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Abstract

The direct internal reforming molten-carbonate fuel cell (DIR-MCFC) can be proposed
as a cogeneration system (heat + electricity). The influence of several operating parameters
on the mass and energy balances of a 10 kW power plant has been investigated by using
a mathematical model. The temperature, the steam/carbon ratio, the electrical power and
the useful heat fraction have been found to be relevant parameters for optimizing both
the energy and the exergy efficiencies. The results indicate that the performance of the
system is improved at higher temperatures (973 K) and at fuel utilization (Uy) in the range
of 45 to 70%. At lower U; values the system works endothermically, because the steam
reforming reaction prevails and for U;>70%, a decrease of the efficiencies is produced
by the electrode overpotentials and the ohmic losses.

Introduction

The growing world-wide demand for energy has resulted in efforts to develop
advanced electrochemical systems with higher electrical efficiency than the traditional
power plants [1]. In this regard, the molten-carbonate fuel cell (MCFC) represents
one of the most promising systems {2], and several of the most important technical
characteristics related to a practical system [3] have been reported.

The overall efficiency of a fuel cell is not limited by the Carnot cycle, and the
maximum amount of electrical energy available is given by the change in Gibbs free
energy of the electrochemical reaction [4].

One advantage of the MCFC is its high operating temperature, in the range
873-973 K [5], which is sufficient to sustain the endothermic reaction of CH,4 steam
reforming. Consequently, a major effort is underway to integrate direct internal reforming
(DIR) with MCFCs utilizing natural gas [6]. The low production of pollutants, the
compactness, simplicity, and the absence of noise are further advantages of the MCFC.

Another important advantage is that heat rejected by MCFC system can be
recovered by a cogeneration bottoming cycle.

The present paper describes a theoretical model for calculating the energy, exergy,
and mass balances for a DIR-MCFC, operating with or without a cogeneration bottoming
cycle. The model has been used to analyse the optimum operating conditions for a
small plant (electric output power: 10 kW). The calculations have been carried out
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for the typical MCFC-working conditions reported in the literature [6]. Furthermore,
sensitivity analyses have been developed to evaluate the changes to the system as a
function of the following parameters: temperature, steam/carbon ratio, total outlet
flow, CO, selectivity, output electrical and heat power, unreacted fuel flow, and exergy
and energy efficiencies. An understanding of these parameters and their relationship
is useful for optimizing the overall system performance. The thermal energy necessary
to maintain a constant cell temperature and to produce hydrogen by steam reforming
is obtained from the electrochemical cell reactions and from the combustion of unreacted
fuel. Consequently, thermal management of this waste heat and the heat required for
the endothermic steam reaction is a critical issue. In addition, the waste heat can be
utilized in a cogeneration application to provide further enhancement in overall system
efficiency. These aspects that are considered in this paper.

Derivation of the model

Hydrogen is a very promising fuel because of its clean oxidation reaction (i.e.,
only H;O is formed) and high energy density [7]. It can be produced easily by catalytic
steam reforming of natural gas, as represented by the reactions [8]:

CH,+H,0 — CO+3H, 1)
CO+H,0 ——= CO,+H, (2)
The mass balances of these reactions are:

(Fép—x)+ (Ffpo—x—y) = (x—y)+ (3x+y) (1a)
G=y)+(Fino—x—y)=y+(3x+y) (2a)

This process can be integrated in an MCFC provided with a suitable internal reforming
(IR) catalyst [9]. This configuration (DIR-MCFC) does not require an external fuel
reformer, which gives therefore simplified heat transfer, resulting in improved per-
formance. At the anode, hydrogen is oxidized by the following reaction:

H,+CO>~ — H,0+ COyy+22~ 3)
At the cathode the reaction is:

30, +COyy +2¢~ — CO2~ 4)
and the overall reaction can be written as:

H;+ COy5y+30, = H,0+ COy,y )

The CO; is consumed in the cathode and is produced in the anode. Its concentration
can be different at the two electrodes. The corresponding open-circuit equilibrium
cell voltage (V) is determined by the Nernst equation:

2
VeE°+ Igjln Py, Po, “Pcoye ©6)
nF PHzOPC()z(a)

The cell voltage under load is obtained if the contributions from the electrode
overpotentials and resistance are included:

Vo=V—(p,+ u)—IR;So (6a)
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The cathodic () and anodic (u,) overpotentials and the specific internal resistance
(R;) which were reported by Wilemski [10] were used in this analysis.

According to Mori et al. [11], the unknown terms of the above equation can be
easily computed by solving the two equilibrium expressions of the eqns. (1) and (2),
written as:

_ & —y)(3 +y—Fy,)’P? @
1010(F(°:H‘ —x)(F}ho —X—y +FH2)(FCH4 +FH20 +FH2 + Zx)z

__ +Fu)(3x+y—Fu,)
K= &—y)Fr0—x~y+Fu,) @

These equations can be used to calculate the outlet gas compositions and the cell
voltage (V;) (accounting for the losses due to the overpotentials and the internal
resistance) when the current density is known. Consequently, the output electric power,
the heat capacity of the exhaust gases and the energy available from the unreacted
fuels (CH,, CO and H;) can be computed. Thus, both electrical and thermal powers,
which can contribute to the overall cell efficiency determined.

For such a system, at steady-state condition and with negligible kinetic and potential
energies, the energy balance can be written as:

mehe+moho=W+Q,+ 20w+ 2m,h, ©

K,

This eqn. (9) shows the relationship between the total inlet energy (fuel+ oxidant)
and the total output electrical and thermal energy (useful +waste). For a MCFC plant
that is integrated with a cogeneration device, the thermal energy is generated by the
cell electrochemical reaction, ohmic resistance and combustion of the unreacted fuel
(CH4+CO+H,), but in practice only a fraction (f) of it can be used. Thus, the
theoretical efficiency can be calculated as:

= wW+0, W+f0,

= 10
m;hf mfhf ( )

Moreover, it is meaningful to calculate the exergy efficiency, which considers the
temperature of the output released energy. This parameter can be expressed by the
following equation:

_ W+0.0-T/T}) _ W+10,(1—To/T,)

mqeé€s a;.;mihf

¢ (11)

In eqn. (11), the reference temperature (7,) is conventionally fixed at 298 K [12].

Standard base line condition and evaluation parameters

The model has been used to analyse an DIR-MCFC cogenerated power plant of
small size (electric output power: 10 kW). As a base-line condition, the calculations
have been carried out for the typical working conditions reported in the literature [5,
13] and summarized in Table 1. Furthermore, sensitivity analysis has been developed
to evaluate the behaviour of the system, considering the following parameters:

@ steam/carbon (S/C) ratio which represents the ratio of the amount of inlet water
vapour to methane;

e total outlet flow is defined as the sum of the anode (CH,, CO, CO,, H, and H,0)
and cathode (N,, O, and CO,) gas flows;
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TABLE 1

Standard operating condition (base line)

Cell temperature (T}) 923 K
Pressure 0.1 MPa
Electrical power (W) 10 kW
Current density (7) 150 mA/cm?
Cell number 20 cells
Effective area (per cell) 5016 cm?
Fuel utilization (Uy) 60%
Molar steam/carbon ratio (S/C) 2.0
Oxidant utilization (Uy,) 36.2%
0,/CO, molar fraction 0.1672/0.2
Specific internal resistance (R;) 0.8 Q cm?

® CO, selectivity is defined by the ratio between the molar fraction of the output
CO, and the sum of the molar fractions of CO and COy;

® clectrical power is the product of the total output current and the cell voltage;

® unreacted fuel flow evaluated as the sum of the single flows of unreacted fuels
(CO, H, and CH,);

® energy efficiency defined as the ratio between the energy output and the energy
input;

o cxergy cfficiency defined as the energy efficiency multiplied by a factor that takes
into account the temperatures of the system.

Results

The evaluation carried out for a 10 kW DIR-MCFC stack at the base-line condition
specified in Table 1 gives an electrical efficiency of 32.8%. The final value of methane
conversion is 99.1% and the CO, selectivity is 81.5%. At this operating condition, the
unreacted hydrogen content in the exhaust fuel gas flow is equal to 12.7%, corresponding
to 109.7 mol/h.

Starting from these results, the further calculations have shown the sensitivity of
the system to the main working parameters. The first parameter that was evaluated
is the total outlet flow* as a function of the electric power, for S/C ratios of 1.5, 2.0
and 2.5 and temperatures of 873, 923 and 973 K. The total outlet flow is not very
sensitive to the cell temperature. In fact, only small differences of less than 2.5% in
the outlet flow rates are observed when the cell is at open circuit or is operating at
limited power (up to 8 kW), as shown in Fig. 1. Its dependence on the S/C ratio is
greater because the total outlet flow increases by about 10% on changing the S/C
ratio from 1.5 to 2.5. The flow decreases slightly when the output power increases
(Fig. 2(a)). The total outlet flow rate of the cell is nearly constant at different output
powers, however the anodic and cathodic outlet flows are strongly influenced by the
power. This trend is shown in Fig. 2(b), where it is evident that an electrical power
of 10 kW corresponds to outlet flows of 864 mol/h for the anode and 1899 mol/h for
the cathode, compared to 490 mol/h and 2320 mol/h, respectively, for the same cell
at open circuit.

*The analysis considers the outlet flow because all of the waste heat is removed by the
flow of outlet gases from the cell, i.e., there is no additional cell cooling.
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Fig. 1. Total outlet flow vs. electrical power at S/C=2.

The CH, conversion and the exhaust fuel composition depend mainly on the
current, temperature and S/C ratio. The dependence of these factors is shown in
Table 2 for a MCFC operating at Uy=60%. The exhaust fuel composition is calculated
for different cases. The amount of unconverted CH, is minimal for the three cell
temperatures, and a decrease of 100 K (from 973 to 873 K) does not significantly
change the CH, conversion. However, the equilibrium of the shift reaction is strongly
influenced by the temperature and S/C ratio. In fact, the content of unconverted CO
varies from 6.8% at 873 K, to 9.8% at 973 K. Increasing the S/C ratio from 1.5 to
2.5 enhances the formation of products and the unreacted fuel (CO + CH,) is minimized.
For instance, at U;=60% and T=923 K, for S/C=2.5, the CH,+ CO molar fractions
represent only 7.5% of the total outlet gas mixture, while for S/C=1.5 it corresponds
to 10.1%.

The variation of the exhaust fuel composition with the output electrical power
of a system working at 923 K and S/C=2.0, is summarized in Fig. 3, where plots of
CH,, CO, H,, H;O and CO, versus W are reported. The CH, conversion increases
with the electrical power from 59.5% at open circuit up to 99.1% at W=10 kW. The
H,O content increases with the power, reaching the value of 41.2% (356 mol/h) at
10 kW. The amount of CO in the exhaust fuel reaches a maximum for the electrical
power of 6 kW. It falls at higher electrical power (i.e., at W=10 kW the amount of
CO is 73 mol/h).

Table 3 illustrates the selectivity to CO, as a function of the electrical power,
calculated for S/C ratios varying from 1.5 to 2.5 and T from 873 to 973 K. The CO,
selectivity is more strongly influenced by the temperature than by the S/C ratio, and
mainly when the system is at low power. At U;=40% and 873 K, the CO, selectivity
is equal to 78.0% but decreases to 64.8% at 973 K. When the system is operating at
close to its highest electrical power, the production of CO, is almost the same at the
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Fig. 2. (a) Total outlet flow vs. electrical power at T=923 K; (b) total, anodic and cathodic
outlet flows vs. electrical power at base line conditions (Table 1).

three temperatures. The calculations indicate the highest value of selectivity (=90%)
at Uy=80%, with an unreacted CO stream (4.3%) of 41.2 mol/h.

Figure 4(a) shows the correlation of the energy/exergy efficiencies and the electrical
power for three values of the useful heat fraction (f). The curve for f=0 represents
a MCFC system used to produce electric energy only. In this case, the heat available
in the system is not recovered, except to sustain the internal reforming reaction. By
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TABLE 2
Exhaust fuel composition at U;=60%

Temperature S/C R; I w CH, (0] H, H,O CO,
X @em’) @mV) W) (%) (%) (%) (%) (%)
873 2.0 0.6 195 9.3 0.5 6.8 13.0 40.6 39.1
873 2.0 0.8 156 9.4 0.5 6.8 13.0 40.6 39.1
873 2.0 0.8 195 8.4 0.5 6.8 13.0 40.6 39.1
873 2.0 0.8 234 8.2 0.5 6.8 13.0 40.6 39.1
873 2.0 1.0 195 8.4 0.5 6.8 13.0 40.6 39.1
923 1.5 0.8 129 9.5 0.2 9.9 128 37.8 394
923 2.0 0.6 129 9.9 0.1 8.5 12.7 41.2 374
923 2.0 0.8 103 9.9 0.1 8.5 127 41.2 374
923 2.0 0.8 129 9.5 0.1 8.5 12.7 41.2 374
923 2.0 0.8 155 9.1 0.1 8.5 12,7 41.2 37.4
923 2.0 1.0 129 9.0 0.1 8.5 12.7 412 37.4
923 2.5 0.8 129 9.5 0.1 74 12.5 44.4 35.6
973 2.0 0.6 94 10.1 0.0 9.8 11.8 423 36.2
973 2.0 0.8 75 9.9 0.0 9.8 11.8 423 36.2
973 2.0 0.8 94 9.6 0.0 9.8 11.8 42.3 36.2
973 2.0 0.8 113 94 0.0 9.8 11.8 42.3 36.2
973 2.0 1.0 94 9.2 0.0 9.8 11.8 42.3 36.2

E

45
40
35
30
25

W (kW)
—B-CH4 & CO ¥ H2  —— H20 —— C02

Fig. 3. Exhaust fuel composition vs. electrical power.

definition, the theoretical energy efficiency is equal to 32.8% when the system operates
at the base line condition. The condition where the total heat available in the system
is used (cogeneration bottoming cycle), corresponds to the curves for f= 1. The theoretical
energy efficiency is equal to 97.2%, but it is not achievable in a practical system.
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TABLE 3
CO, selectivity at different electrical power (W)

Temperature S/IC U; W CO, selectivity
(K) (%) (W) (%)
873 20 40 7.3 78.0
873 2.0 60 84 85.1
873 2.0 80 7.3 92.9
923 1.5 40 7.8 68.0
923 1.5 60 9.5 80.0
923 15 80 9.1 90.9
923 2.0 40 78 70.3
923 2.0 60 9.5 81.5
923 2.0 80 9.1 91.5
923 2.5 40 7.8 72.3
923 25 60 9.5 82.8
923 2.5 80 9.1 92.1
973 2.0 40 78 64.8
973 2.0 60 9.6 78.7
973 2.0 80 9.4 90.4

In a real system, the corresponding exergy efficiency is more meaningful because
it considers also the thermal level of the several heat contributions. For the examined
case it reaches a total value of 83.0%, this being the sum of the contributions of the
electrical and thermal energy. A more detailed description of the single contributions
of the total output available energy as a function of the useful heat fraction is reported
in Fig. 4(b). The behaviour of the electrical and thermal power contributions, achievable
for a system operating at 923 K, S/C=2 and calculated for fuel utilization (Uy) varying
from 0 to 80%, are reported in Figs. 5(a) and 5(b) (f=0.5 and 1.0, respectively).

Discussion

Preliminary considerations on the influence of the total outlet flows on the behaviour
of a MCFC system have been examined. This parameter is directly correlated to the
thermal energy density of the system and it determines to the heat exchangers sizing.
As shown in Figs. 1 and 2, the total outlet flow is slightly influenced by the electric
power (W) and by the temperature (7), but only the S/C ratio has a significant influence
on its final value. These results could seem in disagreement with the fact that higher
temperatures or output powers move the equilibrium of the eqn. (1) to the formation
of products, increasing the gases total volume. In practice, the outlet flow is given by
the contribution of the anodic and the cathodic outlet flows, that show (see Fig. 2(b))
opposite trends. In fact, when the system is under load, the hydrogen oxidation involves
the corresponding consumption of a greater volume of the cathodic reactants. At least,
highest utilizations give a better balance of the anode and cathode flows, which should
reduce the pressure difference between the anodic and cathodic compartments.

As reported in Fig. 3, the CH, conversion reaches 85.0% also at open circuit ant
it increases to 99.0% when a load higher than 8 kW is applied to the system. The
CO and hydrogen content in the waste gases represent a significant percentage (about
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Fig. 4. (a) Energy and exergy efficiencies vs. electrical power at base line conditions (Table 1);
(b) output power vs. useful heat fraction at base line conditions (Table 1).

6 and 11%, respectively) and the heat recoverable from their combustion will significantly
improve the overall efficiency. It is also noticeable that the overall water balance of
the eqns. (1-3) indicates that the content of water vapour increases directly with the
power.
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Fig. 5. (a) Output power contributions vs. fuel utilization for f=0.5; (b) output power contributions
vs. fuel utilization for f=1.0.

The sensitivity analysis (showed in Figs. 4 and 5), indicates that the electrical
efficiency is affected by the electrode overpotentials and by the effect of the internal
resistance. In fact, for values of power lower than 10.5 kW, an increase in the current
corresponds to an improvement in the efficiency, but for higher power than this, the
losses will be extreme, resulting in a worsening of the system performance.

Obviously, the overall system efficiency strongly improves if the thermal energy
available in the exhaust gases is fully recovered (f=1). In this case, the theoretical
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energy efficiency is close to 100%, with a corresponding exergy value of more than
80%. The difference (about 20%) between these efficiencies represents the unrecoverable
heat.

The total output power, at the base line condition (Fig. 4(b)), is given by the
contribution of the thermal and the electrical terms. The recoverable heat is very
important for the cogeneration system economy and it represents a rate of the same
order of the electrical energy when f is 0.5.

The H, represents the greatest part of the exhaust fuel (CH,, CO and H;), while
the CH, is negligible.

When the system operates at low currents, the cell must be supplied with additional
heat, because the endothermic reaction of steam reforming needs more thermal energy
than can be obtained from the electrochemical cell reaction. In this case the heat
recovered by the combustion of the exhaust fuels can be only partially used as a
thermal source for the cogeneration system because the steam reforming reaction
needs the complementary heat rate.

As evident in Fig. 5, the system reaches thermal equilibrium when Ut is close to
45% and only for higher values does the cell release heat.

Conclusions

The total outlet flow, and its thermal energy density are the determining factors
to the heat exchanger sizing. The mathematical analysis shows that the cathodic and
the anodic streams present opposite trends with the temperature and the electrical
power.

The CO yield shows a maximum for values of power between 4 and 7 kW. Beyond
these values, the equilibrium of the shift eqn. (2) moves to the products because of
the consumption of hydrogen. A too high power is unprofitable in a practical case,
because of the excessive increase of the overpotentials and ohmic losses. The thermal
energy recoverable by combustion of the unreacted fuel is an essential contribution
at the overall efficiency of the system. In fact, it is of the same magnitude of the
output electrical power for the system at Us=60% and f= 1. Thus, recovering completely
the heat produced by the system and burning the H, and CO residual, it is possible
to obtain an additional thermal power approximately double respect to the output
electrical power.
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List of symbols

F&y, feed rate of methane (mol/h)

Ffo F&,u,S/C=feed rate of water (mol/h)

X,y rate of converted CH, and CO in the egns. (1) and (2) respectively
(mol/h)

a, ¢ indices referred to the anodic and cathodic compartment

f, 0,u, w, p indices referred to the fuel, oxidant, useful, waste and produced,
respectively
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E° standard electromotive force or potential when all the species involved
are at unit activity (V)

R universal gas constant, (1.987 cal/(K mol))

T temperature (K)

P total pressure (Pa)

F Faraday constant, (23.06 kcal/V=96490 C/equivalent)

n number of transferred electrons=2

I current density (mA/cm?)

So effective electrodes surface (cm?)

Fy, hydrogen flow rate = (3600//S0S0)/2 96.490) (mol/h)

Ui fuel utilization = 100(Fyy,/4F &y, )

Po, oxygen partial pressure (Pa)

Peo, carbon dioxyde partial pressure (Pa)

Pu.o water partial pressure (Pa)

O total output thermal power=Q,+ 2,0, (W)

f useful heat fraction=0Q,/Q,

W shaft work rate (W)

m mass flow (kg/s)

h enthalpy (J/kg)

agp exergy ratio for methane combustion=0.92 [14]

ui energy efficiency

¢ exergy efficiency

n electrode overpotential (V)
R; specific internal resistance (2 cm?)

€ specific exergy (J/kg)
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