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Abstract - The coupling of a pressurized solid oxide fuel cell (SOFC) and a gas turbine has been proven to result in extremely
high efficiency and reduced emissions. The presence of the gas turbine can improve system durability compared to a standalone
SOFC, because the turbomachinery can supply additional power as the fuel cell degrades to meet the power request. Since
performance degradation is an obstacles to SOFC systems commercialization, the optimization of the hybrid system to mitigate
SOFC degradation effects is of great interest. In this work, an optimization approach was used to innovatively study the effect
of gas turbine size on system durability for a 400 kW fuel cell stack. A larger turbine allowed a bigger reduction in SOFC
power before replacing the stack, but increased the initial capital investment and decreased the initial turbine efficiency. Thus,
the power ratio between SOFC and gas turbine significantly influenced system economic results.

Index Terms — hybrid systems, design optimization, SOFC degradation, and economic analysis

NOMENCLATURE
Abbreviation Variables
CFN Annual cash flow C cost [€]
DLR Deutsches Zentrum fiir Luftund E energy [kW]
Raumfahrt FU fuel utilization [%]
EOL End of life i current [A]
FC Fuel cell h enthalpy [kJ kg-1]
GA Genetic algorithm m mass flow rate [kg s-1]
GT Gas turbine n efficiency [%]
IRR Internal rate of return Q fuel cell thermal output [kKW]
HS Hybrid system rd degradation rate [% kh-1]
LHV Low heating value P power [kW]
LSM lanthanum strontium magnetite R area specific resistance [Q m2]
mGT micro gas turbine T temperature [°C]
PID Proportional integral derivative Subscript
SOFC Solid oxide fuel cell el electrical
TCI Total capital investment f fuel
TIT Turbine inlet temperature in inlet
YSZ yttria-stabilized zirconia irr irreversible
main maintenance
nom nominal
ohm ohmic
out outlet

1. INTRODUCTION

Due to the growing global energy consumption, high prices of energy, decreasing fossil fuel resources, and increasing
local and global environmental concerns, finding an appropriate way for efficient power generation with low emissions
has become a matter of issue. In particular, three desirable features for future energy solutions are mandatory: diversity
in primary energy sources and generation technology, improved efficiency in energy conversion and use, and optimally
matching energy technologies and resources to specific uses. Hence, energy technologies of the future require high
efficiency, low emissions, scalability, and dispatchability. The fuel cell power generation system is considered to be a
good candidate for future power production owing to its high-thermal efficiency and low pollutant emissions [1]. Among
various types of fuel cells, solid oxide fuel cell (SOFC) is the most suited one for distributed power generation owing to
its high efficiency even at small scale, low environmental pollution, fuel flexibility, and high-temperature exhausts
suitable for thermal recovery. Because cost and durability currently limit SOFC technology commercialization [2] [3] [4],
different solution are proposed in literature combining the SOFC with other different technologies [5] [6] [7]. Among the



variety of SOFC-based combined cycles proposed to date, pressurized SOFC-gas turbine (GT) integration has attracted
significant attention because of its high efficiency potential (i.e., theoretically approaching 75-80% on natural gas (LHV))
[8]. Such systems are able to simultaneously solve some of the key problems of small gas turbines (low efficiency and
NOx emissions due to the combustor) and of SOFCs (high cost, predicted to be around $800-1200 per kW).

In such systems, the topping SOFC stack and bottoming GT are directly (i.e., chemically and thermally) coupled, as
SOFC exhaust gases are directly fed to the bottoming cycle. Hence, the pressurized SOFC module substitutes the
combustor of the regenerated turbine plant, and the clean effluent has a temperature of about 900°C, which well matches
the requirements on the inlet temperature of first generation micro-turbines. Fuel cell gas turbine (FC/GT) hybrid
technology demonstrated fuel-to-electricity conversion efficiency as high as 56% (lower heating value (LHV)) [9] and
theoretical plant efficiencies exceeding 75% [10]. Fuel cell-gas turbine hybrid technology has demonstrated the ultrahigh
efficiency, ultralow emissions, and fuel flexibility necessary to achieve local, state, and federal targets for future energy
conversion [11][12] [13], and are the preferred option to reach the targets set by the European 2020.

Integrated SOFC/microturbines (hybrid systems) are at an early stage of testing at the moment [14], and technical-
economic optimization is an issue currently being addressed by many developers. In prototype and pilot-scale plants,
normally the SOFC generates most of the power, working with fairly high fuel utilization and high stack efficiency. For
example, Rolls Royce Fuel Cell Systems (now LG Fuel Cell Systems) presented in 2007 a 2 MW system prototype where
the SOFC produced 4 times the power of the gas turbine [15]. Siemens’ hybrid system featured a 180 kW SOFC coupled
with a 40 kW micro gas turbine [16]. In the 200 kW hybrid system developed by Mitsubishi Heavy Industries, the SOFC
produced 183 kW [16]. There has been general agreement in the literature that the most efficient component (i.e. the
stack) should contribute around 70-90% to the total power generation [18] [19] [20] [20] [22].

Different SOFC/GT emulator are also available around the world and all of them work with a high power share. For
example, the emulator installed in Savona (Italy) from the ThermoChemical Power Group [22] [24] [25] [26] coupled a
100 kW of mGT to a 450 kW SOFC. The emulator installed at Deutsches Zentrum fiir Luft-und Raumfahrt (DLR) in
Germany, based on Siemens work [27] [28] is based on a power stack ten times the mGT power. However, system
performance optimization has been normally considered in design conditions, without considering stack performance
degradation over time and its consequences on plant operations.

Mechanisms limiting SOFC operating life have been widely investigated [29] [30] [31] [32]. The Authors already
analysed the effect of fuel cell degradation on the hybrid systems performance and economic return in a previous work
[33]. In that study, it was suggested that a design in which fuel cell stack and gas turbine are about the same size could
extend fuel cell durability and be beneficial from an economic point of view. However, no optimization analysis was
performed to understand the optimal power share between SOFC and mGT in a hybrid system. In this respect, this study
would like to fill this gap optimizing the mGT size with respect to the Internal Rate of Return (IRR). This economic
parameter was chosen since it takes into account both energetic (electrical energy selling, fuel consumption) and economic
(capital cost) contribution.

The aim of this paper is to evaluate the effect of the mGT size on the system durability considering the SOFC degradation,
given a fuel cell stack size of 400 kW. Based on the control strategy employed in previous work [33], the initial size of
the turbine would determine the life of the fuel cell. A larger turbine size allows a bigger reduction in SOFC power before
replacing the stack, but increases the initial capital investment and decreases the initial turbine efficiency, because the
machine has to operate in off-design condition. The optimal size was evaluated, in this work, by maximizing the IRR of
the plant. Unlike similar previous work, fuel cell performance degradation over time was considered for the design
optimization of the hybrid system.

2. MODEL DESCRIPTION

The model used in this analysis is a 1D model to simulate a co-flow, planar anode-supported SOFC, composed of a Ni
doped yttria-stabilized zirconia (Ni-YSZ) anode, an YSZ-lanthanum strontium magnetite (LSM) cathode, and YSZ
electrolyte [35]. The model was previously developed with the aim of integrating it into a SOFC gas turbine hybrid system
emulator [35] [36] [37] taking into consideration the degradation effects. The full description of the model is reported in
[35][36] [38] and it is here summarized. An overview of the hybrid system model is presented in Figure 1.
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Fig. 1. Schematic layout of the hybrid system model

The model employs a coupled approach of finite difference and finite volume for thermal and electrochemical
equations, respectively. Since the electrochemistry models do not use differential equations, the finite volume approach
is more appropriate, while for heat transfer a finite difference method is applied as it is the optimal compromise between
short computational time and accuracy in capturing the transients. More details on equations, parameters, and model
validation can be found in Hughes et al. [35]. The model includes a relationship to evaluate the SOFC degradation over
time. The SOFC degradation expression was extrapolated from experimental data using a curve fitting approach [39] [40].
The data set referred to experiments performed at different values of current density, fuel utilization, and temperature.
Degradation rate is calculated according with Equation (1) and incorporated into the total resistance of the cell as shown
in Equations (2) and (3). Material set and fuel composition considered in this work are the same as those employed for
the aforementioned experiments. The effect of degradation is an increment in the ohmic resistance Ronm. Degradation
contribution is expressed in terms of the coefficient rq (percentage of voltage drop per 1000 h of operation) and with the
term Rix, which represents the irreversible contribution of degradation and whose value is updated at each sample time.
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The thermal power from the fuel cell stack is calculated from the difference in specific enthalpy variation of the gas
stream, illustrated in Equation 4. The thermal power is converted into electric power in the turbine model, as shown in
Equation 5.

Q = MoutNout — Minhin )

P:nGT'Q (5)

The recuperated gas turbine cycle is modeled as a black box, based on a map of the recuperated cycle efficiency as
function of generated power. The efficiency ngr as function of power is plotted in Figure 2.
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Fig. 2. Gas turbine cycle efficiency map

Since the optimization algorithm chooses a different mGT size at each iteration, a curve to relate the nominal mGT
efficiency with the mGT size was implemented. From the work of [41] different points were taken into account related to
different gas turbines (Table 1).

TABLEI
EXPERIMENTAL DATA FROM DIFFERENT TURBINE
Type of turbine Power | Efficiency | Reference
[kw] [%0]

- AlliedSignal 75 27,3 [41]
TA 45 Elliott Energy System 45 30 [41]
TA 80 Elliott Energy System 80 30 [41]

TA 200 | Elliott Energy System 200 30 [41]
C30 Capstone 30 26 [41]
C65 Capstone 65 29 [41]

- Power WorksTM 70 27,3 [41]

MT 100 ABB 100 30 [41]

C200 Capstone 200 33 [41]

C600S Capstone 600 33 [45]

C800S Capstone 800 33 [45]

C1000S Capstone 1000 33 [45]

A correlation between design efficiency and power was then found as shown in Figure 3.
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Fig. 3. Correlation between mGT power and design efficiency



In a previous work, a constant cell voltage operating mode was selected as the most economically beneficial [33]. Constant
voltage operation was proven to extend SOFC lifetime by other authors [42]. The same operating strategy is applied in
this study, in which fuel cell voltage and total system power are maintained constant. The latter target could be achieved
by increasing the load to the turbine as the cell power is degrading. Anode fuel flow is incremented to increase turbine
inlet temperature (TIT) and thus the turbine power output. Since there is no need to maintain cell power constant, cell
current is decreased by a PID controller in order to reduce degradation and keep constant voltage. As the current decreases,
cathode air flow is regulated by varying a bypass valve to maintain constant AT across the cell. The nominal operating
parameters are reported in Table 2.

TABLE II
NOMINAL OPERATING CONDITIONS
Number of cells 2450
Current [A] 200
Airflow [kg/s| 1.1
Voltage [V] 0.82
Design TIT [°C] 950
Total power [kKW] 500
Stack power [kW] 400

A simple economic analysis was implemented to evaluate the IRR. The economic analysis is based on the life cycle of
the first SOFC stack, and not on the whole lifetime of the plant. In other words, the replacement of stacks onto the same
balance of plant has not been considered. Hence, firstly the condition for the End of Life (EOL) was determined, then the
economic parameters were calculated based on this period. The EOL was evaluated as the turbine power reached the
considered design condition, since total system power cannot be maintained constant after that point. The optimization
problem was set to find the best mGT size to maximize the IRR at the EOL of the fuel cell stack. The fixed costs for the
economic analysis included the capital cost of the hybrid systems (mGT+SOFC), and the variable costs considered fuel
consumption, electrical power production, and a fixed percentage for annual maintenance cost. The IRR was evaluated
with Equations 6 and 7.

EOL  CFN.
z 9 _rai=o0 (6)
i-1 (1 + IRR)

Where:
CFN] = Eelpel,]' - Cfpf’]' - Cmain,j (7)

The assumptions for the calculation of the economic parameters were the following, in line with the assumption made in
previous works [33] referring to USA market:

e an initial investment of $/kW 1000 for the FC stack, considering a 400 kW stack and 1% of the stack cost for
ancillaries [43];

e revenue of $/kWh 0.14 for electric power produced considering a feed-in tariff in order to favor SOFC early
penetration in the market;

e a cost of $/kg 0.1 ($/kJ 2.4-10-6) of fuel considering the price of natural gas [44]; although the simulated fuel
composition was a typical syngas employed to extrapolate the degradation model, for simplicity in this study a
gasifier or fuel processing units was were not considered in the economic analysis;

e 3% of the total investment cost for the annual maintenance cost;

e an internal rate of 1% to actualize the cash flows.

Since at each step the mGT size changes, based on the optimization algorithm, a fixed cost for the mGT cannot be
applied. For these reason, starting from industrial data [43] a cost function for the mGT cost was implemented in the code.
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3. RESULTS

The first results obtained are related to the optimization of the mGT size in the hybrid system. For the optimization
problem, the toolbox GA algorithm implemented in Matlab was used [46]. Genetic Algorithm is an adaptive heuristic
search algorithm based on the evolutionary ideas of natural selection and genetics. Although randomised, GAs are by no
means random, instead they exploit historical information to direct the search into the region of better performance within
the search space. The key advantage of using GA is the capability of this method to search in parallel, employing a
population of points, which helps it to avoid being trapped in a local optimal solution. Each individual represents a point
in a search space and a possible solution. The individuals in the population are then made to go through a process of
evolution. This method works in the way that after formation of an initial population of solutions as individuals as different
sets of design parameters, pairs of these individuals are selected randomly and they compete in terms of superior gens to
form next generations that fulfill the survival of fittest in the nature. With repetition of this procedure for a number of
consecutive generations, the results approach to the optimum solution for the system [47]. By taking advantage of genetic
operators like crossover, mutation and selection, solutions become fitter and fitter as search starts, and finally it converges
to a single solution. Mutation options determine how the GA makes small random changes in the individuals in the
population to generate mutation children. Moreover, choice of parents for the next generation is done in the selection
stage. Crossover options specify how the GA combines two individuals to form a crossover child for the next generation.
GAs simulate the survival of the fittest among individuals over consecutive generation for solving a problem.

A simple scheme for the GA algorithm procedure is represented in Figure 5. The parameters for use with the genetic
algorithm are listed in Table 3 where the stopping criterion for the algorithm has been set to a specified number of
generations. These parameters were set based on this specific problem, considering both accuracy and time consuming.
In particular, the values related to the population and to the maximum number of generations were evaluated looking at
the convergence of the optimization algorithm. In the Matlab toolbox, a real-time graph of the convergences of the
algorithm is provided, then, a decision about the maximum number of generations was based on it.
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TABLE I1I
GENETIC ALGORITHM OPTIMIZATION TUNING PARAMETERS
Parameter Value
Population 120
Maximum number of generations 100
Probability of crossover 0.8
Probability of mutation 0.01
Migration Factor 0.5
Selection process Roulette

The objective function to maximize is the IRR and the decision variable the mGT size. The range between the mGT size
should vary is evaluated from the stack power and the total power. In fact, since the total power is set equal to S00kW,
the maximum mGT power is 500kW. In this condition the FC stack arrive at null power. On the other hand, since the
stack power is 400kW, the minimum GT size to get the total power is 100kW. Between this range, the optimization
problem found the optimum mGT size.

Table 4 shows the main results for different mGT size. Looking at the table is clear that small mGT sizes allow a low
capital cost but the fuel cell life is very short and the plant results not economically convenient. On the other hand, a large
mGT allows for a longer FC life but with an important capital investment. In addition, an important increase of FC life
happen varying the mGT size from 350kW to 400kW. Just 50kW more in the mGT design power allow an increase of the
FC life of 13 years, thanks to the related SOFC degradation mitigation. This fact can be explained because with the
employed control strategy, the voltage degradation rate decreases over time as the current drawn from the fuel cell is
decreased. Hence, the effect of degradation was lower as time proceeded, and lifetime extension became more pronounced
when the stack power was allowed to decrease more. In the selected power range, the optimum appeared to be between
350 and 450 kW. Under the hypothesis made the optimum seems to be between 350 and 450 kW. Even if in Table 4 the
FC life is reported with decimal number, the economic analysis for the IRR evaluation was performed round up to the
next integer, to consider the entire year even if it is only partial.

TABLE IV
MAIN PARAMETERS FOR DIFFERENT MGT SIZE
mGT size [kW] 190 250 300 350 400 450
mGT design efficiency [%] 0.306 0.311 0.314 0.317 0.320 0.322
Capital cost [k$] 557.7 621.9 673.5 723.8 772.9 821.1
FC life [Years] 0.43 1.19 2.64 6.53 19.41 39.86
IRR [%] -0.799 -0.520 -0.175 0.068 0.126 0.101




Figure 6 shows both the power share between SOFC and mGT for four different mGT size and the efficiency profiles.
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Fig. 6. Power share and mGT efficiency for different mGT size

As explained before, the mGT works in a strong off-design condition at the beginning of the life. Looking at the mGT
efficiency profile (Figure 6), the mGT start to work with 50% of the nominal efficiency (in mGT 400kW case), reaching
the nominal value only at the end of the life.

Related to the economic analysis, the trend of the cash flow during the FC life is represented in Figure 6. In particular, it
is highlighted the behavior both of the fuel consumption cost and the electricity selling revenues. While the electricity
selling remained more or less constant during the entire life, except the last year, the fuel consumption increased due to
the reduction in the overall system efficiency, with the increase of the mGT power share and the anode fuel flow increment.
This led to a decrease of the total cash flow. In particular, for mGT size equal to 400 and 450 kW, the decrease was higher
in the first five years of the life, becoming more constant in the middle of the life and increasing again in the last year. In
particular, in all cases, in the last year there is an important reduction in the electrical energy and fuel consumption because
it was not a complete year of operations but the mGT design conditions were reached after few months. For this reason,
in the last year the two points related to the electricity and fuel are lower than the year before, but the ratio between sold
electricity revenues and fuel consumption follows the previous efficiency related trend.
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The optimization algorithm found the optimum point for an mGT size equal to 403 kW. Figure 8 shows the IRR around
the optimum point (the red one).
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The main parameters of the optimum point are reported in Table 5.

TABLEV
MAIN PARAMETERS OF THE OPTIMUM POINT
mGT size [KW] 403
mGT design efficiency [%] 0.321
mGT capital cost [k$] 775.9
FC life [yrs] 21
IRR [%] 0.128

The results showed that the best economic condition to work with this kind of systems, is to share the power between
SOFC and mGT with a percentage of nearly 50%, confirming the assumption made in previous work. In this way, the

capital cost of the mGT is quite high but, since the plant work for a longer period, the capital cost are covered by the
revenues from the electrical energy sold to the grid.

For a clearer explanation of the hybrid system operations in this optimal design condition, different key-parameters were
analyzed in more details. The voltage controller gradually decreased the current load, as Figure 9 shows, in order to obtain



a double effect: a decrement in fuel utilization allowed to increase Nernst potential, offsetting the voltage loss due to
degradation, which was additionally reduced thanks to the lower current density and fuel utilization.
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Fig. 9. Current profile and fuel utilization (left) and flow (right) profile along the time

To maintain the total power system constant, load was shifted to the turbine, increasing the fuel flow to the anode side
(Figure 9) and consequently the thermal effluent from the cell to the gas turbine. Turbine load increased from 100 kW to
403 kW in 230,000 hours for the optimum point. The fuel flow needed to be increased to maintain the power output. Its
increment was 20% in 230,000 h, following a trend that mirrored the current tendency.

Due to the degradation, the stack efficiency decrease during time (Figure 10). In this respect, the shift load to the turbine,
with the increase in the mGT efficiency, allow a not so important reduction on the hybrid system efficiency.
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A particular attention will now focused on the mGT size influence on the stack degradation. In particular, the main
variables that affect fuel cell degradation and that represent stack performance are hereafter presented. The fuel cell stack
model was discretized inside the model in 20 volumes of calculation in the direction of fuel and air flows. Hence, the
model had the capability to display distributed profiles of the main variable along the cell over time. Local analysis of
key performance parameters in the SOFC stack allowed to better understand the effect of the mGT coupling and the
system operating strategy on fuel cell degradation.

The average current density was reduced, but on a local basis, current density decreased in the first half of the cell and
substantially increased in the second half, as Figure 11 shows. A higher initial degradation of the cell inlet incremented
the resistance in this part of the cell, shifting the current downstream. The current density distribution became more
uniform as time proceeded and average current density decreased. The peak, initially located at node 7, moved over time
toward the end of the cell where the resistance was lower because the cell was less degraded.
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The local fuel utilization distribution did not change significantly, but it decreased substantially everywhere. The

maximum was shifted toward the cell outlet as well, following the peak in current density, but overall the profile
maintained a uniform distribution, as shown in Figure 11.

Cathode airflow was decreased to maintain constant temperature difference between outlet and inlet. The reduction in
cooling flow influenced also the solid temperature distribution. A simultaneous regulation of cathode airflow and air pre-
heat resulted in a quite constant temperature distribution over time, as illustrated in Figure 12. The temperature increased
at the cell inlet and decreased at the outlet during the first 20,000 hours, and then it remained fairly constant until the end
of life.
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Fig. 12. Cell temperature (left) and degradation rate (right) profiles along the time

Looking with more emphasis on the degradation rate, shown in Figure 12, it decreased in the first part of the cell due to
the reduction in current density and an increment in solid temperature. In the end of the cell, the decrement in current
density kept the degradation rate low even though the solid temperature decreased. For this reason, after the first 5,000
hours, local degradation rate was substantially low everywhere, and after 100,000 hours, it was below 0.5% in every part
of the cell.

The effect of localized degradation was to increment the fuel cell equivalent resistance with a cumulative, irreversible
effect. Resistance profile, shown in Figure 13, always presented a higher value at the cell inlet where the temperature was
lower, because of the inverse dependence of ohmic resistance on solid temperature. The resistance increased significantly
in the first half of the cell, due to the cumulative effect of a higher degradation rate, and slightly at the end. In the long
term, the reduced temperature had a big impact on the resistance, which increased in the last part of the cell although the
degradation rate was low. Although the local degradation rate decreased over time, the total resistance kept increasing

because of the cumulative degradation effect. A lower resistance at the cell outlet allowed the current density to increase
in this part after the inlet degraded, as was shown in Figure 10.
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To understand the contribution of different overpotentials on the total cell resistance, diffusion, activation and ohmic
losses are shown in Figure 14. The figures show the contribution of the different losses to the total resistance. The first
point to highlight is that the maximum total resistance is about the same both at time 0 and at the end of life and equal to
0.16 Q/cm2. While at time O the total resistance has a peak in node 2 and decrease in the cell length, at the end of life the
peak in the node 2 remain the same but it increases in the cell length becoming more uniform. Initially, the activation
losses represented the major contribution, in particular at the cell inlet where the current density was higher and the
temperature lower. Ohmic losses represented a fourth of the total overpotential and were quite uniform along the cell.
Diffusion losses contributed for less than 5% at the cell inlet and around 18% at the outlet. Once the cell degraded
completely, the ohmic losses became the major contribution to the total losses, around 90% in every part of the cell. This
was driven by the increment in ohmic resistance due to a lower temperature and the degradation effect. The behavior of
the current density (Figure 14) in both instant explain well the ohmic resistance profile. Activation losses contribution
decreased to around 10% with a higher peak at the outlet where current density increased. Diffusion losses became
negligible at the end of the life, due to the extremely low operating current and fuel utilization.
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Fig. 14. Losses contribution and current density at time 0 and end of life.

4. CONCLUSION

An optimization study to understand the effect of the gas turbine size on system durability of fuel cell gas turbine
hybrid systems was performed for the first time. The IRR was taken into consideration as the objective function to
maximize. Fuel cell degradation was considered and a previously demonstrated operating strategy was employed. The
results showed that from this point of view, an equal power share between SOFC and gas turbine at design conditions
optimized the economic return of the plant, which differs from what is considered optimal balance of plant in the state of



practice.

After evaluating the optimum gas turbine size from the economic point of view, a detailed analysis of the fuel cell
performance, with a particular attention on the degradation contribution, was analyzed. The main conclusions are
summarized as follow:

e A small mGT size allow a low capital cost but the fuel cell life is very low and the plant results not
economically convenient. On the other hand, a large mGT allow a longer FC life but with an higher capital
investment

e  The optimum mGT size results in 400kW, equal to the FC stack power. In this condition the mGT works in
a strong off-design condition at the beginning of the plant life (50% of the nominal one) but it permits a
longer FC life equal to 21 years

e The effect of localized degradation highlights the increment of the fuel cell equivalent resistance with a
cumulative, irreversible effect

e  With the proposed control strategy the reduction of FC load leads to the current density reduction and
equalization, with almost constant losses along the cell length. The local reduction of degradation rate and
consequent mitigation of losses increment explains why a greater power contribution from the mGT allows
a longer fuel cell lifetime and a better system economic return.

e  With the decrease of the utilization factor, Ohmic loss becomes the main contributor to the FC losses

Although in current pilot-scale plants, normally the SOFC generates most of the power, if the SOFC degradation is
considered in the design process, the best economic condition to work with this kind of systems is to share the power
between SOFC and mGT with a percentage of 50%. Hence, in designing this kind of systems, the effect of SOFC
degradation cannot be neglected. It was also demonstrated by the same authors in another work [48] that the optimum
share between the mGT and fuel cell (around 50%) is not influenced by the substitution of the turbine if the turbine
degradation during life is considering together with the SOFC degradation.
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