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Although it accounts for only 4.2% of the total global warming potential, aviation-generated CO, is projected to
grow to approximately 5.7 % by 2050, faster than any other sector. Rapidly emerging fuel-cell-based technologies
could be developed for future replacement of onboard electrical systems in larger more-electric or all-electric
aircraft. The Environmentally Friendly Inter City Aircraft Powered by Fuel Cells project, led by Politecnico di
Torino in the Sixth Framework Programme, has carried out a feasibility study on all-electric intercity aircraft to
provide a preliminary definition of new forms of aircraft systems that can be obtained by fuel cell technologies. Solid
oxide fuel cell systems could be advantageous for some aeronautical applications, due to their capability of accepting
hydrocarbons fuels with lower pollutant effects (e.g., natural gas), especially sustainable biofuels such as second-
generation bioethanol. In this paper, the design of a hybrid solid oxide fuel cell and micro gas turbine energy system,
as well as the simulation of complete missions of a regional jet, has been performed. The system will be discussed in
two fuel configurations, natural gas and bioethanol, and the difference in the system structure and regulation will be
discussed. Preliminary estimations on size and weight of these new systems have been carried out. The obtained

results are discussed.
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Whpc = stack electrical power, kW

X = moles of CH, that react, mol s~!

y = moles of CO that react, mol s

Ah,,. = molar enthalpy of chemical reaction, J mol™!

Nactaje = activation overpotential at anode and cathode, V
Neonc,afe = cONcentration overpotential at anode and cathode, V
Nohm = ohmic overpotential, V

D, heat for oxidant (air) preheating, kW

heat losses from the complete system, kW
heat of electrochemical reaction, kW

heat of steam-reforming reaction, kW
heat of water shift reaction, kKW

diss

ech

ref

Dty =

I. Introduction

LTHOUGH aviation accounts for only 4.2% of the total global
warming potential, the concern today is that aviation-generated
CO, is projected to grow to approximately 5.7% by 2050. Aviation
emissions are growing faster than any other sector and they risk
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undermining the progress achieved through emission cuts in other
areas of the economy.

As new progress is made and fuel cell technology continues to
mature, more sectors of the industry are getting interested in this topic
and more private and governmental funds are being deployed for
research programs that can come up with significant innovations that
make fuel-cell-based systems more competitive toward traditional
energy systems. In a previous paper [1], it was established how fuel
cell systems could represent a good alternative for reversing the
growing trend of pollutant emissions from aviation by improving
efficiency or employing more environmentally friendly fuels (not
only hydrogen, but also natural gas and, especially in the future,
biofuels).

The ENFICA-FC (Environmentally Friendly Inter City Aircraft
powered by Fuel Cells) has been a project led by Politecnico di
Torino in the Aeronautics and Space priority of the EU Sixth Frame-
work Programme Research and industrial Consortium partners of
ENFICA-FC aimed at developing and providing operational zero-
pollution solutions to the immediate needs of aircraft services. The
project ended in June 2010 with a successful flight test of the
ultralight aircraft using a powertrain with a 20 kW polymer
electrolyte membrane (PEM) fuel cell stack [2].

Another objective of ENFICA-FC was to carry out a feasibility
study on intercity aircraft (e.g., regional jet, 32 seats) to provide a
preliminary definition of new power-supply systems based on fuel
cell technologies, because they could represent an interesting alter-
native to the traditional thermal power systems in terms of efficiency
and of environmental care.

If a simple fuel cell system is considered, [1] explains how the
power consumption of an electric air compressor operating at high
altitude (necessary to feed the cathode compartment of the stack with
reactant air at sufficient pressure) has a significant impact over the
nominal power of the stack. Integrating the stack with a micro gas
turbine (uGT) bottoming cycle not only improves efficiency, but also
eliminates the necessity for the electric compressor. In this sense,
high-temperature fuel cells like solid oxide fuel cells (SOFCs) are the
most adapted for being used in such hybrid systems.

Hybrid SOFC/uGT systems have been studied by various authors,
and different models have been developed [3-5]. Some of these
models have been compared and validated with actual measurements
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from operating units [6,7]. In these last two references, the model has
been validated with measured data from the 220 kW SOFC/GT
hybrid system developed by Siemens-Westinghouse. Nevertheless,
most of the published models refer to hybrid systems for stationary
applications. The hybrid SOFC/uGT technology still represents a
challenge in aviation, since the system design must be adapted to the
needs of aerospace applications (light weight, low air density, etc.).
Interesting works regarding the use of hybrid systems in aviation
have been published. In [8] the possibility of using hybrid systems in
aerospace applications is introduced. In [9] parametric mass and
volume models linking the thermodynamic model to the mass and
volume model of a SOFC/uGT auxiliary power unit (APU) have
been developed; such models provide immediate feedback during the
design process. A planar anode-supported cell design stack with a
gas turbine bottoming cycle APU for a 300-passenger commercial
transport aircraft is analyzed in [10].

In addition to increasing efficiency, aviation is aiming to the use of
alternate fuels as a strategy for reducing economic and environmental
costs. In fact, since travel growth is predicted to continue at 5% per
year, gains in fuel efficiency could be outpaced by the projected
growth in air traffic, causing an increase of fuel consumption.
Alternate fuels, object of studies by public agencies and private
companies, can be divided in synthetic fuels and biofuels. Synthetic
fuels are manufactured from coal, natural gas, or other hydrocarbon
feedstocks. Although very similar in performance to conventional jet
fuel, these fuels contain almost zero sulfur and aromatics. However,
when taking into account not only final-use emissions but the entire
life cycle (well-to-wheel analysis), it is found that large quantities of
energy are used during the manufacturing process (well-to-tank
step). According to one of the most important reports in that topic (the
CONCAWE Report, [11], in which 114 different well-to-tank
pathways have been analyzed in depth), it is possible to conclude that
during the well-to-tank phase of their production, the synthetic fuels
cause greenhouse-gas emissions, which, compared with oil derived
fuels, are 1) from 95 to 120% higher in the case of gas-to-liquid (from
natural gas), depending on the transport of the natural gas itself and
2) from 130 to 225% higher in the case of coal-to-liquid (from coal),
depending on whether carbon capture and storage are considered or
not.

With regard to biofuels, these fuels are usually plant-based, but
could also be derived from other biomass sources including food and
agricultural waste, lumber from timber and forestry, and animal fats.
The CO, cycle of biofuels is considered to be environmentally
balanced, theoretically annulling the impact of final-use emissions
(balanced well-to-wheel CO, emissions). Theoretically, the ultimate
advantage of biofuels is their capability to become a renewable and
sustainable fuel. Some drawbacks of biofuels are the propensity to
freeze at normal operating cruising temperatures, poor high-
temperature thermal stability (characteristics in the engine), and poor
storage stability over time.

In addition to these technical aspects (and perhaps more chal-
lenging), there is a logistical, and even political, issue of continuous
discussion: the lack of enough crops for supplying the entire aviation
demand for biofuels. More precisely, the issue lies in the fact that
rendering biofuels sustainable would require the deployment of large
areas of land and other resources like water, fertilizer and manpower.
First-generation biofuels (produced primarily from food crops) are
not able to counteract oil-product substitution. On the other hand,
there are large expectation from second-generation biofuels pro-
duced from nonfood biomass, such as cereal straw, forest residues,
and purpose-grown energy crops such as vegetative grasses and short
rotation forest, but there are still important technical barriers to adopt
second-generation biofuels. In this context, higher expectations of
sustainability are linked to the third generation biofuels, produced by
micro-algal biomass cultures, which avoids competition with other
productive land uses. However, there is not yet a clear view of the
potential for the technologies or any consensus about the optimum
role for algae, with many algal strains and routes to energy under
consideration.

Despite the questions regarding the effect on human food chain,
continuous research on biofuels is being carried out by aircraft

industries around the world and big achievements have been made in
the last few years. In January 2009, Continental Airlines successfully
completed a test flight of an unmodified Boeing 737-800 with one of
its two engines running on a mixture of 50% biofuel and 50%
aviation jet fuel [12].

In November 2008 Air New Zealand also reported a successful test
flight, this time of a 747-400 with one of its four engines powered by
fuel consisting of 50% jet fuel and 50% biofuel [13]. The test flight
was a joint initiative between Air New Zealand, Boeing, Rolls
Royce, and UPO, which is owned by Honeywell. A few months
earlier, Virgin Atlantic Airways flew a Boeing 747-400 from London
to Amsterdam with one of its four tanks filled with jet fuel containing
a 20% blend of biofuel. Based on this promising trend, it is
reasonable to think that we are not so far from the first only-biofuel-
powered flight.

An extensive up-to-date overview of completed alternative-fuel
flight tests is provided in [13].

The biofuels can be used in different options of power systems, but
ahigh interest is assigned in the coupling of solid oxide fuel cells and
biofuels, due to the high conversion efficiency and other technical
reasons. In fact, this coupling would take advantage of the high
conversion efficiency of the fuel cells (higher than the efficiency
achieved by the utilization of biofuels in thermal engines) and, in
particular, of the high operating temperature of the SOFC and the
efficient recovery of its waste high-temperature irreversible heat for
thermal integration and system performance enhancement. The
utilization of biofuels in SOFC has still many problems to be solved
(essentially linked to anode degradation with time), butitrepresents a
very interesting option for the future, both in the stationary and in the
transportation sectors [14]. Nevertheless, the authors have already
made many experimental experiences on the use of biogas and
vaporized biofuels in SOFC anodes; the results demonstrate that if
the biofuel is vaporized and properly reformed (with high steam-to-
carbon ratios to avoid C deposition in the reformer bed and in the
following anode layer of the SOFC stack) in a reactor before the stack
inlet, the obtained mixture can be safely and efficiently used in the
SOFC stack [15]. Therefore, this option has been taken into account
in the evaluation done in the ENFICA-FC project.

In this paper, a hybrid SOFC/uGT energy system model is
designed and the simulation of complete missions has been per-
formed for an intercity aircraft (regional jet, 32 seats). Mission
profiles correspond to those presented in a previous work [1]. Two
cases have been analyzed and compared: one in which the hybrid
system is fed on natural gas (a less pollutant hydrocarbon fuel, with
higher energy density than other gaseous fuels), and one regarding
the use of liquid ethanol, considered an environmentally friendly fuel
when obtained from biological processes (bioethanol). Preliminary
estimations on size and weight of these systems have been carried
out. The obtained results are discussed.

II. Case Study

Other than the demonstrator, three different types of aircraft have
been object of study of the ENFICA-FC project: air taxi (five seats,
500 kg payload), small commuter (9 seats, 1823 kg payload), and
regional jet (32 seats, 3410 kg payload) [1]. For these three types,
work has been focused on the feasibility of supplying the onboard
loads of passenger planes with SOFC-based systems. As for the air
taxi and small commuter, the use of a hybrid SOFC/uGT system
seems to be impractical because of the small size of the resultant
turbine; this solution could be more appropriate for the regional jet,
for which electrical load reaches peaks of more than 60 kW along a
mission.

The mission profile analyzed in this work, presented in Fig. 1, is
the same profile analyzed in [1] and deeply explained in [16]. The
peak electrical load, determining the nominal power of the system, is
62.4 kW. This peak load corresponds to the phases of takeoff, climb,
and descent. The electrical load during the cruise phase is 44.6 kW
and could be considered as the steady state of the system.

Apart from the electric loads, the heating system of the passenger
cabin requires about 20 kW in form of thermal power. Therefore,
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Fig. 1 Regional jet mission profile.

other than the electric load, the hybrid system has to supply the
20 kW of thermal power in most of the mission phases.

The possibility of operating under a combined heat-and-power
configuration is one of the main advantages of high-temperature fuel
cells like SOFC over other kinds of fuel cell like PEM systems, in
which the waste heat is not very useful, because it is available only at
low temperatures (nearly 60°C). Nevertheless, the main advantage of
the high-temperature operation is to make it easier to couple the
SOFC system with the gas turbine, which exploits the energy content
of the stack exhausts.

III. Hybrid SOFC-uGT Plant: Gaseous
and Liquid Fuels

A planar SOFC stack is the base of the energy system analyzed in
this work. This cell geometry offers better electrochemical perfor-
mance when compared with other geometries (tubular and delta) that
suffer high ohmic overpotential due to long electron paths [16]. In
addition, planar cells are more compact and light, so this type of cell
is considered to be the one that better suits the requirements of
aeronautical applications. The single cell is anode-supported, and
composed of standard materials: 500-520 um NiO/8YSZ (Yttria-
stabilized zirconia) anode support, a 4-6 um 8YSZ electrolyte, a
14-16 pum lanthanum strontium manganite oxide (LSM)/8YSZ
cathode active layer, and a 18-20 pm pure-LSM current collector
layer.

With regard to the SOFC stack, it is integrated with a catalytic
reformer for the internal reforming of the fuel; part of the anode
exhaust gas is recirculated in the fuel stream using an ejector, in order
to supply the electrochemically produced water for use in the fuel
reforming. The system is integrated with other auxiliaries (first, a
desulphurization bed of the fresh fuel, usually composed of zeolites,
ejectors, heat exchangers, blowers, valves, etc.), defined as the
balance of plant (BOP). A schematic flow of the stack arrangement,
with its BOP, is shown in Fig. 2.

The complete plant is a hybrid system that consists of a SOFC
plant integrated with a micro gas turbine bottoming cycle; its
schematic process flow diagram is reported below with the related
thermodynamic states. The process gas from the SOFC (both anode
and cathode exhaust) passes through a postcombustion chamber.
Subsequently, it is sent into the expansion turbine, which drives the
integrated air compressor and provides its net electrical power to the
onboard loads, reducing the load (and therefore the size) of the SOFC
stack. Exhaust gas from the turbine (flow 08) is then used for
preheating the compressed air, for supplying heat to the fuel
processing system (fuel conditioning), and for supplying thermal
energy through a heat-recovery system.

The operating pressure of the stack is set to about 5.6 barg to allow
the exhaust expansion throughout the turbine, obtaining a good
tradeoff between compression power and system performance [5]. In

fact, an operating pressure higher than atmospheric translates to cell
performance improvement (due to Nernst effect). Moreover, a better
cell performance means less heat generated by irreversibility
reducing the amount of excess air for controlling the stack temper-
ature and consequently the power needed for air compression.

It has been hypothesized the use of air from the passengers’ cabin
(flow 13) for feeding the stack, significantly reducing the com-
pression ratio (and the power) for the air compression and with it the
size and weight of the uGT and consequently of the stack.
Passengers’ breathing has been proved not to affect the performance
of the stack [16].

The reason for including a postcombustion chamber between the
stack and the turbine is to achieve a better performance of the uGT by
increasing its inlet temperature (flow 05). In addition, this measure
makes it possible to control the temperature at the turbine inlet; in
fact, controlling this temperature with only the operating temperature
of the stack could be a rather complex issue. This solution, on the
other hand, adds another fuel-consuming component to the system.
The weight of the new components, as well as their fuel consumption
should be accounted for if the hybrid system is to be compared with
the only-SOFC solution.

The exhaust temperature, downstream of the micro gas turbine
(flow 08), has the constraint of ensuring the closure of the thermal
balance (air preheating, fuel processing, heat recovery); it is
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Fig. 2 Schematic of the considered SOFC stack and BOP.
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Table 1 Comparison between the considered fuels and hydrogen

Low heating Density, Energy content,
value, kg/m3 MJ/m?
MJ/kg
Hydrogen 120 Gas: 0.084 Gas: 11
(23.7) @350 bar (3.5 x 10%) at 350 bar
Natural gas 45 Gas: 0.717 Gas: 32
(237.2) @350 bar (11 x 10%) at 350 bar
Bioethanol 26.7 Liquid: 789 Liquid: 21 x 103

controlled with a fraction of combusted exhaust that bypasses the
turbine (flow 07).

The stack temperature, on the other hand, is controlled by varying
its air utilization (excess air).

A. Considered Fuels

One of the main features of SOFCs is that they run on hydro-
carbons (although they could perfectly run on pure hydrogen,
provided that the thermal balance of the system is assured). The
advantage lies on the fact that these fuels are denser and more stable,
so the same amount of energy can be stored in smaller volumes
avoiding the complexity and the hazards related to the storage of
hydrogen as compressed gas or in its liquefied form, as well as the
energy spent for compression or liquefaction.

In this work, two types of fuel have been considered: natural gas
and bioethanol. The main characteristics of these fuels are sum-
marized in Table 1. Natural gas is the most commonly used in SOFC.
When operating on natural gas, no particular fuel processing is
needed (before the stack internal reforming) and the fuel is sent
directly into the in-stack reformer before the electrochemical
reaction in the stack.

Among possible liquid fuels, ethanol (C,HsOH) has a high
hydrogen-to-carbon ratio. Theoretically, six moles of hydrogen can
be obtained from the reforming of 1 mol of ethanol.

Steam reforming:

C,H;0H + 2H,0 — 4H, + 2CO (1)
‘Water—gas shift:
CO + H,0 — H, + CO, )

A liquid fuel, however, cannot be sent directly into the SOFC stack.
Ethanol should be evaporated and superheated upstream from the
stack. To this end, heat from the exhaust is used to supply the fuel-
conditioning reactor observed in the schematic diagram below in the
text.

Finally, with both the fuels a process of desulphurization has to be
performed before sending the stream to the in-stack reformer. This is
composed of an adsorption bed made by zeolites, removing the H,S
traces in the fuels to values below 1 ppm. The adsorption bed is
included in the balance of plant of the SOFC system.

B. Model

With the load profile of the onboard loads of a regional jet for a
typical mission [1,16], the complete mission can be simulated
through a computer-based model that takes into account the electro-
chemical behavior of the stack, the chemical model and the
thermodynamic balances applied to each single component of the
system.

The composition of the gas stream supplied to the anode of the
stack is evaluated considering the processing of the primary fuel
(flow 03) in the internal reforming reactor (Fig. 2); in stationary
conditions, the composition is evaluated by imposing the chemical
equilibrium at the reactor’s temperature, which is found by imposing
the minimization of the total Gibbs free energy of the reactive
mixture. Furthermore, it has been imposed the conservation of
atomic species, with the aid of Lagrange’s multipliers [14,17-21],
obtaining the system of nonlinear Eqgs. (3):

o
o)
T
i

Concentration
o
o

850 900 950 1000 1050 1100 1150
TIKI]

Fig. 3 Concentration of chemical species in the gas stream arriving at
anode surface, as a function of temperature (in the case of primary fuel
composed of ethanol/water 75/25% mol).

0 yi-P _
AGY(T) + RT - fn 7, + Xk:xk cag =0 A3)

where AG;’-I, (T) is the standard Gibbs energy of formation of species i
as a function of temperature, y; is the gas-phase mole fraction, P is
the standard-state pressure of 101.3 kPa, P is the stream pressure, a;;
is the number of atoms of species i in reaction k, and A, is the
Lagrange multiplier applied to reaction k.

With regard to ethanol, the fresh fuel is not pure ethanol, but a
mixture of ethanol and water. This approach comes out from the
necessity to avoid carbon deposition on the reforming reactor,
especially on the anode surface, which is a harmful phenomenon that
causes irreversible damages. Thus, considering the concentration of
chemical species as a function of the temperature and composition of
the fresh fuel, it can be identified the range of conditions
(composition of primary fuel and temperature) in which carbon
deposition can be avoided. From the analysis on ethanol steam
reforming, it has been established, at the imposed stack temperature
of operation (800°C), the composition of liquid fresh fuel: 75%
ethanol, 25% water on molar basis; it has to be noted that this is a
conservative composition to avoid any problem of C deposition. In
Fig. 3, in the case of ethanol/water mixture of 75/25 (molar basis),
the composition of the fuel gas after the reforming (thus, at the anode
surface) as a function of temperature is reported, showing the absence
of C deposition at the stack operating temperature of 800°C. Fuel
composition at the anode surface, when operating on the afore-
mentioned conditions, is presented in Table 2.

Table 2 also shows the fuel composition at the anode surface when
feeding the stack on natural gas, in this case, even processed through
a steam-reforming reaction to avoid C deposition.

The electrochemical behavior of the stack (polarization) has been
modeled on the basis of experimental polarization curves of anode-
supported cells tested on the test bench of the high-temperature fuel
cell laboratory in the Energetics Department of Politecnico di Torino.
To this end, the polarization is performed imposing the gas

Table 2 Concentration of chemical species
at anode surface in the case of the two
primary fuels

Composition, %

Natural gas Ethanol
CH, 1.9 1.1
H, 432 36.5
CO 17.5 204
CO, 11.8 16.1
H,0 25.6 259
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Fig. 4 Polarization of planar cells fed with reformed natural gas and
reformed ethanol/water mixture.

composition (downstream of the steam reforming) and the cell
temperature (see Fig. 4).

As evident in Fig. 4, the natural gas fuel performs a better
polarization than with ethanol fuel (hydrogen fuel is used as a
reference). In fact, considering the anode mixture composition
(Table 2), the mixture obtained from the processed natural gas fuel
has a higher H, and a lower CO fraction; this causes a better reaction
kinetic (lower anode activation polarization). The mixture obtained
from the processed natural gas fuel also has a lower CO, fraction; this
means that the diffusion mechanisms of the electrochemically
reactant species (H,, CO), both in the bulk flow and in the porous
electrode, are enhanced. In fact, the molecules diffuse better in
mixtures with low molecular mass chemical species; a high fraction
of CO, in the mixture (molecular mass 44 g/mol) causes a reduction
of the diffusion and therefore an increase of the anode concentration
polarization. This is evident in Fig. 4, where the anode mixture
obtained from the processed ethanol fuel reaches lower current
density levels because of the higher fraction of CO, in the mixture.

A very generalized expression of the polarization curve for a solid
oxide fuel cell is

Vc = Erev - nacl,a/c — Nohm — nconc.a/c (4)

where V, is the single-cell voltage, E,., is the reversible (open-
circuit) voltage, 7,4/ 18 the activation overpotential, 7y, is the
ohmic overpotential, and 7y 4/ the concentration overpotential.
The considered equations for the polarization of anode-supported
planar SOFC are reported in [18-21] and summarized next; some
papers have been taken into account in setting some specific
parameters such as porosity and tortuosity [22,23]. The characteristic
parameters of the overpotential expressions have been found from
nonlinear regressions of the experimental curves performed in the
laboratory tests performed at Politecnico [1,16].
Activation overpotential 7, o/ for cathodes is

RT o e
=—— sin —
nactc (XCF 21.0'(‘

Ohmic overpotential (1opm = i, X;7;, Where r; = p;t; and ¢, is the
path of the charged particle) is p, = 0.008114 exp(600/T) for
anodes, p. = 0.00294 exp(10,350/T) for electrolytes, p..q =
0.0017exp(1280/T) and p.5 = 0.0079 exp(10,350/T) for cath-
odes (current collector layer and functional layer), and p;, =

0.1256 exp(4690/T) for the interconnection.

Concentration overpotential for anodes and cathodes is

RT i
nconc.a/c = ﬁ ﬂ“(l - i/ p )
alc

Concentration overpotential for anodes is

i = 2-F - pti, - Dygerry
La R-T-1,

Concentration overpotential for cathodes is

b
; b P — Po
Q.= (4~F~p’02 'Dc(eff))/[(ip 2)R-T-lc}

_Eajeijeca 03k T\"
Da/c(eﬂ’)_r—'Di—j 293

alc

where the constants o = 1.4, anode porosity ¢, = 0.25, cathode
current collector-layer porosity .. = 0.30, cathode functional-
layer porosity €. = 0.10, anode tortuosity 7, = 2.5, and cathode
tortuosity t. = 2.5.

Six main blocks compose the hybrid system: SOFC stack and
BOP, postcombustor, micro gas turbine, fuel conditioning, fuel
storage, and heat-recovery system.

The fresh fuel is flow 01-02; in the case of natural gas, it can be sent
directly to the BOP of the stack (exactly in the desulphurization bed
and consequently in the steam-reforming reactor); in the case of
hydrated ethanol fuel (75% ethanol and 25% water) in liquid phase, it
cannot be sent directly into the stack, and therefore heat from the
exhaust is used for evaporating and superheating the fuel in the fuel-
conditioning block. The fuel (flow 03) is then desulphurized,
reformed in the in-stack reformer, and subsequently converted
electrochemically in the SOFC stack producing the main electric
power, and the air-rich exhausts (from anode and cathode; flow 04)
are sent to the postcombustor block. Another mass flow of fresh fuel
(flow 12; natural gas, or pure ethanol, since there is no problem of
avoiding C deposition such as in the stack) is fed to the
postcombustor upstream of the gas turbine, in order to keep the
turbine inlet temperature constant and to increase the temperature of
the streams 05 and 07 to have enough heat for the thermal balance
of the complete plant; in fact, the exhaust temperature downstream of
the GT (flow 08) which ensures the closure of the thermal balance (air
preheating, fuel conditioning, heat recovery) is controlled with a
fraction of the combusted exhaust that bypasses the GT (flow 07).

The postcombustor main stream (flow 05) is expanded in the gas
turbine, which produces more-electric power and which moves the
air compressor supplying cathode air at the correct pressure to the
SOFC stack (flow 14 preheated in flow 15 to avoid thermo-
mechanical problems in the SOFC cells). The cathode air is also used
for thermal regulation of the stack; in fact, stack temperature is
controlled by varying its air utilization factor (excess air). As
described above, it has been hypothesized the use of cabin air for
feeding the stack.

The GT exhausts, after being used for air preheating and fuel
conditioning, are sent to the heat-recovery block (flow 10), in order to
recover the residual heat for internal loads of the aircraft.

The design of every component has been performed. The model
considers a zero-dimensional approach. Steady-state conditions have
been assumed.

The balance of plant has been modeled as explained in [1]. Devices
that define the SOFC plant (micro gas turbine, heat exchangers,
postcombustor, etc.) are defined by energy balance equations applied
to each component and by thermodynamic equilibrium in the case of
chemical reactions.

IV. Results

In Fig. 5 the schematic diagram of the plant is shown with the main
thermodynamic values of the transformations.
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Heat
Recovery

Fresh Fuel
(diluted™)
Fuel Pump*
Cabin Air 13
(*) Not Applicable if
using Natural Gas
Ethanol
Stream 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15
- Fuel Cell Turbine Cabin | Compressed | Feed
Combusted Combusted
Description (dluteq) Fuel Fuel Exhaust o] Exhaust Exhaust| Exhaust| Exhaust| Exhaust| Fuel Air Air Air
Temperature [°C] 15 15 142 800 1300 599 1300 858 433 401 110 15 22 303 600
Pressure [bar] 0.8 6.6 6.6 6.6 6.6 0.3 0.3 0.3 0.3 0.3 0.3 6.6 0.8 6.6 6.6
Flowrate [kg/h] 8.3 8.3 8.3 290.2 292.6 184.4 108.3 292.6 292.6 292.6 292.6 2.4 281.9 281.9 281.9
Natural Gas
Stream 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15
L Cell Turbine Cabin | Compressed | Feed
Combusted Combusted
Description Fuel NA NA Exhaust 0 Exhaust Exhaust| Exhaust| NA | Exhaust| Fuel A Air Air
Temperature [°C] 15 NA NA 800 1300 599 1300 789 357 NA 110 15 22 303 600
Pressure [bar] 6.6 NA NA 6.6 6.6 0.3 0.3 0.3 0.3 NA 0.3 6.6 0.8 6.6 6.6
Flowrate [kg/h] 33 NA NA 345.6 348.1 254.1 94.0 348.1 | 3481 NA 348.1 25 | 3423 342.3 342.3

Fig. 5 Process flow diagram of the system, in the case of both natural gas and bioethanol feeding, with main thermodynamic values.

The comparison between natural gas and ethanol has been made at
the same operating conditions: stack pressure of 6.6 bar, turbine inlet
temperature of 1300°C, and outlet exhaust temperature 110°C. If we
compare the two typologies of primary fuels, we could note the
following.

The natural gas is sent from the vessel to the BOP without any
operation. Conversely, the hydrated ethanol has to be first pumped,
vaporized, and superheated in the fuel-conditioning block; this
operation requires heat from the exhaust gases (flow 10 pass from
433 to 401°C), which has to be considered in the energy balance.

At the same time, the natural gas fuel requires a higher air mass
flow (flows 13-14-15); that is, the system operates with a higher
excess air. The point is the temperature control of the stack; it is
obtained by considering the presence of heat sinks (the endothermic
steam-reforming reaction of the primary fuel), especially through the
use of excess air. In the case of natural gas (of course, compared with
ethanol), the steam-reforming reaction heat sink is lower, because of
the lower mass flow of primary fuel (flow 01) and the lower
endothermicity of the reaction itself. Therefore, the system requires
more air. This means a higher consumption of the air compressor and
also a higher mass flow of the stack exhausts (flow 04), which means
a higher mass flow expanded in the turbine (flow 05) and thus more
power.

The mass flow of fresh fuel in the postcombustor (flow 12) is
therefore slightly lower in the case of ethanol, because the mass flow
04 to be heated to 1300°C is lower.

The exhaust temperature downstream of the GT (flow 08) is higher
in the case of ethanol; this is in order to ensure the closure of the
thermal balance (thermal requests of air preheating, fuel con-
ditioning, and heat recovery), considering that its mass flow is lower.

To maintain a high temperature of flow 08, the fraction of the
combusted exhaust that bypasses the GT (flow 07) has to be higher in
the case of ethanol fuel.

The main heat recovery is the air preheating; after this use, the
exhausts are available at 433°C (ethanol fuel) or 357°C (natural gas
fuel), but in both cases the temperature is enough to supply heat for
internal loads of the aircraft through the heat-recovery block.

The main point to consider is that the mass flow of the primary fuel
is lower in the case of natural gas. This is due mainly to the better cell
electrochemical performance when supplied with reformed natural
gas, already described in Fig. 5. Also, the natural gas does not need to
be pumped or vaporized, thus reducing the energy requests of the
system.

Therefore, the natural gas has to be preferred in terms of fuel
consumption, while in general the system operates in a quite similar
way with the two fuels.

Concerning the fuel consumption along the mission, Fig. 6 shows
the analysis of the primary fuel (natural gas and ethanol)
consumption in a complete mission, separated in SOFC/GT and
postcombustor.

In the case of natural gas, the complete mission (Fig. 1) has an
overall consumption of 32 kg/mission of primary fuel. The con-
sumption can be separated in the components SOFC/GT and
postcombustor. The SOFC/GT component has a consumption of
17 kg/mission of primary fuel, while the postcombustor has a
consumption of around 15 kg/mission of primary fuel.

In the case of ethanol, the complete mission has an overall
consumption of 53 kg/mission of primary fuel (ethanol). The
SOFC/GT component has a consumption of 38 kg/mission of
primary fuel, while the postcombustor has a consumption of around
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s NATURAL GAS _ With regard to the stack, it has been first calculated the mass of the
30 1 R (o) single cell, tgklng into account the cell geometry and the thickness
25 1|~ PC (phase) and composition of each layer (anode, cathode, electrolyte) found
SER=r (phase) from direct measurements (SEM analysis), and the mass of the
o 20 interconnect [22-24]. In particular, as expected, in planar SOFC
* 5 most of the weight of the stack corresponds to the Crofer-22
interconnection plates (0.5 mm thick) between the cells [25]. The
10 number of cells depends on the nominal power of the SOFC stack,
5 - obtained on the basis of the maximum electrical load along the
ol regional jet’s typical mission load profile [1]. In a similar way, the
mass of the stack’s balance of plant has been estimated according to
601 - : ETHANOL geometry and composition of each component (ejector, internal

50 | | :gr:;”m(‘:j:ﬁ;ﬁve) insulation, internal vessel, etc.). . ‘
X (pr?;se) The heat-recov.ery system has been estimated on the basis of
40 4 2 B (oheso) existing commercial units. The same approach has been employed
o 30 for the gas turbine, the postcombustor, and the fuel processing unit.
=~ The size (duties, nominal power) of these components has been

20 obtained from the simulation of the typical mission.
The fuel consumption has been obtained from the performed
10 4 mission simulation. For the fuel storage onboard, the use of a regular
0. thin-walled vessel at atmospheric pressure has been hypothesized in
the case of ethanol, and type 3 (aluminum lining) gas cylinders have
0\5& Oéo/\‘g’s 06& 0\}&:\)\%@6/@ 0\9 eé@ééié‘;\i@eo N &Q,\e been hypothesized in the case of natural gas, for which the use is
0@ ooe © ,&P <<‘<‘b 0‘2‘0@ < \,}q‘}‘ \;&Q\ \{0 %\,‘? < hypothesized at 350 barg. In this sense, the mass of the tank itself is
Q9 & \a 6@‘? e«‘?’ & higher in the case for the natural gas, even though the mass of the fuel
& S o %o(" & alone is considerably lower.
O K

Fig. 6 Fuel consumption in a complete mission, separated in SOFC/GT
and postcombustor.

15 kg/mission of primary fuel. Note that in order to protect the cell
from carbon deposition, the fresh ethanol to be sent into the stack is
blended with water: 5 kg of H,O added to the 38 kg of ethanol going
in the SOFC anode (for a final amount of 43 kg of mixture).
Therefore, the impact of water on the total primary fuel (58 kg) is
8.6%. Actually, this water has been added to the ethanol for the sake
of excess safety, because water is already present in the anode
recirculation, which reacts with the fresh fuel in sufficient amount to
reform the ethanol. The 5 kg of added water could be in future
avoided, especially if materials avoiding C deposition are employed
in the anode electrode. Of course, the water is not added to the ethanol
burned in the postcombustion chamber.

As already noted, the postcombustor requires more fuel in the case
of natural gas. In fact, the difference between fuel for the stack and for
the postcombustor is significant in the case of natural gas (the
postcombustor fuel is the 47% of the total), while in the case of
ethanol the fuel for the postcombustor is limited to around 39% of the
total.

When it comes to aerospace, the weight is a fundamental issue.
Concerning the system, the mass of each component has been
estimated separately and added for obtaining the overall weight,
which can be then compared with traditional internal power-supply
systems for this kind of aircraft.

The allocation of the overall weight of the hybrid system in the
considered blocks is presented in Fig. 7.

The mass of the hybrid system can be compared with that of the
traditional power-supply system of the regional jet: a 180 kg
turboshaft APU. Other than the weight of the system, the fuel
consumed by the traditional APU in a mission with the same range as
the one treated in this work (about 83 kg of jet fuel) [26] has been
taken into account. The total weight of the traditional APU, used for
comparison, is therefore 264 kg (for the considered mission).

The weight obtained by the complete SOFC/uGT-based system
fed by natural gas is still higher than the weight of the traditional APU
(315 kg). Nevertheless, the hybrid system consumes only 32 kg of
natural gas per mission, compared with the 83 kg of jet fuel of the
traditional APU.

The main percentage of weight is linked to the stack plus BOP
(43%), while the percentage of the fuel plus tank is 34%. The
contribution of the #GT is not negligible (13%), because of the high
air mass flow to be used by the stack (as already described). The
innovation has to be devoted to the reduction of weight, especially of
the stack and its BOP, through materials and engineering solutions
(e.g., adifferent stack-cooling process could reduce the air mass flow
and also save weight in terms of uGT).

The weight obtained by the complete SOFC/uGT-based system
fed by hydrated ethanol is still higher than the weight of the
traditional APU (330 kg). Nevertheless, the hybrid system consumes
53 kg of ethanol per mission, compared with the 83 kg of jet fuel of
the traditional APU. The main percentage of weight is linked to the
stack plus BOP (56%), while the percentage of the fuel plus tank is

SOFC+mGT Hybrid (NG) Total: 315 SOFC+mGT Hybrid (Ethanol) Total: 330
Heat Current: 264 Current: 264
Recovery mGoT Burner Sta::k Heat m?T Bl.;rc;ler Sta::k
39 13% 7% 31% Recovery 9% o 33%
2%
Fuel+Tank
(pc)
7%
FuslTank Fuel+Tank
. uel+ . an (main)
(main) BOP 19% BOP
18% 12% 23%

Fig. 7 Overall weight of the hybrid system separated in the considered blocks, in the case of both natural gas and ethanol feeding.
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Fig. 8 Comparison of CO, emissions using three different fuels.

only 26%, and the uGT is very low (reduced air mass flow for stack
cooling). Therefore, even in that case, the innovation has to be
devoted to the reduction of weight, especially of the stack and its
BOP, through materials and engineering solutions.

Typically, adding components to a system is detrimental in terms
of weight. This is true in the case of liquid ethanol, where the need for
prereforming increases the overall mass. On the other hand, if the
hybrid system is seen as the inclusion of a £GT in the SOFC-based
system, the £GT not only does not add weight, but it reduces the
mass of the entire system. Weight reduction is reached by means of
the high power density of the ©GT, and thanks to an efficiency
improvement obtained of the hybridized system; the bottoming cycle
makes it possible to exploit the energy still contained in the gas
stream leaving the stack.

In addition to fuel consumption, an aspect of main interest when it
comes to environmentally friendly aircraft is CO, emissions. The use
of cleaner fuels with lower carbon content, together with more
efficient systems, could significantly reduce CO, emissions. In fact,
CO, emissions of a traditional APU operating on jet fuel (about
250 kg for the analyzed mission profile) are almost four times those
of a SOFC/uGT system fed on ethanol (about 64 kg) and close to five
times those of the system SOFC/uGT APU operating on natural gas
(about 55 kg). A comparison between these three cases can be seen in
Fig. 8.

V. Conclusions

The paper describes the design and simulation of a hybrid SOFC/
1GT energy system, fed by two alternative fuels (natural gas and
bioethanol), to be used as APU in aregional jet. The analysis has been
developed in the framework of the ENFICA-FC (Environmentally
Friendly Inter City Aircraft powered by Fuel Cells) project led by
Politecnico di Torino in the Aeronautics and Space priority of the
Sixth Framework Programme.

Aviation is looking for higher efficiency and lower environmental
impact.

From the efficiency point of view, the hybrid SOFC/gas turbine
cycle is a potentially attractive option for aerospace applications.

From the environment point of view, aviation is aiming to the use
of alternate fuels as a strategy for reducing economic and envi-
ronmental costs. In this context, fuels such as natural gas or biofuels
could represent an interesting option, and they can be used with high
efficiency in hybrid SOFC/gas turbine cycle, as discussed in the
paper.

1) The SOFC/GT-based system fed by natural gas would have a
weight (315 kg) still higher than the traditional APU fed by jet fuel
(264 kg), but the SOFC system has a significantly higher efficiency
(around 32 kg of natural gas per mission, compared with the 83 kg of
jet fuel of the traditional APU); the fuel used also has a lower
environmental impact if compared with jet fuel.

2) The SOFC/uGT-based system fed by hydrated ethanol would
have a weight (330 kg) higher than the traditional APU fed by jet fuel
(264 kg), but the SOFC system has a higher efficiency (around 53 kg
of ethanol per mission, compared with the 83 kg of jet fuel of the
traditional APU); in particular, the fuel used is a renewable and
sustainable one, if compared with jet fuel.

Thus, in the case of the regional jet, the hybrid SOFC/uGT
solution seems to be a good choice, especially in terms of efficiency,
but it could become interesting, even in terms of mass of the overall
system.

Many aspects should still be analyzed, and improvements of the
fuel cells and fuel storage systems are yet to be made before this
technology could be competitive with traditional and long-proven
technologies (since security and reliability of every component is a
major issue when it comes to aeronautics). Some characteristic
conditions of aeronautical applications are new in the field of fuel
cells, for long employed in stationary power production and auto-
motive applications.
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