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Abstract

The paper presents a sensitivity analysis of a pressurized SOFC-HS system. The systems are divided into two groups:
atmospheric and pressurized. The main parameter of such systems are indicated and commented. The comparison of
various configurations is shown in a view of efficiency obtained. The ultra high efficiency (65% HHV, 72% LHV) of electricity

production seems to be possible by systems like these.
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1. Introduction

Solid Oxide Fuel Cells [1-10], next to the Molten Carbon-
ate Fuel Cell [11-21] belong to the group of fuel cells that
can be used for energy purposes. Currently, next to piston
engines [22—24] and micro—turbines [25, 26], these types of
fuel cells are installed as supply hospitals and larger facilities
where power stability is more important than cost. One can
imagine a future in which fuel cells will be used on a wider
scale. Housing estates, cottages agglomerations or indus-
trial sites will have their own mini-power plants based on fuel
cells. In such applications, the criteria used in the selection
of the energy is electric current generation efficiency. Con-
sequently, there is a need to use as much of the waste heat
from the fuel cell. Capacity, which should generate such fuel
cells, are much larger than for fuel cells designed for other
purposes (eg automotive).

Currently, the most common way to generate power is
based on the circulation of the heat transfer fluid, usually
water [27-30]. Improving the efficiency of power systems
operating in these cycles mainly refers to raising the temper-
ature of the upper heat source. The fuel cell so that it can be
considered as the upper heat source should work in a fairly
high temperature. SOFCs are characterized by a tempera-
ture suitable for this purpose: 1,000°C. The high temperature
makes the SOFCs do not require the use of expensive plat-
inum to catalyze the anode reaction which also results in an
increased tolerance to contamination. Due to its high op-
erating temperatures, and greater tolerance to pollution has

*Corresponding author
Email address: jakub.kupecki@ien.com.pl (Jakub Kupecki’)

become possible to apply internal conversion of hydrocarbon
fuels to hydrogen. Fuel to be converted (reformed) to hydro-
gen [31], among other things: methane, methanol, crude oil
and other hydrocarbons [32] such as biofuels [33-35]. This
allows hydrogen supplied to the cell need not be in pure form,
as it is in low—temperature cells such as the PEMFC [36, 37].

In the articles [38, 39] a complete, dynamic model for
optimization of the elements (particularly including heat ex-
changers) of a hybrid SOFC-GT system was presented.
a 0D model of the system was developed in Aspen Plus en-
vironment. All the elements of the model were introduced
into Matlab Simulink. Necessary simulations were performed
in order to obtain appropriate dimensions of the main ele-
ments what should ensure good inertia of the system and
correct evaluation of its total performance (efficiency, reac-
tion time). Additionally, interactions between elements of the
system were analyzed. Particular focus was put on the ef-
fect of inertia of the gas turbine, heat exchangers and the
fuel cell. The dynamic model that was developed may be
used for operation analysis of a hybrid SOFC/GT system,
optimization of its components as well as selection of control
system.

The article [40] presents a research on a hybrid SOFC/GT
system fired with liquid fuels. Two fuels were investigated:
methanol and paraffin in four different configurations includ-
ing different strategies for fuel processing. The analyzed sys-
tem was a hybrid SOFC/GT of 500 kW. Own software was
developed for thermodynamic and economic analyses. As
the result it was obtained that methane-fired hybrid system
has better thermodynamic and economic parameters. On
the other hand, in paper [41], an efficiency analysis of elec-
tricity generation from biomass in a hybrid SOFC/GT sys-
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tem was presented. a reference system is a hybrid system
in which pure methane is used as fuel. In all the analyzed
compositions of biomass extracted fuel (BEF), the efficiency
was lower than in case of the reference system fired with
methane. This was valid for both sole SOFC as well as a hy-
brid system. This is mainly caused by low heating value of
the BEF. Adding some steam to BEF to reach 40% of molar
concentration causes significant performance drop both of
the sole SOFC as well as of the hybrid system. Hence, when
the hybrid system is supplied with BEF, it has to be larger to
produce the same amount of electricity as the reference sys-
tem. Further research was made for more fuel compositions
taking into account different gasification types and different
sorts of biomass. The influence of fuel composition may be
accounted for mainly by the change of calorific value of the
fuel and the delivered heat that was necessary for reform-
ing. It was concluded that the effectiveness obtained for all
three cases for different kinds of BEF is quite high, therefore,
biomass as the fuel for hybrid SOFC/GT systems is promis-
ing.

In the article [42] an analysis of a hybrid system with a gas
turbine and heat recovery steam generator for steam gen-
eration was presented. It was assumed that only hydrogen
takes part in the electrochemical reaction. The system is
composed of an internal reformer, SOFC stack, combus-
tion chamber, gas turbine, power turbine running the electric
generator, fuel and air compressors, two heat exchangers
and a heat recovery steam generator. Modeling was per-
formed on different levels, i.e. for operation of the fuel cell, of
the stack and the hybrid system. The results of the simula-
tion indicate that a hybrid system with internal reforming (IR-
SOFC/GT) may achieve theoretical net electrical efficiency
higher than 60% and total efficiency including heat recovery
and steam generation higher than 80%.

In the article [43] an analysis of a 1 MW SOFC/GT hy-
brid system was presented. a significant notion is the fact
that due to advanced development of gas turbines and their
market readiness, a commercially available gas turbine was
used for the analysis. The examination of results was made
in order to find the total power of the hybrid system taking
into account the maximum allowable fuel cell temperature.
In order to keep high performance of the hybrid system dur-
ing partial load, an optimal control strategy depending on the
power loading was created. The result for partial load proved
that the streams of supplied fuel and air must be altered si-
multaneously. Moreover, in order to prevent performance
drop, the temperatures in the combustion chamber and on
the inlet to the turbine must be kept possibly close to the de-
sign point. a potential expansion of the SOFC/GT system to
several Megawatts was analyzed. The Mercury 50 turbine
of power 4,6 MW manufactured by Solar Turbines was used
as the reference device. The results showed that maximum
allowable temperature of SOFC part is limited by the total en-
ergy of the hybrid system and this limitation constraints the
asset of increased efficiency due to increase of SOFC power.
For the selected gas turbine the total power was of 11,5 MW
and the efficiency of 58,62 %.

In the work [44] simulation of work and exergy analysis of
a hybrid SOFC/GT system with internal reforming are pre-
sented. In the SOFC model it was assumed that only hydro-
gen takes part in the electrochemical reaction. Gases which
did not react are oxidized. Energy and exergy are calculated
not only for the whole installation but also for each element
in order to assess distribution of irreversibilities. Simulations
were made for different values of working pressure and fuel
utilization factor. The results proved that for a 1.5 MW unit,
electrical efficiency equal to 60% may be achieved for proper
design, i.e. operational pressure and current density. Losses
are taken into account also during heat recovery and the to-
tal efficiency of 70% is possible. The results proved that sole
SOFC is an element subject to largest losses due to irre-
versible processes. Even if it is a very efficient device, it
houses chemical and electrochemical reactions (steam re-
forming and electrochemic oxidization) that are character-
ized by largest exergy losses. As in many other papers on
hybrid systems, like [45] and [46], the exergy analysis was
not only made for a fuel cell stack (such analysis may be
found in [47]), but also for all elements of hybrid SOFC/GT
system.

In [48], two different advanced control approaches for
a pressurized solid oxide fuel cell (SOFC) hybrid system are
investigated and compared against traditional proportional
integral derivative (PID), retaining system stability and op-
erator confidence. Experimental tests were carried out to
compare Model Predictive Control (MPC) against classic PID
method: load following tests were carried out. Similar inves-
tigation is done in [49], where an advanced control strate-
gies based on MPC method are compared against a tra-
ditional PID controller in a Gas Turbine Pressurized SOFC
hybrid system. Fuel cell temperature is regulated by ma-
nipulating the cell by—pass mass flow, while power is reg-
ulated by changing the fuel cell electrical current and fuel
mass flow (the fuel utilization factor is kept constant). MPC
demonstrated superior performance over the two distributed
PID controls, thanks to the better setpoint tracking on the cell
temperature, which is particularly evident when the ambient
temperature deviates from the nominal condition.

2. The structures and parameters of SOFC Hybrid Sys-
tem

Systems incorporating fuel cells may be divided into many
categories. The first classification of power systems contain-
ing solid oxide fuel cell is based on the level of outlet pressure
of flue gases rejected from the fuel cell. Systems in which the
flue gases leaving the fuel cell have the pressure compara-
bly equal to the atmospheric one are called the atmospheric
pressure systems. The second group are systems in which
the pressure of rejected flue gases from the fuel cell is higher
than the atmospheric one—they are named as the pressur-
ized fuel cell systems.

The categorization above determines the location of the
fuel cell in a power system. In general, a fuel cell may have
the same systemic function as the combustion chamber, i.e.
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oxidize the fuel fed to the system. An advantage of the so-
lution is generation of quite significant amount of electrical
energy from the sole fuel cell. As a result, less amount of
fuel is fed to the combustion chamber located after the fuel
cell, hence large air excess decreasing the temperature of
gases directed to the turbine is not essential.

The complete analysis of the SOFC—HS structures is pre-
sented in [50]. A gas turbine system composed of an air
compressor, combustion chamber and a gas turbine is de-
picted. a pressurized fuel cell can be located between the
compressor and the turbine [51]. Two solutions are feasi-
ble. In the first the fuel cell substitutes the combustion cham-
ber, in the other it is located directly before the combustion
chamber. The system with pressurized fuel cell substituting
the combustion chamber is considerably limited due to the
fuel cell operation temperature. The temperature of gases
supplying the turbine is determined by the fuel cell opera-
tion temperature. Hypothetically, it is possible to increase
the temperature thereby decreasing the fuel utilization fac-
tor for the cell, but this results in much worse performance.
Addition of combustion chamber gives higher independence
of the gas turbine comparing to the system operating on the
solitude fuel cell. An extreme situation may be presumed in
this case, in which the fuel cell does not operate at all, and
the whole power is generated by the gas turbine.

All the configurations itemized in [50] are characterized by
quite large exhaust losses. Flue gas flows rejected from the
system have much higher temperature than the ambient tem-
perature (from 400°C to 1,000°C). In order to mitigate the ex-
haust loss regeneration a heat exchanger may be installed
on the supplying flows that would recover some energy from
the exhaust flow. Another way is to consider the flue gases
as the upper heat source for next system—this solution is
applied in combined cycle gas turbines.

Regeneration heat exchangers may be installed both on
the air flow as well as on the fuel flow ducts. The compres-
sor is the limiting device in this case as the temperature of
compressed air is quite high. Therefore, the temperature of
flue gases rejected from the gas turbine determine the ef-
fectiveness of installing a heat regenerator on the flow. The
problem may be solved by adding an additional combustion
chamber placed before the heat exchangers. This will allow
to increase the temperature of the flue gases before the heat
exchangers independently from the operation of the fuel cell.
It should be also mentioned that the gas turbine shall have
higher than atmospheric pressure at the outlet. This results
from the necessity of taking into account the pressure drop
on the heat exchangers.

The Fig. 1 presents an altered idea of heat regeneration in
a pressurized system with fuel cell, in which the gas turbine
decompresses the gas to the atmospheric pressure. In sys-
tems incorporating atmospheric fuel cell additional devices
have to be used to recover some of the lost heat. Ana-
logically, they are necessary in pressurized systems inde-
pendently on chosen regeneration system. The highest ef-
ficiency is obtained for the system P-IIl but for very high

temperatures and pressures present in the system. Thus,
this configuration has been chosen for further analysis. As
shown in Fig. 1, there are following main elements of the
system:

Air Compressor

Gas Turbine
Combustion Chamber
Fuel Pre-heater

5. Air Pre-heater

b=

The main parameters of these five elements are investigated
from the system efficiency point of view.

Table 1: Nominal parameters of the system

Parameter Value Point on the
chart

System efficiency, HHV, % 73

Air Compressor mass flow 20 (1)

rate, kg/s

Air Compressor pressure 29 (2

outlet, bar

Air Compressor polytropic 80

efficiency, %

Gas Turbine polytropic 90

efficiency, %

Combustion Chamber fuel 0 (3)

flow rate, kg/s

3. Sensitivity analysis of the main parameters

Fig. 2 presents the influence of an air compressor mass
flow rate with keeping the rest parameters on theirs un-
changed values. Increasing the amount of air means in-
creasing air excess factor (1). Increasing the amount of air
decreases the total system efficiency.

The high value of system efficiency is obtained by rapid
increase of temperatures in a few points: SOFC, combustion
chamber and gas turbine outlet. The temperature of SOFC
is raised even up to 1,400°C, what can be difficult to manage
from material point of view.

Fig. 4 presents the influence of an air compressor out-
let pressure with keeping the rest parameters on theirs un-
changed values. Increasing the air compressor outlet pres-
sure means increasing system pressure ratio (). The pres-
sure ratio has an optimal value from system efficiency point
of view around 29. The trend is similar to a gas turbine
system, it should be noted that increase with pressure ra-
tio makes all machines more difficult to operate whereas the
profits with efficiency increase are relatively small.

Figs 5 and 6 present the influence of adiabatic efficiency
of air compressor and turbine, respectively. Increase in the
both efficiencies translates into increase the total system ef-
ficiency with linear trends. The impact of turbine adiabatic
efficiency is slightly higher than air compressor efficiency.
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Figure 1: Diagram of the system with heat regeneration and gas turbine working to atmospheric pressure (P-Ill)
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Figure 5: The influence of Air Compressor polytropic efficiency

Figure 3: The influence of air compressor mass flow rate on temperatures
in chosen system points . . . . .
before the gas turbine. The influence is slightly negative, but

the fuel flow can be used for forcing system power.

Fig. 7 presents the influence of amount of fuel supplied to The influence of two heat exchangers area is shown in
external combustion chamber for rising temperature of gases Figs 8 and 9. In fact, the figures include a multiplication
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Figure 6: The influence of Gas Turbine polytropic efficiency, %
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Figure 7: The influence of Combustion Chamber fuel flow rate
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Figure 8: The influence of fuel pre-heater heat exchanger UA factor

of an area (A) and heat transfer coefficient (U) aggregated
in a single factor (UA). The both heat exchangers have
a marginal impact on system efficiency, because SOFC it-
self acts as heat recuperator.
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Figure 9: The influence of air pre-heater heat exchanger UA factor

4. Discussion

Based on the calculations done, the highest impact on
the system efficiency related to air compressor mass flow
rate, what is directly translated into operating temperature
of SOFC. In fact, the chosen design point seems to be un-
realistic (1,400°C), and resulting in very high total system
efficiency (>70% HHV-based).

Pressure ratio of the gas turbine subsystem has definite
maximum point similarly to the gas turbine stand alone. The
optimal value requires very high operating pressure (29 bar)
but the curve is relatively flat, thus considerably pressure ra-
tio reduction can be proposed with still quite high total system
efficiency. The influence of the rotary machinery (compres-
sor and expander) is visible but not pivotal, as far as gas
turbine is responsible for only 10% of the total power gener-
ated. The influences of additional heat exchangers (for air
and fuel) are negligible because the SOFC stack plays the
same role of heat recuperation.

5. Conclusions

A structural analysis of SOFC-HS variants by a possibility
of installing a solid oxide fuel cell in a power system was
presented in the article. The most rational configuration of
a power system with the fuel cell is a system in which it is
located in a simple gas turbine cycle before the combustion
chamber. For the chosen system, the sensitivity analysis is
made. Some of the investigated parameters has negligible
influence on system efficiency (this mainly regards area of
the heat exchangers), but other can be carefully chosen to
keep the system in the most optimal point. Turbomoachinery
should be designed or chose very accurately, due to the big
impact on the efficiency can be reached.

It should be noted, that the absolute efficiency of the sys-
tem depends on the assumptions made and the way in which
the mathematical model was developed, thus the presented
analysis is rather qualitative than quantitative.
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