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The Effect of the Fuel-Cell Unit

W. R. Dunbar’

N. Lior

Department of Mechanical Engineering
and Applied Mechanics,

University of Pennsylvania,
Philadelphia, PA 19104-6315

Size on the Efficiency of a Fuel-
Cell-Topped Rankine Power Cycle

Dunbar, Lior and Gaggioli (1991) proposed a configuration of a fuel-cell-topped
electrical Rankine power generating station and analyzed its performance. That
study revealed that the fuel-cell topping improved plant efficiency to values up to

62 percent, versus the conventional plant efficiency of 41.5 percent. This work lays

R. A. Gaggioli
Department of Mechanical and
Industrial Engineering,

. Marquette University,
Milwaukee, Wi 53233-2286

the foundation for a thermoeconomic analysis of such systems by relating exergy
consumption to fuel-cell unit size, as follows: 1) the relationship between system
efficiency (and hence fuel consumption) and fuel-cell unit size is presented for a
number of fuel-cell operating conditions; 2) the relationship between fuel flow
rate and fuel-cell unit size is shown; and 3) the exergetic effects of the major plant
components are discussed as a function of fuel-cell unit size. The results reveal that

specific fuel consumption may be reduced by as much as 32 percent when incor-
porwting fuel-cell units into electrical power plants.

Thermodynamic Considerations

The fundamental (thermodynamic) reason for interest in fuel
cells is the reduction of combustion irreversibility (Obert and
Gaggioli, 1963; Dunbar, 1983; Dunbar and Gaggioli, 1990).
The rate of exergy destruction (irreversibility) is directly pro-
portional to the entropy production rate, and that is the prod-
uct of the process rate with the driving force, divided by the
absolute temperature (DeGroot and Mazur, 1962; Hirschfelder
et al., 1954). When a fuel is burned in air at the rate Ry, the
driving force for the reaction is the difference between the
chemical potentials (u) of the reactants and products—the
chemical affinity (A\) of the reaction. The rate of useful power
consumption during the combustion process is, thus, (Obert
and Gaggioli, 1963; Degroot and Mazur, 1962; Hirschfelder
et al., 1954)

. T 7,
- Ag= 70 (Mfuet + Hoxygen — Mproducts ) Rf= T ARy M

In ordinary combustion, a fuel is brought in direct contact
with oxygen to react, producing oxidation products. The result
is a conversion of chemical energy of the fuel to thermal energy
of the products (Gaggioli, 1961). The amount of exergy de-
struction is quite large, of the order of 20-30 percent of the
fuel exergy. More detail on combustion irreversibilities can be
found in the paper by Dunbar and Lior (1990).

Fuel cells, on the other hand, lower the electrochemical
potential value of either the fuel or oxygen by first passing
ions through an electrolyte and producing electricity in this

'Currently, Department of Mechanical and Industrial Engineering, Marquette
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process. Consequently, the subsequent combustion reaction
affinity is reduced, lowering the exergy destruction in that fuel
oxidation process (Eq. (1)).

Analysis Technigue

This case study evaluates the thermodynamic advantages of
fuel cell units, given the plant configuration in Fig. 1 (Dunbar
et al., 1991). This electrical power generating station consists
of 1) the fuel-cell topping system inscribed within the dashed-
line rectangle (including heat exchangers and the combustion
chamber), and 2) a steam power cycle of a modern 300-MWe
power plant (Gaggioli et al., 1975). More detail is given in the
paper by Dunbar et al. (1991).

Partial oxidation of the fuel takes place within the fuel cell
system. Having delivered an amount of electrical power, the
product streams (depleted fuel and air) exit the fuel cell unit
at a higher temperature and, following a heat exchange with
““fresh’ fuel and air in preheater no. 2 (via air-to-air and fuel-
to-fuel heat exchangers), enter the combustion chamber. Mix-
ing with any remainder of the plant fuel and air feed (streams
13 and 14 of Fig. 1), the fuel oxidation is completed there.
The combustion product gas then flows through two heat ex-
changers, transferring the required heat to both the power cycle
and the air in the air preheater.

For this case study (Dunbar et al., 1991), the fuel cell per-
formance characteristics were assumed to be those of an older
Westinghouse design of a solid-electrolyte fuel-cell battery con-
taining 20 cells in series and operating at 1020°C (Archer et
al., 1964), given for three fuel flow rates: 12.4 cm®/s (Case
A in the forthcoming analysis), 3.1 em’/s (Case B), and 1.4
em’/s (Case C). Hydrogen was assumed to be the power plant
fuel.

The technique of analysis is as follows. The heat requirement
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Fig. 1 Fuel-cell “topping” system plant configuration

of the power cycle is fixed at the value given by Gaggioli et
al. (1975). The temperature values for the fuel and air entering
the fuel cells, and the exiting product (stack) gases are specified
(and constant throughout the analysis). A size for the fuel cell
unit is chosen (a variable parameter of this study). Thus, once
the fuel flow rate per array and the operating current are
specified, the following quantities are fixed: 1) thetotal fuel
and air requirements, and 2) the percentage of fuel oxidized
in the cells, and hence the amount of remaining fuel which is
to be burned in the combustor. Fuel flow rate per array, fuel
cell operating current, and fuel cell unit size are thus the pa-
rameters for the performance analysis of the system shown in
Fig. 1. More details of the analysis, and the modeling equa-
tions, were presented by Dunbar et al. (1991).

It should be noted that the plant configuration analyzed still
requires optimization, but it does illustrate the possible im-
provements to plant efficiency when incorporating fuel cell
units into electrical power generating (or cogenerating) plants.

The boundary conditions for the power plant were the fol-
lowing:

1 the incoming fuel and air temperatures =25°C;

2 stack gas temperature = 135°C;

3 ambient reference temperature =25°C;

4 all gas stream pressures are atmospheric;

S all units, except the cogeneration heat exchanger, have adi-
abatic boundaries;

6 the cogeneration unit heat loss value is 13.01 MW (a typical
value for modern boilers, Gaggioli et al., 1975);

7 100 percent excess cgmbustion air, to match the air-fuel
ratio of the fuel cell data employed (Dunbar, 1983);

8 stipulated energy exchange to the power cycle = 660.14 MW
(Gaggioli et al., 1975);

9 the amount of heat transfer to the air in preheater no. 1
is fixed at a value of 87.92 MW (a value which assures that
the hot and cold stream temperatures in the congeneration unit
do not cross).

Results

The results of Dunbar et al. (1991) revealed that, for any
given fuel-cell unit size and fuel flow rate per array, maximum

system efficiency is experienced when the fuel-cell unit operates
at the maximum power point. For the three Westinghouse
experimental cases employed herein, the maximum power point
is 1.1, 0.9, and 0.4 A for Cases A, B, and C, respectively.
Thus, the results presented below are those obtained by as-
suming the fuel-cell unit operates at the maximum power point
(for any given fuel flow rate per array).

Given the boundary conditions (for the gas side of the plant)
Of fixed fuel/air temperatures, fixed stack temperature, and a
fixed power cycle heat requirement, a maximum fuel-cell unit
size limit exists for each fuel flow rate per array case. Above
this maximum size limit, more fuel would be fed to the plant
than necessary for the energy requirements of the power cycle
and electrical power output of the fuel-cell unit. This would
raise the stack gas temperature, violating the boundary con-
dition for this study.

The maximum fuel-cell unit size limits were found to be 6.4,
32.6 and 82.7 million arrays for cases A, B and C, respectively.
These values coincide with the sizes employed in our previous
study (Dunbar et al., 1991). In that study, all the incoming
plant fuel/air was fed through the fuel cell unit, prior to com-
plete oxidation in the combustion chamber (and hence, streams
13 and 14 of Fig. 1 were not present).

The global plant efficiencies, as a function of fuel-cell unit
size, are displayed in Fig. 2. As shown in this figure (and proven
theoretically in the previous study by Dunbar et al. (1991)),
there is an opportunity for significant gains in efficiency
through the use of fuel cell ‘“‘topping units,”’ wherein effi-
ciencies of up to 62 percent are possible, versus the conven-
tional plant efficiency of 41 percent. Note also, for the size

.range of Case A (0-6.4 million arrays), Case A efficiencies are

greater than those of Cases B and C over the same size range.
This behavior is consistent for all fuel flow rates (e.g., Case
C efficiencies remain lower than Case B efficiencies until the
fuel cell unit size is beyond the Case B range).

For the three evaluated cases, finite jumps are observed in
the relationship between the number of arrays and the gain in
efficiency. For example, for a fuel cell unit which contains
32.6 million arrays, Case B delivers a system efficiency of 57
percent. If one desires a higher efficiency, and is constrained
by just three discrete fuel flow rates corresponding to cases

Nomenclature
A = chemical affinity
R; = fuel consumption rate, kmol/s T = temperature, K A = exergy consumption rate, MW
S, = entropy production, kJ/K T, = reference temperature, K u = electrochemical potential, kJ/kmol
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A, B, and C, the fuel cell unit size must jump to greater than
56 million arrays, where case C delivers 57 percent efficiency.
This, however, would not be necessary in practice, since the
fuel flow rate may be adjusted to a value between that of Cases
B and C, delivering greater than 57 percent efficiency with a
fuel cell unit which contains less than 56 million arrays.

While solid-electrolyte fuel cells of the type employed in this
study are under study and pilot-plant operation in many coun-
tries, thetr mass-production costs are still unknown. In antic-
ipation of the need to perform a thermoeconomic analysis on
such electrical power generating stations, fuel consumption as
afunction of fuel cell unit size is displayed in Fig. 3. As shown,
all three cases converge to the conventional power plant fuel
consumption rate of 36.8 kmol/MWh as the current ap-
proaches zero, i.e., when no fuel cells are used. With the
addition of the fuel cell unit, the specific fuel consumption
may be decreased to values below 25 kmol/MWh (a 32 percent
reduction).

In this figure, the ordinate (fuel consumption) may be re-
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garded as an operating cost variable; the abscissa (fuel cell unit
size) may be considered as a capital cost. Thus, Fig. 3, in that
sense, provides the relationship between operating and capital
costs. As expected, fuel consumption is reduced with increasing
fuel cell unit size.

The results of sensitivity analysis of the performance of this
power cycle were shown in the paper by Dunbar et al. (1991).
These results, combined with those presented in the foregoing,
can be used to estimate the fuel-cell unit sizes for operating
conditions which were not considered here.

Conclusions

Topping conventional Rankine cycle power plants with fuel
cells was shown to reduce specific fuel consumption by amounts
up to 32 percent. It was shown here that for the largest fuel
cell unit considered (one which contains 82.7 million arrays),
the plant efficiency was 62 percent, almost 50 percent higher
than the efficiency of the conventional power plant without
fuel cell topping. Since newer fuel cells are actually somewhat
more efficient than those modeled here, the predicted efficiency
improvements and fuel-cell sizes are conservative. The overall
system efficiency increases (and fuel consumption decreases)
with fuel cell unit size, primarily because of the effects on
combustion efficiency. In addition, it was shown in the pre-
vious study (Dunbar et al., 1975) that combustor efficiency
increases with fuel cell current and there exists an optimal
current at which overall plant efficiency is maximal. Although
by no means sufficient, the results given lay the foundation
for ensuing thermoeconomic analysis of such power plants.
Based on the results presented herein, it is clear that future
studies of electrical power generating stations which incor-
porate fuel cell units are a worthwhile venture.

Acknowledgments

The support of the University of Pennsylvania and of the
Society of Automotive Engineers to one of the authors (WRD)
is gratefully acknowledged.

References

Archer, D. H., Zahradnik, R. L., Sverdup, E. F., English, W. A., Elikan,
L., and Alles, J. J., 1964, “‘Solid Electrolyte Batteries,”” Proceedings of the
18th Annual Power Sources Conference, Atlantic City, NJ, pp. 36-40.

Degroot, S. R., and Mazur, P., 1962, Non-equilibrium Thermodynamics,
North-Holland Publishing Co., New York.

Dunbar, W. R., 1983, ‘“‘Computer Simulation of a High-temperature Solid-
electrolyte Fuel Cell,”” M. S. thesis, Marquette University, Milwaukee, WI.

Dunbar, W. R., and Gaggioli, R. A., 1990, ‘‘Computer Simulation of Solid
Electrolyte Fuel Cells,”” ASME JourNAL oF ENERGY RESOURCES TECHNOLOGY,
Vol. 112, pp. 114-123.

Dunbar, W. R., and Lior, N., 1990, *‘A Breakdown of the Exergy Losses in
Combustion,”’ Proceedings of the World Energy Research Symposium, Flor-
ence, Italy, Pergamon Press, Oxford, pp. 347-358.

Dunbar, W. R., Lior, N., and Gaggioli, R. A., 1991, ““Combining Fuel Cells
with Fuel-Fired Power Plants for Improved Exergy Efficiency,”” Energy Vol.
16, pp. 1259-1274.

Gaggioli, R. A., 1961, ““The Concepts of Thermodynamic Friction, Thermal
Available Energy, Chemical Available Energy, and Thermal Energy,”” Chemical
Engineering Science, Vol. 17, pp. 523-530.

Gaggioli, R. A., Yoon, J. J., Patulski, S. A., Latus, A. J., and Obert, E.
F., 1975, “Pinpointing the Real Inefficiencies in Power Plants and Energy
Systems,’’ Proceedings of the American Power Conference, ed., R. A. Gaggioli,
Washington, DC, pp. 671-679.

Hirschfelder, J. O., Curtiss, C. F., and Bird, R. B., 1954, Molecular Theory
of Gases and Liquids, John Wiley & Sons, Inc., New York, NY.

Obert, E. F., and Gaggioli, R. A., 1963, Thermodynamics, McGraw-Hill
Book Company, Inc., New York, NY.

JUNE 1993, Vol. 1157107




