaction. If the anode
gas recycling ratio rises to 100% in the anode gas recycling
system, the anode inlet gas composition moves tg €O
the diagram. On the other hand, the added steam ratio is
infinite in the anode heat exchange system, and the anode
inlet gas should be 100%2J@, which is pointed out in the
diagram. Therefore, the point of the anode inlet gas com- 0
position moves to the point of 40 with the multiplication 0 0.2 0.4 0.6 0.3 1

of the steam ratio. By the result of the gas composition at k&)

the anode inlet, it has been evaluated that the anode gas rerig. 4. 1, concentration at anode outlet and net thermal efficiencyvs.
cycling system requires approximately 80% anode gas re-in anode recycling system.

cycling, and the anode heat exchange system requires 60%

humidity.

(%)

49

47

Net thermal efficiency(%,HHV

H, concentration at anode outlet

45

H> supply in the anode gas channel. As a consequent, the
cell voltage drops and the net thermal efficiency of the total
power plant decreases. If the valleis less than approxi-
mately 0.3, the K concentration is less than 1 mol% in the
Material and heat balance of the anode gas recycling sys-anode outlet gas, when the operated fuel utilisation is 90 and
tem is calculated by using the parameterin Fig. 4 the 9505 Therefore, the anode gas recycling system should be
Hz concentration in the anode outlet gas and the net thermalgperated at an approximate fuel utilisation of 80%.
efficiency is presented versisfor a fuel utilisation of 80, A similar study has been carried out for the anode heat
90 and 95%. The b‘lconcentl’ation of the anode outlet gas exchange System, and the results are presentﬁgina
and the net thermal efficiency decreases with the reduction\yhich has the same format asfig. 4. The difference is in
of the valueK. Because Bihas an important function in the  the tendency of decreasing the rate of the anode outlet H
electricity generating reaction, CO needs to be water-gasconcentration, and of changing the rate in its absolute value
shifted to H to be used as fuel in the electricity generating of net thermal efficiency. Since the fuel gas of the anode
reaction. The reduction of tH€ value leads to a Shortage of heat exchange System should be mixed with steam from

3.2. Investigation of the not-equilibrium state
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Fig. 3. Carbon-hydrogen—oxygen equilateral ternary diagram in anode
recycling system and anode heat exchange system. Calculated temperatur€ig. 5. H, concentration at anode outlet and net thermal efficiencyKvs.

is 600°C and pressure is 1.2 MPa. in anode heat exchange system.
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3 3.3. Study of the heat removal rate from the cathode gas

~®~ Anode gas recycling system recycling equipment to the steam cycle
—=— Anode heat exchange system

g Caleulated for the case of K=0.4 The inlet and outlet gas temperature of MCFCs should
§ 5 T be controlled due to the fact that the operating temperature
° Hydrogen range is limited, i.e. from 600 to 66C. To keep the cath-

9 concentration>1% .

g ode outlet gas temperature at the defined value {690

% the volume of airflow from the air compressor is regulated.
8 \ T To set the cathode inlet gas at the prescribed temperature
g ! V \ (600°C), the cathode gas recycling flow rate is adjusted. If
g o heat is removed from the cathode gas recycling line to the
8 Hydrogen concentration<1% gas cooler (steam generator), the MCFC system requires a
=

smaller amount of air supplied by the air compressor, be-

0 : . cause the amount of heat that should be removed by the air
75 8 95 is smaller. The diminution of the airflow leads to a smaller
fuel utilisation(%) . .
amount of energy consumption for the air compressor, and
Fig. 6. Hp concentration of anode outlet gas vs. fuel utilisation. the net thermal efficiency of the plant is improved. However,

a decrease of the air supply rate leads to a relative increase of

HRSG so as to avoid the carbon deposition problem, @ H  the cathode C®partial pressure. From the point of view of
concentration is great in the anode inlet gas. The addition of NiO dissolution, a low partial pressure of @@ preferable.
steam makes progress in the water—gas shift reaction easier, In this section, the cathode GQartial pressure is ex-
and the H concentration is kept higher compared to the amined with the parameter of the removed heat, which is
anode gas recycling system. Therefore, thebhcentration transferred by the gas cooler (steam generator) equipped in
of the anode outlet gas remains at more than 1 mol%, even ifthe cathode gas recycling line. The calculated systems are
K decreases to be approximately 0.3 and the fuel utilisation the anode gas recycling system and the anode heat exchange
is set to be 90%. system. The net thermal efficiency is estimated for the dif-

In Fig. 6, the Hp concentration of the anode outlet gas is ferentK values, which have been mentioned above. The net
described versus the fuel utilisation for the case thatthe thermal efficiency is drawn against the €@artial pressure
value is set at 0.4, for the discussed two different systems.of the cathode gas ifig. 7, the removed heat from cath-
By looking at this comparison, it is obvious that the anode ode gas recycling line to the steam turbine by the gas cooler
heat exchange system should be operated with a higher fue(steam generator) is eliminated as a parameter. Kthalue

utilisation than the anode gas recycling system. changes, the fconcentration of the anode outlet gas also
34 Heat flow from cathode gas cooler(steam generator) to steam turbine is
related to net thermal efficiency and CO, partial pressure of cathode gas.
This heat flow is eliminated as a parameter and net thermal efficiency is
plotted vs. cathode CO, partial pressure
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Fig. 7. Net thermal efficiency vs. GOpartial pressure of cathode gas with the parameter of removed heat from cathode gas cooler (boiler) to steam
turbine. Set plant fuel utilisation is adjusted so that the anode oufletdrcentration is estimated to be 1 mol%.
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Table 4 o o _ electricity generation with practical cells. The discussed
maxmu;n fuetlI uttlllsatlon_t;hat malntalg_sjlcc;rlljcentratlon of 1mol% at systems are the anode gas recycling and the anode heat
© anode outlet gas, with corresponding vaitie exchange system. Not-equilibrium state of water—gas shift

Value K Anode recycling Anode heat exchange  reaction has been supposed in anode gas channel and the
system (%) system (%) following can be concluded.

1 91.5 94.4 ) .

0.7 89.5 93.7 (1) In order to avoid the carbon deposition problem at the

0.4 84.7 92.2 anode inlet, the anode gas recycling system requires

approximately 80% re-circulation of the anode outlet
gas, whereas the anode heat exchange system requires
60% humidity of the fuel gas.

(2) The anode heat exchange system should be operated
with a higher fuel utilisation than the anode gas re-
cycling system, because the addition of steam makes
progress in the water—gas shift reaction easier, and the
H> concentration is kept higher compared to the anode
gas recycling system.

(3) Due to the examination of the heat removed from the

gas cooler (steam generator) in cathode gas recycling

line to the steam turbine, the net thermal efficiency of

the anode gas recycling system has a peak fof g

tial pressure where the net thermal efficiency of the an-

ode heat exchange system increases as thepa@ial

pressure of the cathode gas decreases.

changes. Therefore, the maximum fuel utilisation also varies
to maintain the H concentration in the anode outlet gas at
more than 1 mol%. In the figure, the fuel utilisation corre-
sponds to eacK value selected, so that the doncentration
of the anode outlet gas is calculated to be 1 mol%. Calcu-
lated fuel utilisations with the correspondilgvalue can be
gathered fronTable 4

In the anode gas recycling system, the net thermal effi-
ciency has a peak in the G@artial pressure where the net
thermal efficiency of the anode heat exchange system in-
creases as the GQpartial pressure of the cathode gas de-
creases. The range of cathode gas,@artial pressure is
different in each system, which is mainly caused by the dif-
ference of supplied fuel gas flow rate. The fuel gas in the
anode heat exchange system is 60% humidified, so that the
heat removed from MCFC by the anode gas is more than
that in the anode gas recycling system; supplied air flow rate
required to remove heat out of MCFC is different in each
system. The calculated net thermal efficiency in the anode _ : : . .
heat exchange system is lower than that in the anode gas re[_1] Y Mugikura, T. Abe, S. Yoshlgka, H. Urushibata, NiO dlssolytlon

; . . in molten carbonate fuel cells: effect on performance and life, J.

cycling system, because the production of steam waists the  Ejectrochem. Soc. 142 (9) (1995) 2971-2977.
net thermal efficiency in the anode heat exchange system/2] S. Yoshioka, H. Urushibata, Simulation of cathode dissolution and
However, the anode heat exchange system has the advan- shorting for molten carbonate fuel cells, J. Electrochem. Soc. 144

tage of stabilising the electricity generation with practical (1997) 815-821.
MCECs [3] R.M. Reinstrom, Carbonate Fuel Cell Power Plant Systems, IEEE,

vol. PAS-100, no. 12, 1981, pp. 4752—-4759.
[4] P.F. Marconi, R. Tartarelli, S. Cicconardi, R. Lensi, Some performance
calculation on integrated coal gasifier—molten carbonate fuel cell
4. Conclusions systems, Intersoc. Energy Conv. Eng. Conf. 22 (2) (1987) 1016-1022.
[5] T. Nakayama, H. Shirai, M. Nunokawa, Y. Sugiyama, Estimation of

. thermal efficiency for IG-MCFC system, J. JIE 77 (4) (1997) 331-340.
Material and heat balance of the IG/MCFC system has [6] M. Kawase, Y Mugikura, Y. Izaki, T. Watanabe, J. Fukuda, Effects

been calculated. The estimation has been carried out con- ~ of H,S on the Performance of MCFC I. Change of Cell Voltage and
sidering the gas conditions that are required to stabilise the  Gas Composition, Denki Kagaku, 1998, pp. 449-455.
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